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ABSTRACT  

 

In the last decades, the loads connected to the electrical system have 

changed significantly with the advent of electronic circuits devices. Furthermore, 

new technologies have emerged and become more and more ubiquitous, such as 

electric vehicles, photovoltaic systems and automation and control devices. Many 

of these loads are nonlinear and responsible to insert harmonic distortions that 

propagate through different locations, especially in low voltage distribution grids 

with residential and commercial consumers. Moreover, harmonic distortions affect 

the electrical system in different ways. Although extensive literature can be found, 

especially from the power quality area, there are still many open questions 

regarding nonsinusoidal systems. There is a need of understanding the impacts 

of nonlinear loads in electrical systems and how they interfere with the 

measurement and billing process. It is proposed a new electrical energy billing 

method, which aims to fill the gaps found in the existing literature. The studies are 

based on computational simulations. In addition, measurements in the field and 

in laboratory were developed using three revenue meters from different 

manufactures together with a power quality and energy analyzer. In all cases, the 

IEEE 1459-2010 power theory is used as a reference. For the studies, common 

loads found on residential and commercial consumers were used, such as 

electronic lamps (CFL and LED), TV Set, notebooks, and air conditioners. A 

programmable AC power source is also used, to control de signal applied on the 

experimental setup. The individual and collective effects of certain electronic loads 

were observed. The results show that harmonic interaction, both between loads 

and between loads and the system, in general, contributes to reducing the final 

distortion levels. This explains why there have not been major problems in the 

electrical system, despite the significant increase in nonlinear loads. However, a 

given set of loads can contribute to extrapolate the limits established on different 

literature standards (especially the IEEE Std. 519), depending on the system’s 

characteristics, such as the rated power of the transformers, voltage level, short-

circuit, circuits length, load profile, the section of conductors, etc. It is shown the 

importance of understanding and mitigating the effects of nonlinear loads on the 

electrical system. Regarding the electrical energy billing, it is necessary to update 

the current rules, aiming to adapt the systems with nonsinusoidal characteristics, 



so it is fair for both consumers and utilities. 

 

Key Words: Billing rules. Electrical energy measurement. Harmonics. 

Nonlinear loads. Power quality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



RESUMO  

 

 Nas últimas décadas, as cargas conectadas ao sistema elétrico mudaram 

significativamente com o advento dos dispositivos de circuitos eletrônicos. Além 

disso, novas tecnologias surgiram e se tornaram cada vez mais onipresentes, 

como veículos elétricos, sistemas fotovoltaicos e dispositivos de automação e 

controle. Muitas dessas cargas são não lineares e responsáveis por inserir 

distorções harmônicas que se propagam por diferentes locais, especialmente em 

redes de distribuição de baixa tensão, com consumidores residenciais e 

comerciais. Além disso, as distorções harmônicas afetam o sistema elétrico de 

diferentes maneiras. Embora uma extensa literatura possa ser encontrada, 

especialmente na área de qualidade de energia, ainda existem muitas questões 

em aberto em relação aos sistemas não senoidais. É necessário entender os 

impactos das cargas não lineares nos sistemas elétricos e como elas interferem 

no processo de medição e faturamento. Então, é proposto um novo método de 

faturamento de energia elétrica, que visa suprir as lacunas encontradas na 

literatura existente. Os estudos são baseados em simulações computacionais. 

Além disso, medições em campo e em laboratório foram desenvolvidas usando 

três medidores de faturamento, de diferentes fabricantes, juntamente com um 

analisador de qualidade de energia. Em todos os casos, a teoria de potência IEEE 

1459-2010 é usada como referência. Para os estudos, foram utilizadas cargas 

comuns, encontradas em consumidores residenciais e comerciais, como 

lâmpadas eletrônicas (CFL e LED), TV, notebook e ar condicionado. Uma fonte 

de alimentação AC programável também é utililzada para controlar o sinal 

aplicado nos experimentos. Os efeitos individuais e coletivos de determinadas 

cargas eletrônicas foram observados. Os resultados mostram que a interação 

harmônica, tanto entre as cargas quanto entre as cargas e o sistema, em geral, 

contribui para a redução dos níveis de distorção final. Isso explica porquê não 

houveram maiores problemas no sistema elétrico, apesar do aumento significativo 

das cargas não lineares. Porém, um determinado conjunto de cargas pode 

contribuir para extrapolar os limites estabelecidos em diferentes normas 

(principalmente o IEEE Std. 519), dependendo das características do sistema, 

como potência nominal dos transformadores, nível de tensão, curto-circuito, 

comprimento dos circuito, perfil de carga, seção dos condutores, etc. Isso mostra 



a importância de se compreender e mitigar os efeitos das cargas não lineares no 

sistema elétrico. Em relação ao faturamento de energia elétrica, é necessário 

atualizar as regras atuais, visando adequar os sistemas com características não 

senoidais, de forma que seja justo, tanto para consumidores, quanto para 

concessionárias. 

 

Palavras-chave: Regras de faturamento. Medição de energia elétrica. 

Harmônicos. Cargas não lineares. Qualidade de Energia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ABSTRAKT  

 

I de seneste årtier har belastningerne i det elektriske system ændret sig 

betydeligt med udbredelsen af elektroniske enheder. Desuden er nye teknologier 

opstået og blevet mere og mere allestedsnærværende, såsom elektriske 

køretøjer, solceller og automatiserings- og styringsenheder. Mange af disse 

belastninger er ikke-lineære og derfor ansvarlige for at generere harmoniske 

forvrængninger, der propagerer i netværket, især i 

lavspændingsdistributionssystemer med private og kommercielle forbrugere. 

Endvidere påvirker harmoniske forvrængninger det elektriske system på forskellig 

måde. Selvom der findes omfattende litteratur (især fra effektkvalitetsområdet) 

om, så er der stadig mange åbne spørgsmål vedrørende ikke-sinusformede 

systemer. Der er behov for at forstå virkningerne af ikke-lineære belastninger i de 

elektriske systemer, og hvordan de forstyrrer måle- og afregningsprocessen 

(billing process). Denne doktorafhandlingpresenterer en ny metode til afregning 

af elektrisk energi, der har til formål at udfylde manglerne i den eksisterende 

litteratur baseret på computersimuleringer. Målinger i marken og i laboratoriet blev 

udført ved hjælp af tre forbrugmålere fra forskellige producenter sammen med en 

effektkvalitets- og en energianalysator. Ved alle målinger blev IEEE 1459-2010 

effektteorien brugt som reference. Til eksperimenterne blev der anvendt normale 

belastninger hos private og kommercielle forbrugere, f.eks. elektroniske lamper 

(CFL og LED), tv-apparater, notebooks og klimaanlæg. En programmerbar 

vekselstrømskilde blev også brugt til at styre det signal, der anvendes i den 

eksperimentelle opsætning. De individuelle og de samlede virkninger af de 

elektroniske belastninger blev observeret. Resultaterne viser, at harmonisk 

interaktion, både mellem belastninger og mellem belastninger og systemet 

generelt bidrager til at reducere de resulterende forvrængningsniveauer. Dette 

forklarer, hvorfor der ikke har været store problemer i elsystemet, på trods af den 

betydelige stigning i ikke-lineære belastninger. Imidlertid kan et givent sæt 

belastninger bidrage til at ekstrapolere grænserne for forskellige standarder (især 

IEEE Std. 519), afhængig af systemets egenskaber, såsom transformatorernes 

nominelle effekt, spændingsniveau, kortslutning, kredsløbsafstande, 

belastningsprofil, sektion af ledere mv. Denne doktorafhandling viser vigtigheden 



af at forstå og begrænse virkningerne af ikke-lineære belastninger i elsystemet. 

Hvad angår fakturering af elektrisk energi, er det nødvendigt at opdatere de 

gældende regler med det formål at tilpasse systemer med ikke-sinusformede 

egenskaber, så det sker retfærdigt, både for forbrugere og forsyningsselskaber. 

 

Nøgleord: Faktureringsregler. Elektrisk energimåling. Harmoniske. Ikke-lineære 

belastninger. Strømkvalitet. 
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1. Introduction 
 

1.1 Background and Research Motivation 

 

For decades, researchers, universities and regulatory agencies have been 

discussing the growing world demand for energy in their various types (thermal and 

electrical, for instance) on a global level. This increase is due to, among other factors, 

population growth and economic development. Specifically, related to the use of 

electric energy, in addition to the concern with the demand increase for this type of 

energy, power quality is also discussed. 

Power quality (PQ) can be analyzed basically from two perspectives: the quality 

of product and the quality of service. In this thesis, the quality of the product is 

investigated, focusing on some power quality parameters (such as harmonic distortion 

and power factor). 

Due to technological development, electricals and electronics equipment have 

become (and continue to be) more present in various consumer segments (residential, 

commercial and industrial). In this context, power quality such as a product has been 

studied continuously, since such electronic loads have, in general, nonlinear 

characteristics. The continuous growth of applications with nonlinear loads is 

responsible for the continuous increase of voltage and current distortions levels in the 

electrical systems [1-5]. A nonlinear load is defined as any charge which, when 

subjected to a voltage with a given waveform, generates a current with a different 

waveform. In the frequency domain, this no similarity of waveforms results in the 

generation of harmonic distortions in the current [6]. 

The continuous voltage and current harmonic distortion levels increase occurs 

due to many nonlinear loads are based on electronic components (power electronics 

and microprocessors) and they are present from a simple TV set to complex 

automation systems (whether residential, commercial, or industrial). That is, it is a fact 

that nonlinear loads are more present in consumer units and there are a lot of 

discussions on the possible impacts that these loads can cause in other loads (such 

as electric motors, for instance) and on the electrical system where they are connected 

[7-10]. 

According to [6], among the several disturbances that compromise the electric 

energy systems, harmonic distortions gain a prominent position, such as they are 
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characterized as permanent phenomena in the network, unlike other types of 

disturbances, which can occur sporadically (transient). Harmonic distortions have 

become frequent with the replacement of equipment considered as robust, such as 

transformers, by nonlinear loads, such as switching power supplies, frequency 

inverters and motor starters, increasing the intensity of these disturbances to the 

electrical system. 

Classical power theories, which govern the understanding and definitions of 

electric energy, were initially created for sinusoidal conditions, since, at that time, there 

were practically no nonlinear loads. That is, from the last century to the present, new 

theories have been developed, which seek to rediscover the definitions of powers, as 

well as new parameters were created to fit the concepts for this new reality, of nonlinear 

(or nonsinusoidal) systems. Among these theories, can be mentioned: Budeanu, Akagi 

et al., Czarnecki, Fryze-Buchholz-Depenbrock (FBD), IEEE Std. 1459-2010 and 

Conservative Power Theory (CPT) [11]. 

Each theory has its mathematical modeling, physical understanding, and 

specificities. Several studies were developed with the purpose of discussing them, 

comparing them, and applying them in real and simulated circuits, in order to observe 

the electrical parameters and the results found [1], [11-13]. It should be noted that 

these theories are still under discussion, since there are controversies regarding the 

definition of apparent power (S), reactive power (Q) and power factor (PF), in systems 

with voltage and current distorted [13]. 

Therefore, it is evident that there is an influence of harmonic distortions to the 

revenue meters and the electrical system. For this reason, the objective of this thesis 

is to evaluate readings recorded by revenue meters considering the presence of 

electronic/nonlinear loads. The analyzes will be directed to the electrical energy 

measurement, focusing on the billing and from the power quality viewpoint. 

According to [11], inductive meters of electric energy present errors when 

installed in an environment with a high presence of harmonics, both voltage and 

current. Errors can be positive or negative, depending on the harmonic spectrum in 

which the instrument would be subjected. A study carried out in China [12] showed that 

some measuring equipment based on the fundamental components failed to register 

almost 30% of the energy consumed, which represents enormous costs for society in 

general. Other studies also present problems in the measurement of electrical energy 

in systems with nonsinusoidal signals [13-19]. 
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It should also be noted that in the electric sector a technological modernization 

is being seen, which has been called smart grids. The work developed by [20] presents 

a wide study on this subject, analyzing the state-of-the-art about smart grids in Brazil 

and in the world and pointing out the main technological and regulatory aspects in this 

regard. However, how to develop smart grids, which will bring greater operational 

complexity to the electric system, without definitively understanding the power 

definitions and also take into account a new regulatory framework for nonsinusoidal 

systems? This is a challenge that needs to be discussed and understood, otherwise, 

the so-called smart grids may not be as "smart" as intended. 

In this context, this thesis contributes significantly to the discussions that are 

taking place at the international level, aiming to understand the influence of nonlinear 

loads on the electric system, as well as what the benefits and harms are and if in fact, 

such loads influence, significantly, the electrical energy measurement, power quality 

and billing.   

 

1.2 Objectives  

 

Based on the abovementioned discussion, the main objectives of this thesis are 

related to: 

 

• Contribute to the state-of-the-art on the influence of nonlinear loads on the 

power system, emphasizing issues related to electrical energy measurement, 

power quality and billing. 

• Analyze and discuss, through computational simulations, laboratory and field 

measurements, the individual and collective effects of some electronic loads on 

the electrical quantities, focusing on power quality and electrical energy billing 

perspectives. 

• Propose changes in the current method of electric energy billing. This 

contribution will allow advance in the state-of-the-art regarding the problems in 

the measurement and the billing of electric energy in nonsinusoidal systems. 
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1.3 Contributions of this Thesis  

 

  Motivated by the shortcomings of the traditional electrical energy billing system, 

as well as the lack of studies related to the real collective effects of nonlinear loads to 

the electrical grids, the main contributions of this Ph.D. thesis can be summarized as 

follows: 

  The first contribution is to show that by combining for the first time in a study 

different levels of THDv, with different harmonic profiles and considering different 

loads, the electrical quantities and the electrical energy billing will be influenced in 

different ways: sometimes the parameters remained numerically the same; sometimes 

have improved and sometimes have become worse. For this, qualitative and 

quantitative analyses were developed, and it can be concluded that the effects of the 

combination of variables are not as clear as the effects of considering only one 

variable. The reference case considered for the analyses consist in the sinusoidal 

voltage signal supplying the loads (directly applied in the input terminals of the loads). 

  The second contribution is to show that different mix among nonlinear loads can 

contribute to improving some power quality indexes and decreases their effects on the 

electrical energy billing. Hence, a consumer unit can pay or not to surplus reactive 

power, depending on the billing rules and on their loads connected at the same time 

to the electrical system.  

  The third contribution is to demonstrate under which conditions typical electronic 

loads can cause power quality issues on the electrical grid, considering time-varying 

loads. For this, TDD was calculated for different loading conditions and the results 

compared with limits set by IEEE Std. 519-2014. Different consumer unit locations 

were considered, taking into account different short-circuit levels, as well as different 

voltage levels, rated power of transformers and cross-sections of cables. To the best 

of the author knowledge, this combination is studied for the first time. Some rate 

structures are considered, in order to investigate the effects of mixed electronic loads 

on the electrical energy billing. Discussions on which structure is more suitable from 

consumer and utility viewpoints are presented. 

  Finally, the fourth and last contribution is related to a modified electrical energy 

billing scheme. The propose covers some gaps related to how to calculate the electric 

energy billing on a nonsinusoidal system, such as it does not consider using PF or 

DPF; take into account the percentage of harmonic responsibility (consumer and 
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utility); to consider the use of apparent power; and considers a significant quantity of 

harmonic orders (at least 50 harmonic orders). Besides through the method is possible 

to find a unique index, called HCF (Harmonic Contribution Factor) in order to calculate 

the consumer’s harmonic penalty (in kVAh). It simplifies data processing and reduces 

computational effort. 

  It is important to highlight that the main contributions abovementioned are based 

on the contributions of the author’s published papers. The publications directly related 

to the development of this thesis includes: 

 

1 R. P. B. da Silva, R. Quadros, F. P. Santilio, L. C. P. da Silva, B. C. Carvalho, A. 

B. de Vasconcellos, ‘Effects of Electronic Loads on Electrical Measurements, 

Power Quality and Billing’, Journal of Control, Automation and Electrical Systems, 

vol. 28, no. 5, pp. 654-663, Oct. 2017. https://doi.org/10.1007/s40313-017-0330-2  
2 R. P. B. da Silva, R. Quadros, H. R. Shaker, L. C. P. da Silva, ‘Harmonic 

Interaction Effects on Power Quality and Electrical Energy Measurement System’, 

2019 International Symposium on Advanced Electrical and Communication 

Technologies (ISAECT), 2019, pp. 1-7. 

https://doi.org/10.1109/ISAECT47714.2019.9069699  
3 R. P. B. da Silva, R. Quadros, H. R. Shaker, L. C. P. da Silva, ‘Harmonic 

Interaction among Electronic Loads and Its Effects on the Electrical Quantities and 

Billing: Case Study with Lighting Devices’, 2020 7th International Conference on 

Electrical and Electronics Engineering (ICEEE), 2020, pp. 53-60. 

https://doi.org/10.1109/ICEEE49618.2020.9102607  

4 R. P. B. da Silva, R. Quadros, H. R. Shaker, L. C. P. da Silva, ‘Analysis of the 

Electrical Quantities Measured by Revenue Meters Under Different Voltage 

Distortions and the Influences on the Electrical Energy Billing’, Energies, 2019; 

12(24). https://doi.org/10.3390/en12244757  

5 R. P. B. da Silva, R. Quadros, H. R. Shaker, L. C. P. da Silva, ‘A Mixed of Nonlinear 

Loads and their Effects on the Electrical Energy Billing’, 2020 IEEE 8th 

International Conference on Smart Energy Grid Engineering (SEGE), 2020, pp. 

116-120. https://doi.org/10.1109/SEGE49949.2020.9182040 

6 R. P. B. da Silva, R. Quadros, H. R. Shaker, L. C. P. da Silva, ‘Effects of Mixed 

Electronic Loads on the Electrical Energy Systems Considering Different Loading 

https://doi.org/10.1007/s40313-017-0330-2
https://doi.org/10.1109/ISAECT47714.2019.9069699
https://doi.org/10.1109/ICEEE49618.2020.9102607
https://doi.org/10.3390/en12244757
https://doi.org/10.1109/SEGE49949.2020.9182040
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Conditions with Focus on Power Quality and Billing Issues’, Applied Energy, vol. 

277, 1 November 2020, 115558. https://doi.org/10.1016/j.apenergy.2020.115558  

7 R. P. B. da Silva, R. Quadros, H. R. Shaker, L. C. P. da Silva, ‘A Modified Electrical 

Energy Billing Scheme Considering Nonsinusoidal Conditions’, submitted to the 

Energy Policy, 2021. 

 

The publications 1–7 are incorporated in this thesis as the Chapters 2 to 6. Other 

publications during the development of this PhD thesis are listed in the Appendix A. 

 

1.4 Thesis Outline 

 

First of all, it is important to highlight that each chapter is totally understandable 

and can be read independently. The rest of the thesis is structured as follows: 

In Chapter 2 experimental and simulations studies are carried out to evaluate 

the effects of several electronic loads regarding electrical energy measurements, 

billing and power quality. Electronically switched loads are used to investigate the 

results from the revenue meters perspective and, hence, the effects on the billing. A 

comparative study is developed, considering two power theories (CPT x IEEE Std. 

1459-2010). Besides, the individual, as well as the harmonic interaction effects among 

different electronic loads, are investigated. 

In Chapter 3 the impact of voltage distortion on the electrical quantities 

measured by revenue meters and the influences on the electrical energy billing are 

evaluated. For this, an experimental setup is done, combining the following variables 

for the first time in an experiment: different total harmonic voltage distortion (THDv: 

4.9%, 18.8% and 24.5%) levels; among these levels, different harmonic profiles; and 

different loads (lighting devices). 

In Chapter 4 the electrical energy billing issues considering nonlinear loads 

connected at the same time to the electrical system are investigated. Different billing 

framework is discussed, showing that the same consumer unit can pay or not for 

surplus reactive power, depending on the loads that are connected at the same time 

to the grid, as well as on the electrical characteristics of each load. 

In Chapter 5 discussions are done related to under which conditions typical 

electronic loads can cause power quality issues, considering time-varying loads. 

Computational simulations were developed, take into account a combination of several 

https://doi.org/10.1016/j.apenergy.2020.115558
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variables for the first time in a study: different consumer unit locations, short-circuit 

levels, voltage levels, rated power of transformers, and cross-sections of cables. 

Power quality indexes were analyzed. The total demand distortion (TDD) was 

calculated for several conditions and the results were compared with the limits set by 

IEEE Std. 519™ 2014. Besides, the effects of electronic loads on the electrical energy 

billing are also analyzed, considering the consumer and utility viewpoints and 

discussing the use of power factor (PF) and displacement power factor (DPF) for billing 

purposes. 

In Chapter 6 a modified electrical energy billing method that takes into account 

nonsinusoidal conditions is presented. The proposed scheme considers apparent 

power concepts based on IEEE Std. 1459-2010. The Total Demand Distortion (TDD) 

concept is used since is necessary to consider the impact of loads at the electrical 

grids. The percentage of harmonic injection responsibility (customer and utility) is also 

considered. Moreover, a new index – Harmonic Contribution Factor (HCF) – is 

proposed aiming to calculate a unique index for harmonic contribution responsibility. 

The study is supported by some simulation results that considered typical consumer 

unit profiles connected at the distribution power system. The method can be applied 

easily in any country and the measurement scheme is based on distributed 

measurements’ strategies. 

Finally, conclusions and future works are presented and discussed in Chapter 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 
 
 

 

2.  Effects of Electronic Loads on Electrical Measurements, Power Quality and 
Billing 
 

This chapter is based on the paper: R. P. B. da Silva, R. Quadros, F. P. Santilio, L. C. 

P. da Silva, B. C. Carvalho, A. B. de Vasconcellos, ‘Effects of Electronic Loads on 

Electrical Measurements, Power Quality and Billing’, © 2017. Reprinted by permission 

from Journal of Control, Automation and Electrical Systems, vol. 28, no. 5, pp. 654-

663, Oct. 2017. https://doi.org/10.1007/s40313-017-0330-2. 
 

2.1 Introduction 

 

  The quality of life of the world´s population has evolved significantly in recent 

decades, partly due to technological advances achieved by mankind. In addition to 

these advances, there has also been a contribution of new materials and techniques 

having a direct influence on people's lives. 

  As an example, the introduction of electronic equipment to various sectors of 

society can be observed [21], whether residential, industrial, commercial, or public. In 

other words, nonlinear electronic loads can be found in today´s society and this 

tendency is ever increasing, given that processes are increasingly being automatized 

and are becoming more efficient, and more comfort is being offered due to these new 

technologies. 

  However, a large part of society is not aware that such loads can cause 

disturbances in electrical networks [21] and, in some cases, even inflict damage, such 

as burning equipment. Therefore, it is important to note that electric power must be 

understood as a product and consequently must meet quality parameters.  Moreover, 

this quality is important for utilities and consumers because they must provide and 

receive electric power continuously in accordance with these [22]. 

  One of the problems of power quality observed in recent years is the level of 

harmonic distortion in electrical systems. This problem is largely due to an ever 

increasing amount of power converters and nonlinear loads that distort current 

waveforms and, therefore voltage waveforms in the electrical system [23]. Nonlinear 

loads generate harmonic currents that are injected into the electrical system and 

consequently pollute and distort the waveforms of other connected loads [24]. 

https://doi.org/10.1007/s40313-017-0330-2
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  The characteristics mentioned above encourage the scientific community, 

professionals and other people interested in power quality to discuss this topic. In 

simple terms, the issue of energy supply has two focal points: the quality of the product, 

which is the focus of this article, addressing electrical energy technical parameters; 

and the quality of service, considering how utilities serve their consumers.  

  Among the various parameters used to evaluate the quality of the product, the 

following can be included: voltage harmonic distortion and the increasing importance 

given to massive use of nonlinear loads [1]. Other effects of harmonics are anomalies 

in the operation, such as digital device logic failure, vibrations, failures in capacitor 

banks, increasing operational costs and heating in transformers causing loss and 

degradation of isolation [24-27]. 

  Due to the evolution of electric loads, which have mainly become nonlinear [21], 

various power theories were developed, which seek to understand the behavior of 

electrical quantities considering electrical signals found in a system. It is worth 

mentioning that there is still no consensus about which theory would be the most 

suitable and there is controversy regarding the definition, for example, of reactive 

power and the power factor (PF) in systems with distorted voltage and current 

waveforms [13, 28]. In spite of this lack of consensus in the scientific community 

concerning reactive power in nonsinusoidal conditions, active power is well defined for 

these conditions. It should also be noted that this lack of consensus allows for different 

methods to measure reactive power and can lead to different results when harmonic 

distortions are present [29]. Finally, it should be emphasized that it is widely known 

that different load profiles directly influence the power factor calculation [30, 31].  

  Studies also show that commercial meters currently being used produce 

significant errors in measurements when there are distorted signals [32]. For example, 

a study conducted in China [12] showed that some measuring equipment based on 

fundamental components failed to record almost 30% of the consumed energy, which 

entails huge costs to society in general. 

  Taking this into account, this chapter describes experiments performed using 

an electronic device developed at the Federal University of Mato Grosso (UFMT) called 

a Dimmer Flex, aiming to analyze the effects of electronically switched loads 

considering the measurement system and billing process considered in Brazil. 

2.2 Dimmer Flex 
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  A Dimmer Flex is an electronic device (AC/AC converter) which enables full 

control of electrical voltages per half-cycle. Among the switching possibilities offered 

by the Dimmer Flex, two main ones can be highlighted: the first (Possibility 1) has 

similar characteristics to a common dimmer in terms of delaying the triggering angle, 

however it is possible to control the triggering angle of the switch from 0 to 180 degrees 

for the positive half-cycle and from 180 to 360 degrees for the negative half-cycle; the 

second (Possibility 2) has an inverse feature of the previous one. Thus, the delay angle 

becomes the interruption or opening angle of the switches and the interruption angle 

can be controlled from 180 to 0 degrees for the positive half-cycle and from 360 to 180 

degrees for the negative half-cycle. 

  This equipment has the capability of imposing flexible conditions of supply to 

the loads, and can thus evaluate the effects of electronically switched loads on electric 

power measurements, considering a laboratory experimental assembly. 

 
2.3 The Brazilian Tariff System – Regulatory Aspects 

 

  In Brazil, the body responsible for regulating the electricity sector is the Brazilian 

Electricity Regulatory Agency (ANEEL), linked to the Ministry of Mines and Energy 

(MME). Specifically, the Normative Resolution No. 414 of 9th September 2010 [33] 

deals with the General Conditions of Supplying Electricity, i.e., it addresses the 

relationship between consumers and utilities. 

  In the Brazilian market, there are two large groups of consumers: those called 

group A, served at medium and high voltage, and those called group B, served at low 

voltage. In addition, there is the so-called captive market, where consumers have no 

option of choosing the electric power supplier, and the free market, where consumers 

can choose their power supplier.  

  In the case of consumers from group A, they are charged not only for the active 

energy consumption, but also for the energy that is associated to the reactive power 

required by the loads [34]. Therefore, the Normative Resolution No. 414/2010 

establishes that [33]: 

 

• The power factor of reference (fr), which can be inductive or capacitive, has a 

minimum value of 0.92. 
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• To calculate the amounts of surplus reactive power and the demand for surplus 

reactive power, these quantities should exceed the limit informed (0.92), 

observing the following time intervals: 

 

o Between 23:30 and 06:30 hours (i.e., the period of six consecutive hours, 

understood in this interval at the utility´s discretion): the power factors 

observed in the time interval below 0.92 capacitive are considered. 

o For the daily period, apart from the interval stated above, only the power 

factors observed in the time interval lower than 0.92 inductive are 

considered. 

 

  Therefore, the aim of this article is to analyze the influence that electronically 

switched loads can have on billing surplus reactive power and, consequently, the 

power factors considering the consumers which are charged in this situation (group A). 

 

2.4 Electrical Power Measurements under Nonsinusoidal Conditions in Brazil 

 

  According to ANEEL: 

 

When there is harmonic distortion in the electrical network, the definition 

of reactive power and, consequently, the power factor is not necessarily 

the same as that valid for purely sinusoidal systems at 60 Hz [35]. 

  However, the Agency understands that there is uncertainty as to what the 

correct way is to measure the reactive power and power factor for nonsinusoidal 

conditions. Due to this, it published a Technical Note No. 0083/2012-SRD/ANEEL [35], 

which outlines proposals for regulatory changes to improve the power factor of 

consumer units and billing of surplus reactive power, as well as proposing an open 

public hearing at that time to receive contributions from the community about the issues 

mentioned above. 

  It is known that the growth of nonlinear loads, such as computers, compact 

fluorescent lamps, LED lamps, frequency inverters, air conditioners inverters, among 

others, cause harmonic distortion in waveforms of electrical signals from distribution 

networks [36]. This feature directly influences power factor measurements, as can be 

seen in Equations 1, 2, 3 and 4, where harmonic distortions are considered in the 
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calculations of these quantities [35, 37]. In addition, the power factor is used to 

calculate the amounts of energy and reactive demand, as shown in Equations 5 and 

6, which are billed when they exceed the limits of Resolution No. 414/2010 [33]. 

 

Power Factor: 
 

2 2

PPF = 
P  + Q

                                  (1) 

 

Active Power: 

 
h=máx

h h h
h=1

P = V I cos(φ )∑                       (2) 

 

Apparent Power: 

 
h=máx h=máx

2 2
h h

h=1 h=1
S = VI = V I∑ ∑                               

(3) 

 

Nonactive Power: 

 
2 2N = S  - P                                 (4) 

 

Billing of Surplus Reactive Power: 

 
n1

R
RE T ERE

T=1 T

fE  = EEAM  × -1  × VR
f

  
  

  
∑                       (5) 

 

Billing of Surplus Reactive Power Demand: 

 

n2
R

RE T DRE
T=1 T

fD (p) = PAM ×  - PAF(p)  × VRMAX f
  
  

  
             (6) 
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Where: 

 

• ERE = value corresponding to the surplus reactive power considering the 

quantity allowed by the reference power factor " fR " in the billing period in 

Brazilian currency (Reais - R$). 

• EEAMT = amount of active power measured in each one hour interval "T" for 

the billing period, in megawatt-hour (MWh). 

• fR = reference power factor equal to 0.92. 

• fT = power factor of the consumer, calculated in one hour interval "T" for the 

billing period. 

• VRERE = reference value equivalent to the energy tariff "ET" applicable to 

subgroup B1, in Brazilian Reais (R$) for megawatt-hour (R$/MWh). 

• DRE(p) = value, by post time "p" corresponding to the demand for surplus reactive 

power considering the quantity allowed by the reference power factor " fR " in 

the billing period in Brazilian Reais (R$). 

• PAMT = active power demand measured as the reference interval of one (1) 

hour "T" during the billing period in kilowatts (kW). 

• PAF(p) = demand for billable active power in each allocated time "p" in the billing 

period in kilowatts (kW). 

• VRDRE = reference value in Reais per kilowatt (R$ / kW). It is equivalent to the 

power demand charges for the off-peak time. It is equivalent to supply tariffs for 

subgroups in Group A, for the blue time tariff mode. It is equivalent to the 

Distribution System Tariff Use (TUSD) for free consumers, according to their 

Supply Agreement (CUSD). 

• MAX = function that identifies the maximum value of the equation between 

brackets corresponding to each time "p". 

• T = indicates the interval of one (1) hour in the billing period. 

• p = means the peak or off-peak time, for the hourly tariff arrangements or billing 

period for conventional tariff mode binomial. 

• n1 = number of payment intervals "T" billing period for the peak and off-peak 

time. 

• n2 = number of payment intervals "T" for time "p" in the billing period. 
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  Moreover, the same resolution defines peak tariff (in Portuguese, P), as being 

the period consisting of three (3) consecutive hours per day defined by the utility, 

considering the load curve of its electrical system, approved by ANEEL for the whole 

concession or permission area, except for Saturdays, Sundays and public holidays. 

The off-peak time (in Portuguese, FP) is the daily set of consecutive and 

complementary hours.  

  It is worth mentioning that ANEEL proposed to change the definition of the 

power factor for the purpose of measuring and billing electricity, suggesting, although 

preliminarily, that the value of this quantity is obtained only on the basis of voltage and 

current signals of the fundamental frequency – 60 Hz [35]. 

  It is important to highlight that commercial energy meters meet international 

standards and follow the classical power theories, such as the IEEE Standard 1459, 

that represents nowadays the most extended model for the decomposition of the 

apparent power terms, in conditions of asymmetry and distortion [38]. 

 

2.5 Experimental Assembly 

 

Figure 1 and Figure 2 illustrate the assembly and a block diagram, respectively. 

Table 1 describes the equipment used. 

 
Figure 1 – Experimental assembly. 

 

Bus

 Programmable 
Power Source 127 V

Dimmer 
FlexResistor Meters 

LOAD MEASUREMENT SOURCE

 
Figure 2 – Block diagram of the experimental assembly. 
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Table 1 – Equipment used. 

Equipment 
Programmable AC Power Source Chroma 61702  
Resistor (110 ohms) 
Power Quality and Energy Analyzer (FLUKE 434) 
Power Meter SAGA 1000 (Landis+Gyr) 
Power Meter SAGA 3000 (Landis+Gyr) 
Power Meter E34A (Landis+Gyr) 
Power Meter SL7000 (Actaris) 
Power Meter A1055 (Elster) 
Oscilloscope Tektronix (MSO 2022B) 
Dimmer Flex 

 

It should be noted that, according to [39], switched circuits with purely active 

elements (resistive) generate in-depth discussions regarding the presence or absence 

of reactive power. This is one of the aspects analysed in this chapter. The author 

compares the results with the IEEE Std. 1459 theory, which is also used in this study. 

 

2.6 Experimental Results 

 

In order to evaluate the effects of electronic load switching presented in Figure 

2, as well as collecting data which can evaluate the proposal of this study, three 

scenarios were set up. They are the following:  

 
a) Scenario 01 - Without switching 

b) Scenario 02 - Possibility 01 

c) Scenario 03 - Possibility 02  

 

It was recorded that all instruments used present converging results. For this 

reason, only the screens with the results showing the FLUKE Power Quality and 

Energy Analyzer and the images of the oscilloscope screen were presented.  

 

a) Scenario 01 - Without switching 

 

For this scenario, or base case, load switching was not carried out and, 

therefore, both signals remained sinusoidal (voltage and current), obtaining the 

waveforms as shown in Figure 3. 
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Figure 3 – Voltage and current waveforms – scenario 01. 

 
 

Figure 4 shows the power value measurements (active, apparent and reactive), 

as well as the power factor value, fundamental power factor which considers only the 

fundamental signals 60 Hz [40], effective voltage and current. It should be noted, in 

this case, that the power factor is unity, and the reactive power is equal to zero. 

 

 

Figure 4 – Electrical quantity measurements – scenario 01. 
 

Figure 5 shows the phasor diagram for scenario 01. It is worth mentioning that 

this diagram refers to the fundamental components of the voltage and current signals 

(only 60 Hz) and that, in this scenario, there is no discrepancy between them.  

 

Voltage 

Current 
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Figure 5 – Phasor diagram – scenario 01. 
 

b) Scenario 02 - Possibility 01 

 

Based on the initial situation, or base case, the Dimmer Flex was adjusted to 

carry out switching in order to verify the behaviour of the electrical quantities recorded 

by the commercial meters for billing purposes. The angles defined for the switching in 

this scenario were manually adjusted close to 90 degrees for the positive half-cycle 

and consequently 270 degrees for the negative half-cycle. It should be noted that this 

non-accuracy in the angles does not interfere in the results, whose aim is to observe 

the effects caused by switching on the electrical measurements. 

Figure 6 shows the voltage and current waveforms. It can be observed that in 

this figure the current waveform no longer displays the sinusoidal form due to the effect 

caused by switching. 

It is worth mentioning that during the experiment, we observed a reduction in 

the effective current value caused by switching, as observed in the numbers shown in 

Figure 7. It is also worth noting that the electrical quantities recorded have changed. 
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Figure 6 – Voltage and current waveforms – scenario 02. 
 

As stated, there was a decrease in the effective current value due to switching. 

This fact explains the reduction in the demanded active power and the apparent power, 

which went from 0.14 kVA to 0.10 kVA. However, considering the measurement and 

billing energy system, the load began to consume reactive power from the network, 

behaving as an RL load, as illustrated in Figure 7. 

 

 

Figure 7 – Electrical quantity measurements – scenario 02. 
 

For scenario 02, the total current harmonic distortion was 65.0 %, as shown in 

Figure 8, i.e., there was a significant amount of distortion for the current. 

 

Current 

Voltage 
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Figure 8 – Total current harmonic distortion – scenario 02. 
 

It should be noted that this level of distortion in the current will vary according to 

the triggering angle adjusted in the Dimmer Flex, reaching more than 100% in the most 

critical condition. 

The findings mentioned in this scenario are validated in Figure 9, where the 

inductive behaviour of the circuit can be observed. This diagram refers to the 

fundamental component of the signals. In the example, the angle between the voltage 

and current signals was equivalent to - 32 degrees. 

 

 

Figure 9 – Phasor diagram – scenario 02. 
 

c) Scenario 03 - Possibility 02  

 

In the third and final scenario analysed (scenario 03), the switching was set for 

possibility 02, i.e., interruption of triggering pulses for switches at 90/270 degrees. 
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Figure 10 shows the effect of this operative condition in the required current, which is 

again clearly nonsinusoidal. The conducting times are complementary to those 

observed in scenario 02 (which was expected). 

 

 

Figure 10 – Voltage and current waveforms – scenario 03. 
 

For this scenario (Figure 11), as well as in the previous example, the power, 

current, power factor and fundamental power factor differ from those reached in 

the base case. The finding that is worth mentioning is that the reactive power shows 

capacitive characteristics. In other words, the load began to "inject" reactive power into 

the network, shown by the symbol of a capacitor displayed on the analyzer screen. 

 

 

Figure 11 – Electrical quantity measurements – scenario 03. 
 

In scenario 03, for the adjusted switching value, the total harmonic distortion of 

the current was 64.7 %, as shown in Figure 12. 

Voltage 

Current 
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Figure 12 – Total harmonic distortion of the current – scenario 03. 
 

It should also be pointed out that, although close by, the angles used in 

scenarios 02 and 03 were not exactly the same, however due to the reasons 

mentioned, this does not affect the results obtained. 

Finally, the phasor diagram of scenario 03 can be observed in Figure 13, 

whereby the current is advanced compared to the voltage. This diagram refers to the 

fundamental component of the signals. For this scenario, the angle between the 

voltage and current signals was equivalent to 34 degrees. 

 

 

Figure 13 – Phasor diagram – scenario 03. 
 

The results obtained from the measuring equipment used showed that, in fact, 

the type of switching changes the load characteristic considering the measurements. 

Another study reinforces this analysis. In [39], switching was carried out using thyristors 

from a single-phase load, with RL characteristics. After calculating, harmonics with 
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capacitive characteristics appeared, which contradicts the logic as the circuit being 

analysed only had an inductive element (as well as the resistive). 

To prove that the characteristic of the load converged in all the meters (between 

inductive or capacitive), the simultaneous information from the meter screens used in 

the experiments is shown in Table 2 and Table 3, when switching was carried out. It is 

worth highlighting that each meter shows information about the characteristic of the 

load in one way. In other words, the representation of a given inductive or capacitive 

load can be shown by index "i" or "c", a signal (positive or negative) or by an arrow 

(positive or negative). 

 
Table 2 – Details of the meters – scenario 02. 

Meter Information 
Power Meter SAGA 1000 PFi 
Power Meter SAGA 3000 +PF 
Power Meter E34A   
Power Meter SL7000   
Power Meter A1055   

 

It should be noted that, in the case of the SAGA 1000 and 3000 meters, the 

power factor appears, respectively, as follows: PFi (inductive) and +PF (also showing 

the inductive characteristic). In the other meters, the power factor appears only in the 

module and the indication of the inductive load is given by the direction and reactive 

power sign (+Q or Q+ and upward arrow). 

  

Table 3 – Details of the meters – scenario 03. 

Meter Information 
Power Meter SAGA 1000 PFc 
Power Meter SAGA 3000 -PF 
Power Meter E34A   
Power Meter SL7000  

 
Power Meter A1055   

 

Similar to the previous analysis, in the case of the SAGA 1000 and 3000 meters, 

the power factor appears, respectively, as follows: PFc (capacitive) and -PF (also 
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showing the capacitive characteristic). In the other meters, the power factor only 

appears in the module and the indication of the capacitive load is given by the direction 

and sign of reactive power (-Q or Q- and downward arrow). 

 

2.7 Impacts on Billing 

 

Based on the results, we present the analyses carried out by focusing on the 

impacts of electricity billing. Therefore, the following data is considered: 

 
• Active power: 0.07 kW. 

• VRERE: 0.26757 R$/kWh. 

• Reference power factor: 0.92. 

• Power factor of the consumer unit: 0.70. 

 

Table 4 presents the energy price tariffs, comprising the TUSD + ET (energy 

tariff) portions, not including taxes, for each tariff modality, based on the values in 2016 

for the Mato Grosso Energisa Utility (EMT). These tariffs were used to illustrate the 

impact on billing electricity. However, it should be noted that the price tariffs can be 

changed to other regions of the country or even to other countries, paying attention to 

the billing rules. The latter may be different to Brazil. 

 
Table 4 – Current tariffs in 2016 – EMT. 

Tariff modality Tariff (R$/kWh) Tariff FP (R$/kWh) Tariff p (R$/kWh) 
Conventional A4 0.34160 - - 
Green Time A4 - 0.32978 1.33124 
Blue Time  A4 - 0.32978 0.47165 

 

Afterwards, the amounts of surplus reactive energy were calculated based on 

Equation (5) for peak times (p) and off-peak times (FP). In addition, the period between 

the inductive and capacitive intervals was divided as shown in item 2.3, according to 

the hours of the day. Considering an annual base, it is known that, on average, a month 

has 730 hours. Therefore, according to the definitions of hour divisions for billing 

purposes (also shown in item 2.3) and making appropriate distributions, we have the 

following: 
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• Average hours in one month: 730 hours. 

• Average hours in one month, off-peak period for the inductive interval: 482.25 

hours. 

• Average hours in one month, peak period for the inductive interval: 65.25 hours. 

• Average hours in one month, off-peak period for the capacitive interval: 182.5 

hours. 

• Average hours in one month, peak period for the capacitive interval: there is no 

peak period. 

 

Therefore, based on the assumptions presented, some calculations were made 

to identify the percentage spent on surplus reactive power compared to the total spent 

on the amount of active energy consumed in a given time interval. In other words, the 

aim was to analyse how much surplus reactive power can influence electricity billing 

when compared to the active energy that was consumed. It should be noted that taxes 

were not included in this analysis. 

Table 5 presents the results, considering only the inductive period of the day. 

To determine the values shown in this table, we identified how much was spent on 

active energy, based on the data presented at the beginning of this item and the 

average number of hours in a month (730 hours), maintaining the active load constant 

throughout the day. Afterwards, the amount of surplus reactive power was calculated 

by Equation (5). Taking this into account, the data presented at the beginning of this 

item were also considered, but the number of hours was 547.5 hours (65.25 hours for 

the peak period and 482.25 hours for the off-peak period), as only the inductive period 

was analysed (i.e., the 182.5 hours for the capacitive period were not considered).  

It is important to highlight how these hourly intervals were found, so that the 

following analysis is clearer. These intervals were based on an average number of 

days per month on an annual basis. For the capacitive period, this average was 

multiplied by 6 hours, due to what was stated in item 2.3. Thus, the difference between 

the average value of hours in a month (730 hours) and the value for the capacitive 

period (182.5 hours) is precisely the number of hours of the inductive period (547.5 

hours). The latter was divided, considering the above in item 2.3, between the hours 

in the inductive peak period (65.25) and the hours in the inductive off-peak period 

(482.25 hours). 



48 
 
 

 

Table 5 – Surplus reactive energy vs active energy consumed – inductive case. 

 Tariff modality   

 Conventional Green Time Blue Time 
 - FP P FP P 

% partial reactive/active  - 18.59 6.10 18.59 17.21 
% total reactive/active  18.46 15.04 18.42 
 

In Table 5, it can be concluded that the expenditures on surplus reactive power 

for the example analysed can represent between 15.04 % and 18.46 % of the total 

amount spent on active energy. Still considering only the inductive interval (06:31 until 

23:29), we calculated the percentages shown in Table 5, however for other values of 

the consumer power factor. The results are presented in Table 6. 

 

Table 6 – Surplus reactive energy vs active energy consumed – inductive case. 

Power Factor Conventional Green Time Blue Time 
0.1 481.72 % 392.46 % 480.51 % 
0.2 211.49 % 172.30 % 210.96 % 
0.3 121.41 % 98.91 % 121.10 % 
0.4 76.37 % 62.22 % 76.18 % 
0.5 49.35 % 40.20 % 49.22 % 
0.6 31.33 % 25.53 % 31.25 % 
0.7 18.46 % 15.04 % 18.42 % 
0.8 8.81 % 7.18 % 8.79 % 
0.9 1.31 % 1.06 % 1.30 % 
1 0.00 % 0.00 % 0.00 % 

 

As shown in Table 6, depending on the power factor value of the consumer, 

expenditures on surplus reactive energy can have a significant impact on electricity 

billing. It may represent more than 50 %, compared to expenditures on active energy, 

if the power factor is below 0.5. If typical values of real facilities are considered (power 

factor between 0.6 and 0.9), the costs of such surplus represent up to 30 %, which is 

very significant. Figure 14 shows a curve representing the data in Table 6. 
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Figure 14 – Relation between surplus reactive energy costs and active energy costs 
– inductive case. 

 

As shown in Figure 14 and, as expected, the expenditures spent on surplus 

reactive energy decrease while the power factor increases. When the power factor of 

the consumer is higher than 0.92, there is no charge for this surplus. 

The same calculations were made for the capacitive period. Obviously, the 

necessary adjustments were made regarding the number of hours considered for this 

case. Table 7 shows the results. 

 

Table 7 – Surplus reactive energy vs active energy consumed – capacitive case. 

 Tariff modality   

 Conventional Green Time Blue Time 
 - FP FP 

% total reactive/active  6.15 5.01 6.14 
 

In Table 7, it can be concluded that the surplus reactive energy costs (in this 

case) can represent between 5.01 % and 6.14 % of the total expenditure on active 

energy. It is worth mentioning that in the capacitive interval, there is no peak period 

and, due to this, only the total percentage was calculated. Still considering only the 

capacitive interval (23:30 until 06:30), we calculated the percentages for the other 

power factor values of the consumer. The results are presented in Table 8. 

As shown in Table 8, depending on the power factor value of the consumer, the 

surplus reactive energy costs can have a significant impact on electricity billing. If 

typical values of real facilities are considered (power factor between 0.6 and 0.9), the 
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costs of such surplus represent up to 10.44 %, which is significant. Figure 15 shows a 

curve representing the data in Table 8. 

 

Table 8 – Surplus reactive energy vs active energy consumed– capacitive case. 

Power Factor Conventional Green Time Blue Time 
0.1 160.57 % 130.82 % 160.17 % 
0.2 70.50 % 57.43 % 70.32 % 
0.3 40.47 % 32.97 % 40.37 % 
0.4 25.46 % 20.74 % 25.39 % 
0.5 16.45 % 13.40 % 16.41 % 
0.6 10.44 % 8.51 % 10.42 % 
0.7 6.15 % 5.01 % 6.14 % 
0.8 2.94 % 2.39 % 2.93 % 
0.9 0.44 % 0.35 % 0.43 % 
1 0.00 % 0.00 % 0.00 % 

 

 

Figure 15 – Relation between the surplus reactive energy costs and expenditures on 
active energy – capacitive case. 

 

As presented in Figure 15 and, as expected, the expenditures on surplus 

reactive power decrease, while the power factor increases. When the power factor of 

the consumer unit is greater than 0.92, there is no charge for this surplus. 

Based on the results, it can be concluded that electronically switched loads 

can directly affect measurements and, consequently, electricity billing. The 

experimental assembly shown in item 2.5 supports this claim. As an example, the 

following situations can be cited: 
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1. If the Dimmer Flex is programmed to operate in possibility 01, the power system 

measurements will recognise an inductive load. Therefore, if the power factor is 

below the value established by law (in the case of Brazil, 0.92), the consumer 

will pay for the surplus reactive power, as shown in this section (Table 6). In 

terms of percentages, the expenditures spent on reactive power may vary 

between 1.06 % and 481.72 %, compared to expenditures on active energy. 

2. However, if the Dimmer Flex is programmed to work in possibility 02, the power 

system measurements will recognise a capacitive load. Therefore, if the power 

factor is below the value established by law (in the case of Brazil, 0.92), the 

consumer will pay the surplus reactive power, as shown in Table 8. In terms of 

percentages, the expenditures spent on reactive power may vary between 

0.35 % and 160.57 %, compared to expenditures on active energy. 

3. However, if the Dimmer Flex is programmed to have a capacitive characteristic 

during the inductive period or an inductive characteristic during the capacitive 

period, even if the power factor is below the established limit (0.92) there will be 

no payment associated with reactive surplus. 

 

2.8 Summary 

 

  It can be concluded that electronically switched loads, which have a nonlinear 

behavior, such as the cases shown in this article, influence and affect electricity 

measurement and billing systems. As shown in this chapter, there is interference in the 

measurements of surplus reactive power, as well as in the power factor. 

  It can also be observed that electronic switching of a resistive (linear) load 

results in inductive or capacitive behavior. This shows that the electricity billing system 

being recorded can be changed in the way that surplus reactive power will not be paid 

for. Considering the possibilities of switching addressed, it has been shown that a 

consumer from Group A may not pay for surplus reactive power, even though the 

power factor of the installation is lower than the limit established by Brazilian law. This 

fact shows the need to discuss the question of dividing inductive and capacitive periods 

in terms of billing surplus reactive power. 

  In other words, the injection of capacitive reactive power and absorption of 

inductive reactive power recorded by meters and power quality analyzers on 

consumers common coupling points are affected by the different types of switching. 
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Furthermore, this can contribute to changing the power factor in the consumer and 

consequently may affect the calculations of surplus reactive energy in the inductive 

and capacitive periods. 

  Therefore, it is important to develop additional research in this area, analyzing 

the behavior and influence of various electronically switched loads in power systems 

(such as frequency converters, computers, and electronic lamps) in an isolated and 

integrated way, including measurements carried out in the field. 

  Regulatory aspects and measurement methods also need to be discussed in 

terms of the electrical quantities in nonsinusoidal conditions, aiming to establish a 

model for electricity billing, based on existing theories or even new theories. 

 

2.1 Harmonic Interaction Effects on Power Quality and Electrical Energy 
Measurement System 
 

This chapter is based on the paper: R. P. B. da Silva, R. Quadros, H. R. Shaker, L. C. 

P. da Silva, ‘Harmonic Interaction Effects on Power Quality and Electrical Energy 

Measurement System’, © 2019 IEEE. Reprinted, with permission, from 2019 

International Symposium on Advanced Electrical and Communication Technologies 

(ISAECT), 2019, pp. 1-7. https://doi.org/10.1109/ISAECT47714.2019.9069699. 

 

2.1.1 Introduction 

 

  Nowadays, the electrical networks have become more complex, due to new 

technologies and the need to address the new demands and challenges. Several 

challenges have emerged which require further investigation and establish new areas 

for further research and development. Smart grids, smart buildings, smart devices, 

power quality, distributed energy resources (DER) and smart electrical energy 

measurement system are among these areas. Some power theories have been 

discussed in the last century, as Instantaneous Power Theory, IEEE 1459/2010, and 

CPT (Conservative Power Theory), aiming to answer some challenges in these areas. 

However, in era of smart grid and smart technologies with more complex network and 

many nonlinear loads in the grid, it is important to address the problem of harmonic 

distortion on the electrical system. It is also important to investigate the real impact of 

the nonlinear loads on the current electrical networks and on the power quality, 

https://doi.org/10.1109/ISAECT47714.2019.9069699


53 
 
 

 

electrical energy measurement and billing system. These are the focus of this chapter. 

It is important to highlight that it is necessary to carry out more research on electrical 

energy measurement system, since in future we will have more smart technologies 

and systems, and consequently a high penetration of the nonlinear loads. The current 

electrical energy measurement system is not prepared for it [16]. 

  In [41], the authors present the new challenges in energy metering and 

monitoring to Chinese grids, investigating the smart metering on the smart grid context. 

Furthermore, in [42], the authors discuss the measurements recorded by revenue 

meters under nonsinusoidal conditions and conclude that different meters under the 

same condition have different results. Therefore, it is necessary to understand the 

methods used and consider only the fundamental signals, aiming the correct billing 

consumers.  

  In [43], the authors analyze reactive power definitions for billing purposes in low 

voltage networks with high levels of harmonic distortion, as well as the regulatory 

framework of different countries. Some methods used by electronic meters are 

presented. They also concluded that surplus reactive power in electricity grids should 

be controlled via fundamental reactive power. However, they emphasize that it is 

important to treat separately the problems of harmonics from the phase difference of 

voltage and current in the fundamental frequency. 

  Therefore, this chapter presents the analysis of harmonic interaction between 

two electronic devices and the influence on the power quality and electrical energy 

measurement system. We have selected the common loads which are found in the 

residential and commercial sector, as TV sets and notebooks. The investigation has 

been done comparing two power theories namely IEEE 1459/2010 and CPT.  

   

2.1.2 Power Quality and Electrical Energy Measurement System 

 

A. Power Quality and Measurement System 

 

According to [44], power quality (PQ) can be understood as the parameters 

which define the properties of the electricity product under normal conditions. This 

involves aspects of continuity of service and the characteristics of the voltage 

(symmetry, frequency, amplitude, and waveform). Nowadays, PQ receives a lot of 

attention  from research community and utilities [45]. This is mainly due to the 
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introduction of smart devices or smart loads in the distribution network which most of 

them are nonlinear in nature [46]. In [46], the authors present some problems caused 

by harmonics in the electrical network, including the harmonic interaction.  

A load is nonlinear if the drawn current does not follow a sinusoidal pattern. TV 

sets, computers and fluorescent lights are example of nonlinear loads [47, 48]. A 

widespread usage of these loads causes harmonics injection and results in several 

detrimental effects on power system components [49].  

Besides problems such malfunction and losses in equipment and lines of the 

electric power system, resonances with capacitor banks, interference with 

communication systems, etc. [3], the harmonics distortions cause problem on the 

electrical energy measurement system. In [16, 17], the authors show several problems 

detected on measurement and the effects on electrical energy billing.  

There are some standards and recommendation about power quality, including 

with focus in harmonic distortion. For instance, IEEE 519, IEC 61000-3-2 and EN 50160 

are among them [50]. However, the problems on electrical system continues and new 

research are needed.  

  Harmonic interaction consists in the analysis of the effects of the mixed loads 

which are connected at the same time to the electrical energy system. For this analysis, 

it is necessary to know the magnitude and the phase angles of each harmonic. 

Depending on the characteristics, harmonics can be added or subtracted. The level of 

interaction depends on the loads [21, 51, 52]. 

 
B. Power Theories: IEEE 1459/2010 and CPT 

 

Since 1927 researchers have developed and proposed the electrical definitions 

followed by power theories. The first one is developed by Budeanu [53].  IEEE 1459 

which is one of the most known and CPT, Conservative Power Theory are relatively 

recent power theories. These theories consider the nonsinusoidal signals in the 

electrical system. 

Each power theory presents its own definitions and mathematical formulations. 

However, in this chapter, we will not be discuss them. We only use the measurements 

recorded by two power meters for analysis and discussion. More details about the 

theories and examples can be found in [17, 30, 54-58]. It is important to highlight that 

IEEE 1459/2010 and CPT were chosen because the first one is used by power quality 
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analyzer as a base to calculate the electrical quantities [59]. The second one was 

chosen because it offers current decomposition in orthogonal components, that 

represent different load characteristics. Moreover, CPT allows load characterization 

under different operating conditions [60]. 

In this chapter, the CPT was used to characterize the load. For this, the load 

conformity factors available by this theory were used. According to [30, 53], there are 

different  performance factors, however for this chapter, only three of them will be used 

which are shown in the sequel:  

 

D 2 2 2 2

D Dλ  =  = 
A P  + Q  + N  + D

 
        (7) 

 

 

Q 2 2

Qλ  = 
P  + Q  

 
        (8) 

 

 

2 2 2 2

P Pλ =  = 
A P  + Q  + N  + D

 or ( )( )( )2 2 2
Q N Dλ  =  1 - λ 1 - λ 1 - λ         (9) 

 

where: 

• A: apparent power (VA). 

• P: active power (W). 

• Q: reactive power (VA) 

• D: distortion (void) power (VA). 

• N: unbalance power (VA). 

 

Equation (7) shows the distortion factor, or the nonlinearity factor (𝜆𝜆𝐷𝐷). It 

represents the presence of distortion power. This power does not contribute to active 

or reactive powers, but it is related to voltage and current nonlinearities. The other factor 

is shown by (8). It is the reactivity factor (𝜆𝜆𝑄𝑄) and indicates the presence of reactive 

energy from inductive, capacitive, or nonlinear loads. Finally, (9) shows the power factor 

(𝜆𝜆). This factor is related balanced active current to all other current components [18]. 

  Therefore, in Section 2.1.4 the recorded data by CPT prototype were used and 

compared with recorded data by power quality analyzer. The objective was to verify 
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the loads characteristics and to study the influence on the electrical energy 

measurement system and power quality indexes. 

 

2.1.3 Methodology 

 

To ensure that the voltage signal is sinusoidal, a programmable AC power 

source was used. Figure 16 shows the total harmonic distortion for voltage signal. The 

loads used were a TV set (21 inches) and a notebook (15.5 inches). These loads 

represent a residential and/or commercial common load. Finally, two power meters 

were used: a power quality and energy analyzer and a CPT prototype. An oscilloscope 

was used also to record the voltage and current signals, for possible mathematical 

treatment and decomposition of this data. In Table 9,  the loads and equipment used 

for the experiments are shown. It is important to highlight that the measurements were 

made with power quality analyzer in the FULL mode, which considers the harmonics. 

In order to record the electrical quantities and power quality data, each load was 

subjected initially to a sinusoidal voltage. It is necessary to ensure that the voltage will 

not be interfere in measurements and for this , the programmable AC power source was 

used. After individual measurements, both of the loads were connected at the same 

time and data were recorded. The results are shown in Section 2.1.4. 
 

 

Figure 16 – Total harmonic distortion (voltage). 
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Table 9 – Loads and equipment used. 

Loads and Equipment 
21 inches CRT TV 
Notebook Widescreen 15.5 inches 
CPT Meter (Prototype) 
Oscilloscope model MSO2022B 
Power Quality and Energy Analyzer (FLUKE 434) 
Programmable AC Power Source Chroma 61702 

 

2.1.4 Experimental Results and Analyses 

 

The data shown in Figure 17 to Figure 28 were recorded by power quality and 

energy analyzer. The data recorded by CPT prototype will be used in this chapter to 

compare and discuss the results. 

 
A. TV set 

 

Figure 17 shows the electrical quantities measured for this load. The symbol of 

the capacitor indicate how the power meter characterizes the load, as capacitive or 

inductive. In other words, how is characteristic of the power factor: leading or lagging, 

respectively. In this chapter, all the results are indicated the loads with capacitive 

characteristics. This is a typical characteristic of the most of electronic loads, available 

commercially. This affirmative is based on the several measurements performed in the 

laboratory. 

 

 

Figure 17 – Electrical quantity measurements. 
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It is interesting to note the significant difference between PF and DPF. According 

to [61], PF (or true power factor, TPF) is a parameter used to quantify the deviation of 

the current waveform from an ideal sine wave in phase with the voltage waveform. On 

the other hand, DPF is defined as the cosine of the angle between the fundamental 

components of voltage and current. This explains the difference between the data. 

Figure 18 shows the voltage and current waveforms. 

 

 

Figure 18 – Voltage and current waveforms. 
 

Figure 19 shows the total harmonic current distortion (THDi). The value is 

123.1% which is high, and the main harmonics are 3rd, 5th, 7th, 9th, 11th, 13th and 17th. 

The power quality analyzer can record up to 50th order. It is important to note that 3rd, 

5th and 7th are the most common harmonics of the low voltage grids [52, 62]. Therefore, 

it shows the correlation between this type of load and the harmonic presence on the 

electrical network. 

Finally, Figure 20 shows the phasor diagram. This diagram shows the phase 

angle between voltage and current signals, but only to the fundamental frequency, 

which is in this case, 60 Hz. 
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Figure 19 – Total harmonic distortion (current). 
 

 

Figure 20 – Phasor diagram. 
 
B. Notebook  

 

Figure 21 shows the electrical quantities measurements for this load. Here, the 

difference between PF and DPF was higher. Figure 22 shows the voltage and current 

waveforms. Figure 23 shows the total harmonic current distortion (THDi). The value is 

higher than the one for the TV set. The THDi is equal 183.9%, and the main harmonics 

are 3rd, 5th, 7th, 9th, 11th, 13th, 17th, 19th, 21st, 23rd, and 25th. It is important to note that 

here the magnitude of the high order harmonics is higher than the one TV set. Finally, 

Figure 24 show the phasor diagram. The angle here is higher than angle for TV set. 
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Figure 21 – Electrical quantity measurements. 
 

 

Figure 22 – Voltage and current waveforms. 
 

 

Figure 23 – Total harmonic distortion (current). 
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Figure 24 – Phasor diagram. 
 

C. TV set and Notebook 
 

In this section, the recorded data will be shown when the loads are connected at 

the same time. The objective was to verify the harmonic interaction between the 

nonlinear loads and the effects on electrical energy measurement system and the 

power quality.  

Figure 25 shows the individual and resulting composition of the current 

waveforms. Figure 26 shows, the voltage and current waveforms, also resulting by the 

loads. 

 

TV

Notebook

TV 
+

Notebook

I (A)

t (ms)

+

=

 

Figure 25 – Currents waveforms and resulting signal of the composition. 
 



62 
 
 

 

 

Figure 26 – Voltage and current waveforms. 
 

Figure 27 shows the total harmonic current distortion (THDi). Now, THDi is equal 

141.3%, that is, is higher than the one for TV set, but lower than notebook’s THDi. 

Finally, Figure 28 shows the phasor diagram. 

 

 

Figure 27 – Total harmonic distortion (current). 
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Figure 28 – Phasor diagram. 
 

Table 10 show the recorded data. Table 10 shows that the powers and the 

current were higher, as expected. The most interesting results were the PF, DPF and 

THDi. DPF was not changed a lot, but PF had a significant change. It is important to 

highlight that if we compare the TV set’s PF with PF of both loads, the latter was lower. 

However, if we compare the notebook’s PF with PF of both loads, we can see that the 

latter is higher. On the other hand, the THDi is the opposite.  

 

Table 10 – Electrical quantities measurements. 

Electrical quantities TV Set Notebook Both of them 
kW 0.06 0.04 0.10 
kVA 0.09 0.08 0.17 
kVAr 0.07 0.07 0.14 
PF 0.62 0.46 0.56 

DPF 0.99 0.97 0.98 
I [A] 0.7 0.7 1.3 

THDi [%] 123.1 183.9 141.3 
 

Both of the parameters have shown interesting results. The PF has a direct 

influence on electrical networks and, in some cases, is used to determine the limits for 

the consumer pay for surplus reactive energy. Therefore, it has an important function in 

electrical energy measurements system. Several research work have been done to 

develop methods and the ways to calculate the reactive power. Moreover, their aim is 

to understand the influence of nonlinear loads on the electrical measurement and billing, 

as well as in electrical networks [16, 43, 63]. In this context, understanding the 

contribution of THDi for electrical quantities is fundamental. 
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In the following we briefly describe how to calculate and analyze the results. 

First, it is necessary to show the harmonic decomposition, per order, including 

magnitude and phase angle. Table 11 presents the recorded data of the main 

harmonics orders. For the calculation of THDi, all harmonics orders were consider, in 

this case, up to 50th (including the even). The harmonics up to the 50th order were 

considered because this is the limit used by power quality analyzer for measured and 

recorded harmonics, and, consequently, for calculating the THDi [59]. 

  An oscilloscope was used to record the voltage and current signals. Next, a 

mathematical treatment for decomposition the signal was necessary. Finally, it was 

possible to calculate the vectorial sum. This explains, for instance, the THDi of 141.3%. 

In other words, the interaction between each order, considering the magnitude and 

phase angle, of each load, resulted in this number, for this case. 

 

Table 11 – Current harmonic decomposition. 

Harmonic 
TV Set Notebook Both of them 

I(A) Angle (°) I(A) Angle (°) I(A) Angle (°) 
1 0.511 -82.003 0.327 -75.171 0.837 -79.337 
3 0.449 110.058 0.312 120.592 0.757 114.372 
5 0.339 -56.399 0.288 -39.412 0.620 -48.602 
7 0.212 139.075 0.255 161.005 0.459 151.072 
9 0.098 -18.865 0.217 2.011 0.310 -4.461 

11 0.029 -133.635 0.176 -156.126 0.203 -153.056 
13 0.039 134.598 0.136 46.652 0.143 62.531 
15 0.041 -16.412 0.100 -108.894 0.106 -85.922 
17 0.024 -172.863 0.070 98.347 0.074 117.554 
19 0.007 81.621 0.046 -50.322 0.042 -43.010 
21 0.015 -5.705 0.030 165.577 0.016 157.555 
23 0.018 -163.303 0.021 26.135 0.004 67.497 
25 0.012 32.800 0.014 -110.567 0.009 -56.596 
27 0.002 -116.320 0.011 111.760 0.009 121.889 
29 0.005 -135.734 0.007 -23.571 0.007 -67.512 
31 0.007 57.009 0.005 -152.036 0.004 105.321 
33 0.005 -121.345 0.005 73.156 0.001 149.728 
. 
. 
. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 
50 0.001 -119.486 0.001 161.545 0.001 -141.476 

 

The next step was to use the recorded data by CPT meter and to compare the 

results. Table 12 shows the data. 
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Table 12 – Electrical quantities measurements (CPT Meter). 

Electrical quantities TV Set Notebook Both of them 
Active power 0.06 0.04 0.10 

Apparent power 0.09 0.08 0.17 
Reactive power 0.00 0.01 0.02 
Distortion power 0.07 0.07 0.14 

PF 0.64 0.51 0.59 
DPF - - - 
I [A] 0.72 0.64 1.36 

THDi [%] - - - 
 

As can be seen in Table 12, the results are in agreement with the data of Table 

10. A slight difference between power quality analyzer and CPT meter data is noticed. 

This is due to the precision of the meters. The CPT meter is a prototype. On the other 

hand, the power quality analyzer is a commercial and certified meter. But the 

differences are small. The CPT meter have not implemented the DPF and THDi – this 

explains the absence of these data in Table 12. 

CPT theory can show the characteristics of loads, through the load conformity 

factors, shown in equations (7), (8) and (9). Table 13 shows the factors for the three 

situations. 

 

Table 13 – Load conformity factors. 

Electrical quantities TV Set Notebook Both of them 
Power factor (𝜆𝜆) 0.64 0.51 0.59 

Nonlinearity factor (𝜆𝜆𝐷𝐷) 0.76 0.85 0.80 
Reactivity factor (𝜆𝜆𝑄𝑄) 0.08 0.12 0.10 

 

The load conformity factors clearly shown the main contribution for the low PF of 

theses loads is due to the nonlinearity. That is, due to the harmonics, and not due to 

the reactive power.  

 

2.1.5 Summary 

 

  With the increased number of  nonlinear loads in electrical network, a thorough 

investigation of harmonic interaction is important. This has been a focus of this chapter. 

The results show that THD level on the electrical networks depends on the harmonic 
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interaction among the loads. Some harmonics will be added, and some others will be 

subtracted. Therefore, the results depends on each case. Moreover, it is not possible 

to conclude that the increase of nonlinear loads will bring significant problems in 

electrical system. Finally, the results allow us to state that the electrical quantities are 

directly influenced by harmonic interaction, and this have consequences for some 

power quality parameters and for electrical energy measurement and billing systems. 

 

2.2  Harmonic Interaction Among Electronic Loads and Its Effects on the 
Electrical Quantities and Billing: Case Study with Lighting Devices 
 
This chapter is based on the paper: R. P. B. da Silva, R. Quadros, H. R. Shaker, L. C. 

P. da Silva, ‘Harmonic Interaction among Electronic Loads and Its Effects on the 

Electrical Quantities and Billing: Case Study with Lighting Devices’, © 2020 IEEE. 

Reprinted, with permission, from 2020 7th International Conference on Electrical and 

Electronics Engineering (ICEEE), 2020, pp. 53-60. 

https://doi.org/10.1109/ICEEE49618.2020.9102607.   

 
2.2.1 Introduction 

 

Lighting devices and systems are facing significant technological transformation 

on the last decade. The lighting systems consumption represents around 20% of the 

worldwide electrical energy consumption, as well as in the United States of America 

[64, 65]. The concerns around energy savings encouraged the replacing of the 

incandescent bulbs for others modern lighting technologies, such as Compact 

Fluorescent Lamps (CFL) and Light Emitting Diode devices (LED) [66]. Furthermore, 

incandescent bulbs were banned in some countries, for instance in Brazil, Canada, 

China, United States, and member states of the European Union [67, 68]. 

It is clear the importance of developing research, efficiency energy programs and 

incentives for energy savings in these systems. On the other hand, the new lighting 

devices and other electronic loads are based on power electronic and this makes the 

power quality issues a concern [69]. Harmonic distortion has received lot of attention in 

the last years by several researchers.  

Harmonics effects on the electrical system, electricity measurement and billing, 

and on other loads are partially known. In [70-74], it is possible to find some developed 

https://doi.org/10.1109/ICEEE49618.2020.9102607
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research about this. There are a lot of aspects on harmonic distortion and its effects. 

An example is harmonic interaction. In [75, 76], the authors show three definitions and 

situations: primary emission, secondary emission, and harmonic interaction. In this 

chapter, the latter will be analyzed.  

Harmonic interaction consists in understanding the effects of mixed loads which 

are connected at the same time to the electrical energy system. It is necessary to know 

the magnitude and the phase angles of each harmonic order. Harmonics can be added 

or subtracted. The result depends on the loads. In [61, 71, 77], it is possible to find more 

information about this subject. 

This chapter evaluates the influence of the harmonic interaction among some 

lighting devices on electrical energy measurement, billing systems, and power quality. 

Aiming to analyze the mixed loads' effects on the electrical system, simulations had 

been developed. For this, some scenarios were created, to investigate the effects of 

the massive implantation of LED bulbs. 

 

2.2.2 Electrical Energy Measurement and Billing Systems 

 
A. Standards and Measurement System 

 

In [16, 70, 78], the authors show the problems caused by harmonic distortion, 

mainly due to the increases of nonlinear loads on the electrical system. The concern 

involves some questions, such as how to calculate the electrical energy billing on 

nonsinusoidal system and if high harmonic currents can cause significant errors on the 

meters. 

According to [21], with the installation of the “smart” meters, utilities will be able 

to easily measure domestic users’ harmonics and power factor (PF). It is important to 

highlight that consumers may incur a penalty charges if they cannot meet the PF limits. 

These are interesting questions. However, nowadays there is not a consensus about 

this. There are some standards, recommendations, and rules for electrical system with 

focus on harmonic distortion, such as EN 50160, IEEE Std. 519™ 2014 and IEC 61000-

3-2.  

However, new problems on the electrical system can eventually take place and 

new research are needed. In this context, discussions about harmonic distortion, 

harmonic interaction and billing rules are fundamental. Moreover, harmonic interaction 
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needs to be explored, since that the results of this interaction have a direct impact about 

the aforementioned issues. Therefore, this chapter presents some discussions related 

to harmonic interaction among some lighting devices and its effects on the electrical 

quantities, billing, and power quality. 

 
B. Harmonics Distortions 
 

Harmonics distortions cause some problems on the electrical systems, such as 

the increase of line losses, interference on communication systems, misfunction or 

damage of equipment and revenue meters errors [21, 48, 79]. In low voltage grids, the 

most common harmonics orders are 3rd, 5th, and 7th [52, 62]. These harmonics orders 

are common on the most electronic loads, that are based on power electronic, such as 

can be seen in Section 2.2.4 and in [80]. In general, these are the higher values in the 

harmonic spectrum. Therefore, it is clear the correlation between these types of loads 

and the harmonic presence on the electrical network. 

In [80, 81], the authors present some experiments using CFL and LEDs bulbs, 

aiming to understand the harmonic aggregation effect of the mixed CFL and LED, as 

well as the results on the THD (Total Harmonic Distortion), PF (Power Factor) and DPF 

(Displacement Power Factor). 

The Total Harmonic Current Distortion (THDi) can be calculated as follows [82]: 

 

( )2(h)

h=2
i (1)

I
THD  = 

I

∞

∑
                                                                                                     (10) 

 

The PF, which consider the harmonic distortion, is determined according to the 

following [40]: 

 

1 H
2 2
1 N

P  + PPPF =  = 
S S  + S

                                                                                                           (11) 

 

Finally, DPF or fundamental power factor (PF1) is determined according to the 

following [40]: 
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1 1

1

P  PF  =  cos θ  = 
S

                                                                                                           (12) 

 

where: 

• SN: nonfundamental apparent power (VA). 

• PH: nonfundamental active power or harmonic active power (W). 

• P1, Q1 and S1: are fundamental active, reactive, and apparent power, 

respectively. 

 

2.2.3 Methodology 

 

Table 14 presents the loads and equipment used. Initially, each load was 

subjected to a sinusoidal voltage signal and the data were recorded. A programmable 

AC power source was used, aiming to ensure that the voltage has a sinusoidal shape. 

This is important since voltage distortion influences the electrical quantities of loads. A 

similar methodology was adopted by [69], to characterize the fingerprints of the 

measured loads. In order to record the voltage and current waveforms, an oscilloscope 

was used. To record the electrical quantities, as well as the power quality indexes, a 

power quality and energy analyzer was used. 

 

Table 14 – Loads and equipment used. 

Loads and Equipment 
CFL Brand A 20 W 
LED compact bulb Brand A 10 W 
LED compact bulb Brand B 12 W 
LED compact bulb Brand C 13 W 
Oscilloscope model MSO2022B 
Power Quality and Energy Analyzer (FLUKE 434) 
Programmable AC Power Source Chroma 61702 
Software ATPDraw 

 

After the individual measurements, the loads were connected at the same time 

to the electrical system and data were recorded. In the experimental part, two loads 

were connected at the same time: a CFL and a LED. To the simulations, three LED 

bulbs were used. After recording the data, these three loads were modeled through 

software ATPDraw. Aiming to analyze the effects of the massive introduction of the LED 
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bulbs on the electrical quantities, billing and power quality, some scenarios were 

created. Figure 29 shows the flowchart of the methodology and Figure 30 shows the 

total harmonic voltage distortion (THDv). 

It is important to highlight that these types of loads (CFL and LED) were used 

due to their larger use in the residential and commercial consumer units. Furthermore, 

lighting system are being update through these technologies. It is worth to note that 

each load has your circuit and technology. It means that different results are possible if 

other types or brands of bulbs are used. In [21], the authors comment on this challenge, 

that is, how to model the random variation of the harmonic outputs of the various 

residential loads. 

 

 

Figure 29 – Flowchart of the methodology. 
 

 

Figure 30 – Total harmonic voltage distortion. 
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2.2.4 Experimental Results and Discussions 

 

The recorded data by oscilloscope were used to realize a mathematical 

treatment and decomposition of the current signals, aiming to analyze and discuss the 

harmonic interaction between the loads. Figure 31 to Figure 41 show the recorded data 

by the power quality and energy analyzer.  

 

A. CFL 

 

The CFL electrical quantities are shown in Figure 31. 

 

 

Figure 31 – Electrical quantities measurements (CFL). 
 

The capacitor symbol indicates how the power quality meter characterizes the 

load. In other words, how is the characteristic of the PF: leading or lagging. In this case, 

PF is leading. It is important to note the difference between PF and DPF values. This is 

due to DPF uses only fundamental components, while PF uses all harmonics signals.  

Figure 32 presents the CFL voltage and current waveforms. It is important to 

note that the voltage waveform is sinusoidal. However, the current waveform is 

distorted. This is a typical characteristic of nonlinear loads. 
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Figure 32 – Voltage and current waveforms (CFL). 
 

The total harmonic current distortion (THDi) has a significant value, 109.2%, and 

CFL presents a wide harmonic spectrum, such as can be seen in Figure 33.  

 

 

Figure 33 – Total harmonic current distortion (CFL). 
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Figure 34 – Phasor diagram (CFL). 
 

Figure 34 presents the phasor diagram, that shows the phase angle between 

voltage and current signals, but only to the fundamental frequency, which in this case 

is 60 Hz. 

 

B. LED Brand B 
 

The LED electrical quantities are shown in Figure 35. It is important to highlight 

that in this load, the difference between PF and DPF was smaller if compared with the 

CFL values.  

 

 

Figure 35 – Electrical quantities measurements (LED Brand B). 
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The LED’s voltage and current waveforms are shown in Figure 36. It is interesting 

to note that the current waveform is more similar to a sinusoidal signal than the one for 

CFL. This is justified by the better PF and DPF of this load if compared to CFL.   

For this LED bulb, the THDi is equal to 25.6%. Therefore, is lower than the one 

for CFL. Another difference is on the harmonic spectrum. Now, this is more 

concentrated in few orders, such as 3rd, 5th, 7th, 9th, and small contributions in 11th, 13th, 

17th, and 21st. These results can be seen in Figure 37. Figure 38 presents the phasor 

diagram. The angle here is lower than the one for CFL. Again, this is justified by the 

better PF and DPF of this load, when compared with the CFL. 

 

 

Figure 36 – Voltage and current waveforms (LED Brand B). 
 

 

Figure 37 – Total harmonic current distortion (LED Brand B). 
 



75 
 
 

 

 

Figure 38 – Phasor diagram (LED Brand B). 
 

C. CFL and LED Brand B 

 

Figure 39 presents the voltage and current waveforms resulting from the mixed 

loads. The THDi is shown in Figure 40. In this case, the THDi is equal to 80.5%, that is, 

higher than the one for LED but lower than the one for CFL. Figure 41 presents the 

phasor diagram. The resulting angle is higher than the one for LED but slightly lower 

than the one for CFL.  

 

 

Figure 39 – Voltage and current waveforms (mixed loads). 
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Figure 40 – Total harmonic current distortion (mixed loads). 
 

 

Figure 41 – Phasor diagram (mixed loads). 
 

Table 15 presents the electrical quantities for each load and for both of them. 

 

Table 15 – Electrical quantities measurements. 

Electrical quantities CFL LED Both of them 
kW 0.02 0.01 0.03 
kVA 0.04 0.01 0.04 
kVAr 0.03 0.00 0.03 
PF 0.59 0.92 0.71 

DPF 0.86 0.97 0.91 
I [A] 0.3 0.1 0.3 

THDi [%] 109.2 25.6 80.5 
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Due to the low power of LED bulb, apparent and nonactive power, as well as the 

current value, had no significant changes. On the other hand, PF, DPF, and THDi had 

interesting changes. If compared with CFL, PF and DPF of the mixed loads were higher 

than CFL values. In other words, for the electrical energy measurement and billing 

systems, there was an improvement in these parameters. The THDi value was lower, 

which means an improvement in this parameter. 

On the other hand, if compared with LED, PF and DPF of the mixed loads were 

lower than LED values. In other words, for the electrical energy measurement and billing 

systems, there was a worsening in these parameters. The THDi value was higher, 

which means a worsening in this parameter. 

Therefore, depending on the characteristics of loads, there are different results 

and effects on the electrical quantities and, hence, on the billing. Moreover, this will 

affect the power quality indexes. Such as shown, harmonics distortions influence the 

PF and DPF and these indexes are used in some countries to determine the limits for 

the consumer paying for surplus reactive energy. Furthermore, harmonic interaction 

depends on each load that is connected at the same time to the electrical energy 

system. 

In order to understand the results of harmonic interaction, it is necessary to show 

the harmonic decomposition, per order, including the magnitude and phase angle. First, 

the current signals were recorded by the oscilloscope. Next, a mathematical treatment 

was performed and finally, it was possible to perform a vector sum. Table 16 shows the 

results. It is important to highlight that all harmonic orders up to the 50th order were 

used, since this is the limit used by the power quality analyzer to measure and record 

harmonics, and consequently, calculate the THDi [59]. 

From these assumptions, it is possible to calculate the electrical quantities and 

understand the harmonic interaction between the loads. It is important to highlight that 

if there are several loads connected at the same time to the grid, the methodology will 

be the same. Another important point is that the sum must be always vectorial and not 

arithmetic.  
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Table 16 – Magnitude and phasor angles of currents. 

Harmonic 
CFL LED Both of them 

I(A) Angle (°) I(A) Angle (°) I(A) Angle (°) 
1 0.184 -59.188 0.082 -75.922 0.264 -64.325 
3 0.146 169.560 0.016 118.657 0.157 165.079 
5 0.095 47.816 0.011 108.614 0.101 53.481 
7 0.051 -55.388 0.004 93.769 0.047 -52.630 
9 0.039 -136.376 0.003 -17.576 0.038 -132.627 

11 0.038 124.401 0.003 -69.410 0.035 125.515 
13 0.028 18.389 0.003 -87.651 0.027 12.213 
15 0.018 -67.642 0.001 135.595 0.017 -68.607 
. 
. 
. 
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. 

. 

. 

. 

. 
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. 

. 

. 
50 0.000 -34.545 0.000 -40.078 0.000 -35.459 

 

2.2.5 Simulation Results and Discussions 

 

Considering future scenarios, where LED bulbs will be the most common type of 

bulbs in residential and commercial consumer units, this section presents the simulation 

results and discussions. The ATPDraw software was used. The main objective is to 

analyze the effects of the massive introduction of LED bulbs on the electrical quantities, 

billing, and power quality. 

It was considered only LED bulbs for the simulations. It is a fact that increasingly 

LED bulbs will replace other types of bulbs and that the future scenarios show that this 

is the way [66, 67].  

Three types of LED bulbs were used, each one from a different manufacturer. 

These loads were modeled by the authors, after measuring the voltage and current 

signals through the oscilloscope. The rated powers are different. In real buildings, it is 

common to find different brands of bulbs, with different rated powers. Figure 42 presents 

the simulated schematic diagram and Table 17 shows the simulated electrical quantities 

for each bulb. 

 



79 
 
 

 

 

Figure 42 – Simulated schematic diagram. 
 

Table 17 – Simulated electrical quantities. 

Electrical quantities LED A  LED B LED C 
kW 0.010 0.012 0.013 
kVA 0.017 0.013 0.015 
kVAr 0.013 0.004 0.007 
PF 0.60 0.93 0.89 

DPF 0.85 0.97 0.99 
I [A] 0.13 0.10 0.11 

THDi [%] 100.10 25.35 49.08 
 

In [72], the authors considered some scenarios with five bulbs. In [83], the 

authors assumed that each household operates five CFLs at the same time. In this 

chapter, the authors considered initially a small consumer unit (for instance, a 

household), that uses six LED bulbs at the same time. Some scenarios were created, 

mixing the LED bulbs A, B and C. Table 18 shows the initial scenarios considered. 

 

Table 18 – Initial scenarios considered. 

Scenario LED A (10 W) LED B (12 W) LED C (13 W) 
1 33.33% 33.33% 33.33% 
2 66.67% 16.67% 16.67% 
3 16.67% 66.67% 16.67% 
4 16.67% 16.67% 66.67% 

 
Table 19 shows the results for these scenarios. Such as expected, the powers 

increase once that loads were added. The better PF was obtained in scenario 3. On the 

other hand, the worst PF was obtained in scenario 2. This scenario also show the worst 

DPF and THDi. The better DPF was obtained in scenario 4 and the better THDi was 

obtained in scenario 3. 

 

 

Med_3F (C) 13 W(A) 10 W (B) 12 W
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Table 19 – Electrical quantities to the initial scenarios. 

Electrical quantities 
Scenarios for 6 bulbs 

1 2 3 4 
kW 0.071 0.066 0.072 0.075 
kVA 0.078 0.087 0.076 0.080 
kVAr 0.033 0.057 0.026 0.030 
PF 0.901 0.757 0.936 0.930 

DPF 0.955 0.911 0.963 0.977 
I [A] 0.616 0.682 0.602 0.631 

THDi [%] 35.01 66.87 23.82 32.59 
 

In order to understand the results for another mix among the bulbs, more 

scenarios were created. These scenarios are shown in Table 20. It is important to 

highlight that there are a lot of combinations. In this chapter, the main results will be 

shown, considering some combinations.  

 

Table 20 – Other scenarios considered. 

Scenarios considered 

Scenario LED A (10 W) LED B (12 W) LED C (13 W) 
5 100% 0% 0% 
6 0% 100% 0% 
7 0% 0% 100% 
8 0% 10% 90% 
9 0% 90% 10% 
10 10% 0% 90% 
11 10% 90% 0% 
12 90% 0% 10% 
13 90% 10% 0% 
14 0% 50% 50% 
15 50% 0% 50% 
16 50% 50% 0% 
17 0% 30% 70% 
18 0% 70% 30% 
19 30% 0% 70% 
20 70% 0% 30% 

 

Simulations for other quantities of bulbs, such as hundreds and thousands were 

realized. However, considering the focus of this chapter, the most important is the 

composition of each combination, as well as the characteristics of each load. Therefore, 
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it will be shown the results for 1200 bulbs. This number can be representative of 

commercial buildings, for instance. Table 21 shows the results. 

 

Table 21 – Electrical quantities considering 1200 bulbs. 

Electrical 
Quantities 

Number of bulbs (1200) 

Scenarios considered 

5 6 7 8 9 10 11 12 
kW 12.21 14.58 15.61 15.48 14.56 15.24 14.21 12.47 
kVA 20.32 15.50 17.53 16.97 15.21 16.90 15.34 19.11 
kVAr 16.23 5.24 7.97 6.96 4.39 7.30 5.78 14.49 
PF 0.601 0.941 0.890 0.912 0.957 0.901 0.926 0.652 

DPF 0.851 0.970 0.992 0.990 0.973 0.986 0.963 0.874 
I (A) 160.0 122.0 138.0 133.6 119.8 133.1 120.8 150.5 

THDi (%) 100.3 25.39 49.11 42.43 18.60 44.38 28.64 89.39 

Electrical 
Quantities 

Scenarios considered (sequel) 

13 14 15 16 17 18 19 20 
kW 12.35 15.16 13.92 13.35 15.36 14.91 14.65 13.23 
kVA 19.28 15.62 16.52 16.58 16.20 15.30 16.38 17.55 
kVAr 14.80 3.76 8.89 9.84 5.15 3.43 7.32 11.53 
PF 0.640 0.970 0.842 0.804 0.947 0.974 0.894 0.753 

DPF 0.868 0.983 0.947 0.924 0.987 0.978 0.970 0.914 
I (A) 151.8 123.0 130.1 130.6 127.5 120.4 128.9 138.2 

THDi (%) 91.46 16.40 51.34 56.41 29.16 9.64 42.15 68.75 
 

Considering the results shown in Table 21, it is possible to conclude that 

scenario 5 presents the lower PF and DPF values and the higher value for THDi. In 

other words, it was the worst scenario. The better DPF, FP, and THDi were obtained in 

scenario 18. These results show that, from a power quality viewpoint, it is clear that the 

harmonic interaction has an important action on the electrical energy system. For 

instance, through harmonic interaction it was possible to reduce the THDi from 100.3% 

to 9.64%. The nonactive power also reduced a lot, from 16.23 kVAr to 3.43 kVAr.  

Moreover, related to electrical energy billing, the discussion is more interesting. 

In [16], [43], the authors present the rules and discussions about the electrical energy 

billing in Brazil and some other countries, respectively. Therefore, it is possible to 

conclude that if a consumer unit has a load profile similar to one of the studied 

scenarios, it can pay or not for surplus reactive power. For instance, if scenarios 7 or 

13 are considered, the unit has a PF lower than 0.92 (limit set by the Brazilian rules) 
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and, hence, it will pay for surplus reactive power. However, if the same consumer unit 

has a load profile similar to scenarios 9 or 18, it will not pay for surplus reactive power. 

Therefore, it is clear that it is necessary to discuss the billing rules since the consumer 

or the utility company can be harmed, depending on each case. 

 

2.2.6 Summary 

 
It was shown that harmonic interaction has a direct influence on electrical energy 

measurement, billing, and power quality. In order to understand the harmonic 

interaction, it is necessary to know the characteristics of each load. Moreover, the 

impact on electrical energy system will depend on each load which is connected at the 

same time to the grid, and on their characteristics. Finally, it is important to highlight that 

the rules for the electrical energy billing need to be analyzed and discussed. Consumers 

or utilities can be harmed, depending on each case.  
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3. Analysis of the Electrical Quantities Measured by Revenue Meters Under 
Different Voltage Distortions and the Influences on the Electrical Energy Billing 
 
This chapter is based on the paper: R. P. B. da Silva, R. Quadros, H. R. Shaker, L. C. 

P. da Silva, ‘Analysis of the Electrical Quantities Measured by Revenue Meters Under 

Different Voltage Distortions and the Influences on the Electrical Energy Billing’, 

Energies, 2019; 12(24). https://doi.org/10.3390/en12244757.  

 
3.1 Introduction 

 

  With the increasing demand for energy and concerns about environmental 

issues, different approaches have been used for more efficient use of active power and 

energy. One of the most commonly used methods in the last few years involves the 

use of nonlinear elements to cut off a part of a waveform (voltage or current), which 

results in the equipment to consume less active energy [84]. From the point of view of 

energy efficiency, it is clear that the results are significant. On the other hand, the 

signals change to a nonlinear profile, and there is always a valid concern about 

harmonic distortion. This issue has received more attention in recent years with the 

extensive use of electronic devices with nonlinear elements, in other words, with the 

ever increasing number of power electronic devices connected to power systems [85-

87]. This leads to a power quality – PQ – problem due to the harmonics injection in the 

power network by this equipment [88-93]. Moreover, the distributed generation has 

become a real alternative to improve grid efficiency and reliability. Hence, power quality 

is one of the main concerns of both power plant owners and network system operators 

[94]. 

  Many researchers have focused on measuring the distortion in voltage and 

current waveform, which has been generated by generators, transformers, static 

compensators, fluorescent and LED (light emitting diode) bulbs, liquid crystal display 

(LCD)   TVs, washers, and other modern electronic systems [95-98]. Saturable devices 

and power electronic devices has always been the two general sources of harmonic 

distortion. Harmonics produced by saturable devices are generated due to iron 

saturation, which is the case for transformers, machines, and fluorescent lamps (with 

magnetic ballasts) [99, 100]. On the other hand, power electronic devices, as in the 

case of voltage source converters, switch-mode power supplies, power electronic 

https://doi.org/10.3390/en12244757
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converters and fluorescent lights (with electronic ballasts), which are some kind of 

power electronic devices [101-103]. The distortions in the power network can 

negatively influence the functions of some equipment, making them respond in an 

unpredicted manner when subjected to multiple frequencies [62, 104-106]. Due to this 

fact methods to monitoring the sources of harmonics system have been developed to 

quantify/qualify the effects of the distortion in the system [107-111]. 

  Some standards and recommendations have been developed aiming to limit the 

harmonic distortion in the electrical system. For instance, the IEEE Std. 519™ 2014 

recommends for low voltage grids (V ≤ 1.0 kV) a total harmonic voltage distortion 

(THDv) until 8%. This limit is applied at the point of common coupling (PCC) and should 

not be applied to either individual pieces of equipment [95]. On the other hand, the IEC 

Std. 61000-3-2 “deals with the limitation of harmonic currents injected into the public 

supply system. It specifies limits of harmonic components of the input current which 

can be produced by equipment tested under specified conditions. It is applicable to 

electrical and electronic equipment having a rated input current up to and including 16 

A per phase and intended to be connected to public low-voltage distribution systems”. 

Furthermore, “for systems with nominal voltages less than but not equal to 220 V (line-

to-neutral), the limits have not yet been considered”. The standard has not established 

a total harmonic current distortion (THDi) [112]. It is important to highlight that this 

standard works with individuals loads limits and not with in the PCC.  

  Moreover, a lot of monitoring methods have been developed to estimate the 

harmonic profiles generated by the many existing devices accurately and fast. These 

monitoring methods aim to verify if the limits established are in accordance with those 

generated by these systems [89, 113-115]. There are other works that analyze the 

effects caused by different lighting devices technologies on the electrical systems, as 

well as power quality issues [68, 78, 116-120]. It is a challenging task to model the 

random variation of the harmonic outputs of the various residential loads [78]. For 

instance, in [116], the authors highlight that different lamp manufacturers use several 

ballast technologies. Hence, they conclude that, for the tested lamps in the paper, the 

THDi is strongly dependent on the power supplier circuit topology and control strategy, 

and it is independent on the lamp technology and size. Furthermore, in [117], the 

authors present that each brand of LED lamp gives a great variety of harmonic 

distortion values. This is done by considering different brands and types of lamps. It 

means that the harmonic emission of the LED lamps depends considerably on 
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technology, i.e., power electronics, used within the LED lamps. Similarly, in [68], the 

authors also show that that LED lamps currently available on the market show a large 

variety of harmonic emission and displacement power factor. They show that the THDi 

varies between 16.8% and 189% for the lamps considered, as well as the displacement 

power factor (DPF) and true power factor (TPF) of the lamps vary between 0.2 and 

0.99. Another interesting conclusion is that cheaper as well as more expensive lamps 

can show a high THDi, so the harmonic distortion has no link to the price of the lamp. 

Moreover, in [118], the authors highlight that although the input power of a single LED 

bulb is quite low, a large number of customers using LED bulbs and CFLs (compact 

fluorescent lamps) per premises could create significant power quality problems into 

the power system network. They also show that the bulbs use different filtering 

methods to reduce harmonic generation. In other words, it means that these loads 

have a different harmonic profile. 

  In [119], aiming to identify the harmonic levels from some LED lamps, the 

authors use different wattage bulbs (4, 5, and 7 W) by different manufacturers and they 

conclude that different manufacturers of LED lamps use diverse ballast technologies, 

as ballast with passive filters, active filters, and valley-filled circuit. For this, each lamp 

has a different harmonic level. Furthermore, in [120] the authors emphasized the power 

quality indexes, as THD, luminous performance and power factor of different types of 

an illumination system, including CFL and LED. An experimental setup was developed 

to measure the THD. The scope of the work is focused on the harmonics contents from 

various residential illumination systems, which deteriorate the power quality. They 

concluded that the power factor of all energy efficient lamps, which were analyzed, is 

very low. The operation of CFL and LED are affected by the supply voltage and current 

waveform significantly. Therefore, the authors of [120] recommend that the 

manufacturers must be bound to produce and supply CFLs and LED to improve the 

power quality related performance. 

  Therefore, it is clear that the lighting devices have different characteristics. 

Currently, there are several manufacturers that develop different driver topology. It 

means that each load has a specific harmonic profile. There is not a standard model. 

Besides this, it is important to investigate the relationship between the voltage grid and 

the electrical quantities, as well as power quality indexes. In [121], the authors 

investigate the voltage level dependencies of different modern lighting types. For this, 

commercially available LED and CFL luminaires were considered, investigating 



86 
 
 

 

specifically how their behaviors vary with the applied voltage level of the electricity 

supply. A range between 0.90–1.10 pu of voltage was used. Exploring the relationship 

between the applied voltage level, and the harmonic current distortion and power 

consumption characteristics of these luminaires, the experimental results demonstrate 

that a strong correlation exists between these performance metrics. It is important to 

highlight that they do not consider different THDv levels. However, in [122] the authors 

presents measurements of the electric power absorbed by a newly built facility for office 

and scientific research activities, focusing the need for compensation of capacitive 

reactive power, due to the vast use of LED lighting in the facility. Among the results, it 

is worth to note that they investigated the basic electrical parameters of some LEDs 

devices as a function of the changes in harmonic levels occurring in the supply voltage. 

The test illustrated that samples were characterized by a very low power factor, which 

decreased as the level of harmonic disturbances increased. Four tests were 

developed, using different harmonic voltage distortion levels (T1 to T4). Test T1 was 

used as the reference level in which the LED lighting source was supplied with voltage 

without harmonic disturbances. The other tests considered a harmonic distortion level 

(THDv) varying between nearly 5% and 14%. The values of all harmonics ranging from 

14th to 40th harmonic were 0%. However, the authors did not change the harmonic 

profile of the THDv signal—just on the type of each level was applied. 

  Therefore, it is important to investigate the response of measurements with the 

same THDv level, but with different harmonic profiles. As it is known, a THDv can have 

the same value, but be composed of different harmonics orders. Finally, another 

interesting question is the influence of the THDv on the electrical billing system. In 

[123], the authors investigated the billing accuracy of some types of revenue meters, 

under sinusoidal and distorted conditions. They conclude that if the THDv is lower than 

the limits established by IEEE Std. 519, the effects on the accuracy of the meters are 

not significant. Six harmonic levels were considered, however up to 5% of THDv. In 

[78], the authors conclude that higher distortion levels may affect the performance of 

revenue meters and lead to billing inequities. They presented some research that show 

the accuracy of the revenue meter is not guaranteed when voltage distortion 

exceeds 5%. 

  It is important to highlight that, in general, the THDv on the electric distribution 

system is under 5% [10, 52, 62, 124]. Moreover, standards recommend a maximum 

THDv between 8% and 10% for low voltage grids (V ≤ 1.0 kV) [95, 125, 126]. However, 
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in this chapter the authors consider these and higher values, to discuss the influence 

of the voltage distortion with different levels and harmonic profiles, aiming to simulate 

hypothetical scenarios, with high levels of harmonic distortion in the system. That is, it 

is aimed to analyze the influence of some values of THDv in the measurement of 

electric energy in systems with predominantly electronic loads. 

  Therefore, this chapter has the aim of analyzing the impact of voltage distortion 

on the electrical quantities measured by revenue meters and the influences on the 

electrical energy billing. For this, a CFL and two different types of LED bulbs were 

used. These devices were subjected to the same THDv levels, but with different 

harmonic profiles. A power quality and energy analyzer and revenue meter were used 

to perform the measurements.  

 

3.2 Materials and Methods 

All the experiments were performed in a laboratory in the Federal University of 

Mato Grosso, which offered the following equipment used in this research (Table 22). 

Three different lighting devices were used, each one from a different manufacturer. All 

devices are available in the market. The different manufacturers hereafter will be called 

Brands A, B and C. 

 

Table 22 – Equipment used. 

Equipment 
CFL Brand A 20 W 
LED bulb for public illumination (Brand B 140 W) 
LED bulb for public illumination (Brand C 230 W) 
Programmable AC Power Source Chroma 61702 
Power Quality and Energy Analyzer (FLUKE 434) 
Revenue Meter E750 (Landis + Gyr) 

 

As seen in Section 3.1, different bulbs, from different manufacturers, use 

different driver technologies. Hence, the results have different current harmonic 

distortion values. In [68], the authors suggest to repeat the experiments using LED 

lamps every few years, due to the rapid technology changes. 

The block diagram of the experimental setup is shown in Figure 43. It consists 

of the following components: programmable AC power source (model Chroma 61702, 

Chroma ATE Inc., Taoyuan County, Taiwan), power quality and energy analyzer 
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(model FLUKE 434, Fluke Corporation, Everett, WA, USA), revenue meter (E750—

Landis + Gyr), CFL and two different LED bulbs under test. 

 

Figure 43 – Block diagram of the experimental setup. 
 

The current investigation involves measuring of the behavior of the three loads 

under different voltage distortion profiles (three different THDv levels, each one with 

two different harmonic profiles), by using a programmable AC power source, 

considered as an ideal AC supply, which is an isolated power system. Measurements 

of individual lamps were performed aiming to obtain the electrical quantities and their 

harmonic profiles. 

Similar to [116], in this chapter the voltage harmonics produced by the 

interaction between current harmonics and the equivalent impedance were not 

considered. The THDv values were only due to the distortion applied through 

programmable power source on the input terminals of the loads. 

  The main objective of this chapter is to analyze how much the different 

harmonic voltage profiles influences the electrical quantities, and how they interfere on 

the power quality indexes and on the electrical energy billing. Moreover, other 

objectives were considered as follows: 

 

1. To evaluate the behavior of the three aforementioned loads under different 

voltage distortion profiles. It means three different THDv levels (4.9%, 18.8%, 

and 24.5%), each one with two different harmonic profiles. 

2. To demonstrate that when compared with the sinusoidal voltage, applying a 

distorted voltage signal does not mean that the electrical quantities and the 

power quality indexes of any nonlinear load will get worse. It depends on the 

signal characteristics, as well as each driver topology, i.e., each load. 

3. To contribute to the better understanding of the electrical energy billing issues 

under nonsinusoidal conditions. 
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  Some assumptions were considered: 

 

a) The power source was considered as an ideal AC supply, which is an isolated 

power system. Therefore, the network equivalent impedance was not 

considered. 

b) The sinusoidal conditions were the reference case. From this assumption, it was 

possible to investigate if a parameter remained numerically the same, if it 

improved or if it became worse, considering the point of views of power quality 

and billing. 

 

  It is important to highlight that the programmable AC power source, which was 

utilized, allows applying up to 43% of harmonic distortion in the voltage waveform in 

two different ways. One mode consists in applying any level of THDv without using 

schedule functions offered by the source. In this way, to know the harmonic profile of 

the applied signal, it is necessary to use an energy analyzer. On the other hand, with 

the use of schedule functions, just some levels of THDv are available, but the harmonic 

profile of the distortion, which was applied, can be acknowledged. In order to cover 

different kinds of the harmonic profile of THDv (different levels) and considering mainly 

those harmonic most common or dominants in the low voltage grids, i.e., 3rd, 5th and 

7th [52, 62], the selected options were Functions 01, 04 and 13. These functions have 

the following THDv: 18.8%, 4.9%, and 24.5%, respectively. These values would be 

important for the analysis that would be presented later. 

  The voltage waveforms of each schedule function used in this study is shown in 

Figure 44 and the harmonic profiles can be found in Table 23, Table 24 and Table 25, 

respectively [127]. Measurement was performed with the power quality and energy 

analyzer to confirm the information from the power source manufacturer. Table 26 

shows the harmonic profile for Function 01 of the programmable power source. This 

measurement was performed for the other two functions used (Functions 04 and 13) 

and the results were also in agreement with the data of the Table 24 and Table 25. 
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Table 23 – Harmonic profile of Function 01. 

Harmonic % Ɵ 
5 9.8 0 
7 15.8 0 
8 2.16 0 

 

   

(a) (b) (c) 

Figure 44 – Voltage waveforms of the schedule functions used. (a) Function 01, (b) 
Function 04 and (c) Function 13 [127]. 

 

Table 24 – Harmonic profile of Function 04. 

Harmonic % Ɵ 
3 2.45 0 
5 1.88 0 
7 2.46 0 

23 1.95 0 
25 1.09 0 
31 1.52 0 
33 1.09 0 

 
Table 25 – Harmonic profile of Function 13. 

Harmonic % Ɵ 
3 24.48 0 
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Table 26 – Harmonic profile of Function 01 recorded by FLUKE 434. 

Harmonic % 
THDv 18.8 

3 0.1 
5 9.8 
7 15.7 
9 2.0 

11 0.1 
13 0.1 
15 0.0 

 

The measurements were made with Fluke 434 power quality and energy 

analyzer in FULL mode, which considers all harmonics (up to and including the 50th). 

This is due to the purpose of this chapter, which was to analyze the influence of the 

harmonic distortion applied in electronic loads, aiming at the impact on the commercial 

measurement (for billing purposes) of the electrical quantities. The commercial power 

meter (revenue meter) was used for the sake of comparison. In [42, 43], the authors 

present the detail discussions about the different methods used by some electronic 

meters. Moreover, they discuss on some proposals to electrical energy billing (focused 

on reactive power/energy) under nonsinusoidal conditions. Two types of meters were 

used. A revenue meter, commercially used by the utilities, and a power quality and 

energy analyzer. This helps to record the electrical quantities used to electrical energy 

billing, as well as to analyze some power quality indexes. Some recorded data were 

converging (for instance, active, apparent and nonactive powers, power factor and 

current). Therefore, in order to simplify the analysis, the power quality and energy 

analyzer data were used and the details about the algorithm are shown. 

  It is important to highlight how the meters calculate the electrical quantities, to 

understand the results. Firstly, the screen of the power quality analyzer limits the 

showed data in two digits (decimals). This fact justifies some slight differences in 

results/numbers, which were showed. Besides this, the loads measured were low rated 

power. However, the electrical quantities were small, which permits too slight variations 

on the measurements. This was not necessarily a problem, since the main objective 

was to analyze in a broader way, and therefore, the decimal numbers were not 

essential. 

The displacement power factor (DPF) or fundamental power factor was 

determined by the meter according to the following: 
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P  PF  =  cos θ  = 
S

                                                                                                           (13) 

 

Furthermore, the power factor (PF) was determined by the meter according to 

the following: 

 

1 H
2 2
1 N

P  + PPPF =  = 
S S  + S

                                                                                                            (14) 

 

where SN is nonfundamental apparent power (VA); PH is nonfundamental active power 

or harmonic active power (W) and P1 and S1 are fundamental active power and 

fundamental apparent power, respectively [40]. Moreover, the power quality and energy 

analyzer was based on the IEEE 1459 power theory to calculate the electrical quantities 

(power), and in the IEC 61000-4-7: Class 1, IEC 61000-4-30 Class S and EN 50160, to 

calculate power quality measurements [59]. 

 

3.3 Results and Discussions 

 

3.3.1 CFL Brand A 20 W 

 

The CFL Brand A was subjected in different levels of THDv without the use of 

schedule functions. The objective was to measure the electrical quantities of this load 

when the supplied voltage has different levels and types of distortion. The data were 

recorded by Fluke 434. In Table 27 it can be seen that the active power remained 

numerically equal for all applied values of THDv. However, the apparent power 

increased from THDv of 20%. The nonactive power (kVAr) also demanded increased, 

draining more current of the source. The power factor and the displacement power 

factor decreased with the increase of the THDv applied. The current measurement 

increased significantly, from the sinusoidal condition to the THDv condition of 30%, it 

almost doubled. The THDi increased between 30% and 40% with each increase of 

10% in the THDv and with 30% of THDv, THDi had become more than double, in 

relation to the sinusoidal signal. It means that, in the same way as [128], it is possible 

to say that this load probably not using any kind of filtering technique as part of their 

driver circuit. 
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It is also interesting to note the symbols “c” and “i” that accompany the 

measurement of the nonactive power (kVAr). This indicates how the meters, both 

commercial and power quality and energy analyzer, characterize the load. That is, it is 

a load with capacitive or inductive characteristics, in other words, the power factor is 

leading or lagging, respectively. This fact becomes relevant, for example, in the 

Brazilian billing system, since the billing of the surplus of reactive is based on the 

characteristic of the consumer unit before the measurement system and according to 

the established schedules. In summary, it directly affects electric energy billing for 

Brazilian medium and large consumers [16]. 

 

Table 27 – Electrical quantities measurements (compact fluorescent lamp (CFL) 

brand A). 

Electrical 
Quantities 

Sinusoidal 
Signal 

5% 
THDV 

10% 
THDV 

20% 
THDV 

30% 
THDV 

kW 0.02 0.02 0.02 0.02 0.02 
kVA 0.04 0.04 0.04 0.05 0.06 

kVAr * 0.03c 0.03c 0.04c 0.05c 0.06c 
PF 0.57 0.52 0.47 0.37 0.29 

DPF 0.84 0.79 0.75 0.66 0.49 
I (A) 0.3 0.3 0.3 0.4 0.5 

THDi (%) 110.5 124.3 142.8 201.1 277.2 
* c = capacitive (PF leading) and i = inductive (PF lagging). 

 

The distorted voltage signals were applied through Function 01 and THDv of 

18.8%. Table 28 presents the harmonic profile for 18.8% THDv. As can be noticed, 

this function had harmonics until the 15th order, although the higher harmonic was the 

3rd. It should be noted that the presentation up to the 15th order occurred for two 

reasons: the measurement presented significant values up to this order, as well as a 

limitation of the presentation of the screen of the energy analyzer used. Therefore, the 

equipment was configured to show the most significant orders for each experiment.  

 
 
 

Table 28 – Harmonic profile for 18.8% of total harmonic voltage distortion (THDv) 

recorded by FLUKE 434. 

Harmonic % 
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THDv 19.0 
3 18.7 
5 0.6 
7 2.9 
9 1.1 

11 0.8 
13 0.8 
15 0.1 

 

Table 29 shows the results when the CFL was subjected to distorted voltage, 

through Function 01 and THDv of 18.8%. 

 

Table 29 – Electrical quantities measurements (CFL brand A). 

Electrical Quantities Sinusoidal Signal Function 01 18.8% THDv 
kW 0.02 0.02 0.02 
kVA 0.04 0.05 0.04 

kVAr * 0.03c 0.05c 0.04c 
PF 0.57 0.40 0.37 

DPF 0.84 0.90 0.66 
I (A) 0.3 0.4 0.4 

THDi (%) 110.5 198.4 199.9 
* c = capacitive (PF leading) and i = inductive (PF lagging). 

 

In comparison with the sinusoidal conditions, in both cases, the active power 

remained numerically equal. The apparent power had an increase, when applied to 

Function 01. The nonactive power suffered variations. Yet, occurred a decrease in the 

power factor in the Function 01 condition the power factor measured was higher than 

when applied to THDv of 18.8%.  

On the other hand, the displacement power factor in the case of Function 01 

was higher than the sinusoidal condition and the 18.8% THDv condition, in the last one 

this parameter was the significantly lower. This occurred due to the phase angle of the 

signal. To calculate the DPF, the angle between fundamental signals was considered, 

and these angles were different for each signal applied. This result was according to 

that found by [129]. The current value in the sinusoidal condition was lower, as 

expected. The total harmonic distortion in this parameter increased around 80% in 

comparison with a sinusoidal condition and the value between Function 01 and 18.8% 

of THDv was close. 
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Following the experiments for the condition of Function 01 (THDv of 18.8%), we 

proceeded to the next step, which was to apply Function 04 and THDv of 4.9%. 

Therefore, using the energy analyzer to know the harmonic profile of the 4.9% THDv, 

as can be seen there existed harmonics until the 15th order, while the 3rd harmonic had 

the most significant value. Table 30 shows the data. 

 

Table 30 – Harmonic profile for 4.9% of THDv recorded by FLUKE 434. 

Harmonic % 
THDv 5.0 

3 4.0 
5 2.6 
7 1.2 
9 0.1 

11 0.4 
13 0.4 
15 0.1 

 

Similar to the first case presented (Function 01 and 18.8% of THDv), when 

applying Function 04, the waveform and the harmonic profile were very different from 

when applying 4.9% of THDv directly. Table 31 presents the harmonic profile for 

Function 04. It is important to note that Function 04 had a larger spectrum, containing 

harmonics orders up to 33rd. 

 

Table 31 – Harmonic profile for Function 04 recorded by FLUKE 434. 

Harmonic % 
THDv 4.9 

3 2.5 
5 1.9 
7 2.5 

23 1.9 
25 1.1 
31 1.5 
33 1.1 

 

Table 32 presents the results of the tests performed. In comparison to the 

sinusoidal conditions, in both cases, an active power remained numerically equal. The 

apparent power increased when Function 04 was applied. The nonactive power 

changed, even if small, also when applicable to Function 04 and the 4.9% THDv. 
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However, a decrease in the power factor occurred, but now in the Function 04 condition 

the power factor measured was lower. It is important to highlight that the PF had 

changed, which shows the influence of the THDv in the measurements. 

On the other hand, the displacement power factor in the case of Function 04 

was equal to the sinusoidal condition and higher than the 4.9% THDv condition. The 

value of the current only changed when the Function 04 was applied. The total 

harmonic distortion in this parameter increased around 40% in comparison with a 

sinusoidal condition, when applied to Function 04, and only 8% when applied 4.9% of 

THDv. If we compared THDi between Function 04 and THDv 4.9% applied directly, the 

difference was approximately 30%. 

 
Table 32 – Electrical quantities measurements (CFL brand A). 

Electrical Quantities Sinusoidal Signal Function 04 4.9% THDv 
kW 0.02 0.02 0.02 
kVA 0.04 0.05 0.04 

kVAr * 0.03c 0.04c 0.04c 
PF 0.57 0.45 0.52 

DPF 0.84 0.84 0.79 
I (A) 0.3 0.4 0.3 

THDi (%) 110.5 156.6 118.9 
* c = capacitive (PF leading) and i = inductive (PF lagging). 

 
The last experiment with the CFL brand A was the application of Function 13 of 

the programmable source, as well the direct application of 24.5% of THDv. Table 33 

shows the harmonic profile for 24.5% of THDv. As it can be seen, significant harmonics 

up to the 15th order existed, while the 3rd harmonic had the most significant value. 

 
Table 33 – Harmonic profile for 24.5% of THDv recorded by FLUKE 434. 

Harmonic % 
THDv 25.0 

3 24.1 
5 5.8 
7 1.0 
9 2.4 
11 1.3 
13 0.1 
15 0.8 

Similar to the other cases presented, when Function 13 was applied, the 

harmonic profile was very different from when 24.5% of THDv applied directly. Table 
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34 presents the harmonic profile for the case of Function 13 and Table 35 shows the 

results of the tests performed. 

In comparison with the sinusoidal conditions, in both cases, the active power 

remained numerically equal. The apparent power increased significantly when 24.5% 

of THDv was applied. The nonactive power varied and had a greater increase in the 

application of THDv of 24.5%. In relation to the power factor, a decrease occurred, but 

in the THDv of 24.5% condition the power factor measured was lower. The 

displacement power factor in the case of Function 13 was higher than the 24.5% THDv 

condition, in the last one this parameter was the significantly lower. 

The current value presented a significant variation when applied to THDv of 

24.5% and did not change when applied to Function 13. The total harmonic distortion 

in this parameter increased almost 60% in comparison with a sinusoidal condition, 

when applied to Function 13, and practically 120% when applied 24.5% of THDv. If we 

compared the THDi between Function 13 and THDv 24.5% applied directly, the 

difference was approximately 40%. It should be noted that in all experiments the power 

quality and energy analyzer, as well the commercial power meter were used, and the 

measurements results of both was similar. 

 

Table 34 – Harmonic profile for Function 13 recorded by FLUKE 434. 

Harmonic % 
THDv 24.5 

3 24.5 
5 0.1 
7 0.1 
9 0.0 
11 0.0 
13 0.0 
15 0.0 

 
 
 
 
 
 

Table 35 – Electrical quantities measurements (CFL brand A). 
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Electrical Quantities Sinusoidal Signal Function 13 24.5% THDv 
kW 0.02 0.02 0.02 
kVA 0.04 0.04 0.06 

kVAr * 0.03c 0.04c 0.05c 
PF 0.57 0.45 0.32 

DPF 0.84 0.72 0.58 
I (A) 0.3 0.3 0.4 

THDi (%) 110.5 173.9 242.0 
* c = capacitive (PF leading) and i = inductive (PF lagging). 

 

3.3.2 LED Brand B bulb 140 W 

 

Firstly, the LED brand B bulb was subjected to different levels of THDv without 

the use of schedule functions. From Table 36, we can see that the active power 

remained numerically equal for all applied values of THDv. However, the apparent 

power decreased with the application of a THDv of 30%. The nonactive power (kVAr) 

demanded also decreased, however, in a more significant way, registering a reduction 

of 33% when applied a THDv of 30%, when compared with the sinusoidal condition. 

The power factor and displacement power factor increased with the growth of 

the THDv applied. This result was contrary to the first one, where a CFL was used. 

The reason for this result was basically the interaction between two factors: first, the 

characteristics of the applied signal and the second, due to the load driver topology. 

Hence, each load would behave differently when subjected to the same signal. For 

instance, in [128], the authors show the different harmonic emission levels of three 

LED lamps. Emissions ranged from about 12% to 102%. The lowest value refers to a 

load with a topology to filter out harmonic emissions. Therefore, considering the THDi 

level of this load, it could be said that it had a filter. The value of the current presented 

a variation when applied the THDv of 5% and 10% and did not change when applied 

the other signals distorted. The THDi decreased until 10% of THDv applied and started 

growing after exceeding 10% until 30% THDv applied. 

 

 

 

 

Table 36 – Electrical quantities measurements (light emitting diode (LED) brand B 

bulb). 
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Electrical 
Quantities 

Sinusoidal 
Signal 

5% 
THDV 

10% 
THDV 

20% 
THDV 

30% 
THDV 

kW 0.14 0.14 0.14 0.14 0.14 
kVA 0.15 0.15 0.15 0.15 0.14 

kVAr * 0.03c 0.03c 0.03c 0.03c 0.02c 
PF 0.97 0.98 0.98 0.98 0.99 

DPF 0.98 0.98 0.98 0.99 0.99 
I (A) 1.1 1.2 1.2 1.1 1.1 

THDi (%) 14.1 11.7 11.0 17.6 28.1 
* c = capacitive (PF leading) and i = inductive (PF lagging). 

 

The distorted voltage signals were applied through Function 01 and THDv of 

18.8%. In comparison with the sinusoidal conditions, in both cases the active power 

remained numerically equal. The apparent power had a small decrease, when applied 

to THDv of 18.8%. The nonactive power also decreased in the previous condition. 

However, an increase in the power factor and displacement power factor 

occurred when THDv of 18.8% was applied. This result was contrary to the other, 

where was used a CFL. The reason for this result was presented earlier. In other 

words, each load would behave differently when subjected to the same signal.  

When Function 01 was applied, such parameters remained unchanged (except 

for THDi). The current value was similar in the three cases, even in the sinusoidal 

condition. Regarding THDi, when applied to Function 01 there was an increase of 

about 57% if compared to the sinusoidal condition and, when applied to THDv of 

18.8%, there was also an increase, however, of a smaller amplitude (about 19%). 

Summaries of these parameters are presented in Table 37. 

 

Table 37 – Electrical quantities measurements (LED brand B bulb). 

Electrical Quantities Sinusoidal Signal Function 01 18.8% THDv 
kW 0.14 0.14 0.14 
kVA 0.15 0.15 0.14 

kVAr * 0.03c 0.03c 0.02c 
PF 0.97 0.97 0.99 

DPF 0.98 0.98 0.99 
I (A) 1.1 1.1 1.1 

THDi (%) 14.1 22.1 16.8 
* c = capacitive (PF leading) and i = inductive (PF lagging). 

Following the experiments for the condition of Function 01 (THDv of 18.8%), we 

proceeded to the next step, which was to apply Function 04 and THDv of 4.9%. The 
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measured electrical quantities are given in Table 38. In comparison with the sinusoidal 

conditions, in both cases, the active power remained numerically equal. The apparent 

power reduced when applied to THDv of 4.9%. The nonactive power remained the 

same when applied to the THDv of 4.9%, but had an increase when applied to 

Function 04. However, an increase in the power factor occurred when THDv of 4.9% 

was applied. When Function 04 was applied, the power factor did not change. In 

relation to the displacement power factor, this parameter remained unchanged for both 

cases. The current value was similar in the three cases, even in the sinusoidal 

condition. In relation to THDi, when applied to Function 04 there was an increase of 

about 11%, when compared with the sinusoidal condition. However, when the THDv 

of 4.9% was applied, there was a reduction, if even compared with the sinusoidal 

condition (about 20%). 

 

Table 38 – Electrical quantities measurements (LED brand B bulb). 

Electrical Quantities Sinusoidal Signal Function 04 4.9% THDv 
kW 0.14 0.14 0.14 
kVA 0.15 0.15 0.14 

kVAr * 0.03c 0.04c 0.03c 
PF 0.97 0.97 0.98 

DPF 0.98 0.98 0.98 
I (A) 1.1 1.1 1.1 

THDi (%) 14.1 15.6 11.9 
* c = capacitive (PF leading) and i = inductive (PF lagging). 

 

The last experiment with LED brand B bulb was the application of Function 13 

of the programmable source, as well as the direct application of 24.5% of THDv. Table 

39 presents the results of the tests performed. In comparison with the sinusoidal 

conditions, in both cases, the active power remained numerically equal. The apparent 

power and the nonactive power suffered reductions in both cases. In relation to the 

power factor and the displacement power factor, an increase occurred. 

 

 

 

 

Table 39 – Electrical quantities measurements (LED brand B bulb). 
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Electrical Quantities Sinusoidal Signal Function 13 24.5% THDv 
kW 0.14 0.14 0.14 
kVA 0.15 0.14 0.14 

kVAr * 0.03c 0.02c 0.02c 
PF 0.97 0.99 0.99 

DPF 0.98 0.99 0.99 
I (A) 1.1 1.1 1.1 

THDi (%) 14.1 23.2 21.5 
* c = capacitive (PF leading) and i = inductive (PF lagging). 

 

The current value was similar in the three cases, even in the sinusoidal 

condition. The total harmonic distortion in this parameter increased almost 65% in 

comparison with a sinusoidal condition, when applied to Function 13, and practically 

53% when 24.5% of THDv was applied. If we compared THDi between Function 13 

and THDv 24.5% applied directly, the difference was approximately 8%. 

 

3.3.3 LED Brand C bulb 230 W 

 

The distorted voltage signals were applied through Function 01 and THDv of 

18.8%. In comparison with the sinusoidal conditions, in both cases, the active power 

and the apparent power remained numerically equal. The nonactive power remained 

the same when applied to the THDv of 18.8%, but had a significant increase when 

applied to Function 01. Besides that, a decrease in the power factor occurred when 

Function 01 was applied. 

In relation to the displacement power factor, the same remained unchanged for 

all three conditions. The current value was similar in the three cases, even in the 

sinusoidal condition. Regarding THDi, when applied to Function 01 there was an 

increase of about 240% when compared to the sinusoidal condition and, when applied 

to THDv of 18.8%, there was also an increase, however, of a smaller amplitude 

(about 131%). The summaries of these parameters are presented in Table 40. 

 

 

 

 

 

Table 40 – Electrical quantities measurements (LED brand C bulb). 
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Electrical Quantities Sinusoidal Signal Function 01 18.8% THDv 
kW 0.21 0.21 0.21 
kVA 0.22 0.22 0.22 

kVAr * 0.05c 0.07c 0.05c 
PF 0.97 0.95 0.97 

DPF 0.98 0.98 0.98 
I (A) 1.0 1.0 1.0 

THDi (%) 9.1 31.0 21.1 
* c = capacitive (PF leading) and i = inductive (PF lagging). 

 

Following the experiments for the condition of Function 01 (THDv of 18.8%), we 

proceeded to the next step, which was to apply Function 04 and THDv of 4.9%. The 

measured electrical quantities are given in Table 41. 

In comparison with the sinusoidal conditions, the active and apparent powers 

suffered from small increases when Function 04 was applied. The nonactive power 

increased in both cases. However, a decrease occurred in the power factor when 

applied to Function 04. In relation to the displacement power factor, it was reduced in 

both cases, if we compared with the sinusoidal condition. The current value was similar 

in the three cases, even in the sinusoidal condition. In relation to THDi, when applied 

to Function 04 there was an increase of about 149%, when compared with the 

sinusoidal condition. However, when the THDv of 4.9% was applied, this parameter 

remained practically equal to the value in the sinusoidal condition. 

 

Table 41 – Electrical quantities measurements (LED brand C bulb). 

Electrical Quantities Sinusoidal Signal Function 04 4.9% THDv 
kW 0.21 0.22 0.21 
kVA 0.22 0.23 0.22 

kVAr * 0.05c 0.07c 0.06c 
PF 0.97 0.95 0.97 

DPF 0.98 0.97 0.97 
I (A) 1.0 1.0 1.0 

THDi (%) 9.1 22.7 9.2 
* c = capacitive (PF leading) and i = inductive (PF lagging). 

 

The last experiment with the LED Brand C bulb was the application of 

Function 13 of the programmable source, as well as the direct application of 24.5% of 

THDv. Table 42 presents the results of the tests performed.  

Table 42 – Electrical quantities measurements (LED brand C bulb). 
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Electrical Quantities Sinusoidal Signal Function 13 24.5% THDv 
kW 0.21 0.21 0.21 
kVA 0.22 0.22 0.22 

kVAr * 0.05c 0.06c 0.06c 
PF 0.97 0.96 0.96 

DPF 0.98 0.97 0.97 
I (A) 1.0 1.0 1.0 

THDi (%) 9.1 28.0 28.6 
* c = capacitive (PF leading) and i = inductive (PF lagging). 

 

In comparison with the sinusoidal conditions, in both cases, the active and 

apparent powers remained numerically equal. The nonactive power increased in the 

two cases where the distortions (about 20% increase) were applied. In relation to the 

power factor and the displacement power factor, there was a sensitive decrease. The 

current value was similar in the three cases, even in the sinusoidal condition. The THDi 

increased around 210% with respect to the sinusoidal condition and the values resulted 

from the application of Function 13 and THDv of 24.5%. Table 43 shows a qualitative 

analysis. For this, three scenarios were considered: if a parameter remained 

numerically the same, it was assigned the gray color, if a parameter improved, it was 

assigned a green color, and if a parameter got worse, it was assigned a red color. This 

was done for each load and each signal applied. 

 

Table 43 – Qualitative analysis on the electrical quantities under different voltage 

distortions. 

Electrical Quantities 
CFL Brand A 

Function 
01 

18.8% 
THDv 

Function 
04 

4.9% 
THDv 

Function 
13 

24.5% 
THDv 

kW       
kVA       

kVAr *       
PF       

DPF       
I (A)       

THDi (%)       
Electrical Quantities 

LED Brand B 
Function 

01 
18.8% 
THDv 

Function 
04 

4.9% 
THDv 

Function 
13 

24.5% 
THDv 

kW       
kVA       

kVAr *       
PF       

DPF       
I (A)       
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THDi (%)       
Electrical Quantities 

LED Brand C 
Function 

01 
18.8% 
THDv 

Function 
04 

4.9% 
THDv 

Function 
13 

24.5% 
THDv 

kW       
kVA       

kVAr *       
PF       

DPF       
I (A)       

THDi (%)       
 

It is possible to note that the CFL had the worst performance among the three 

loads. In this case, only one parameter has improved (DPF when Function 01 was 

applied). Most of the parameters got worse. The LED bulb Brand B had the best 

performance. Most parameters remained numerically equal and a significant number 

improved. It is important to highlight that when THDv 4.9% was applied directly, THDi 

to this load decreased. The LED bulb Brand C had an intermediate performance. Its 

parameters remained numerically the same or significantly worsened. No parameter 

had improved.  

Overall, this means that driver topology was the determining factor when this 

type of analysis was performed and as seen in the literature review, it was clear that 

each load had a specific driver topology. Moreover, another interesting result was that 

voltage distortion had improved in some parameters. For instance, such as LED B, if 

we considered PF and DPF, which are used in some countries for reactive power 

billing, these parameters show a higher value than measured under sinusoidal 

conditions. On the other hand, and as expected, in most cases, the parameters had 

worsened and therefore there was a negative impact on the electrical networks, hence, 

measurement and billing systems. 

 

3.4 Summary 

 

  In this chapter, it was evaluated and quantified the effects of different levels and 

harmonic profiles of THDv on the electrical quantities of the three electronic loads. The 

analysis was based on extensive laboratory measurements, through an experimental 

setup, which combined three variables for the first time in an experiment: different 

THDv levels; among these levels, different harmonic profiles; and different loads. The 

results showed that, despite applying the same THDv level, the different harmonic 
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profiles made the measured electrical quantities different. The results showed that low 

THDv levels (about 5%), for two loads analyzed (CFL and LED Brand C), the electrical 

quantities remained numerically the same or got worse. The CFL, when subjected to 

Function 01 (THDv 18.8%), had improved the DPF. This was the unique parameter 

that got improved considering the CFL. On the other hand, considering LED bulb 

Brand B, most parameters remained numerically equal and a significant number 

improved. This load had another interesting result. When it was subjected to THDv of 

24.5%, considering both harmonic profiles, four parameters got improved (apparent 

and nonactive powers, power factor and displacement power factor); two parameters 

remained numerically the same (active power and current) and only one got worse 

(THDi). The other loads, for this THDv level, the parameters in most cases got worse, 

and the others remained numerically equal. The LED Brand C was the unique load for 

which none of the parameters got improved. 

  Quantitatively, the results showed a significant change among the parameters. 

For instance, considering the CFL, the nonactive power (kVAr) increased around 67%, 

when Function 01 was applied – comparing when a sinusoidal signal was applied; PF 

had a significant reduction (around 42%) and DPF increased. When a low THDv level 

was applied (Function 04), PF reduced as well. In this case, the reduction was around 

26%. It is worth to note that, for this case (PF), similar results were obtained when 

Function 13 was applied. To the LED Brand B, the nonactive power (kVAr) decreased 

33% when the THDv of 18.8% was applied (comparing with the sinusoidal condition). 

Similar results were found when 24.5% of THDv and Function 13 were applied. On the 

other hand, when Function 04 was applied, the nonactive power increased around 

33%. The THDi decreased until when a THDv of 10% was applied (from 14.1% in 

sinusoidal conditions to 11.0% with THDv of 10%) and started increasing after 

exceeding 10% until 30% of the THDv were applied (reaching a THDi equal 28.1%). 

Finally, considering the LED Brand C, regarding THDi, when Function 01 was applied, 

there was an increase of about 240% when compared to the sinusoidal condition and 

the nonactive power increased 40%. Moreover, when Function 13 and the THDv of 

24.5% were applied, the nonactive power increased about 20% in both cases. 

  Therefore, it could be concluded that the effects of combination of the variables 

considered in this chapter had a direct impact on the electrical energy billing, besides 

the effects on the electrical network. Another interesting result was that voltage 

distortion, considering different levels and harmonic profiles, improved some 
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parameters. For instance, for LED B, if we considered PF and DPF, which are used in 

some countries for reactive power billing, these parameters show a higher value than 

measured under sinusoidal conditions. However, these effects are diverse and further 

works are required to better analyze them. Furthermore, it is clear that the results will 

depend on the applied signal characteristics, as well as each driver topology, in other 

words, of each load. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   
4.   A Mixed of Nonlinear Loads and their Effects on the Electrical Energy Billing 
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This chapter is based on the paper: R. P. B. da Silva, R. Quadros, H. R. Shaker, L. C. 

P. da Silva, ‘A Mixed of Nonlinear Loads and their Effects on the Electrical Energy 

Billing’, © 2020 IEEE. Reprinted, with permission, from 2020 IEEE 8th International 

Conference on Smart Energy Grid Engineering (SEGE), 2020, pp. 116-120. 

https://doi.org/10.1109/SEGE49949.2020.9182040.  

 
4.1 Introduction 

 
  Nowadays, it is clear that all consumer unit has an electronic load, single-phase 

or three-phase. Industrial, residential, and commercial installations have these types 

of loads. These loads were developed aiming to more efficiency, as well as energy 

savings. Companies use electronic loads to improve their process, making them faster, 

economical and with higher quality. Whereas, since are based on power electronic 

converter, in general, these loads have a nonlinear profile. Each moment more 

nonlinear loads are connected at the power system and the concern on power quality 

increases continuously.  

  Among several power quality parameters, it is possible to highlight one of them: 

harmonics. Harmonic is defined such as “a component of order greater than one of the 

Fourier series of a periodic quantity” [95]. Harmonic distortion can affect voltage and 

current signals and some effects on the electrical energy system can be cited: 

increased electrical losses, deterioration in electrical appliances and interferences for 

other equipment, especially for communication systems, such as Power Line 

Communication (PLC) systems [130]. Moreover, harmonics also affect the electrical 

energy measurement systems and, hence, affect consumers and utilities, since the 

measurement of electrical energy is very important on the energy distribution networks 

because the revenue for the consumption of energy is computed on this basis [28]. In 

[131], the authors evaluate the impact of small nonlinear loads operation on the 

accuracy of the intelligent metering system. They concluded that the power 

consumption measured was lower than the actually consumed. Thus, it  shows the 

effects of nonlinear loads on the measurement systems. 

  In [62], a comparative study on the harmonic characteristics of residential, 

commercial, and industrial feeders in North America was done. The authors conclude 

that the harmonic current distortion levels of residential feeders are much higher than 

those of the industrial and commercial feeders. Another interesting result is that the 

https://doi.org/10.1109/SEGE49949.2020.9182040
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residential loads, although small individually, can collectively inject higher harmonic 

currents than comparable commercial and industrial loads. Therefore, the harmonics 

from individual appliances and homes add together, creating high distortion levels at 

the feeder terminal. 

  Although there are some specifics standards and technical recommendations 

for harmonic, such as IEEE Std. 519™ 2014, IEC Std. 61000-3-2, IEC Std. 61000-4-

30, and EN 50160, the problems continue and researchers have developed works 

aiming to contribute with this subject. Furthermore, the presence of nonlinear loads will 

increase on the electrical systems, mainly due to the automation in process, systems, 

buildings, and cities. 

  Besides the abovementioned technical issues, it is important to highlight that 

there are studies on the electrical energy billing issues under nonsinusoidal conditions. 

So far, there is no consensus on what is the better way, in order to charge consumers 

for nonsinusoidal signals. Among the proposals, it is possible to highlight two schools 

of thought: the first suggests using the fundamental signals for billing purposes; the 

second one suggests including the harmonics signals for billing purposes. Such as 

examples of the first school, it is possible to cite the studies developed by [132-134] 

and to the second school [135-137]. 

  Therefore, it is important to know the harmonic profile for several loads and how 

it works among them. The result of this interaction has a direct influence on the 

electrical system and, hence, on the electrical energy billing. This chapter aiming to 

analyze the harmonic contents of different loads, as well as the harmonic interaction 
among these loads and its effects on the electrical energy billing system and on the 

power quality parameters. 
 
4.2 Material and Methods 

 
  The current investigation involves the analysis of individual harmonic content of 

six nonlinear loads, as well as the effects of harmonic interaction among them. These 

loads were chosen because they represent common loads in residential and/or 

commercial consumer units. It is worth to highlight that each load has its harmonic 

profile, due to their driver topology. Hence, if other loads were considered, the results 

will be different. In [78], the authors discuss this subject. In this chapter, the focus is 
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on how the electrical quantities are affected by harmonic interaction and what are the 

impacts to the consumers and utilities, focusing on the electrical energy billing rules.  

  Initially, it is necessary to know the individual characteristics of loads. Each load 

was measured individually, ensuring a substantially sinusoidal voltage waveform, with 

low total harmonic voltage distortion – THDv – lower than 3%. A power quality and 

energy analyzer was used. The recorded data were used to model the loads through 

ATPDraw software. Finally, aiming to discuss some typical operating conditions of 

consumer units, scenarios were developed. 

 

4.3 Electrical Energy Billing Rules 

 

The effects of harmonics distortion on the electrical energy measurement and 

billing systems were discussed in [16, 70, 78]. Their focus involves concern about the 

increase of nonlinear loads on the electrical system. It is clear that there are problems. 

Therefore, researchers aim to understand them and purpose some solutions. But it is 

not an easy task. Several problems involving harmonic distortion are unresolved 

nowadays. For instance: how to calculate the electric energy billing on the 

nonsinusoidal system; if the revenue meters errors are significant; and if the consumers 

or utilities are with financial losses. Moreover, this chapter will discuss some billing 

rules, aiming to understand the impacts of harmonic distortion on the electrical energy 

billing.  

 

4.4 Theorical Definitions 

 

According to [43], under nonsinusoidal conditions (voltage or current does not 

have a perfect sinusoidal shape), the following expressions can be considered. 

 

Real power (W) – considering harmonics 

 

( )h h h
h

P = V I cos φ∑                                                                                                            (15) 

 

Reactive power (kVAr) – only fundamental signals 

1 1 1 1Q  = V I sen( )φ                                                                                                             (16) 
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Nonactive power (kVAr) – considering harmonics 

 

2 2N = S  - P                                                                                                                  (17) 

 

It is worth noting that the reactive power definition has been discussed several 

decades and, up to this moment, have not a consensus about its physical meaning. In 

this way, some power theories were developed, such as IEEE 1459 and Conservative 

Power Theory (CPT).   

The reactive power definition is an important variable when considering billing 

issues. There are some rules and ways to penalty a consumer unit, due to the surplus 

reactive power. In [43, 138], the authors show some of them. In this chapter, the authors 

chose two ways, aiming to discuss the influence of nonlinear loads on electrical energy 

billing. Therefore, it is possible to calculate the true power factor (considering the 

harmonic distortion) and the displacement factor (considering only fundamental 

signals). According to [43], the expressions are: 

 
Displacement factor (df) 

 

1
2 2

1 1

Pdf = 
P  + Q

                                                                                                                 (18) 

 
True power factor (pf) 

 

2 2

Ppf  = 
P  + N

                                                                                                                 (19) 

 

4.5 Regulatory Definitions 

 

Besides the theoretical definitions abovementioned, it is necessary to 

understand the regulatory framework, according to each country. This framework is 

complex and diverse. In this chapter, it will be shown the limits set to the power factor 
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or equivalent parameter used to some electrical energy billing purposes. Table 44 

summarizes some of these parameters, to some countries [33, 43, 138].  

 

Table 44 – PF or equivalent parameter used to billing purposes in some countries. 

Country Parameter Limits set Comments 

Brazil True power 
factor (pf) 0.92 

The power factor of reference (fr) can be 
inductive or capacitive and has a 
minimum value of 0.92. Between 23:30 
and 06:30 h pf capacitive are considered. 
For the daily period, apart from the 
interval stated above, pf inductive are 
considered. It is not applied to low voltage 
(LV) consumers. 

Australia ---- 

For installed 
capacity lower 
than 100 kVA: 
Inductive: 0.75 

Capacitive: 0.80 

Applied for LV end users when the 
registered power factor is under the 
established limits, according to the 
installed capacity, divided into inductive 
and capacitive. The surcharge only 
applies when registered active or 
apparent power is above 50% of the 
maximum allowed power for that voltage 
level. 

France tanϕ 0.928 

Applied for end users connected to LV 
systems when their installed capacity is 
over 36 kVA. Reactive and active power 
ratio is used via tg(ϕ). The limit assigned 
to tg(ϕ) is 0.4, which means a power factor 
of 0.928. 

Slovenia cosϕ 0.95 

The sum of the spent reactive electricity 
was broken down into spent (inductive 
reactive) and generated (capacitive 
reactive) electricity on equal parts. 

 

According to Table 44 these limits are equal or above 0.92, except in Australia. 

According to [138], some countries do not have any regulations and penalties for 

reactive energy production and supply to the electric network, such as Denmark, the 

Czech Republic, and Greece. Moreover, some countries apply the penalties of reactive 

energy only to consumers fed in medium and high voltages grids, with no regulations 

for low voltage (household) consumers, such as Belgium and Croatia. This rule is also 

applied in Brazil. 

 

 

4.5 Results and Discussion 
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Six types of loads were used for simulations, aiming to consider a residential 

and/or commercial scenarios with mixed loads. Figure 45 presents the simulated 

schematic diagram and Table 45 shows the electrical quantities for each load. It is 

important to highlight that kVAr means nonactive power in this chapter.  

 

 

Figure 45 – Simulated schematic diagram using ATPDraw software. 
 

Table 45 – Individual electrical quantities. 

Parameter 
Loads 

CFL 
20W 

LED 
12W TV Set Notebook Electronic 

Shower 
Air 

Conditioner 
kW 0.021 0.012 0.057 0.037 5.521 1.464 
kVA 0.036 0.013 0.090 0.082 5.536 1.761 
kVAr 0.029 0.004 0.069 0.727 0.412 0.209 
PF 0.588 0.939 0.632 0.462 0.997 0.831 
DF 0.859 0.969 0.990 0.967 0.999 0.934 
I [A] 0.28 0.10 0.71 0.64 43.59 6.93 

THDi [%] 106.53 25.35 120.60 183.89 7.13 24.15 
 

It is clear the diversity among the loads and its power quality indexes. Some 

loads have poor power quality characteristics (it means, low PF and high THDi). On the 

other hand, others have excellent characteristics and their power quality indexes are 

close to the linear loads’ ones (high PF and low THDi). 

It is important to highlight that all loads are working in full load mode (rated 

power). Aiming to understand the effects of harmonic interaction on the electrical energy 

billing systems, some scenarios were developed. The main results will be shown, which 

were divided into three groups, considering the viewpoint of power quality: first (the 

worst results), second (the intermediate results) and third (the better results). The 

LED

SHOWER

CFL

NOTEBOOK

TV SET

AIR. COND.
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current waveforms of two loads are shown in Figure 46 and Table 46 presents the 

results of the developed scenarios. 

 

 

LED 

12W 

  

 

Figure 46 – Current waveforms of some loads. 

TV 

Set 

 

Table 46 – Results of developed scenarios. 

Parameter 
Scenario 

1 2 3 4 5 6 7 
kW 1.542 1.580 7.092 0.116 0.107 5.542 1.476 
kVA 1.820 1.854 7.322 0.185 0.174 5.559 1.771 
kVAr 0.243 0.247 0.159 0.144 0.137 0.427 0.213 
PF 0.934 0.940 0.997 0.626 0.614 0.997 0.911 
DF 0.951 0.957 0.999 0.967 0.981 0.999 0.937 

Irms [A] 7.39 7.66 50.72 1.45 1.37 43.77 7.00 
Ifund [A] 7.26 7.52 50.63 0.94 0.85 43.65 6.82 
THDi [%] 18.97 19.31 6.01 117.53 124.62 7.32 23.63 
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In the first group, two scenarios are considered: 4 and 5. In these scenarios, the 

worst results of power quality indexes were obtained (PF and THDi), within all results. 

Both cases consider three loads connected at the same time to the electrical system: 

the TV set, the notebook and one light device – scenario 4 considered the CFL and 

scenario 5 considered the LED. For these scenarios, PF showed the smaller value and 

THDi showed the highest value, comparing all scenarios. The DF values were high. 

Whereas it is worth to verify that real power has a very low value. That is, it will be a 

low impact on the electrical system. However, if we consider the profile of loads, they 

have a significant impact on the billing system. Hence, a consumer unit that has loads 

with these characteristics, it probably will pay for surplus reactive power. 

Related to the second group (intermediate results), three scenarios are 

considered: 1, 2 and 7. For this group, the worst values of the PF, DF, and THDi were 

obtained in scenario 7, which considered only the LED bulb and the air conditioner. The 

highest values of PF and DF were obtained in scenario 2, which considered the CFL, 

TV set, notebook, and the air conditioner. The better THDi in this group was obtained 

in scenario 1, which considers the CFL, TV set and the air conditioner. The THDi is high 

but significantly lower than the one for scenarios 4 and 5. In general, PF and DF have 

high values. 

Finally, to the third group (better results), two scenarios are considered: 3 and 6. 

The PF and DF values were practically the same and close to the unit. The THDi has 

low values. The lower THDi value was obtained in scenario 3, which considered all 

loads, but CFL. On the other hand, the higher THDi value in this group was obtained in 

scenario 6, which considered only the CFL and the electronic shower. The electronic 

shower works with a full load. In this case, their current waveform is close to a sinusoidal 

signal. Moreover, this load is predominant over the others due to their high rated power. 

In this case, its profile determines the resulting profile. 

From the abovementioned analyses, it is important to investigate the effects of 

different mixed loads on the electrical energy billing. Figure 47 shows a summary of the 

results. The different composition of loads, as well as the different types and brands of 

these loads, will have different effects on the billing system. 

Analyzing the different billing rules from some countries and the scenarios 

considered, it is clear that, in general, the mix of nonlinear loads contribute to improve 

some power quality indexes and, hence, the same consumers unit can pay or not for 

surplus reactive power. Except for Australia's case, the other countries have limits set 
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equal or above 0.92. Considering the PF limit equals 0.92, just two scenarios have 

values lower than this limit. If we consider the individual loads profile, four loads have 

values lower than the limit. However, if we change PF to DF, keeping the limit equal to 

0.92, all scenarios have values higher than this limit. 

 

 

Figure 47 – Comparison among the limits set and the values recorded by individual 
loads and developed scenarios. 

 

Nevertheless, considering the individual loads profile, the CFL has a DF value 

lower than this limit. It is important to highlight that there are loads that has a filter in 

their driver topology. It means that the impact of these loads on the electrical networks 

will be lower, sometimes, insignificant. It is possible to conclude that these loads, when 

connected at the same time to the electrical system, have different impacts on the 

power quality issues, as well as on the billing, depending on each case. It is necessary 

to carry out more studies, aiming to understand the better way to charger the 

consumers: to use DF or PF, for instance, or another way. For instance, if DF is 

considered, what are the impacts to the utility companies related to power quality in the 

grid, as well as how much harmonics are contributed to increasing losses, among other 

important issues that need to be investigated. 

 
4.6 Summary 
 
  The results show that the harmonic interaction among several nonlinear loads 

changes significantly the power quality indexes. For instance, PF and DF are directly 
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affected and as seen, these indexes influence the electrical energy billing in different 

countries. Another example is the THDi, that also changes significantly. Were found 

three situations: low, intermediate, and high values for this index. 

  It is clear that the nonlinear loads can impact the electrical and billing systems 

in different ways. These impacts depend on the mixed of loads, as well as on the loads. 

Some analyses were developed from the results, showing that, in most cases, the PF 

increased and the THDi decreased when compared with the individual loads’ 

parameters. Therefore, from the power quality viewpoint, the mix improves some 

parameters on the electrical system, hence, decrease the impacts on the billing. 

  Some discussions have been realized by researchers, aiming to discuss new 

purposes to the electrical energy billing. Two different experiences were cited: one 

suggests the use of fundamental signals (displacement factor) to calculate the surplus 

of reactive power in electrical grids. Another suggests the use of true power factor. 

However, there is no consensus yet.  

  This fact show that works are important that aim to discuss the problems caused 

by nonlinear loads on the electrical energy billing systems, as well as power quality 

issues. 
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5.  Effects of Mixed Electronic Loads on the Electrical Energy Systems 
Considering Different Loading Conditions with Focus on Power Quality and 
Billing Issues  
 

This chapter is based on the paper: R. P. B. da Silva, R. Quadros, H. R. Shaker, L. C. 

P. da Silva, ‘Effects of Mixed Electronic Loads on the Electrical Energy Systems 

Considering Different Loading Conditions with Focus on Power Quality and Billing 

Issues’, Applied Energy, vol. 277, 1 November 2020, 115558. 

https://doi.org/10.1016/j.apenergy.2020.115558.  

 

5.1 Introduction 

 

According to [139], all infrastructure (transmission and distribution equipment, 

including all the metering apparatus) are designed, built, tested, and optimized for 60 

Hz sinusoidal operations. Moreover, all linear and nonlinear loads are designed to 

consume 60 Hz energy. In some countries, this frequency is 50 Hz. 

However, the concerns on power quality issues are in evidence due to the 

increase of nonlinear loads, as well as distributed energy resources and electric 

vehicles in the electrical grids. According to [140], power quality disturbances (PQDs) 

means any disturbance manifested in the voltage, current and frequency from the 

standard rating. Due to the integration of multiple energy sources, there are more 

deterioration risks of power quality in different stages, such as energy production, 

delivery, and consumption. Furthermore, the experts from industry and academia 

estimate that 70 to 85 percent of all power quality problems are generated within 

commercial and industrial facilities [141].  
New technical and economic challenges are emerging, and several studies are 

being developed, aiming to solve them. Among these challenges, it is possible to 

highlight two of them: the impact of typical residential electronic loads on the electrical 

grid and the effects on the electrical energy billing. In [142], the authors propose a 

bottom-up approach to evaluate the harmonics of residential energy use, in order to 

predict the harmonic generation and power consumption of some harmonic sources. 

The load profile has changed and, therefore, the electrical signals are not purely 

sinusoidal. The presence of nonlinear loads on the electrical grids is common and it 

tends to increase. Nowadays, voltage and current signals present some level of 

https://doi.org/10.1016/j.apenergy.2020.115558
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distortion, depending on some variables, such as network characteristics (voltage 

level, short-circuit level, and impedance, for instance), as well as types, quantities, and 

sizes of connected loads. 

Although several electronic loads have small rated power, when they are 

connected at the same time to the electrical system, is possible that there are some 

effects to the grid. The impact of the small nonlinear loads operation on the accuracy 

of the intelligent metering system was investigated in [131]. The authors considered 

the effects of superposition of harmonics and concluded that the power consumption 

measured was lower than the actually consumed. This is positive for the consumer but 

it is negative for a distribution company. Therefore, it is clear the direct effects of 

nonlinear loads on the measurement systems. Furthermore, it is important to 

investigate under which conditions it can occur, as well as what variables are important 

in this analysis. Moreover, power-electronic-based home appliances are frequently 

used. It is common to find time-varying loads in the residential and commercial sectors, 

such as inverter air conditioner, electronic shower, and other devices. 

There are some standards and recommendations related to power quality and, 

mainly, to harmonic distortion. The examples which can be referred to are IEEE Std. 

519™ 2014 and IEC 61000-3-2. The first sets the quality of power is to be provided at 

the point of common coupling (PCC) – described as the interface between sources and 

loads [95]. The latter is applicable to electrical and electronic equipment having a rated 

input current up to and including 16 A per phase and intended to be connected to public 

low-voltage distribution systems. It specifies limits of harmonic components of the input 

current which can be produced by equipment tested under specified conditions. 

Although it is an efficient technical solution, there is a strong resistance of appliance 

manufacturers and several devices do not meet the limits sets. Therefore, it is 

important to highlight that this standard works with individuals loads limits and not in 

the PCC [143]. 

It is worth to note the PCC definition, because it has a direct influence on the 

analyses. According to [95], PCC is the interface point between system owners or 

operators and users in the power system. The PCC is usually taken as the point in the 

power system closest to the user where the system owner or operator could offer 

service to another user. For instance, for commercial users (office parks, shopping 

malls, etc.) supplied through a common service transformer, the PCC is commonly at 

the low voltage (LV) side of the service transformer. In [144], the authors highlight that 
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the goal of applying the harmonic limits specified in IEEE Std. 519-2014 is to prevent 

one customer from causing harmonic problems for another customer or for the utility. 

The IEEE Std. 519-2014 limits may still be used as a guide within a customer’s facility 

to minimize harmonic problems. 

This chapter describes the effects of electronic loads on the electrical grids, 

considering different variables. Simulations are carried out and results are discussed. 

The results show the effects of typical electronic loads on power losses, as well as on 

power quality indexes, and on the electrical energy billing. For this, several billing 

strategies are discussed. The related works show the existing research gaps, issues, 

and challenges when several loads, including time-varying loads, are connected at the 

same time to the electrical grid. These points will be highlighted through literature 

review.  

 

5.2 Related Works 

 

An extensive literature review was done, aiming to present the related works . It 

is important to highlight that the main objective of this chapter is to discuss the effects 

of power-electronic-based home appliances on the billing systems, as well as on the 

power quality indexes and, hence, the technical impacts to the grids. All analyses 

consider only the effects of loads on the electrical system. The effects of voltage on 

loads are neglected i.e., a substantially sinusoidal voltage was considered. 

Such a study is important and essential since the presence of electronic loads 

to the electrical grids increases continuously. Moreover, due to the use of smart meters 

becomes more commonplace, it will be increasingly practical to identify, for instance, 

customer connections where reactive power is high [145]. Therefore, the utilities are 

able to identify and to charge the consumers easily, if they cannot meet the limit sets 

related to reactive power or power factor. However, there is no consensus on what the 

better way is to charge the consumers, considering nonsinusoidal conditions. There 

are some different electrical energy billing proposals. Each country has a specific rate 

structure and regulatory framework. Furthermore, the load profile has changed over 

the years and, hence, it is important to adapt the regulatory framework to this new 

reality. 

Table 47 and Table 48 show the overview of the related works concerning power 

quality issues, as well as the electrical energy billing, respectively.  
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In the literature review, the knowledge gaps are identified and, they are 

presented as follows: 

 

1. TDD is calculated only for one location, considering the same set of loads. 

2. Only the nominal voltage is considered. 

3. The rated power of transformers and cross-section of cables are fixed. 

4. Some studies suggest using only the fundamental signal for billing proposes. 

However, the fundamental power factor is not a good choice and this shows that the 

problem require further investigations. 

 

These scientific gaps were addressed in this chapter. 

 

Table 47 – Overview of the related works concerning power quality issues. 

Subject 
Paper 
index 

(Reference) 
Main contributions and comments 

Power 
quality 

indexes 

[62] 

- The residential loads can be a significant harmonic source. 
- The residential loads, although small individually, can 
collectively inject higher harmonic currents. 
- Some of the feeders can have distortions higher than the 
IEEE Std. 519 limits. 

[78] 

- The revenue meter errors are a concern since total 
harmonic distortion in voltage (THDv) could exceed the 
IEEE 519 limit of 5% in two years.  
- They enforce that the IEC 61000-3-2 limits might be an 
effective mitigation solution. 

[146] 

- An experiment was carried out in which typical load 
scenarios in office environments were reproduced. 
- A different mix among the loads is suggested, taking into 
account different times of use.  
- The air conditioner works with rated power. Only the printer 
and copier have changes in consumption during the 
measurements.  
- Moreover, the TDD was analyzed only in a unique location. 

Power 
loss 

[145] 

- The reactive power and harmonics are key factors, which 
contribute to losses on LV networks.  
- The distribution losses in the United Kingdom have been 
estimated to be between 5.8% and 6.6% of electricity 
delivered. 
- Another interesting result is that the power factor (PF) 
correction would reduce losses by up to 36%. 

[147] - The reactive power compensation in household sector was 
investigated. 
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- This compensation and with the power factor increasing, it 
is possible to reduce the cross-section and heating of 
cables, as well as reduce the voltage losses, the total 
electrical current, and the transformer load. 

[148] 

- The amount of energy consumed due to the harmonics for 
100 houses, comes out to be 150 to 250 kWh per month.  
- This extra energy loss is solely due to harmonics.  
- Such as the number of houses increases, the cumulative 
loss is significant. 

[149-150] 

- Although I2R losses are small (2.5% to 7.5% of a typical 
industrial load’s yearly energy consumption), the effect is 
much more pronounced on a national scale. 
- In Brazil, the technical losses among the years 2008 up to 
2018 were on average 7.5%. 

Increase 
of 

resistance 

[151] 

- The line losses are directly proportional to the square of 
the current (I2rms) flowing through conductors.  
- The skin effect becomes more profound at higher 
frequencies. It decreases the effective cross-sectional area 
of the conductors.  
- Subsequently, there is an increase in the resistance of the 
transmission lines, which will further increase the 
transmission line losses.  

[152] 

- An ampere of harmonic current (above the fundamental) 
produces more loss than does an ampere of fundamental 
current.  
- For typical wire sizes found in distribution systems, the 
resistance at the 25th harmonic may be 2-4 times greater 
than the 50/60 Hz resistance. 
- It means that the larger the diameter of a wire, the greater 
the impact. 

 

Table 48 – Overview of the related works concerning electrical energy billing. 

Subject 
Paper 
index 

(Reference) 
Main contributions and comments 

Power factor [153] 

- The household electric grid power factor has changed 
significantly within the last 65 years. 
- The mean value of power factor dropped to 0.79 on 
2013 in Latvia. 
- There was an additional change of the power factor 
character – from resistive/inductive to 
resistive/capacitive  

Reactive 
power and 

rate 
structures 

[138, 154] - The authors discuss the reactive power issues, as well 
as some rate structures from some Europe countries. 

Use of 
fundamental 
signals for 

[43] 
- The surplus of reactive power in electricity grids should 
be controlled via fundamental reactive power (or 
displacement power factor – DPF).  
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billing 
purposes 

- The use of fundamental reactive power for billing 
purposes separates the problem of harmonics from the 
phase difference of voltage and current in the 
fundamental frequency. Both are distinct physical 
phenomena and should then be treated separately. 

[132] 

- If harmonic penalties are to be applied, they should be 
separate and independent from existing billing 
quantities. 
- It would seem appropriate to rebate customers who 
unwillingly receive harmonics from the system. 

[155] 
- It has been argued that customers might be billed for 
adding harmonic power to the system, and reimbursed 
for removing it.  

[133] 

- If harmonic energy is metered, quantities are so small 
as to be irrelevant – certainly too small to be used as a 
separate quantity in a tariff. 
- The amount of harmonic energy that flows through a 
customer's meter is a function of utility's source 
impedance (not totally under the customer's control).  
- If the utility operates within the bounds of the law and 
its specifications and standards, it clearly may not 
consider harmonics to be part of their product. 
- Fundamental energy and harmonic energy are two 
different quantities, and should be treated as such.  

[134] 

- The nonfundamental power is considered by utilities 
and customers to be pollution.  
- From a revenue metering perspective, a meter should 
measure the fundamental frequency power components 
only.  
- The author suggests some alternatives means of 
charging customers, such as the fundamental apparent 
power (S1) and fundamental power factor (PF1).  

Use of 
nonsinusoidal 

signals for 
billing 

purposes 

[135] 

- The traditional energy rates and demand rates fail for 
account the costs caused by harmonic distortion to the 
electrical grids. 
- Hence, these costs are shared by all rate payers. 
- A new way to billing consumers under nonsinusoidal 
conditions is proposed. It is called harmonic-adjusted 
power factor (hPF) 
- The purpose is to charge each harmonic order 
(different prices), due to higher-order harmonic currents 
cause greater losses per amp than lower-order currents.  
- Some weighting factors possibilities are presented. The 
list of possible weighting is by no means exhaustive. 
However, there is no consensus on this factor. 

[136] 
- The hPF index, presented by [27], is also investigated. 
- The author shows that the choice of weighting factor is 
crucial for this method of accounting for harmonics. 
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- Probably, the overall electricity rates would decrease if 
the costs associated with harmonic pollution are 
allocated to the customers responsible for its generation. 

Use of 
nonsinusoidal 

signals for 
billing 

purposes 

[137] 

- The authors suggest a method which applies a different 
electrical rate to nonlinear load customers. 
- The method comes from the original equations of [27].  
- The authors show some inconvenience of the method 
published by [27]: not all the countries have the power 
factor regulation; it is not taken into account the size of 
load; the purpose does not take into account the 
changes in the impedance of the system (it is fixed).  
- The authors take into account the impedance of the 
system in their method.   

[156] 

 - The excessive THD and low power factors are gaining 
relevance and it is likely that tariffs will soon be modified 
to include the costs of wasted energy in the bills to final 
users. 

[157] 

- A method to establish the harmonic injection 
responsibility of either the utility or consumer or both at 
the energy metering point is presented. 
- The Fast Discrete Stockwell Transform (FDST) is used.  
- In this method, the harmonic injection contribution of 
utility and consumer are separated earlier. 
- The energy bill is calculated considering only individual 
consumer harmonic responsibility. 

 

5.3 Background, objectives, and assumptions 

 

Initially, each load was modeled. For this, it is important to ensure that the 

voltage signal is substantially sinusoidal. To record the voltage and current signals an 

oscilloscope was used. The recorded data were used to model the loads through the 

ATPDraw software. The simulations and discussion are shown in Section 5.5. Table 

49 shows the loads and equipment used. 

 
Table 49 – Loads and equipment used. 

Loads and Equipment 
21 inches CRT TV Set 
18000 Btu/h inverter air conditioner  
CFL brand A 20 W 
Electronic shower 5500 W 
LED compact bulb brand B 12 W 
Notebook widescreen 15.5 inches 
Oscilloscope model MSO2022B 
Software ATPDraw 
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Following, the individual harmonic content and the electrical quantities of six 

electronic loads were analyzed. Some scenarios were developed, considering different 

operational levels and mix among loads, in order to analyze the effects of them on the 

electrical grid and the electrical energy billing. It is important to highlight that these 

loads were chosen because they represent common loads in residential and 

commercial consumer units. Each load has its driver topology and, hence, its harmonic 

spectrum. Therefore, for each load used, the results will be different.  

The main objective of this chapter is to investigate the effects of some electronic 

loads on the electrical system, considering different operational levels to some of them. 

It is necessary to understand how a set of loads connected at the same time to the 

electrical system affects the power quality indexes and the electrical energy billing. 

Moreover, other objectives were considered as follows: 

 

1. To investigate under which conditions typical electronic loads affect the 

electrical grids. For this, a study was developed, considering different variables 

(different consumer unit locations, short-circuit levels, voltage levels, rated power of 

transformers and cross-sections of cables). 

2. To demonstrate that some time-varying loads, such as air conditioner and 

electronic shower, can affect the power quality indexes significantly (emphasizing the 

TDD).  

3. To investigate some electrical energy billing issues, considering a set of loads, 

with different operational levels. For this, different electrical energy rate structures were 

considered. 

 

Some assumptions were considered: 

 

1. The voltage waveform has a substantially sinusoidal shape. 

2. In order to represent some consumer unit profiles, some developed scenarios 

were used. Moreover, the proposal is to analyze the effects over time, considering the 

steady-state. 

3. Different rate structures were considered, focusing on the methods of charging 

surplus reactive power from consumer units. The other aspects from the rate structures 

are not considered, aiming to facilitate the analyses in this chapter. 
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5.4 Rate Structures and Power Quality Indexes 

 

As shown in Section 5.2, there are some discussions and proposals on rate 

structures, mainly when the nonsinusoidal conditions are considered. There is no 

consensus. Therefore, several problems involving harmonic distortion are left unsolved 

nowadays. One of them is how to calculate the electric energy billing under 

nonsinusoidal conditions.  

It is important to investigate if the low rated power loads, such as lighting devices 

(CFL and LED), TV sets, notebooks, and others have a significant impact on the 

electrical grids when they are connected at the same time. Moreover, it is important to 

investigate how time-varying loads, such as air conditioners (inverter) and electronic 

shower contribute to the abovementioned issues. 

 

5.4.1 Rate Structures  

 

Each country has a specific regulatory framework. It means that it is not an easy 

task to understand how countries charge their consumers. Related to the power factor, 

some countries do not have any regulations and penalties for reactive energy 

production and supply to the electric network, such as Denmark, Czech Republic, and 

Greece [138]. Furthermore, some countries have no regulations for household 

consumers, such as Belgium and Croatia. This is the same for Brazil. Therefore, some 

electrical energy rate structures are shown as follows, considering the limits 

established to PF or equivalent parameters, including low voltage consumer units. 

More information can be found in [35, 43, 149]. 

 

5.4.1.1 Brazilian case 

 

The Brazilian rule to surcharge consumers consider PF, and not DPF. The PF 

of reference (fr), according to Brazilian rules, has a minimum value of 0.92, which can 

be inductive or capacitive. It also depends on the time intervals i.e., between 23:30 and 

06:30 h the PF observed in the time interval below 0.92 capacitive are considered; for 

the daily period, apart from the interval stated above, only the PF observed in the time 

interval lower than 0.92 inductive are considered.  
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In Brazil, the residential consumers units paid only for active energy and, 

therefore, the abovementioned rules are not applied. On the other hand, medium and 

large consumers (served at medium and high voltage), such as industrial and some 

commercial units paid for active energy, as well as for reactive energy required by the 

loads. These consumers need to meet the minimum value established for the PF 

(0.92). Furthermore, according to day hour, PF needs to have an inductive or 

capacitive characteristic [33]. Once the power factor is less than these limits, the 

consumer unit is charged by amounts of surplus reactive energy and the demand for 

surplus reactive power, according to Equation (20) and Equation (21). 

 

Billing of Surplus Reactive Power (Brazilian rules) [33]: 

 
n1

R
RE T ERE

T=1 T

fE  = EEAM  × -1  × VR
f

  
  

  
∑                                                                                             (20) 

 

Billing of Surplus Reactive Power Demand (Brazilian rules): 

 

n2
R

RE T DRE
T=1 T

fD (p) = PAM ×  - PAF(p)  × VRMAX f
  
  

  
                                                                        (21) 

 

where: 

 

• ERE = value corresponding to the surplus reactive power considering the quantity 

allowed by the reference power factor " fR " in the billing period in Brazilian currency 

(Reais - R$). 

• EEAMT = amount of active power measured in each one hour interval "T" for the 

billing period, in megawatt-hour (MWh). 

• fR = reference power factor equal to 0.92. 

• fT = power factor of the consumer, calculated in one hour interval "T" for the billing 

period. 

• VRERE = reference value equivalent to the energy tariff "ET" applicable to subgroup 

B1, in Brazilian Reais (R$) for megawatt-hour (R$/MWh). 
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• DRE(p) = value, by post time "p" corresponding to the demand for surplus reactive 

power considering the quantity allowed by the reference power factor " fR " in the 

billing period in Brazilian Reais (R$). 

• PAMT = active power demand measured as the reference interval of one (1) hour 

"T" during the billing period in kilowatts (kW). 

• PAF(p) = demand for billable active power in each allocated time "p" in the billing 

period in kilowatts (kW). 

• VRDRE = reference value in Reais per kilowatt (R$/kW). It is equivalent to the power 

demand charges for the off-peak time. It is equivalent to supply tariffs for subgroups 

in Group A, for the blue time tariff mode. It is equivalent to the Distribution System 

Tariff Use (TUSD) for free consumers, according to their Supply Agreement 

(CUSD). 

• MAX = function that identifies the maximum value of the equation between brackets 

corresponding to each time "p”. 

• T = interval of one (1) hour in the billing period. 

• p = means the peak or off-peak time, for the hourly tariff arrangements or billing 

period for conventional tariff mode binomial. 

• n = number of payment intervals “T” for the billing period. 

 

5.4.1.2 Egyptian case 

 

According to [149], in Egypt the utilities impose a penalty in the form of higher 

charges for customers with contracted loads greater than 500 kW whose PF is less 

0.90. The penalty is based on an annual average PF, calculated as follows: 

 

2 2

kWhAverage annual PF = 
kWh  + kVArh

                                                                                (22) 

 

However, if the average annual PF is lower than 0.90 but greater or equal to 

0.70, the penalty (Pe) is calculated as follows: 

 

( )Pe = 0.90 - PF  × kWh charges                                                                                     (23) 
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When the average annual is less than 0.7, the penalty is: 

 

( ) ( )3Pe = 0.90 - 0.70  + 0.70 - PF  × kWh charges
2

 
  

                                                                    (24) 

 

Moreover, if the consumer does not correct the PF, after three months the 

penalty increases. In this case, the penalty is calculated as follows: 

( )Pe = 2 × 0.90 - PF  × kWh charges                                                                                     (25) 

 

It is worth to note that if the consumer does not correct their PF within another 

six months, the utility has the right to discontinue the service. In [158], the authors also 

cite this possibility. They claim that, in some utilities, provision is made for supply to 

the consumer to be disconnected by the utility until the power factor is restored to 

stipulated levels. 

On the other hand, a bonus is offered to customers when their average annual 

PF is higher than 0.92 and up to a maximum of 0.95. Equation (26) presents how this 

can be calculated. 

 

PF - 0.92Bonus =  × kWh charges
2                                                                                       (26) 

 

5.4.1.3 Spanish case 

 

In Spain, the consumers can receive surcharge or rebates, depending on their 

PF. To consumers with an installed capacity of over 15 kW, the PF’s limit is 0.90. 

Similar to Egypt, Spain also offers rebates to those consumers which have higher PF 

values than the limits set. Although their uses the term cos(ϕ), it is important to note 

that Spain consider the true power factor, and not the displacement power factor [35]. 

If the PF is higher or equal than 0.90 and lower or equal than 0.95, there is no 

surcharge or rebate. However, if the PF was lower than 0.90, the penalty is calculated 

as follows: 
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( ) 2
29.16Pe %  =  - 36
cos φ

                                                                                                        (27) 

On the other hand, if the PF is higher than 0.95 but lower or equal than 1.0, the 

consumer unit will receive a rebate. The rebate can be calculated as follows: 

 

( ) 2
37.026Bonus %  =  - 41.026
cos ϕ

                                                                                                     (28) 

 

5.4.1.4 British Columbia case (Canada) 

 

In Canada, utilities can only bill their clients based on three measured quantities: 

watt, var, and voltampere. Each utility has its Rate and Regulation Policy with some 

rate classes and corresponding rate charges [136].  

In the Province of British Columbia, the utility considers the PF limit of 0.90. 

According to [159], when the PF is below 90%, the consumer unit is surcharged, aiming 

to recover the cost of supplying reactive power to the consumer, which is not included 

in other charges. To calculate the amount of the surcharge, the utility considers the 

average of the consumer’s PF in a period. The consumer’s bill will be increased by the 

percentages shown in Table 50, which are applied to the total of all other charges for 

the same period. 

 

Table 50 – Surcharge related to low power factor. 

Power Factor  Surcharge 
100% but 90% or more None 
90% but 88% or more 2% 
88% but 85% or more 4% 
85% but 80% or more 9% 
80% but 75% or more 16% 
75% but 70% or more 24% 
70% but 65% or more 34% 
65% but 60% or more 44% 
60% but 55% or more 57% 
55% but 50% or more 72% 
50%  80% 

 

5.4.1.5 Indian case 
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According to [160], at present, consumers are billed on active energy 

consumption measured. The effect of reactive energy is considered through the PF 

penalty/incentive mechanism. The penalty is levied to consumers for PF below 0.90 

(for lead and lag PF), and an incentive is provided for PF above 0.95 (for lead and lag 

PF). However, India is in transition. The new regulation aims to implement kVAh billing 

to all high voltage consumer and low voltage consumers which have load above 20 kW 

from 1st April 2020.  

They believe that kVAh billing has an inherent mechanism to incentivize or 

penalize consumers according to their power factor. The main objective of the kVAh 

based billing is to encourage the consumers to maintain near unity PF to achieve loss 

reduction, improve system stability, power quality, and improve voltage profile. In some 

places, such as Delhi, the new proposal has already introduced kVAh based tariff for 

various categories. Some authorities state that kVAh billing is the new trend in 

electricity billing, which is adopted worldwide.  

It is important to highlight that in this chapter the authors will not investigate the 

kW, kVA or kVAh proposals. An interesting study related to billing demand charge was 

developed by [161]. 

 

5.4.1.6 Other cases 

 

According to [35], in Australia, the limits of PF changes according to installed 

capacity and voltage level supply. The PF values are between 0.75 and 0.98. They are 

split between inductive and capacitive too. It is important to highlight that in Australia, 

there are limits to voltage (utilities) and current (consumers) distortions. These limits 

contribute to reducing the differences between the electrical energy measurements 

taking or not into account the harmonic distortions. 

According to [43], in France, it is considered a ratio between reactive and active 

power through tg(ϕ). The limit to this parameter is 0.4. It means that a consumer can 

use reactive power (or energy) up to 40% of their active power (or energy) usage. 

However, even though the method for calculating to be different, a 0.4 limit for tg(ϕ) 

means that the power factor limit is 0.928. This limit is applied to end-users connected 

to low voltage systems with installed capacity over 36 kVA, and those consumer units 

connected to high voltage.  
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In California, the methodology is similar to France. However, the surcharge is 

applied to consumer units with an installed capacity of over 20 kW. Moreover, it is 

interesting to note that there is a difference between these two cases: in France, the 

surcharge is based on surplus reactive energy, whole in California, it is on the surplus 

reactive power (demand) [35]. 

In 2007, in the Russian Federation, the minimum reactive power factor for the 

connection points of the consumer to the electric network was significantly toughened. 

It is established that cosϕ = 0.944 (tgϕ = 0.35) for a 0.4 kV network and cosϕ = 0.93 

(tgϕ = 0.4) for a 6-20 kV network [162]. Furthermore, according to [138], some 

countries considered the limit to surcharge their consumers the cos(ϕ) lower than 0.95, 

such as Slovenia, Serbia, and Lithuania.  

 

5.4.2 Power Quality Indexes 

 

5.4.2.1 Total Harmonic Distortion 

 

Total Harmonic Distortion (THD) is the most common harmonic index. It is used 

to indicate the harmonic content of a distorted waveform. This index can be easily 

calculated and frequently is used for a quick measure of distortion. On the other hand, 

the main drawback is that it does not provide amplitude information. Therefore, the 

detailed information of the spectrum is lost [82]. For current, the expression is as 

follows: 

( )2(h)

h=2
i (1)

I
THD  = 

I

∞

∑
                                                                                                     (29) 

 

 Moreover, in [163], the authors highlight that the THDi is not only the deciding 

factor in estimating harmonic pollution at a point in the network. Each order of harmonic 

current is required to be checked and compared with the available standards to reach 

a conclusion on harmonic pollution in the power grid. Therefore, in this chapter, the 

contributions were calculated and compared with the limits established by IEEE Std. 

519-2014. 

 

5.4.2.2 Total Demand Distortion 
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Total Demand Distortion (TDD) can be defined as “the ratio of the root mean 

square of the harmonic content, considering harmonic components up to the 50th order 

and specifically excluding interharmonics, expressed as a percent of the maximum 

demand current. Harmonic components of order greater than 50 may be included when 

necessary” [95]. In the TDD case, the distortion is expressed as a percentage of some 

rated or maximum value, rather than as a percentage of the fundamental current [82]. 

The expression is as follows: 

 

( )
50 2(h)

h=2

L

I
TDD = 

I

∑
                                                                                                     (30) 

 

The term IL is defined as the maximum demand load current (fundamental 

frequency component) at the point of common coupling (PCC) under normal load 

operating conditions [95]. Moreover, in [164], the authors highlight that harmonic 

distortion is most meaningful when monitored at the PCC – usually the customer’s 

metering point. 

In [50, 62, 165], the authors show that it is important to use the TDD index to 

analyze the effects of loads on the electrical system. Although a load can have a high 

THDi level, its effects cannot be noticed on the electrical system, due to their small 

fundamental frequency current.   

It is worth to note that in distribution systems, the current harmonic distortion 

should be limited to an acceptable limit to avoid heating, losses, and malfunctioning of 

power system components [166].  

 

5.5 Simulations and Discussion 

 

In order to analyze the effects of mixed loads on the electrical grid, as well as 

on some power quality indexes and electrical energy billing, several scenarios were 

considered. These scenarios consider different operational levels of two variable loads: 

an electronic shower and an inverter air conditioner. Table 51 shows the different 

operational levels considered to the air conditioner and electronic shower. 
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Table 51 – Different operational levels to the air conditioner and electronic shower. 

 Inverter Air Conditioner Electronic Shower 
Operational level 33% 100% 50% 75% 100% 

A  X   X 
B  X  X  
C  X X   
D X    X 
E X   X  
F X  X   

 

In [167], the authors show that an important component to representation loads 

in power system studies is the electrical characteristics of the load, i.e., how the power 

is drawn from the supply system change along the time. This subject is explored in this 

chapter.  

Figure 48 presents the simulated schematic diagram and Figure 49 shows the 

ATPDraw interface. Six loads were used. These loads are common in residential 

and/or commercial sectors. Aiming to record the electrical quantities and power quality 

indexes, a power quality and energy analyzer was used in simulation. This device is 

based on IEEE Std. 1459-2010 power theory.  

 

 

Figure 48 – Simulated schematic diagram. 
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Figure 49 – ATPDraw interface. 
 

Table 52 shows the electrical quantities of each load. 

 
Table 52 – Electrical quantities of each load. 

Electrical 
quantities 

CFL 
20W 

LED 
12W TV Set Notebook Electronic 

Shower* 
Air 

Cond* 
kW 0.021 0.012 0.057 0.037 5.525 1.385 
kVA 0.036 0.013 0.090 0.082 5.536 1.525 
kVAr 0.029 0.004 0.069 0.727 0.412 0.639 
PF 0.588 0.939 0.632 0.462 0.997 0.908 

DPF 0.859 0.969 0.990 0.967 0.999 0.934 
Irms [A] 0.284 0.101 0.710 0.645 43.596 12.014 
Ifund [A] 0.194 0.098 0.453 0.308 43.486 11.675 
THDi [%] 106.53 25.35 120.59 183.84 7.13 24.15 

* Considering full load – operational level of 100%. 

 

Table 53 shows the electrical quantities of different operational levels to the air 

conditioner and electronic shower. Table 54 shows the scenarios considered to the 

simulations. Figure 50 presents the harmonic spectrums and current waveforms of 

each load, including the different operational levels shown in Table 51. 

It is important to highlight that when are considered several loads connected at 

the same time to the electrical grid, a vector sum must be used. That is, the magnitude 

and phase angle of each signal (fundamental and harmonic orders), of each load, need 

to be taken into account. Harmonics can be added or subtracted. This explains the 

electrical quantities recorded when several loads are connected at the same time. 

Therefore, it explains the results shown in this chapter.  



135 
 
 

 

Table 53 – Electrical quantities of different operational levels. 

Electrical quantities Air Conditioner 33% Electronic 
Shower 50% 

Electronic Shower 
75% 

kW 0.461 2.704 4.158 
kVA 0.634 2.713 4.345 
kVAr 0.435 0.231 1.258 
PF 0.727 0.996 0.957 

DPF 0.818 0.996 0.987 
Irms [A] 4.992 21.360 34.210 
Ifund [A] 4.440 21.360 33.150 
THDi [%] 51.35 1.63 25.52 

 

Table 55 presents an example, considering scenario 12 and the air conditioner 

working in full load mode. The current was chosen to show the interaction between the 

signals. The equations from IEEE Std. 1459-2010 were used, in order to calculate the 

electrical quantities. 

 
Table 54 – Scenarios considered. 

Scenario CFL 20W LED 12W TV Set Notebook Electronic 
Shower 

Air 
Conditioner 

1 X  X   X 
2  X X   X 
3 X  X X  X 
4 X  X X X X 
5  X X X  X 
6  X X X X X 
7 X  X X   
8  X X X   
9 X    X  

10  X   X  
11 X     X 
12  X    X 
13   X   X 
14    X  X 
15   X  X  
16    X X  
17   X X  X 
18   X X X X 
19 X X X X X X 
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Table 55 – Magnitude and phasor angles of currents. 

Harmonic LED Air Conditioner Both of them 
I(A) Angle(°) I(A) Angle(°) I(A) Angle(°) 

1 0.1392 14.24 16.5150 -20.78 16.6291 -20.50 
3 0.0267 -151.38 3.5513 60.51 3.5286 60.74 
5 0.0193 -161.50 1.3513 88.19 1.3447 88.96 
7 0.0076 -176.04 0.9738 55.65 0.9681 56.00 
9 0.0047 71.81 0.4388 -0.51 0.4403 0.07 
11 0.0048 19.07 0.2608 4.91 0.2654 5.16 
. 
. 
. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 
50 0.0001 0.53 0.0210 -81.67 0.0210 -81.44 

 

In order to understand the effects of different operational levels on the results, 

for each scenario shown in Table 54, the different operational levels shown in Table 

51 were used. Table 56 presents the results of scenarios 7 and 8.  

 

Table 56 – Results of scenarios 7 and 8. 

Electrical Quantities 7 8 
kW 0.116 0.107 
kVA 0.185 0.174 
kVAr 0.144 0.137 
PF 0.626 0.614 

DPF 0.967 0.981 
Irms [A] 1.472 1.390 
Ifund [A] 0.945 0.858 
THDi [%] 117.51 124.60 

 

These scenarios do not consider the air conditioner and electronic shower. The 

results show that comparing these two scenarios with all of the others, PF had lower 

values. The THDi had higher values. On the other hand, DPF had high values. It is 

important to note that active power has a very low value. Consequently, it will have a 

low impact on the electrical grid. Nevertheless, the impact can be significant on the 

billing system, such as will be shown in this chapter.  
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(a) CFL’s current waveform and harmonic 

spectrum. 
 

  
(b) LED’s current waveform and harmonic 

spectrum. 

  
(c) TV’s current waveform and harmonic 

spectrum. 
 

  
(d) Notebook’s current waveform and harmonic 

spectrum. 

  
(e) Electrical Shower’s current waveform and 

harmonic spectrum (full load). 
 

  
(f) Air Conditioner’s current waveform and 

harmonic spectrum (full load). 

  
(g) Electrical Shower’s current waveform and 

harmonic spectrum (75% of load). 
 

  
(h) Air Conditioner’s current waveform and 

harmonic spectrum (33% of load). 

  

(i) Electrical Shower’s current waveform and 
harmonic spectrum (50% of load). 

 

 
Figure 50 – Harmonic spectrums and current waveforms of each load. 
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Table 57 presents the results for scenarios 1, 2, 3, 5, 11, 12, 13, 14, and 17. 

These results were similar for the operational levels “A”, “B”, and “C”.  

 
Table 57 – Results considering the operational levels “A”, “B”, and “C”. 

Electrical Quantities 1 2 3 5 11 12 13 14 17 
kW 1.463 1.454 1.501 1.492 1.406 1.397 1.442 1.423 1.480 
kVA 1.582 1.578 1.613 1.609 1.538 1.534 1.569 1.552 1.599 
kVAr 0.601 0.614 0.589 0.602 0.622 0.635 0.618 0.620 0.606 
PF 0.924 0.921 0.930 0.927 0.914 0.910 0.919 0.916 0.925 

DPF 0.944 0.942 0.948 0.946 0.938 0.935 0.940 0.939 0.945 
Irms [A] 12.46 12.43 12.70 12.68 12.11 12.09 12.35 12.23 12.60 
Ifund [A] 12.19 12.16 12.45 12.41 11.78 11.75 12.07 11.93 12.33 
THDi [%] 20.72 21.38 19.86 20.47 23.18 23.85 21.65 22.40 20.73 

 

According to [152], three categories can be considered, aiming to rank the THDi: 

low (THDi ≤ 20%), medium (20% < THDi ≤ 50%), and high (THDi > 50%). Therefore, 

it is possible to rank the results shown in Table 11 such as intermediate results from 

the power quality viewpoint. It means that the THDi is high, but significantly lower than 

the one for scenarios 7 and 8. In general, PF and DPF have good values. In some 

cases, they are above the limits set of some countries, such as shown in Section 5.4.1. 

Table 58 presents the results for the same scenarios (1, 2, 3, 5, 11, 12, 13, 14, 

and 17), however, now the operational levels “D”, “E”, and “F” are considered. The 

results were similar for these operational levels. 

 
Table 58 – Results considering the operational levels “D”, “E”, and “F”. 

Electrical Quantities 1 2 3 5 11 12 13 14 17 
kW 0.540 0.531 0.578 0.568 0.483 0.474 0.518 0.499 0.556 
kVA 0.663 0.664 0.683 0.683 0.637 0.640 0.657 0.643 0.676 
kVAr 0.384 0.399 0.364 0.379 0.416 0.431 0.403 0.405 0.383 
PF 0.814 0.798 0.845 0.831 0.757 0.739 0.789 0.776 0.823 

DPF 0.871 0.861 0.891 0.882 0.840 0.827 0.853 0.846 0.876 
Irms [A] 5.22 5.23 5.38 5.39 5.02 5.04 5.17 5.06 5.32 
Ifund [A] 4.87 4.85 5.10 5.07 4.52 4.50 4.78 4.64 5.00 
THDi [%] 38.12 40.30 33.30 35.39 48.07 50.19 41.29 43.52 36.29 

 

It is possible to conclude that, according to results shown in Table 58, the power 

quality indexes, such as PF, DPF, and THDi were worse than the results shown in 
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Table 57. Moreover, PF and DPF are lower than most limits established by rate 

structures of some countries, such as shown in Section 5.4.1. 

Related to scenarios 4, 6, 9, 10, 15, 16, 18, and 19, besides to consider the 

operational levels “A”, “C”, “D” and “F”, the results show that PF and DPF are practically 

unitary - the higher value expected. The THDi were the lowest values among all 

scenarios, varying between 1.61% to 7.58%.  

On the other hand, to the abovementioned scenarios, and considering the 

operational level “B”, regarding PF and DPF, it is possible to conclude that they have 

high values, but lower than the operational levels “A”, “C”, “D” and “F”. THDi also has 

an intermediate value, varying between 21.59% to 25.42%. Table 59 presents the 

results. These results were similar to the operational level “E” – only a slight difference 

was found, however, it can be neglected. 

The results show that the harmonic interaction among several loads significantly 

change the power quality indexes, as well as the electrical quantities. For instance, PF 

and DPF are directly affected and, such as seen, these indexes have a direct effects 

on the electrical energy billing in different countries. Another example is the THDi, that 

also changes significantly. In Section 5.5.1 will be discussed the impacts on the 

electrical grids and in Section 5.5.2 the impacts on the electrical energy billing. 

 

Table 59 – Results considering the operational level “B”. 

Electrical Quantities 4 6 9 10 15 16 18 19 
kW 5.660 5.651 4.179 4.170 4.215 4.196 5.639 5.672 
kVA 5.910 5.907 4.359 4.355 4.391 4.370 5.896 5.921 
kVAr 1.702 1.721 1.237 1.256 1.228 1.218 1.724 1.699 
PF 0.957 0.956 0.958 0.957 0.960 0.960 0.956 0.957 

DPF 0.979 0.979 0.988 0.987 0.988 0.988 0.979 0.980 
Irms [A] 46.54 46.52 34.32 34.29 34.57 34.41 46.43 46.63 
Ifund [A] 45.48 45.43 33.30 33.24 33.58 33.43 45.34 45.57 
THDi [%] 21.65 21.96 24.98 25.42 24.46 24.34 22.03 21.59 

 

5.5.1 Impacts on the Electrical Grids 

 

For this analysis several simulations using TDD index were developed in this 

chapter. However, it is important to show some considerations about TDD’s 

calculation, as follows: 
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• Even though the most of low voltage consumer units in Brazil do not pay for reactive 

surplus, in many countries this is already reality [43] and, therefore, it is an 

interesting issue to be addressed. Besides, such as shown in [62], the harmonic 

current distortion levels of residential feeders are higher than those of the industrial 

and commercial feeders. Therefore, typical loads present at the low voltage 

consumer units were considered. 

• The Distribution Standard Unified 001/2017 [168], the Distribution Standard Unified 

006/2018 [169] and the Technical Specification Unified 109/2018 [170] of Energisa 

Mato Grosso (one of the Brazilian utilities) were used in this study.  

• The following rated powers for transformers were considered: 30, 45, 75, 112,5, and 

150 kVA [170]. These are established values to the electrical energy distribution 

systems of this study. 

• Nominal voltage on the secondary side of transformer: 220/127 V.  

• The cables considered to calculate the short-circuit current are based in [168, 169]. 

Therefore, the cross-sections of cables are: 25, 35, 70, and 120 mm2.  

• Some distances were considered. The main objective was to check the influence of 

the distance on the results. In [169], the maximum of 200 meters was established 

for distribution networks for residential neighborhoods (220/127 V). Another 

distance defined it was 40 meters. This distance represents the maximum distance 

from the distribution network to the consumer unit and is based on [168, 169]. 

Intervals of 50 meters were considered. These distances were considered to 

calculate the short-circuit current. Moreover, it represents the point of energy 

delivery, which is considered the PCC.  

• To calculate the short-circuit current (ISC), the nameplate data of transformer, and 

the nominal data of cables [169, 171] were considered.  

• The voltage was also changed, aiming to check their impacts on the results. For 

this, a range of foreseen in Brazilian rules was considered. The voltages simulated 

were: 0.87 pu, 1.00 pu (nominal voltage), and 1.06 pu [125]. The values are per unit 

(pu). The objective was to understand the effects of voltage changes on the results, 

considering some practical situations since the voltage change on the real electrical 

network. 
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Another important issue about TDD’s calculation is the maximum demand load 

current (IL) definition. In [172], the authors highlight that the location of PCC and the 

value of the maximum demand current can significantly alter customer constraints. It 

is important to highlight that according to [95], IL represents “maximum demand load 

current (fundamental frequency component) at the PCC under normal load operating 

conditions”. In other words, it is the maximum average load current. Furthermore, in 

[144] the authors highlight that this is a current calculated from the maximum billing 

(e.g., 15 or 30 minutes) demand, not an instantaneous peak. 

In order to investigate the effects of IL on the results, it was changed according 

to different operational levels (“A” to “F”). Among the several results obtained, those of 

scenario 19 will be shown, since this scenario considered all six loads connected at 

the same time to the electrical energy system and, therefore, the impact on the system 

can be significant. Initially, it is necessary to know the fundamental currents of 

scenario 19, for each operational level, such as shown in Table 60. Then, it is important 

to know the current distortion limits established by [95]. For this study, the values are 

referred to systems rated from 120 V through 69 kV. Table 61 shows these limits. 

 

Table 60 – Fundamental current for each operational level considered (scenario 19). 

Operational level Fundamental current (A) 
A 55.46 
B 45.57 
C 33.27 
D 48.14 
E 38.12 
F 25.94 

 
Table 61 – Current distortion limits for systems rated 120 V through 69 kV [95]. 

ISC/IL TDD (%) 
< 20 5.0 

20 < 50 8.0 
50 < 100 12.0 

100 < 1000 15.0 
> 1000 20.0 

 

It is necessary to determine the TDD’s values for each operational level. Table 

62 shows the results. Depending on the networks configuration, the TDD can excess 

or not the limits set by [95]. Considering this, some different situations were simulated. 
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Therefore, based on the characteristics of transformers and cables, as well as on the 

utility standards, the short-circuit currents (ISC) were calculated. These currents were 

calculated on the secondary side of transformer, at the PCC, considering from the 

minimum distance (40 meters) up to 240 meters from the transformer. Table 63 

presents the results, considering the transformer of 30 kVA and cable of 25 mm2. This 

methodology was used for all cases. 

 
Table 62 – TDD calculated at the PCC. 

Operational level IRMS (A) Ifund (A) IL (A) THDi (%) TDDi (%) 
A 55.58 55.46 55.58 6.18 6.17 
B 46.63 45.57 55.58 21.59 17.70 
C 33.37 33.27 55.58 7.21 4.32 
D 48.23 48.14 55.58 6.09 5.27 
E 39.28 38.12 55.58 24.74 16.97 
F 25.99 25.94 55.58 6.55 3.06 

 

Afterward, it is necessary to calculate the “ISC/IL” ratio at the PCC. It is important 

to highlight that, according to [144], this ratio shows the relative impact that a given 

customer can have on the utility. A customer with a small demand relative to the short-

circuit current available cannot cause much disruption to the utility system. Table 64 

shows these results, considering the transformer of 30 kVA and cable of 25 mm2. 

 

Table 63 – Short-circuit current (in A) – cable of 25 mm2 and transformer of 30 kVA. 

 Distance (m) 
Voltage (pu) 40 90 140 190 240 

0.87  1049.45 814.82 663.37 558.43 481.73 
1.00  1208.79 938.54 764.09 643.21 554.87 
1.06  1280.22 994.00 809.24 681.22 587.66 

 

 
Table 64 – “ISC/IL” ratio at the PCC. 

  Distance (m) 
Voltage (pu) 40 90 140 190 240 

0.87  18.87 14.65 11.93 10.04 8.66 
1.00  21.74 16.88 13.74 11.57 9.98 
1.06  23.02 17.88 14.55 12.25 10.57 
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The results show that the higher is the voltage, the greater is the ISC/IL ratio. It 

means that TDD limits can change to the upper level. In other words, TDD can have 

higher values. On the other hand, the greater the distance from the secondary side of 

the transformer is, the smaller the ISC/IL ratio becomes. Therefore, it means that the 

limits established by [95] will be lower and more rigorous.  

The result of this ratio shall be compared with the limits established by [95], 

shown in Table 61. Table 65 presents the current TDD limits established by [95], 

considering each condition (i.e., each transformer, different distances, as well as 

different voltages and cables). 

For each operational level, it is necessary to compare the results of the “ISC/IL” 

ratio at the PCC with the TDD limits set by [95], such as shown in Table 65. The results 

for operational levels “A and D” are shown in Table 66 since they were similar and 

significant. The results for operational levels “B and E” violated in all cases the limits 

established by [95]. On the other hand, the results for operational levels “C and F” not 

violated in any case the limits established. These results can be easily understood 

comparing the data of Table 62 and Table 65. If the result meets the limit set, it was 

assigned the green color and if the result violated the limit set, it was assigned a red 

color (Table 66). 

 

Table 65 – TDD current limits (%) established by [95], according to each condition. 

Voltage (pu) 0.87 1.00 1.06 
Cable 
(mm2) Distances 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

    Transformer 

30 kVA 5 5 5 5 5 8 5 5 5 5 8 5 5 5 5 25 
8 5 5 5 5 8 5 5 5 5 8 8 5 5 5 35 

45 kVA 
8 5 5 5 5 8 5 5 5 5 8 8 5 5 5 25 
8 5 5 5 5 8 8 5 5 5 8 8 5 5 5 35 
8 8 5 5 5 8 8 8 5 5 8 8 8 5 5 70 

75 kVA 

8 8 5 5 5 8 8 8 5 5 8 8 8 5 5 25 
8 8 8 5 5 8 8 8 8 5 8 8 8 8 5 35 
8 8 8 8 5 12 8 8 8 8 12 8 8 8 8 70 

12 8 8 8 8 12 8 8 8 8 12 12 8 8 8 120 

112,5 kVA 

8 8 5 5 5 8 8 8 5 5 8 8 8 5 5 25 
8 8 8 5 5 8 8 8 8 5 8 8 8 8 5 35 

12 8 8 8 5 12 8 8 8 8 12 8 8 8 8 70 
12 8 8 8 8 12 12 8 8 8 12 12 8 8 8 120 

150 kVA 

8 8 5 5 5 8 8 8 5 5 8 8 8 8 5 25 
8 8 8 5 5 8 8 8 8 5 8 8 8 8 5 35 

12 8 8 8 8 12 8 8 8 8 12 8 8 8 8 70 
12 12 8 8 8 15 12 8 8 8 15 12 8 8 8 120 
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* 1, 2, 3, 4, and 5: represent the distances of 40, 90, 140, 190, and 240 meters from 

the secondary side of transformer. 

 

The results show that the TDD limits set by [95] changes and, hence, the results 

have different meanings. The limits change according to the characteristics of the 

system, such as distances, cables, rated power of transformers, and voltage. 

Therefore, a similar consumer unit (or consumption profile), depending on the 

abovementioned characteristics, can have or cannot have significant effects on the 

electrical grids. Other important variables are the different mix of loads, as well as the 

different operational levels.  

The major influence is due to the electronic shower since this load has a higher 

rated power among the analyzed loads. This is clear from the results from differents 

operational levels, such as “B and E” and “C and F”. In “B and E” cases, the electronic 

shower works with 75% of their rated power, and all results violated the limits 

established by [95]. On the other hand, in cases “C and F”, the electronic shower works 

with 50% of their rated power, and all results did not violate the limits established 

by [95]. 

 

Table 66 – TDD calculated x limits established by [95] – operational levels “A” and 

“D”. 

Voltage (pu) 0.87 1.00 1.06 
Cable 
(mm2) Distances 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

        Transformer  Limit set violated (in red) 

30 kVA                25 
               35 

45 kVA 
               25 
               35 
               70 

75 kVA 

               25 
               35 
               70 
               120 

112,5 kVA 

               25 
               35 
               70 
               120 

150 kVA 

               25 
               35 
               70 
               120 
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* 1, 2, 3, 4, and 5: represent the distances of 40, 90, 140, 190, and 240 meters from 

the secondary side of transformer. 

 

The analysis of TDD shows that mixed electronic loads have different impact 

levels on the electrical system, and it depends not only on the loads, but also on the 

electrical grid characteristics. 

 

5.5.2 Impacts on the Harmonic Power Losses 

 

According to [173], IEEE Std. 1459-2010 highlights that not only fundamental 

active and reactive power causes losses but distorted and harmonic power also cause 

losses. Thus, in order to investigate the effects of harmonic currents in power losses, 

some analyses were done, considering different cross-sections of cables, as well as 

some distances and loading conditions. For this, the same example shown in Section 

5.5.1 was used. In other words, scenario 19 was considered since this scenario taking 

into account all six loads connected at the same time to the electrical energy system 

and, therefore, the impact on the system can be significant.  

Several publications investigate the effects of harmonics on the losses and/or 

life expectancy of the motors, transformers, and cables, for instance. Some examples 

can be founded in [174-182]. In [183], the authors investigate some of known loss-

reduction methods in the feeder. Therefore, to the best of our knowledge, there are no 

papers investigating the effects caused by different load conditions, distances, and 

cross-section of the cable in the power losses. It is done in this chapter.  

It is important to take into account the changes in the cables’ resistances. The 

following expressions can be used and were obtained from Bessel functions [184]. 
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ac dc
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f 2.0846R  = R  × 0.25 + 0.0225 + 
R f

R

 
 
 
 
 
  

                                                                  (32) 

 

where: 

 

Rac = alternating current resistance (Ω). 

Rdc = direct current resistance (Ω). 

f = frequency (Hz). 

 

To the operational levels “A, C, D, and F”, the harmonic power losses are not 

significant – between 0.40% and 0.75%. Nevertheless, the harmonic power losses are 

significant if operational levels “B” and “E” are considered. All values were obtained 

comparing the losses of harmonics current content with the losses due to the 

fundamental current signal. Table 67 and Table 68 show the main results. 

 

Table 67 – Harmonic power losses: scenario 19, operational level “B”. 

Harmonic power losses (%) 

Cables       
(cross-section) 

Total distance from secondary side of 
transformer (m) 

40 90 140 190 240 
70 + 25 mm² 4,59% 4,89% 5,04% 5,13% 5,19% 
70 + 35 mm² 4,79% 5,06% 5,18% 5,24% 5,29% 

120 + 25 mm² 4,59% 4,92% 5,14% 5,30% 5,41% 
120 + 35 mm² 4,79% 5,14% 5,35% 5,49% 5,59% 
120 + 70 mm² 5,49% 5,77% 5,90% 5,96% 6,01% 

 

Table 68 – Harmonic power losses: scenario 19, operational level “E”. 

Harmonic power losses (%) 

Cables       
(cross-section) 

Total distance from secondary side of 
transformer (m) 

40 90 140 190 240 
70 + 25 mm² 6,06% 6,46% 6,67% 6,79% 6,88% 
70 + 35 mm² 6,33% 6,70% 6,86% 6,96% 7,02% 

120 + 25 mm² 6,06% 6,51% 6,82% 7,03% 7,19% 
120 + 35 mm² 6,33% 6,81% 7,10% 7,30% 7,43% 
120 + 70 mm² 7,30% 7,69% 7,86% 7,95% 8,01% 
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It is possible to conclude that besides the impacts on power quality indexes, the 

mixed loads contribute to increasing the power losses in the electrical systems and, 

hence, the utilities need to share these losses with their consumers. In other words, all 

consumers connected to the grids will pay by this harm caused by harmonic distortion. 

Nevertheless, it does not seem fair because it is important to give incentives to those 

consumers that buy high-quality loads and, therefore, do not contribute to the power 

quality issues. 

In [185], the authors concluded that, in Brazil, the harmonic power losses 

represent, on average, 3.24% of the fundamental power loss. Moreover, they estimate 

that the annually harmonic power losses represent 1137 GWh (equivalent to R$ 195 

million). The study considers the distribution grids.  

Based on our results, the harmonic power losses represent, on average, 2.48% 

of the fundamental power loss. However, as shown in Table 67 and Table 68, in some 

cases the value is higher and significant (between 4,59% and 8,01%). That is, 

depending on the variables considered, the harmonic power losses can be significant. 

Furthermore, it is interesting to note that, according to the distance and cross-section 

of the cable, there are variations among the losses. The maximum variations were 

1.42% and 1.95%, considering Table 67 and Table 68, respectively. 

Moreover, this shows that it is necessary to consider the effects of harmonic 

distortion in the rate structures on the tariffs. In [186], the authors investigate the 

harmonic power losses, focusing on the industrial customers. However, they analyzed 

the economic loss caused by harmonics mainly in the power loss of transformers and 

transmission lines. Besides they highlight that since the harmonic control service also 

introduces costs (i.e., equipment investment and maintenance cost), the retail 

electricity price will increase. 

On the other hand, consumers need to know that they are responsible for these 

losses. That is, it needs to be clear to them. Besides, utilities are not responsible for 

this technical problem since these losses are caused by harmonic currents. More 

discussions are done in the next section, aiming to evaluate the effects of harmonic 

distortion on the electrical energy billing, from utilities and consumer viewpoints. 

 

5.5.3 Impacts on the Electrical Energy Billing 
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In Section 5.2, an overview of electrical energy billing strategies was shown. It 

is important to note that each country has a specific rate structure and regulatory 

framework. Moreover, there is no consensus on what is the better way to charge the 

consumers under nonsinusoidal conditions. In order to investigate these issues, some 

analyzes are done in this chapter, aiming to discuss them under different viewpoints 

(consumer and utility). The Brazilian rate structure was considered. Other rate 

structures from other countries (shown in Section 5.4.1) were used, in order to compare 

and discuss the results. Therefore, PF and DPF values of some scenarios are 

considered, aiming to analyze the impacts of electronic loads on the electrical energy 

billing. Table 69 shows the scenarios and operational levels considered. 

 
Table 69 – PF and DPF values of some scenarios. 

Scenarios* Operational level PF DPF 
7 -- 0.626 0.967 
8 -- 0.614 0.981 
1 A, B and C 0.934 0.951 
2 A, B and C 0.928 0.947 
3 A, B and C 0.940 0.957 
5 A, B and C 0.935 0.954 

11 A, B and C 0.918 0.941 
12 A, B and C 0.911 0.937 
13 A, B and C 0.925 0.944 
14 A, B and C 0.921 0.942 
17 A, B and C 0.932 0.951 
1 D, E and F 0.871 0.908 
2 D, E and F 0.847 0.892 
3 D, E and F 0.895 0.934 
5 D, E and F 0.876 0.922 

11 D, E and F 0.783 0.859 
12 D, E and F 0.750 0.836 
13 D, E and F 0.831 0.881 
14 D, E and F 0.809 0.869 
17 D, E and F 0.865 0.913 
4 B and E 0.958 0.985 
6 B and E 0.956 0.984 
9 B and E 0.958 0.988 

10 B and E 0.957 0.987 
15 B and E 0.960 0.988 
16 B and E 0.960 0.988 
18 B and E 0.956 0.984 
19 B and E 0.958 0.985 
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* Scenarios 4, 6, 9, 10, 15, 16, 18, and 19: the results of other operational levels of 

these scenarios have PF and DPF close to unity and, for this reason, were neglected. 

 

Such as shown in Section 5.4.1, in Brazil the consumers are paying to surplus 

reactive power considering PF, and not DPF. Therefore, the effects of harmonic 

distortion are considered. Aiming to understand the effects of nonlinear loads on the 

electrical energy billing system, it will be shown some situations that can occur at a 

consumer unit. 

To each case shown in Table 69, the surplus reactive power was calculated. 

The following assumptions were considered: 

 

• Each case shown in Table 69 was considered such as a consumer unit, to easily 

the analysis and discussions 

• Brazilian billing rules were used (shown in 5.4.1.1) 

• EEAMT: 10 MWh 

• VRERE: 279,48 R$/MWh 

• Reference power factor: 0.92 

• Power factor: according to Table 69 

 

The VRERE value represents the reference value equivalent to the energy tariff 

“ET” applicable to subgroup B1, in Brazilian Reais (R$) for megawatt-hour (R$/MWh). 

This value does not include taxes. For this case study, 2019 tariffs from Energisa Mato 

Grosso Utility (EMT) were used [187]. The objective here is to show the impact on 

electrical energy billing. It is important to highlight that the price of tariffs changes to 

other regions of the country or even to other countries. Therefore, aiming to calculate 

the impact on the electrical energy bill, Equation 20 was used.  

Initially, 28 cases (that represent 28 consumption profiles) which are shown in 

Table 69 were considered. The surplus reactive power of each case was calculated. 

The utility would receive such as surcharge due to low PF an amount equal to 

R$ 5.338,65. Following, the first analysis suggests changing PF to DPF. If the same 

limit was kept (0.92), the utility would receive such as surcharge R$ 913,12. This 

means a revenue reduction due to the surplus reactive power equal to 82.9%.  Figure 

51 shows the financial losses of utility, considering different DPF values. However, PF 
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limit was kept in 0.92. The objective is to check if is possible to find any equilibrium 

point related to the utility’s revenue. That is, if any DPF value could be financially equal 

to PF kept in 0.92. 

 

 

Figure 51 – Comparative between PF 0.92 and some DPF limits. 
 

Based on the results shown in Figure 51, it is possible to concluded that: 

 

1. No matter which DPF value is considered, the utility always will have its revenue 

reduced. If a unitary DPF was considered, the utility will receive 6.1% less, if it was 

compared with the current method (PF = 0.92). For DPF equal to 0.92, the same 

value to the current PF, the reduction in the utility’s revenue will be equal to 82.9%.  

2. It means that when DPF is considered, fewer consumer units will pay for surplus 

reactive power.  

3. It is clear that only change PF by DPF does not solve the problems caused by 

harmonic distortion in the electrical grids. However, it is important to highlight that 

the utilities will have to do investments, aiming to keep the power quality indexes 

and reactive power within the limits and, probably, the cost will be shared with all 

costumers. 

 

It is interesting to investigate what happens if the limits of PF and DPF are 

reduced or increased. This was done in this chapter and the results are shown in the 

following. As shown in Section 5.4.1, there are different limits and methods to 

surcharge the consumers. Some countries give a rebate also, aiming to stimulate the 

consumer to improve their power factor. 
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In order to investigate the financial impacts of change the limits of PF and DPF 

in the utility’s revenue, some analyses were done. The limits varying between 0.90 and 

1.00. The objective is to check what happens when other limits are considered and 

compare the effects of change PF by DPF at the same time. Figure 52 shows the 

results.  

 

 

Figure 52 – Comparative among several PF and DPF limits. 
 

Based on the results shown in Figure 52, it is possible to concluded that: 

 

1. Considering the same limit to both indexes (PF and DPF), besides change PF by 

DPF, the revenue’s reduction will be between 55.9% and 88.2%. 

2. The differences are higher and more significant if it was compared with the first case.  

3. The maximum reduction of revenue (considering the limit equal to 0.90) is very close 

in both cases (90% to the first case – Figure 51 and 88.2% to the second case – 

Figure 52). 

4. On the other hand, a significant difference occurs when the limit is equal to 1.00. In 

the first case (Figure 51), the reduction of revenue was equal to 6.1% and in the 

second case (Figure 52) this reduction was equal to 55.9%. 

5. Certainly, when the limit is upper, the utility will increase its revenue, since, in this 

case, more consumer units will pay for surplus reactive power, and vice versa.   

 

Figure 53 shows the differences in the utility’s revenue due to surplus reactive 

power, considering the change of PF by DPF. As expected, it is possible to conclude 

that from the utility’s viewpoint, DPF is not an advantage. On the other hand, from the 
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consumer’s viewpoint, DPF is always an interesting way because they will pay less 

surplus reactive power and, some of them, will not pay any surcharge. 

 

 

Figure 53 – Revenue’s reductions differences. 
 

Besides this analysis, the authors investigate the effects of changing the rate 

structures, based on some experiences shown in Section 5.4.1. The analyses consider 

the 28 cases shown in Table 69. Table 70 summarize the main results. 

 

Table 70 – Impacts of different PF and DPF limits in utility’s revenue. 

Percentage of each case (%) 
 PF DPF Difference 

Egypt (Pea < 0.70) 7.14 0.00 7.14 
Egypt (0.70 ≥ Pe < 0.90) 32.14 17.86 14.28 
Australiab (Pe < 0.75) 7.14 0.00 7.14 
Spain/Canada/India (Pe < 0.90) 39.28 17.86 21.42 
Brazil (Pe < 0.92) 42.86 25.00 17.86 
France (Pe < 0.928) 53.57 25.00 28.57 
Slovenia/Serbia/Lithuania (Pe < 0.95) 71.43 46.43 25.00 
Bonus right 1c (0.92 > PF < 0.95) 28.57 28.57 ---- 
Bonus right 2d (0.95 > PF ≤ 1.00) 28.57 53.57 25.00 

aPenalties, bMinimum limit set to low voltage, cEgyptian case, dSpanish case 

 

The results show that: 

 

1. A small portion (7.14%) of the scenarios has a PF lower than 0.75 or less. In this 

range, there are no cases if DPF was considered. 
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2. Considering the current Brazilian rate structure, almost 43% of cases do not meet 

the limit set. 

3. On the other hand, if the limit set was considered equal to 0.95, only 28.57% of 

cases will meet this limit considering PF and 53.57% considering DPF. That is, a 

significant number of cases will not meet the limits sets. 

4. Related to the bonus options, the incentive would be given to 28.57% in both cases, 

when PF is considered. Therefore, less than 1/3 of all cases. 

5. If DPF was considered, the Spanish case would have more consumer units 

receiving the bonus. 

 

5.6 Summary 

 

In this chapter, the effects of nonlinear loads on the electrical networks were 

investigated, in order to show under which conditions some of these loads can have 

impact on the electrical grids. For this, the study was developed considering several 

variables, such as different consumer unit locations, short-circuit levels, voltage levels, 

rated power of transformers, and cross-sections of cables. Moreover, typical electronic 

loads were considered, included time-varying loads, as well as different operational 

levels. Some scenarios were developed, considering different mixed loads. The TDD 

was calculated for different loading conditions and the results compared with limits set 

by IEEE Std. 519™ 2014. The harmonic power losses also were investigated. It is clear 

that although some loads have a small rated power, when they are connected at the 

same time to the electrical grids, and depending on the variables considered, they can 

exceed the limits set by IEEE Std. 519™ 2014.   

The results also show that the PCC location is a key factor to determine if the 

TDD will be or not meet the limits established by IEEE Std. 519™ 2014. It means that, 

considering the same rated power of transformer, cross-section of cable, and voltage, 

the same mixed loads can exceed these limits, depends on the distance from the 

secondary side of transformer. It has a direct relation with the short-circuit current. That 

is, the same consumer unit profile has different effects on the distribution grid. Another 

interesting finding is that increasing the voltage (for instance, 1.06 pu), considering the 

same conditions (rated power of transformer, cross-sections of cables and distances), 
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results in the calculated TDD to meet the limits set by IEEE Std. 519™ 2014 in more 

cases.  

Regarding the power losses, although the harmonic power losses can be 

considered small (2.48%), all consumers connected to the grids pay for the losses. It 

does not seem fair because it is important to give incentives to those consumers that 

buy high-quality loads and, therefore, do not contribute to the harmonic power losses, 

neither to the power quality issues.  

There is no consensus on what is the better way to charge the consumers under 

nonsinusoidal conditions. The results show that there are several opportunities, such 

as change the PF limit, as well as give a bonus/incentive to the consumers that keep 

their PF above the established limits. Moreover, the results show that DPF should not 

be used for billing purposes since it does not solve the problems caused by harmonic 

distortion on the electrical grids. From the utility’s viewpoint, DPF will be always 

reduced the utility’s revenues (6.1% at least), even if the DPF’s limit was changed to 

the unit.  

On the other hand, if a new limit set is established for PF, for instance 0.95 and 

based on the Brazilian case study, the utility’s revenue due to surplus reactive power 

will increase by 33%. If a bonus is given in these conditions, 28.57% of the cases 

considered could be receive a rebate of 4% in their electrical bills. That is, this idea 

seems to have merit. Therefore, it is clear that both sides can obtain advantages.  
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6.  A Modified Electrical Energy Billing Scheme Considering Nonsinusoidal 
Conditions  
 

This chapter is based on the paper: R. P. B. da Silva, R. Quadros, H. R. Shaker, L. C. 

P. da Silva, ‘A Modified Electrical Energy Billing Scheme Considering Nonsinusoidal 

Conditions’, submitted to the Energy Policy, 2021. 

 

6.1 Introduction 

 

The proliferation of nonlinear loads in the power distribution systems poses 

huge challenges to the power companies and regulators. According to [188], poor 

power quality is estimated to cost the European economy up to €150 billion annually 

and the USA sees losses ranging from $119 billion to $188 billion, when 80 percent of 

power quality disturbances are generated within a facility. 

Nonlinear loads are responsible to generate and inject harmonics in the power 

systems. However, in terms of electrical energy billing, it is necessary to know who is 

responsible for the harmonic injection to the grid. Several studies have been developed 

aiming to separate the customer and utility’s harmonic responsibilities. For instance, in 

[181], the authors present a model to calculate the rate of the penalty of customers in 

the presence of harmonic-polluted loads. 

A benchmark test system representing a typical medium-voltage/low-voltage 

network supplying industrial loads is proposed in [189], in order to evaluate methods 

of harmonic contribution determination. They highlight that the harmonic distortions at 

the point of common coupling (PCC) are caused by the interaction between the 

customer’s installations and background harmonic sources. Therefore, it is necessary 

to determine the contribution of a customer’s facility to harmonic distortions at the PCC 

using measured voltages and currents. 

 Besides the technical issues caused by harmonics, there is no consensus on 

what is the fair way to charge the consumers under nonsinusoidal conditions. The 

literature review shows different proposals. Some studies suggest the use of the 

fundamental signals for billing purposes [43, 132-134, 155]. On the other hand, others 

suggest the use of nonsinusoidal signals for billing purposes [156, 157]. It is also 

important to evaluate what is the better index to be considered. It includes power factor 

(PF), displacement power factor (DPF) or fundamental power factor (PF1), and 
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apparent power (S). 

The main objective of this chapter is to present a new and fair method to billing 

consumers under nonsinusoidal conditions. For this, some gaps were identified in the 

literature review and covered by this proposal. It is important to highlight that the 

proposal must be suitable to be implemented in several countries and must consider 

the harmonic contribution of consumers and utility.  

 

6.2 Electrical Energy Billing Strategies – Related Works 

 

An extensive literature review was done, in order to present the related works. 

Table 71 shows the related works concerning electrical energy billing proposals and 

Table 72 presents the main harmonic distortions effects on the distribution grids. 

 

Table 71 – Overview of the related works concerning electrical energy billing 

considering nonsinusoidal conditions. 

Paper index 
(Reference) Main contributions and comments 

[123] 

- If the voltage distortion limits of IEEE Standard 519 are respected, the 
harmonic power of the load is small and does not significantly affect the 
overall accuracy of the energy meters.  
- However, this observation, while true for the sites investigated, cannot 
be generalized for all loads.  
- In the future, new metering strategies such as hPF or nonfundamental 
apparent power could be implemented. 

[132] 

- All connected loads linear and nonlinear, are designed to consume 
60 Hz energy. 
- There are no regulations that would allow a utility to consider 
harmonic quantities as part of its billing strategy. 
- It is almost never a transmission problem. Transformers represent the 
major component of the system impedance. 
- The harmonic currents produced by one consumer will influence the 
metering waveform of another client. 

[133] 

- Over half a century of debate has not satisfactorily resolved the issue. 
- Even where voltage/current distortion levels are very high, the 
harmonic energy levels are lower than expected. 
- The fundamental energy and harmonic energy are two totally different 
quantities and should be treated as such. 
- Harmonic energy a quantity unsuitable for customer billing purposes. 

[134] 

- According to the author, nonfundamental power is considered by 
utilities and customers to be pollution. 
- No definition for harmonic reactive power is proposed for revenue 
metering. 
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- For revenue metering purposes, the fundamental power factor is more 
appropriate. 

[135] 

- A new index is proposed: hPF. 
- Some weighting factor possibilities are presented. However, the 
author highlight that the list of possible weighting is by no means 
exhaustive, and more work is required to achieve consensus on 
weighting factors. 

[136] 
 

- The hPF is also investigated by the author. 
- The author shows that the choice of factor is crucial for this method 
of accounting for harmonics.  
- SN could become a useful indicator of harmonic pollution and possibly 
be used as a “harmonic penalty charge”. 

[137] 

- The authors show the inconvenience to apply the method proposed 
in [135]. 
- They suggest a new proposal, which comes from the original 
equations of [135] and takes into account the impedance of the system. 
Their methods consider the apparent power to billing purposes. 
- The drawback related to the works above mentioned is that the 
authors do not discuss harmonic responsibility. 

[138] 

- Some countries in Europe apply penalties on reactive energy not only 
for heavy users but for households. 
- There is a high probability that households will also be involved in 
reactive energy-related costs coverage. 

[154] 
- The authors state that reactive power is rarely explicitly priced. 
- The system costs attached to reactive power are aggregated to other 
costs and covered by active power prices. 

[155] 

- The great deal is to discuss the significance of power factor (PF) in 
nonsinusoidal situations.  
- The matter is important because PF is sometimes a trigger for an 
increased electric bill, sometimes unexpectedly.  
- Reactive power is truly just a label, for a useful pattern that lends 
meaning to the result of a measurement. 
- The term power factor be used only in circumstances known to be 
well-represented by a sinusoid. 
- For nonlinear loads such as LED lamps or other devices, the authors 
propose the name power factor be avoided. 

[156] 

- The excessive THD and low PF are gaining relevance and it is likely 
that tariffs will soon be modified. 
- Measurements in the field showed the effect of natural compensation 
of harmonics between the appliances. 
- Resulting characteristic harmonics were in general odd, with 
significant values for 3rd, 5th, 7th, and 9th orders. 
- The THDv was in all cases lower than 4%. 

[157] 

- The harmonic injection responsibility of utility or consumer or both at 
the energy metering point is established.  
- Energy billing is proposed based on the evaluation of percentage 
harmonic injection responsibility. 
- The grid voltage distortion (%) is derived by subtracting the utility 
contribution from total measured THDv. 
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- The harmonic active power suggested by the proposed method takes 
harmonic responsibility into consideration. 

[173] 

- The authors suggest a new tariff for reactive energy for domestic 
consumers.  
- All the PF-based tariffs have some deficiencies. For this reason, they 
suggest a three-part tariff.  

[190]  

- The method can quantify customer and utility responsibilities for limit 
violations.  
- The method takes into account the use of reference (or contract) 
impedances and the conversion of impedance changes into equivalent 
current source changes. 
- The drawback is that the proposed method was developed under ideal 
conditions. 

[191] 

- A new index is presented (THC), to sum up, the dominant orders in 
determining the harmonic contribution. 
- Customers are encouraged to control their harmonic level with fair 
harmonic pricing, otherwise, the independent system operator can 
install harmonic filters at appropriate buses, using the fines received 
from the customers. 

[192] 

- These quantities define the main product generated, transmitted, 
distributed, and sold by the electric utilities.  
- The metering engineers had little or no interest in the subject since it 
was believed that the level of harmonics in the power system was not 
high enough to cause problems with revenue meters. 

[193] 

- The modern power metering devices contain formulas for calculating 
power, which do not take into account the influence of higher 
harmonics. 
- They conclude that when commercially accounting for electricity, it 
makes sense to abandon the concept of reactive power and use the 
concept of nonactive power. 

[194] 

- The authors present a new point of view about the active power 
measurement, for billing purposes. 
- Depending on the origin of it, the active power can result in higher or 
lower values.  
- The drawback is that the study does not take into account the situation 
in which both, utility and the consumer, are responsible for voltage 
distortions at the PCC. 

[195] - If the distortion is due to the supply voltage, the consumer should not 
be billed for that part of the energy.  

[196] 

- If Pt is used for energy bills then the unbalanced loads do not pay for 
the system pollution that they are causing. 
- If the supply condition complies with the Standards, then the 
consumers should pay for the extra losses.  

[197] 

- In the vast majority of metering situations where the voltage distortion 
is less than 5% the low amount of harmonic power muses insignificant 
measurement errors. 
- Many utilities reported that apparent power measurements will 
become more important in their billing strategies. 
- Nearly half of the responding utilities indicated that penalties for 
harmonics, for instance, maybe introduced. 
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Table 72 – Harmonic distortions and their effects on the distribution grids. 

Paper index 
(Reference) Main contributions and comments 

[51] 

- The THDi emission in low voltage (LV) grids is mainly determined by 
the large number of electronic devices, which use different circuit 
topologies with different harmonic emission characteristics. 
- The THDi measured at the LV busbar can provide qualitative 
information, such as dominating circuit topologies. 
- The level of cancellation depends on the mix of the different circuit 
topologies. 
- The harmonic emission in LV grids is nowadays almost exclusively 
determined by the consumer configuration. 

[71] 

- Harmonic currents generated by a nonlinear load can depend on the 
distortion parameters of the voltage supply. 
- The voltage angle dependency must be taken into account when 
computing the load current when the voltage source is harmonic 
polluted. 

[151] 

- According to IEEE standards 5% is the maximum allowable THDv for 
voltage levels up to 69 kV. 
- Longer the distance from the distribution transformer higher will be 
the harmonic distortion. 

[153] 

- The household electric grid PF has changed dramatically within the 
last 65 years.  
- Mean value of the power factor dropped to 0.79 in 2013 in Latvia.  
- There is an additional change of the PF character - from 
resistive/inductive to resistive/capacitive.  

[198] 
- The direction of harmonic active power generated by a nonlinear load 
is in opposition to the direction of the fundamental frequency active 
power that the load consumes.  

[199] 

-  Households’ electricity consumption is usually 1/3 of the country’s 
total consumption. A slight error in measurements means a great 
amount of energy. The total active power is considered in many energy 
meters. 

[200] 

- A simultaneous use of appliances with nonlinear and linear loads 
(mixed loads) makes it possible to attenuate the overall harmonic rate. 
The presence of linear loads significantly attenuates the harmonic 
disturbances. 

[201] 

- A small current may have a high THD but not be a problem to the 
system.  
- For this, the TDD is often used for harmonic currents as it provides 
more meaningful results. 
- Harmonic components greater than 25 are generally negligible. 
- The results show that odd-order harmonics are the most important 
contributors to the overall current distortion. 

[202] 

- The limitation of harmonic currents emitted by individual equipment 
and customer installations is essential in order to maintain harmonic 
voltages below compatibility or planning levels. 
- Harmonic currents injected into the network cause harmonic voltages 
at the network harmonic impedance.  
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- Network operators are responsible to maintain voltage harmonics 
within defined limits and consequently, they have to take care that the 
harmonic currents injected by customer equipment or installations are 
adequately limited. 
- For larger installations, particularly with significant harmonic sources, 
the network operators usually set specific harmonic current emission 
limits according to individual rules or guidelines. 
- The emission of different installations does not add arithmetically, due 
to the diversity in harmonic phase angles. 

 

In the literature review, the knowledge gaps, as well as some opportunities, are 

identified and, they are presented as follows: 

 

1. PF can be used only in circumstances known to be well-represented by a sinusoid. 

For nonlinear loads, the name power factor is avoided [155]. 

2. The harmonic active power suggested by the proposed method takes harmonic 

responsibility into consideration. Moreover, the energy billing proposal needs to 

consider the percentage of harmonic injection responsibility (customer and utility) 

[157]. 

3. Apparent power could become a useful indicator of harmonic pollution and possibly 

be used as a “harmonic penalty charge”  [136]. 

4. Many utilities reported that apparent power measurements will become more 

important in their billing strategies. Utilities indicated that penalties for harmonics, 

for instance, may be introduced [197]. 

5. Harmonic components greater than 25 are generally negligible [201]. 

6. It does not make sense to consider only the fundamental signals, since harmonic 

distortions have effects on the grids, as well as on the loads. For instance, in [203], 

the authors show that DPF should not be used for billing purposes since it does not 

solve the problems caused by harmonic distortion on the electrical grids. From the 

utility’s viewpoint, DPF always will reduce the revenues. 

 

Therefore, to the best of the authors’ knowledge, this chapter addressed these 

scientific gaps and the opportunities and proposes a modified electrical energy billing 

scheme – considering nonsinusoidal conditions.  

 

 



161 
 
 

 

6.3 A Modified Electrical Energy Billing Scheme 

 

The modified scheme covers the scientific gaps and the opportunities 

abovementioned.  It is important to highlight that the proposal can be applied for 

consumers connected to the medium and low voltage grids. At medium voltage (MV), 

it is necessary to use a meter on the feeder’s secondary side. At the low voltage (LV) 

systems, the meter needs to be installed on the distribution transformer’s secondary 

side. According to [204], distributed measurements’ strategies are more suitable for 

the distribution system operator (DSO). Besides, obviously, each consumer unit has 

its revenue meter. In this chapter, the authors consider the low voltage side of 

distribution grids. Figure 54 shows the simplified power distribution system model and 

the location of the energy meters. 

 

 

Figure 54 – Simplified power distribution system model. 
 

The modified scheme consists of, first of all, verifying the consumer unit total 

demand distortion (TDD) and compare to the critical limit established by IEEE Std. 519-

2014 [95]. That is, the TDD of consumer units must be lower than 5%, considering 

systems nominally rated 120 V through 69 kV. This analysis must be done at PCC. 

Since the critical limit is taken into account, it is possible to consider different situations, 

such as different short circuit currents and maximum demand load current, for instance. 

Therefore, if the consumer unit TDD is lower than the limit, the consumer unit will not 

pay any penalty due to harmonic power. However, if the consumer unit TDD is higher, 

it is necessary to determine the harmonic contribution of each side (consumer and 

utility). It is important to highlight that TDD is an interesting index to analyze harmonic 

distortion at the PCC. 

In order to determine the harmonic contribution, the Thevenin equivalent circuit 



162 
 
 

 

model, as well as the superposition method was considered. It is important to highlight 

that there are several methods and extensive literature related to this task, that is, how 

to share the harmonic injection responsibility. For instance, in [190] the authors show 

an interesting approach and suggest a new method. Nevertheless, the focus of this 

chapter is not related to methods for sharing the harmonic injection responsibility, 

although it is clear that the subject continues to be studied. The main objective of this 

chapter is to address electrical energy billing considering nonsinusoidal conditions. 

The harmonics injections responsibilities of each side (consumer and utility) are 

defined for the voltage, through the Superposition method. However, the results are 

shown for each harmonic order. It is interesting to obtain a global index, aiming to 

develop a new electrical energy billing method. This index shall consider the impacts 

of all harmonics orders (as many as needed) on the electrical system. For each current 

harmonic order (it was considered up to the 50° harmonic order), the respective weight 

was calculated related to the total current value (to consumer and utility). Then, these 

results were weighted for each voltage harmonic injection responsibility (in %), per 

harmonic order, both for the consumer and for the utility. Finally, the results of 

individual harmonic orders were sum up and was possible to find the global index. This 

global index will be used in order to calculate the harmonic penalty. 

The present method can consider all harmonic orders as needed. The authors 

even considered up to the 50° harmonic order. This is justified since international 

standards such as IEEE 519 and IEC TR 61000 consider at least 40° or 50° harmonic 

orders. 

 Related to the measurement window width, the method considers a 10-minute 

interval. This is according to the short-time harmonic measurements from [95]. The 

IEC TR 61000-4-30 standard [205] also considers the possibility to use the time interval 

of 10-minute values for harmonic measurements. It is also important to highlight some 

assumptions, which were considered for this method: 
 

A. Utilities are responsible for voltage distortion. On the other hand, consumers are 

responsible for current distortion. However, both kind of harmonic distortion 

works/interact at the same time. The real effects on the grids are due to both of them. 

In the literature review, some authors defend that if a consumer “removes” harmonic 

to the electrical system, it should be reimbursed for this. Nevertheless, in this chapter, 

the authors understand that consumers that pollute the grid must pay for it and the 
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utility must invest in filters and in other solutions, to deliver sinusoidal voltage at any 

point of the grid. This is in the same way as the power factor correction. There is no 

rebate. But that consumers that do not meet the limits established, need to pay an 

extra amount. The manufactures of loads must produce high-quality – from the power 

quality point-of-view – devices. This is certainly will be to contribute to reducing the 

harmonic distortion to the electrical system. 

B. Another important point is that power quality indexes, in general, are 

noncumulative. Energy is cumulative variable. Therefore, it is necessary to develop a 

method that considers the cumulative effects of power quality on the electrical grids. In 

this chapter, the authors take it into the account. 

C. Finally, it is necessary to highlight that in real electrical system operations, there 

are countless possibilities of operational conditions. In other words, the levels of 

harmonic responsibility combinations among consumers and utility are countless. For 

this reason, some statistical methods must be applied. The authors took this into 

account, aiming to consider different operational conditions for electrical grids. 

 

According to [40], the apparent power (VA) can be defined by 

 
2 2
1 NS = S  + S                                                                                                                  (33) 

 

 Therefore, it is necessary to calculate the fundamental apparent power (which 

considers only the fundamental signals of voltage and current), as well as the 

nonfundamental apparent power. These powers can be obtained respectively 

 

1 1 1S  = V I                                                                                                                       (34) 

 
2 2

N 1S  = S  - S                                                                                                                (35) 

 

 Following this, it is necessary to calculate how much each part (fundamental 

and nonfundamental) will be charged in the electrical energy bill. This can be 

determined as follows 
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( )
2
1

cost 2

S $Fund $  = S × %  × tariff
S kVAh

   
   

  
                                                                  (36) 

 

( )
2
N

cost 2

S $Harm $  = S × %  × HCF  tariff
S kVAh

   ×   
  

                                                       (37) 

 

 An index is proposed in (37). It is called Harmonic Contribution Factor – HCF. 

To calculate this index, are considered 4380 samples/day, which means a 10-minute 

interval. Due to the sample size, the statistical analysis shows that is possible to use a 

unique factor, aiming to represent the entire database. Hence, this unique factor is 

applied to the cumulative amount of the nonfundamental apparent power to the same 

time interval. Finally, the consumer will be charged through these results. It means that 

the consumer will pay only their harmonic contribution. 

 It is worth noting that the harmonic contribution change over time. The current 

method takes it into account and the statistical analysis proves that the sample 

considered is enough and fair for consumer and utility. 

The final electrical energy bill will result from the sum up of these two parts. 

Equation 38 presents the final cost. Section 6.4 shows some numerical examples. 

 

cost costElectrical energy bill ($) = Fund  + Harm                                                                (38) 

 

6.4 Simulation Case Study 

 

In order to evaluate the proposed scheme, a distribution network (13.8 kV 

primary / 220/127 V secondary, 60 Hz) has been considered. Figure 55 presents the 

power distribution system model as well as the measurement scheme. Simulation 

studies are performed by ATPDraw software. 
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Figure 55 – Measurement scheme at the power distribution system. 
 

Three consumers unit profiles are considered as follows: 

 

A. Consumer 1 (meter 2): is considered a consumer with a resistive-inductive 

profile, such as small industries or stores/commerce. 

B. Consumer 2 (meter 3): is considered a consumer with a nonlinear profile, which 

uses for instance a lot of nonlinear loads. 

C. Consumer 3 (meter 4): is considered a consumer with a resistive profile. The 

objective here is to show that even if the voltage does not purely sinusoidal this kind 

of consumer cannot pay for the distortion since it does not pollute the electrical grid. 

 

These three profiles aim to represent some of the most common cases present 

in low voltage electrical grids today. Of course, there is a multitude of profiles, load 

conditions and combinations among them. Besides, it is important to highlight that 

household consumers are responsible for a significant amount of electricity 

consumption worldwide. This means that a slight measurement error represents a 

significant amount of energy and therefore can be a problem for the utility or the 

consumer.  

It is also important to highlight that the present study takes into account a 

sinusoidal voltage. However, the method works with any voltage harmonic distortion 

level. In real distribution systems, the voltage does not purely sinusoidal, although in 

general the voltage distortion is not high and complies with the Standards, such as 

IEEE Std. 519-2014 (for low voltage grid the THDv limit is 8%).  

In [206], the authors show that voltage harmonic distortion is not a problem on 

the network due to the low levels recorded. Typical 95% cumulative probability values 
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across all sites are in the vicinity of 2% to 3%. Furthermore, for all sites analyzed by 

the authors, peak THDv levels typically occur at night and the highest levels of 

harmonic disturbance occur during periods of low load. In [207], the maximum THDv 

value founded was 3.4%. In some residential houses in Canada, the THDv at the 

metering point is between 4.3% and 4.5% [78]. 

In [208], the authors give typical voltage distortion levels in low voltage (LV) 

grids. Considering LV consumers, the harmonic levels showed to be well below the 

limits in EN 50160 and IEC 61000-2-2 for almost all locations and for all harmonics, 

except harmonics 9, 15, and 21. The dominating frequencies at most locations are 

harmonics 5 and 7. 

Finally, in [143] the authors evaluated and quantified the effects of different 

levels and harmonic profiles of THDv on the electrical quantities of the three electronic 

loads. They consider different THDv levels taking into account different harmonic 

profiles and different loads. From their results, it is clear that despite applying the same 

THDv level, the different harmonic profiles made the measured electrical quantities 

different. That is, for the same THDv level, some parameters remained numerically the 

same, some have improved and some have become worse. Therefore, the authors 

conclude that the effects of the combination of the variables such as different THDv 

levels with different harmonic profiles are not clear. 

   Therefore, it is clear that does not make sense to use a specific voltage 

harmonic level since there are several possibilities in a real electrical grid. Besides, 

according to [95], the recommended values for harmonic limits (voltage and current) 

are based on the fact that some level of voltage distortion is generally acceptable and 

both system owners or operators and users must work cooperatively to keep actual 

voltage distortion below objectionable levels. Table 73 shows the transformer 

data [209] and Table 74 the cables data [171]. 

Considering that the TDD of a specific consumer unit is higher than the limit 

established (5%) in the proposed scheme, the next step is to determine the harmonic 

contribution of each side (consumer and utility). It is important to highlight that there 

are uncountable possibilities of the harmonic contribution of each side. For this reason, 

a random Gaussian distribution was created and a numerical example is presented 

following. It is justified since there are a large number of possibilities and, hence, 

different numerical results. The main objective here is to validate the proposed 

scheme. The example considers the consumer harmonic contribution varying between 
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70% and 99%. Thus, it was considered 4380 samples, such as mentioned earlier. 

Figure 56 shows the relative frequency histogram for the example. 

 

Table 73 – Transformer data. 

Distribution Transformer MV/LV TR1 
Rated three phase power Sn = 75 kVA 
Rated frequency 60 Hz 
Winding L-L voltage primary/secondary 13.8 kV/0.22-0.127 kV 
Vector group (connection prim./secondary) Dyn1 
No load losses PFe = 260 W 
Copper losses PCu = 1000 W 
Impedance 3.5 % 
Saturation none 

 

Table 74 – Cables data. 

Type R (Ω/km) L (mH/km) 
3 x 35 mm² 1.2506 0.28061669 

3 x 120 mm² 0.3254 0.19058804 
 

 

Figure 56 – Relative frequency histogram. 
 

Nevertheless, it is necessary to obtain a unique index (HCF), which represents 

the entire universe of samples. The index HCF is able to represents the harmonic 

contribution over time. Thus, it was calculated the Expected value (also known as the 

mathematical expectation). In a population (Universe) of "N" individuals, for which one 

given characteristic "x" was evaluated, in values "xi", the Universe Average (μ) is 

defined by [210] 
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i
i=1

x
μ = 

N

∑
                                                                                                                    (39) 

 

If a sample of "n" individuals is extracted from this Universe, an estimate of the 

universe average (μ) is given by the Average (x�) of the sample, defined by [210] 

 
n

i
i=1

x
x = 

n

∑
                                                                                                                    (40) 

 

Table 75 presents the samples considered in the example and the main results.  

 

Table 75 – Simulation results – numerical example. 

 Sample 
Harmonic responsibility 

(%) 
Harmonic 

power 
(kVAh) 

Harmonic 
penalty (kVAh) Consumer Utility 

1 0.89 0.11 0.630 0.560 
2 0.86 0.14 0.295 0.254 
3 0.90 0.10 0.566 0.509 
4 0.85 0.15 0.381 0.324 
5 0.85 0.15 0.256 0.217 
. 
. 
. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 
4380 0.84 0.16 0.477 0.400 

�(kVAh) 2188.87 1850.88 

 

In this example, the cumulative harmonic power is equal to 2188.87 kVAh. It 

represents the harmonic power of the 4380 samples recorded 10-minute based. The 

analysis shows that there are two ways to calculate the harmonic penalty. The first one 

is to calculate for each sample. It means that is necessary to apply each HCF on the 

harmonic power and find the respective harmonic penalty. In the final, just sum up the 

individual results. This means that the harmonic penalty for this case will be equal to 

1850.88 kVAh. The second one is to calculate a unique HCF using (40) and, hence, 

apply this factor to the cumulative harmonic power. The results will be the same. 

The main difference is related to the computational effort necessary. If a unique 

index was considered, it does not necessary to calculate every 10 minutes the 
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harmonic penalty (kVAh). It is enough to record the cumulative harmonic power (kVAh) 

and record the HCF every 10 minutes. In the final period of billing (monthly or every 

three months, for instance), HCF is calculated by (40) and the unique index is applied 

to the calculated harmonic power recorded. The result means the total harmonic 

penalty (kVAh) that the consumer is responsible for. 

For this numerical example, the HCF calculated is equal to 0.8456. Considering 

the cumulative harmonic power is equal to 2188.87 kVAh and applying this HCF, the 

result is 1850.90 kVAh, which represents the total harmonic penalty. The value can be 

considered equal to calculated earlier (1850.88 kVAh). 

Therefore, in a practical case, the revenue meter will record the voltage and 

current, and do some mathematical treatments. Numerical examples are presented in 

Table 76, Table 77 and Table 78. These examples are based on the system showed 

in Figure 55. The cases represent the three consumer profiles mentioned in begin of 

this section. A random HCF is adopted. 

 

Table 76 – Numerical examples – basic quantities. 

Meter Vfund Ifund Vharm Iharm Vtotal Itotal HCF 
2 120.58 52.744 2.122 0.399 120.60 52.746 0.50 
3 120.45 78.590 2.354 9.560 120.47 79.170 0.50 
4 120.86 41.213 2.109 0.719 120.88 41.219 0.50 

 

Table 77 – Numerical examples – apparent power components. 

Meter Sfund Sharm Stotal 
2 6,359.87 126.77 6,361.13 
3 9,466.16 1,167.89 9,537.94 
4 4,981.01 124.76 4,982.57 

 

Table 78 – Numerical examples – billing quantities. 

Meter %fund %harm $total $fund $harm $/kVAh 
2 99.96 0.04 6,359.87 6,358.61 1.26 1.00 
3 98.51 1.50 9,466.44 9,394.93 71.51 1.00 
4 99.94 0.06 4,981.00 4,979.44 1.56 1.00 

 

 Therefore, applying the proposed electrical energy billing scheme, it is possible 

to calculate how much will be the electrical energy bill of each consumer unit. 

According to (38), the electricity bill has two parts: fundamental costs and harmonic 
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costs. Table 78 shows that fundamental cost is significantly higher than harmonic cost. 

However, it is important to highlight that there are large number of consumer units 

around the world. It means that the value, although small individually, is expressive for 

the electrical energy system. Furthermore, it is necessary to show consumers that they 

are paying an extra cost since they are polluting the system. On the other hand, if the 

consumer uses high-quality loads (from the power quality viewpoint), this cost will be 

very small and sometimes the consumer will not pay for harmonic penalty. 

 

6.5 Summary 

 

A modified electrical energy billing scheme is presented in this chapter. The 

propose covers some gaps related to how to calculate the electric energy billing on a 

nonsinusoidal system, such as it does not consider using PF or DPF; take into account 

the percentage of harmonic responsibility (consumer and utility); to consider the use of 

apparent power; and considers a significant quantity of harmonic orders (at least 50 

harmonic orders). Besides through the method is possible to find a unique index, called 

HCF (harmonic contribution factor) in order to calculate the consumer’s harmonic 

penalty (in kVAh). It simplifies data processing and reduces computational effort.  

It is also important to highlight that although the harmonic penalty represents a 

small part of the electrical energy bill, considering that there are millions of consumer 

units connected to the grids, the final amount is significant. Moreover, it is worth noting 

that consumers need to have awareness of their responsibility, from a power quality 

viewpoint. Utilities must use the extra revenue in order to install filters in the grids and 

deliver high-quality electrical energy at any point of the grid. 

Related to the possibility of the consumer receives a rebate due to removing 

harmonics from the grids, the authors understand that it does not make sense. This 

can be justified, for instance, in comparison with the power factor. Consumer units with 

a power factor above the established limits do not receive any incentive, any rebate. 

Therefore, it would be an obligation for consumers to keep their harmonic emissions 

within a limit, as is an obligation for utilities to deliver a good quality service. 
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7. Conclusion 
 
It is important to highlight that the conclusions of this thesis are based on the 

conclusions of the author’s published papers (Chapters 2 to 6). 

 

In this thesis, the effects of electronic loads on electrical energy measurement, 

power quality and billing have been investigated. The analysis showed that the loads 

which have nonlinear behavior interfere directly with the electrical energy 

measurement and, hence, on the electrical energy billing. Moreover, through different 

types of electronic switching, was showed that is possible to change the power factor 

characteristics (between inductive and capacitive) and, depending on the billing rules, 

it will result in different surplus charges. The Brazilian case was discussed. 

 For these reasons, additional studies were developed, aiming to analyze the 

behavior and influence of various electronically switched loads in power systems. The 

regulatory framework also was investigated, exploring the electrical quantities 

recorded by revenue meters considering nonsinusoidal conditions. Furthermore, it is 

important to highlight that the collective effects were analyzed, that is, the harmonic 

interaction effects among some loads connected at the same time to the electrical grid. 

The THD level depends on the harmonic interaction among the loads. Some harmonics 

will be added and some others will be subtracted. Consequently, it influences some 

power quality indexes. Therefore, the results depend on each case. Moreover, it is not 

possible to ensure that the increase of nonlinear loads will bring significant problems 

in electrical systems. Additionally, the results allow us to state that the electrical 

quantities recorded by the revenue meters are directly influenced by harmonic 

interaction. 

 In this way, the effects of different levels and harmonic profiles of THDv on the 

electrical quantities recorded by meters were evaluated and quantified. For this, an 

experimental setup, which combined three variables for the first time in an experiment 

was done. It was considered different THDv levels; among these levels, different 

harmonic profiles; and different loads. The results showed that, despite applying the 

same THDv level, the different harmonic profiles made the measured electrical 

quantities different.  

  Moreover, it is worth noting that the electrical quantities of each load have 

different behavior (when compared with the sinusoidal condition), depending on the 
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applied signal: they can remain numerically the same, or getting worse, or getting 

improve. This is a result of harmonic interaction among the signals. Therefore, it could 

be concluded that the effects of the combination of the variables considered had a 

direct impact on the electrical energy billing, besides the effects on the electrical 

network. Another interesting result was that voltage distortion, considering different 

levels and harmonic profiles, improved some parameters. For instance, for LED B, if 

we considered PF and DPF, which are used in some countries for reactive power 

billing, these parameters show a higher value than measured under sinusoidal 

conditions. However, these effects are diverse and further works are required to better 

analyze them. 

Furthermore, the effects of nonlinear loads on the electrical networks were 

investigated. For this, several variables, such as different consumer unit locations, 

short-circuit levels, voltage levels, rated power of transformers, and cross-sections of 

cables were considered. The study takes into account time-varying loads, as well as 

different operational levels. Scenarios were developed considering different mixed 

loads. The TDD was calculated for different loading conditions and the results were 

compared with limits set by IEEE Std. 519™ 2014. It is also clear that although some 

loads have a small rated power, since they are connected at the same time to the 

electrical grids, and depending on the variables considered, they can exceed the limits 

set by IEEE Std. 519™ 2014. The results also show that the PCC location is a key 

factor to determine if the TDD will be or not meet the limits established by IEEE 

Std. 519™ 2014. It has a direct relation with the short-circuit current. The same 

consumer unit profile has different effects on the distribution grid. 

Harmonic power losses were also investigated. Although these losses can be 

considered small (2.48%), all consumers connected to the grids pay for them. It does 

not seem fair because it is important to give incentives to those consumers that buy 

high-quality loads and, therefore, do not contribute to the harmonic power losses, 

neither to the power quality issues.  

  Finally, there is no consensus on what is the better way to charge the consumers 

under nonsinusoidal conditions. There are many proposals. This thesis suggests a 

modified electrical energy billing scheme. The proposal covers some gaps related to 

how to calculate the electric energy billing on a nonsinusoidal system. For instance, 

the method takes into account the harmonic sharing responsibility and does not 

consider the use of PF or DPF. A new index is proposed. It is called HCF (Harmonic 
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Contribution Factor) and represents a unique index that simplifies data processing and 

reduces computational effort.   
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Future Work 
 

The contributions highlighted in this thesis provides several paths for future 

works and in the following, there are presented some of them: 

 

• It is important to consider a probabilistic approach, mainly when the problems 

related to many time-varying loads are taken into account. Therefore, it is 

necessary to consider more loads, as well as simulate more scenarios. This will 

collaborate to understand the collective effects on the electrical energy 

measurement and billing systems. 

 

• To consider the attenuation and diversity factors effects, as well as investigate 

in real networks the harmonic’s levels and spectrum/profiles, aiming to develop 

probabilistic analysis considering larger electrical systems.  

 

• To implement the proposed billing scheme in a real microgrid pilot (controlled 

environment), in order to validate the proposal in the field and investigate 

practical difficulties related to harmonic responsibility sharing methods. 

 

• To explore more conditions to the electrical grids, investigating the voltage 

harmonic level and profile on several real grids, such as the abovementioned. 

Furthermore, calculating the TDD at several points/conditions and discussing 

other harmonic control strategies according to these results. Finally, the 

distributed measurements’ strategies can contribute to new studies in the 

distribution grids. 
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