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‘An experiment is a question which science poses to nature and a measurement is the recording 

of nature’s answer’ 

- Max Planck 
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ABSTRACT 

The progressive advancement in new technologies has introduced new types of equipment into 

the grid. Some of these devices, which have gained significant popularity in the last few 

decades are photovoltaic (PV) systems and wind power systems from the generation side, and 

energy-efficient lighting i.e. LED lamps and energy-efficient transportation via electric 

vehicles from the consumption side. All these equipment essentially consist of different kinds 

of power electronic converters with their associated control systems. There is always feasibility 

of mutual interactions between these non-linear power electronic devices with the grid as well 

as with other grid-connected equipment placed electrically close to each other, where the 

control loops can face new system dynamics. Adverse interactions can cause interferences and 

in the worst case lead to instability issues. A mapping of the potential interactions, in the form 

of emission is needed to understand interferences at the device level and system level. The 

overall aim of this work is to enhance the existing knowledge about the power quality aspects 

of the different power electronic devices that are being increasingly connected to the grid 

especially in low voltage networks. The conclusions derived from this study can be extended 

to a broader scale where there is the feasibility of multiple power electronic-based devices 

operating together at medium and high voltage levels. 

The main contributions of the work are classified into three main parts:  

In the first part, an in-depth study of interharmonics in PV systems is carried out. Different sets 

of field measurements and measurements from controlled but realistic laboratory environments 

are investigated for interharmonic existence, persistence, and propagation. To ensure the 

genuinity of the observed interharmonics and to address the different challenges associated 

with their estimation, combinations of methods are applied and results compared. The possible 

reasons for their origin are systematically established through a comprehensive study. The 

potential system impacts which it could create in the grid and to other grid-connected 

equipment are investigated. The possibility for aggregation of interharmonics when multiple 

sources are connected to the same point of common coupling is explored via a probabilistic 

modelling approach and verified with real time measurements. 

In the second part, initially harmonic interactions in wind parks, and further harmonic 

interactions between PV and LED lamps, are discussed. The time-varying harmonic interaction 

phenomenon is studied in detail with the help of a mathematical model as well as with the help 

of analysis of field measurements at multiple locations of a wind park. The outcome of this 

study contributes to the yet challenging problem of harmonic source identification and 

harmonic contribution estimation in twofold: a) A method is developed from long-term field 

measurements with which one could potentially identify which source of emission dominates 

at a particular instant in the analysis period, and b) Limitations of an extended classical 

mathematical model are identified, and inferences from field measurements are linked to the 

possibility to further improve the mathematical model. Further, some specific cases of 

harmonic interactions between PV and LED lamps are illustrated. These examples could be a 

guidance for power electronic designers to increase individual device immunity subjected to 

harmonic interferences. 

Additionally in the same part, the impact of PV and EV induced voltage variations on different 

topologies of LED lamps are investigated. The considered voltage variations are distinguished 

as overvoltage, undervoltage, rapid voltage changes and voltage steps. Due to voltage 
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variations, LED lamps are impacted in various ways. LED lamps are either potential victims 

of these voltage variations or they cause LED lamps to act as sources of increased grid 

distortions. As potential victims, the studied LED lamps have shown changes in the light 

output, instability issues and degradation in the driver efficiency. As potential sources of grid 

distortion, LED lamps have exhibited increased interharmonic emissions. The difference in 

impact has been linked to the topology of the lamps. 

In the third part, the application of a deep leaning based unsupervised machine learning method 

to extract spectral patterns of waveform distortion in big data for enhancing power quality 

knowledge is illustrated. Specifically, the signal processing of interharmonics with precise 

frequency and amplitude estimation needs the processing of data of large volume for a higher 

resolution. The analysis of interharmonics and harmonics in long-term measurements evidence 

the need for automatic tools to assist the experts. In this work, the application of a deep learning 

method for the identification of spectral patterns of time-varying waveform distortion in 

photovoltaic installations is illustrated. The power quality big data with information on 

harmonic and/or interharmonics in photovoltaic installations is processed by a deep 

autoencoder followed by feature clustering. Measurements of voltage and current from four 

distinct PV installations are used to illustrate the method. The proposed method accelerates the 

process of manual interpretation and is a starting point to determine how to proceed further 

with the data analysis. 
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1 INTRODUCTION 

1.1 BACKGROUND  
Increased human activities and progressive use of coal, oil, and gas through the years have 

resulted in a tremendous increase in carbon dioxide (CO2) and greenhouse gas emissions 

causing visible climate changes. While technological developments have contributed to climate 

changes, the same technology can be effectively used to tackle the climate crisis and thus reduce 

net emissions. Scalable technologies and nature-based solutions are a way forward for 

protecting the planet. With this aim, in 2015 [1], the United Nations (UN) has formulated 

seventeen sustainable development goals for a clean and more resilient world. 

The work carried out in this thesis contributes to the UN sustainable development goal 7 to 

ensure affordable and clean energy for a sustainable future with an increased share of non-

polluting renewable resources. Goal 7 [2] aims ‘to ensure universal access to affordable, 

reliable and modern energy services, to increase substantially the share of renewable energy in 

the global energy mix, and to double the global rate of improvement in energy efficiency by 

2030’. The research done in this thesis focuses on the power quality aspects of integration of 

sustainable energy sources like photovoltaic (PV) systems and wind parks as well as sustainable 

energy loads like LED lamps and electric vehicles (EV). 

Power quality data analytics [3] is a discipline that specialises in the art of extracting 

information from collected waveforms of power system data and applying the findings to a 

wide range of applications like power quality, network enhancement, protection, and condition 

monitoring of equipment, etc. The incorporation of dynamic and distributed energy sources like 

PV and wind, and energy-efficient loads like EV and LED lamps in the electricity network has 

resulted in increased time-varying waveform distortions causing power quality deterioration. 

Collecting and extracting power quality information precisely from time-varying waveforms 

poses several signal processing challenges. The aim of power quality enhancement is to achieve 

a high probability of electromagnetic compatibility, which is equivalent to a low probability of 

interference to the equipment connected to the grid [4]. Conventionally, the power quality 

domain was limited to investigations about the causes of power system events like faults, 

equipment failure, or outages in power systems after their occurrences. With the advancement 

of high volume data processing technologies, it finds applications for condition monitoring and 

preventive maintenance with continuous measurements. A medical analogy is a continuous 

watch out for high blood pressure and preventive care to reduce the risk of a heart attack instead 

of acquiring treatment after a heart attack.  

PV systems have been at the forefront of research for decades with a motive towards 

sustainable energy solutions to society. The fast growth trajectories of various PV technologies 

started from the year 1970 and a breakthrough occurred from 2005 onwards [5]. With the active 

power electronic-based PV systems finding their way into the electricity networks, new power 

quality issues are introduced in the grid compared to the conventional energy sources. Several 

research articles have qualitatively and quantitatively addressed these grid-related power 

quality issues, some with possible mitigation strategies, a few listed in [6], [7], [8], [9]. A 

categorization of the power quality aspects of PV systems is done in [10] as harmonics, 

interharmonics, supraharmonics, slow and fast voltage variations, rapid voltage changes and 

voltage unbalance, some of which are recalled in the thesis. 



Time-Varying Waveform Distortion in Low voltage network 

4 

 

Wind power systems, both onshore and offshore have increased almost by a factor of 75 in 

capacity since the late 1990s [11]. A wind park consists of several wind turbines, grouped 

together as a single wind power plant. The power quality aspects of wind parks have been 

progressively studied through the years, a few enlisted in [12], [13], [14], [15], [16] with the 

aim to enhance power system stability and satisfaction of customers connected to the same grid. 

Some of the power quality concerns in wind parks reported are harmonic interactions, 

interferences, and instabilities, harmonic aggregations and amplifications, interharmonic 

aggregations, sub-synchronous interactions, etc., of which few are discussed in this thesis.  

LED lamps have now become the prominent lighting source with the complete phasing out of 

incandescent lamps since they use only one-fifth of the electricity compared to incandescent 

lamps [17]. Stricter requirements on the lighting equipment w.r.t lumen per watt have led to the 

introduction of new lamp types with a power electronic interface [18], [19]. LED lamps are 

potential sources of waveform distortion in the grid as well as potential victims of grid 

background distortions.  

EVs have shown exponential growth globally in the past few years [20], [21]. The potential 

impact of EV charging on the electricity grid due to such exponential growth is not known fully 

and more research is needed to get a holistic view of the potential impacts. The work done as 

part of this thesis covers some examples of potential power quality degradation due to multiple 

EVs charging on the grid. 

This thesis is directed to the following aims in general, a) enhance existing power quality 

knowledge, b) better understand some of the possible interactions that can happen between 

multiple power electronic-based systems and grid, between multiple power electronic-based 

equipment, once connected electrically close to each other and c) application of a machine 

learning algorithm for accelerated power quality big data processing. After a mapping of the 

interactions, there was a need to combine the application of machine learning with the acquired 

power quality knowledge for big data applications enabling automation and digitalization. The 

work in this thesis is limited to the following power quality phenomena: interharmonics, 

harmonics, and voltage variations. The term time-varying term used in this thesis denotes time 

scales of variations in milliseconds - interharmonic generation mechanism in PV (Chapter 2, 

paper D), and voltage steps in PV and EV systems (Chapter 3, paper G); seconds/minutes - 

interharmonic generation mechanism in PV inverters (Chapter 2, paper C), rapid voltage 

changes in PV and EV systems (Chapter 3, paper G), supraharmonics (Chapter 3, paper G), and 

light variations in LED lamps (Chapter 3, paper G); hourly and daily - harmonics and 

interharmonics in wind parks (Chapter 3, paper F), and harmonics and interharmonics in PV 

systems (Chapter 4, paper H); and daily, weekly, yearly and seasonal variations - current and 

voltage harmonic and interharmonic variations in big data in PV installations (Chapter 4, paper 

H). 

Few real-life cases of interactions and consequences are recalled here. A real-life case of a solar 

park with multiple PV inverters becoming unstable, leading to partial shutdown and inverter 

restart due to harmonics, supraharmonics, and interharmonics is reported in [22]. Multiple 

inverter control system interactions within and with external grid conditions were identified as 

the reason.  A case of power system oscillation phenomenon with low interharmonic 

frequencies was observed in the transmission system of Southern China Grid [23] where the 

hydropower transmission is carried out through HVDC links, series compensated lines, and 
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STATCOMS. Another real-life case of alarm clocks running faster than normal due to 

interharmonic emissions exciting system resonances are reported in [24]. A case of a large 

number of trains stopped due to automatic shutdown of protective system due to high level of 

harmonics due to converter interactions is reported in [25]. Another incident where the filters 

were burnt in an offshore wind park due to converter interaction is shown in [26]. A real-life 

case of LED lamp flickering due to high frequency interharmonic and harmonic distortions is 

reported in [27]. Several psychological and biological effects of light flicker in human beings 

and other species causing ecological effects are reported in [28]. These cited examples indicate 

the significance of the investigation of the power quality phenomenon in the grid and grid-

connected systems. 

1.2 MOTIVATION 
 The identified potential gaps which led to the onset of this research are classified as follows: 

1) PV systems were known as a source of interharmonics, which can cause e.g. flickering in 

LED lamps [29], [30]. Maximum power point tracking (MPPT) is commonly cited as the 

reason for these interharmonics [31], [32], [33]. Moreover, there were no comprehensive 

studies, systematically establishing the reasons behind the origin, persistence, and 

propagation of interharmonics in PV inverters with different control strategies. Very little 

was also known about the challenges associated with interharmonics in PV systems which 

could lead to estimation difficulties. A potential gap identified after reviewing the existing 

research related to PV interharmonics using FFT-based analysis methods is that the time-

varying nature of interharmonics was not satisfactorily investigated.  

2) One open issue for establishing interharmonic limits as well as for interharmonic immunity 

testing of grid-connected equipment like LED lamps and EVs, is that limited information is 

available about the interharmonic emissions in the grid and their potential aggregation 

effects [34]. This finds significance where there are multiples interharmonic sources in 

parallel operation at the point of common coupling for example in PV and wind parks as 

well as in large parking lots with multiple EVs charging. 

3) Harmonic contribution estimation as well as harmonic source identification still remains a 

challenging problem even though many previous works have tried to address this issue [35], 

[36], [37], [38]. There was the need for more realistic studies especially in distributed energy 

sources like wind and PV where steady-state operation is occasionally met due to the 

intermittency in power generation compared to customer load characteristics. 

4) PV systems and EVs are known sources of voltage variations in the grid [39], [40] but very 

less distinction has been made between the types of voltage variations, which created 

varying impacts. The potential impacts it could create on LED lamps or other devices 

connected electrically close to each other were not fully known. 

5) Even with the possibility of automatic feature extraction, the existing applications of deep 

learning in the literature [41], [42], [43] are still the same as the earliest supervised tools 

with pre-labelled data [44], [41], [45] such as classification, recognition of events and 

underlying causes. The need for fast processing of power quality big data that can assist 

manual processing for smart metering, condition monitoring, etc. is a requirement in the 

current era of digitalization and automation.  
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1.3 SCOPE 
This work is directed towards further development of existing knowledge on power quality 

aspects of existing technologies of sustainable energy sources like PV systems and wind parks, 

and energy-efficient loads like LED lamps and EVs introduced into the grid. The work 

contributes to this field in five different ways. 

1) Increases the overall knowledge about interharmonics generated in PV systems. Establishes 

the need for further development of advanced methods for accurate interharmonic analysis 

in PV systems, for bringing stringent limits to interharmonics in grid current. Through the 

analysis results, it is found that the relationship between the caused interharmonics and 

inverter control strategies shall be paid attention to.  

2) A step forward to the classical harmonic source identification problem with approximate 

estimation of primary (emission from the considered source) and secondary emission 

(emission from a distant source) levels. A method based on field measurements that can 

identify the dominant harmonic source at a particular instant within the analysis period.  

3) Systematically characterize the impacts created by different types of realistic voltage 

variations created by PV systems and EVs on its neighbouring devices with example of LED 

lamps. 

4) A novel deep learning method for finding the hidden patterns of waveform distortions in big 

data, guiding the manual post-processing based on the patterns found by the deep learning 

method and thus accelerating the process from the optimal information obtained about the 

emission in installations. 

5) Inferences derived from this work can be the base for further research or used as a roadmap 

to where one might need mitigation efforts. It will help engineers to improve their design 

for increased performance and make the equipment immune or less susceptible to such 

power quality disturbances. 

1.4 APPROACH 

Two types of studies are part of this work: Theoretical and practical. 

 

Figure 1-1 Scientific approach to thesis 

In the theoretical part in Figure 1-1, first, an extensive literature review on the focused power 

quality aspects of PV systems, wind power systems, LED lamps and EVs were carried out. This 

Theoretical – literature review, 

method development using 

deterministic or probabilistic 

approaches

Practical – controlled laboratory 

experiments or  performed field 

measurements

Conclusions

Approach
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was followed by reviewing different signal processing methods for the analysis of steady and 

time-varying waveform distortion. In MATLAB, different algorithms were implemented and 

used for signal processing like Discrete Fourier Transform (DFT), Short-time Fourier 

Transform (STFT), Modified Sliding window ESPRIT method (SWESPRIT) [46], Modified 

Desynchronized processing (DP) technique [47], high accuracy frequency interpolation 

technique [48], and a novel unsupervised Deep learning method to illustrate the application in 

big data, etc. The graphical tools used for representation were spectra, spectrogram, polar plot, 

complex plot, etc. The mathematical models were developed using both deterministic and 

probabilistic approaches. A transfer function based method was used for harmonic studies in 

the wind park described in Chapter 3 (discussed in paper K and not in thesis). Measurements 

performed and data analysis were based on international standards e.g. IEC 61000-4-7 [49], 

IEEE 519 [50]. Note that other relevant standards are mentioned in the respective sections in 

the paper as well as in the report. 

In the practical part Figure 1-1, both measurements from controlled laboratory experiments 

mimicking real-life scenarios and field measurements were carried out. In general, the steps 

involved and the workflow are as represented in Figure 1-1. The theoretical part has 

complemented the practical part and vice-versa in all the analyses and therefore in the drawn 

conclusions. The measurement accuracy corresponding to controlled laboratory experiments 

and field measurements at different locations is described in Appendix A. 

1.5 CONTRIBUTIONS 
The main contributions of this work are classified into six parts: 

1) Signal processing aspects for interharmonic analysis: A listing of the characteristics of 

interharmonics generated in PV systems. Linking the features of the reviewed interharmonic 

analysis and estimation methods to the applicability in addressing the reported challenges of 

interharmonics in PV systems. Preparation of a checklist to emphasize the areas to be paid 

attention to for establishing an appropriate method or improvements to existing methods for 

the analysis of interharmonics in PV systems (paper A). Implementation and a comparative 

analysis of a parametric and non-parametric method for interharmonic analysis under 

different situations. Different inferences can be drawn about the extent of the feasibility of 

these methods due to varying characteristics of interharmonics in PV systems. The accuracy 

of the results strongly depends on how accurately the method parameters are tuned and on 

the intended application. It is strongly recommended to apply at least a parametric and a 

non-parametric method in order to ensure the genuineness of the observed interharmonics, 

as not the result of signal processing (paper B). 

2) Reasons behind time-varying interharmonics in PV systems: The reasons behind the 

origin, persistence, and propagation of time-varying interharmonics in different types of PV 

inverters were systematically established through a comprehensive study. As a result, 

suitable mitigation strategies can be implemented in future inverter control strategies. The 

results from a controlled laboratory environment and field measurements give a wider scope 

to the analysis. The potential impacts on customer voltage, with two different impedance 

profiles, caused by the installation of PV showing how an inverter operation will affect the 

grid differently depending on the loads that are connected are also presented (paper C, D). 

3) Interharmonic aggregation from multiple sources: The time-domain aggregation of 

interharmonics from multiple sources in parallel operation at the point of common 

connection (PCC) is studied using a probabilistic model. A differentiation between the 
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random and constant number of interharmonic frequencies aggregating at the PCC is 

established, via derived probability distribution functions like Gumbel distribution and 

normal distribution respectively using Monte Carlo simulations. Approximate mathematical 

expressions to predict the 95-percentile value of time-domain aggregated interharmonics 

with the highest probability of occurrence in both cases are formulated. The model and 

mathematical expressions are verified with real data in a PV installation and a wind park 

(paper E). 

4) Harmonic interactions: Time-varying harmonic interaction mechanism in a wind park is 

explored in-depth. A deterministic model is developed to prove that even with measurements 

at multiple locations in a wind park, the yet challenging harmonic source identification 

problem cannot be solved unless known the dynamic turbine impedances. From the analysis 

of field measurements, a method is developed where a ‘harmonic interaction break-even 

point’ is identified, with the help of which one could specify a level of power production 

below or above which the contribution from a source dominates. It is also possible to 

approximately estimate the levels of primary emission (emission from the considered 

source) and secondary emissions (emission from a distant source) at the turbine terminal as 

well as at the aggregation point of the wind park (paper F). Harmonic interactions between 

PV inverters and LED lamps are also studied as part of the thesis and some examples are 

illustrated using polar plots in Chapter 3 (paper I, J).  

5) Impact of voltage variations: A systematic characterization of the impact of voltage 

variations caused by PV systems and EVs on LED lamps is carried out. LEDs are either 

potential victims of such voltage variations or they become sources of increased waveform 

distortions. A test profile with rapid voltage changes inclusive of voltage steps, 

undervoltage, and overvoltage is applied to different types of LED lamps. The varying 

impact of exposure to such disturbances on LED lamps is discussed and demonstrated 

through experimental results (paper G). 

6) Waveform distortion pattern extraction using deep learning approach: An application 

of a novel deep learning approach followed by manual post-processing in the extraction of 

waveform distortion patterns of harmonics and interharmonics in current and voltage 

variations in big data is illustrated. The presented results show daily, weekly, yearly and 

seasonal variations of waveform distortion as well as the differences in the harmonic 

spectrum i.e. frequency and amplitude found between the three phases (single-phase PV 

connected phase and the other two phases) in different types of PV installations at multiple 

locations. The deep learning approach followed by manual post-processing helps in the 

identification of the dominant changes in harmonic and interharmonic components. The 

developed approach finds application in smart metering where a graphical tool can aid in 

fast manual processing of big data (paper H).  

1.6 SOCIETAL ASPECTS OF THE WORK 
This thesis contributes to the enhancement of power quality knowledge in energy-efficient, 

clean, affordable, and sustainable energy sources and loads like PV, wind, EVs, and LED lamps 

for the vision towards a greener planet. The greatest challenges associated with the integration 

of renewables are a) the voltage and frequency fluctuations due to the intermittency in power 

generation owing to changing weather conditions, and b) the waveform distortions degrading 

power quality introduced by the power electronic devices used for power conversion and 

control. Poor power quality can impair the vision of sustainable development of the society 

leading to service discontinuity, increasing the risk of customer equipment failure, overheating 
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issues, pre-mature aging, loss of data, etc., and increasing maintenance cost. All these problems 

affect the affluent and low-income population of the society differently causing social 

inequalities. The work thus emphasises the importance of power quality through continuous 

monitoring and analysis of measurements, to ensure optimum energy generation and 

consumption. Power quality monitoring helps in adopting appropriate corrective measures and 

mitigation strategies and allows energy engineers to improve and optimize the energy 

efficiency of the installation over time. Steps initiated to ensure adequate power quality saves 

money and energy in the long run. For critical applications like hospitals, defence systems, 

data-centers, etc. good power quality is an absolute requirement to benefit society. In a 

summary, power quality monitoring helps in the development of a more resilient power grid 

with information on how to initiate preventive measures, corrective measures, and restorative 

measures [51]. The work also recommends the installation of smart meters that will accelerate 

power quality data analysis which helps in handling the dilemmas associated with renewable 

integration and also provide services to the society like security to energy, equal access to 

energy, promote technologies to ensure transparency in energy transactions, etc. However, the 

ethical aspects associated with smart grids like privacy issues, cyber-attacks, health, and safety 

are still questionable. 

Some of the reported environmental impacts associated with sustainable energy resource 

deployment are deforestation, land degradation and loss of cultivation, loss of habitat to 

indigenous animals and birds, noise pollution, electromagnetic interferences, changes in 

microclimate around wind parks and solar farms [51], life-cycle global warming emissions that 

include manufacturing, transportation of materials, installation, maintenance, 

decommissioning, dismantlement, recycling, etc. and human exploitation associated with the 

mining of raw materials and manufacturing of these energy technologies in some countries 

[52], [53], [54], [55]. Therefore, a power engineer has to wisely ensure that their role in the 

clean energy revolution is fair, weighing the different parameters for truly sustainable 

development of society.  

1.7 THESIS OUTLINE  

 

Figure 1-2 represents the organisation of the thesis 

This thesis is divided into three parts as shown in Figure 1-2 

Interharmonics

Harmonic interactions and Voltage variations

Application of Deep learning method to extract 

Waveform distortion patterns 

Time-Varying Waveform Distortion in Low Voltage Network

Part I

Part II

Part III
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1.7.1 Part I- Interharmonics 

This section discusses the a) characteristics of interharmonics in PV systems, b) signal 

processing aspects and challenges associated with an accurate estimation of interharmonics in 

PV systems, c) an overview of the different reasons for interharmonics in different types of PV 

inverters, and d) aggregation of interharmonics from multiple sources in time-domain. This part 

is covered in papers A to E. 

1.7.2 Part II- Harmonic interactions and Voltage variations 

This section first discusses the a) time-varying harmonic interactions in a wind park, between 

PV and LED lamps, and latter discusses the b) impact of PV and EV induced voltage variations 

on LED lamps. This part is covered in papers F to G. Some of the examples illustrated in this 

chapter are from papers I to J. 

1.7.3 Part III- Application of Deep learning approach. 

This section discusses the application of a Deep learning approach followed by manual post-

processing in order to extract waveform distortion patterns in big data. This part is covered in 

paper H. 

Chapter 2 provides a critical review of the interharmonic analysis and estimation methods with 

directions for the development of advanced methods, an overview of the characteristics of 

interharmonics in PV systems, and the challenges in their detection. Further, Chapter 2 

describes the reasons for the origin, persistence, propagation of interharmonics in different 

types of PV inverters, and the potential system impacts. Chapter 2 concludes with the 

discussion on the aggregation of interharmonics from multiple sources. Chapter 3 initially 

discusses the time-varying harmonic interactions in wind power systems with inferences 

derived from field measurements as well as examples of harmonic interactions between PV 

inverters and LED lamps. Chapter 3 later discusses the potential impacts of voltage variations 

caused by PVs and EVs on LED lamps. Chapter 4 presents the application of a deep learning 

approach for seeking spectral patterns of waveform distortion in big data. Finally, Chapter 5, 6 

provide a summary of findings, recommendations, and limitations. 

1.8 PUBLICATIONS ORIGINATED FROM THIS WORK 
 

Paper A: V. Ravindran, S. K. Rönnberg, and M. H. J. Bollen, “Interharmonics in PV systems: 
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IET Renewable power generation, vol. 13, issue 12, pp. 2023-2032, Sept. 2019. 

Paper B: V. Ravindran, S. K. Rönnberg, T. Busatto, and M. H. J. Bollen, “Comparison of a 

parametric and a non-parametric method of interharmonic estimation in PV systems”, IEEE 

PES Power tech conference, Milan, Italy, pp. 1-6, 2019. 

Paper C: V. Ravindran, S. K. Rönnberg, T. Busatto and M. H. J. Bollen, “Inspection of 

interharmonic emissions from a grid-tied PV inverter in North Sweden”, 18th International 

Conference on Harmonics and Quality of Power (ICHQP), Ljubljana, pp. 1-6, 2018. 

Paper D: V. Ravindran, T. Busatto, S. K. Rönnberg, J. Meyer and M. H. J. Bollen, “Time-

Varying Interharmonics in Different Types of Grid-Tied PV Inverter Systems”, in IEEE 

Transactions on Power Delivery, vol. 35, no. 2, pp. 483-496, April 2020. 
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aggregation of interharmonics from the parallel operation of multiple sources”, submitted to 

IEEE Transactions on Power Delivery, pp. 1-8, 2021. 
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the impact of PV and EV induced voltage variations on LED lamps in a low voltage 

installation”, Electric power systems research, vol. 185, p. 106352, Aug. 2020. 

Paper H: R. Alves de Oliveira, V. Ravindran, S. Rönnberg, M. Bollen, “Deep Learning 

Method with Manual Post-processing for Identification of Spectral Patterns of Waveform 

Distortion in PV Installation”, submitted to IEEE Transactions on smart grids, pp. 1-10, 2021. 

Vineetha Ravindran is the principal author of papers A to G and has conducted the measurement 
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2 INTERHARMONICS IN LOW VOLTAGE NETWORK 

This chapter consists of three main parts. In the first part, interharmonics are explained in 

general and different examples for interharmonics in low voltage network are illustrated. This 

is followed by the signal processing aspects of interharmonics and challenges associated with 

their accurate estimation and analysis, specifically concerning PV systems. In the second part, 

an overview of the possible reasons for the existence of interharmonics in PV systems is 

presented, starting with explanations for selected examples of interharmonics in the field 

measurements and measurements from a controlled laboratory. In the third part, a probabilistic 

approach and its outcome to understand the aggregation of interharmonics from multiple 

sources at the PCC under the considered different scenarios is discussed. This chapter is a 

compilation of the work done in papers A, B, C, D and E.  

Interharmonics are components in voltage and current that are periodic with a frequency other 

than the fundamental (power-system) frequency. In other words, they are non-integer multiples 

of the fundamental frequency that appear either as discrete components or as narrowband 

emissions [56]. The interconnection of asynchronous systems can result in interharmonics, for 

example in electric drive systems, HVDC systems, PV and wind power systems, etc. Other 

sources of interharmonics are devices with intermittent switching operations, arc furnaces, 

power line communications, pulsating loads, etc.[57], [58]. Some of the foreseen and reported 

potential impacts of interharmonics [34] so far are: 

 Transformer saturation,  

 Aging and thermal effects,  

 Sub-synchronous oscillations in the grid,  

 Abnormal frequencies over a wide range because of intermodulation of harmonic and 

interharmonic components,  

 PLL based PV inverter control systems, data acquisition, and measurement instruments 

becoming unstable,  

 Excitation of resonant frequencies,  

 Unintended tripping of protection circuits, the unintentional firing of thyristor circuits,  

 Fluctuations in the peak voltage and light flicker,  

 Interferences with harmonic compensation and harmonic filtering mechanisms etc. 

 Interferences with ripple control frequencies. 

Therefore, it is significant to investigate their presence in grid voltage and current. International 

standards are fixing limits for interharmonics lower than those for harmonics, giving high 

importance to interharmonic monitoring. IEC has recommended considering interharmonics as 

one of the assessment criteria in the ‘grid code compliance assessment for grid connection of 

wind and PV power plants’ [59]. Discussions to have interharmonic limits at the customer end 

and to include interharmonic voltage limits as an appendix in IEEE 519 are also ongoing [34]. 

A clear picture of the impacts and interferences which can be created by interharmonics from 

distributed generation, as well as the equipment immunity to interharmonics, is still lacking. A 

clear picture of the impacts and interferences is possible only if we can estimate interharmonics 

accurately. The current state of the art evinces that there are multiple challenges associated with 

the interharmonic analysis which are to be addressed. The exact reasons behind the origin of 

interharmonics observed in different power electronic converter-based systems are to be 

explored that calls for significant research efforts. An important area to be focused on is the 
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selection and development of appropriate methods for the accurate analysis and estimation of 

interharmonics. 

2.1 EXAMPLES 
This section illustrates a few real-life examples of interharmonics observed in field 

measurements from PV, Wind park, and EV charging. Note: the reasoning for the observed 

interharmonics is not done in this section. 

2.1.1 PV Installations 

Figure 2-1 represents measurements that were collected from 00:00 to 23:50 on the 5th of May 

2020 (about one month before the summer solstice in the Northern hemisphere), each of 10-

second duration every 10 minutes. There were 144 measurements per day. The spectrogram is 

the concatenation of all the measurements taken and is the appropriate way to show the time 

variation of frequency and power. The profile of active power with respect to the time of 

measurement of the day as shown in Figure 2-1 (top) follows the sky irradiance.  

 

 

Figure 2-1 (top) Spectrogram of grid current showing interharmonics just after sunrise and before sunset 

during instances when average power variations is less than 30% of the maximum per phase power 

production (indicated with red brackets in the plot of active power versus measurement duration); 

(bottom) Spectrogram of neutral current showing interharmonics just after sunrise and before sunset. 

Phase A current  

Neutral current  
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The interharmonic frequency components are subharmonics with base frequencies 10 Hz, 

16.7 Hz, 25 Hz, and their multiples. These low-frequency interharmonics appear in the region 

where the active power production is less than 30% of per phase maximum power (6.6 kW) 

and during the periods just after sunrise and just before sunset as marked in red in Figure 2-1 

(top). It was also verified that this emission persisted for a time duration of a minimum of 20 

seconds and a maximum of 2 minutes. It is worth mentioning that this interharmonic emission 

in the phase (of 10 Hz group, 16.7 Hz group, and 25 Hz group) either co-exist or exist 

independently contributing to wider variations in the current peak value, which will be 

discussed later in section 2.5. Figure 2-1 (bottom) represents the interharmonics observed in 

the neutral current at the same instances where it is the contribution by all three phases of the 

installation. Therefore, the existence of interharmonic frequencies is not always consistent with 

that shown in the phase current in Figure 2-1 (top).  

2.1.2 Wind Park 

 

 

Figure 2-2 Spectrogram showing interharmonic variations in current per phase plotted w.r.t per phase 

power at turbine terminal on a day (top) with occasional max power production per phase; (bottom) 

with random power variations during low power production per phase. 

max. power operation  

low power operation  
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Figure 2-2 (top) corresponds to a period where the power production from one turbine 

occasionally hits the maximum power per phase (222 kW). It’s worth mentioning that an 

increased converter activity is expected when the turbine reaches the rated power due to a pitch-

angle controller that will limit the power as explained in [60]. The observed interharmonic 

emissions, in this case, are wideband and dominant in the higher frequency range between 500 

and 1200 Hz.  

Figure 2-2 (bottom) corresponds to a period where the combination of low power production 

and random power variations has resulted in wideband emissions of interharmonics both in the 

low-frequency range (surrounding the fundamental) as well as high-frequency emissions as 

before. It is worth noting the variations in the harmonics also. 

2.1.3 EV Charging 

 

Figure 2-3 Variations of 0.5 interharmonic subgroup during the start and end of charging in the three 

phases measured by a Class A power quality meter. 

Relatively less information about interharmonics due to EV charging is available from literature 

and therefore exists a need for more measurements and analysis. Figure 2-3 represents the 

measurements performed on the grid side of a DC fast charger with rating 375 A and 160 kW. 

An increase in interharmonics during the onset and end of a charging event followed by a 

consistent low amplitude interharmonics during steady charging event is observed for the 0.5 

sub-grouped interharmonic component.  

Figure 2-4 represents the spectrogram of a 15-minute measurement at the same location. The 

observed interharmonics are low frequency below 100 Hz and the time variations are related to 

the variations in the active power.  
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Figure 2-4 Spectrogram showing time variations in interharmonics in the current measured at the 

charging point 

2.2 SIGNAL PROCESSING ASPECTS 
Signal processing forms an important part of power quality monitoring; for the characterization 

of variations and events, for the triggering mechanisms to detect events, and to extract 

additional information from events [61]. Compared to the harmonic analysis, the estimation of 

interharmonics is not straightforward. This is mainly due to the variability of their frequencies 

and amplitudes w.r.t time, and their vulnerabilities to spectral leakage. Detecting 

interharmonics is crucial for applying suitable mitigation strategies. A review explaining the 

characteristics of several methods is carried out in paper A and classified as in Figure 2-5.  

 

Figure 2-5 Represents the general classification of signal processing methods for interharmonics 

The significance of using appropriate methods for accurate interharmonic estimation is 

demonstrated through the different illustrated results in paper B (with a comparison between 

modified desynchronized processing technique and modified sliding window ESPRIT method). 

It is concluded that different inferences can be drawn for the same measurements, analysed 

using different methods. It is therefore recommended to apply a combination of methods in 

Classification of signal processing methods for 

interharmonics

Parametric

Machine learning

Non-parametric

Optimization based

Statistical

Filter bank based

Online estimation
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order to assure the factors like the genuineness of interharmonics, non-stationarity w.r.t time, 

and accuracy in estimation of amplitude and frequency. It is recommended to apply a long 

window DFT on the measurement data at first, with multiple time-frequency resolutions giving 

a first impression of the emission, and next decide on the use of advanced parametric or non-

parametric methods based on the priorities of the parameters to be estimated. The different 

signal processing methods used for estimation of interharmonic parameters are discrete Fourier 

transform (DFT), short-time Fourier transform (STFT), modified desynchronized processing 

(DP) technique, and modified sliding window ESPRIT (SWESPRIT).  

An example from paper B is discussed to illustrate the difference in estimation from the analysis 

of the same emulated PV current measurement as in Figure 2-6 (left), with DP technique and 

SWESPRIT method respectively. The purpose was to replicate a real PV current measurement 

obtained from one of the phases of a three-phase 10 kW PV inverter as illustrated in Figure 2-6 

(right). To emulate the PV current, to a measured real background noise including fundamental, 

sinusoidal damped transient interharmonic frequencies are added at specific instants. They are 

of frequency 40 Hz in case: 1 and 233 Hz in case: 2 and with an amplitude of 0.2 pu. The 

addition of transient of known parameters (frequency, damping, and amplitude) helps in better 

comparison of the two methods instead of using the real PV measurement of unknown transient 

parameters. 

   

Figure 2-6 Emulated semi-measured signal (left) with real noise and time-varying interharmonics 

similar to real measurement, Grid current measured at the output of a 3Ø 10 kW PV inverter zoomed 

in for 1 second (right). 

 

Table 2-1 A comparison of DP and SWESPRIT for emulated measurement for Case: 1 and Case: 2 

Case:1 Amplitude [pu] Frequency [Hz] 

DP  0.11 40.01 

SWESPRIT 0.3 at t = 0.2 sec, 0.2 at t = 0.7 sec 40.2 

Case:2 Amplitude [pu] Frequency [Hz] 

DP  0.11 233 

SWESPRIT 0.2  233 

   

From the results tabulated in Table 2-1, it can be inferred that in the analysis of transient time-

varying interharmonic signals, both methods were equally good in frequency estimation. But 

SWESPRIT was superior especially in amplitude estimation as there is no spectral leakage 

phenomenon (note: if the interharmonic is very close to fundamental the estimated values are 

to be considered only after few cycles in order to avoid the residues of fundamental after 

filtering which is a pre-requisite in SWESPRIT). 
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2.3 INTERHARMONICS IN PV SYSTEMS 

2.3.1 PV systems 

A PV system consists of a PV panel array and an inverter with its associated control systems 

for purposes like DC link voltage control with maximum power point tracking (MPPT), active 

power control, islanding detection (active or passive), grid synchronization, etc. A number of 

PV inverter topologies are also prevalent in the market, for e.g.: 1Ø/3Ø inverters, 3*1Ø 

inverters, string inverters, multi-string inverters, central inverters, single-stage/ multi-stage, 

with low frequency and high-frequency transformers, isolated and non-isolated topologies, etc. 

A PV system can be essentially considered as a power electronic-based control system, which 

brings forth the possibilities for mutual interactions, control/electronic instabilities, and other 

non-linear dynamics in the grid [62], [63], [64]. These issues could be pronounced when 

inverters operate together with other grid-connected equipment that also has similar control 

dynamics or when multiple inverters operate together in parallel. The work done in [65] 

presents experimental proof that the inverter is responsible for the power quality issues caused 

by PV systems. It was shown that the inverter generates harmonic, interharmonic, and even 

subharmonic currents depending on the processing power, component sizing, control 

parameters, and grid impedance. MPPT control is identified in [31], as the most likely reason 

for grid current interharmonics especially under low operating power due to the increased 

flatness of the P-V curve. In [32], [33], it was shown that the dc-link voltage controller error 

during transients caused by MPPT propagates into the grid current creating interharmonics. 

MPPT perturbation step size and sampling rate were reported to have a significant impact on 

the interharmonic characteristics. A potential gap identified after reviewing several articles 

using FFT-based analysis methods is that the time-varying nature of interharmonic emissions 

is not satisfactorily investigated. A comprehensive study systematically establishing the 

possible reasons for interharmonics in different types of PV systems at multiple locations is 

carried out in paper D. Both field measurements and measurements from controlled laboratory 

experiments are analysed and results are presented. 

2.3.2 Characteristics of interharmonics in PV systems 

The varying characteristics of interharmonics in PV systems caused by its operation, depending 

on the dynamics of solar irradiation, inverter, and its control, and grid conditions identified are 

summarized below: 

1) Time-varying low-frequency interharmonics with a frequency near the fundamental or 

second harmonic component. 

2) Intermodulation of interharmonics with fundamental and harmonics to create high frequency 

and low-frequency non-stationary interharmonics. 

3) Interharmonics causing amplitude modulation in fundamental, or leading to modulation in 

peak value. 

4) Multiple subharmonics at equally spaced frequencies between 0 and 50 Hz. 

5) The strong dependency of interharmonic frequencies and amplitudes on the MPPT sampling 

rate (constant as fixed by manufacturer) or on the instantaneous perturbations caused by 

MPPT (either constant /random depending on solar irradiance variations). 

6) The strong dependency of the amplitude of interharmonic emissions on the step-change in 

the amplitude of DC voltage and DC voltage fluctuations caused by MPPT control (transient 

behaviour is associated with step change). 
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7) In some cases, increased interharmonic emissions occur, particularly at low power levels. 

At low power levels, the non-stationary interharmonics are of low amplitude with low SNR 

making it difficult to fix a threshold with respect to noise. 

8) Interharmonics created due to the operation of different control strategies in different types 

of PV inverters intended for reactive power management to support grid, islanding detection, 

MPPT, etc. 

9) Multiple sources responsible for time-varying low and high-frequency interharmonics at the 

same time. Identifying the impact of each distortion source independently and their 

separation (distinguishing between primary and secondary emission, using the terminology 

in [66]). 

10) Interharmonics separated from each other and not close in frequency to harmonics.   

11) Interharmonics close to each other and/or close in frequency to harmonics.  

12) Interharmonics that are integer multiples of the frequency resolution (window length ^-1). 

13) Interharmonics that are non-integer multiples of the frequency resolution. 

14) Precise detection and quantification of interharmonics under grid frequency variations. 

Note that 9 to 14 have general applicability including PV systems. 

2.3.3 Checklist for an appropriate method  

The observed level of interharmonic emissions in grid-connected PV systems depends upon the 

method used for their analysis and estimation. The following key areas are to be paid attention 

to when using an appropriate estimation method as detailed in paper A. 

1) Grid frequency variations 

2) Addressing the characteristics and associated challenges related to interharmonics 

3) Noise and Signal to noise ratio (SNR)  

4) Response and speed of convergence  

5) Accuracy and computational efficiency 

2.3.4 Reasons for interharmonics in different PV systems 

This Section gives an overview of the reasons behind the observed interharmonics in different 

types of PV systems. Measurements were carried out at nine PV installations with inverters 

details described in Table 2-2, with field measurements as well as in a controllable laboratory 

environment.  

 

Figure 2-7 Single line diagram of experimental set up in a controlled laboratory environment. 

In Table 2-2 the inverters from 1 to 5 correspond to field measurements and the inverters from 

6 to 9 correspond to measurements from controlled laboratory experiments. The field 

measurements cover the daily power variations from 0% to 100% and the measurements in a 

controlled environment cover different operating levels of the inverters specifically very low 
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(≤ 10%), low (≤ 30%), medium (50 to 80%), and near to rated power (90 to 100%). In the 

laboratory environment, with the setup, as shown in Figure 2-7, the parameters like the 

operating power of the inverter, grid impedance, and grid background distortions were 

controllable, and DC side measurements were possible. The results for laboratory experiments 

discussed in this section constitute sinusoidal grid supply with zero background distortion and 

grid impedances, Z1 ≈ 0 (excluding cable impedance) and Z1 = 0.4+j0.25Ω (reference flicker 

impedance according to IEC/TR 60725 [67], the values apply for power frequency), considered 

to represent a strong grid and a weak grid respectively. Unless specified, grid impedance 

corresponds to a strong grid in the illustrated examples. 

Table 2-2 Shows details of all the analysed PV inverters 

No: 1Ø/ 3Ø Ratings Configuration  Location 

1 3Ø Pnom= 10 kW, THD <5%  Transformerless   Stadshuset, 

Sweden 

2 1Ø Pnom= 2.5 kW, THD ≤4% Transformerless LTU, Sweden 

3 3Ø Pnom= 100 kW, THD <3% Low-frequency Transformer Cordoba, Spain 

4 3Ø Pnom= 3 kW, THD <5% Transformerless Kemi, Finland 

5 3Ø Pnom= 10 kW, THD <5% Transformerless Piteå, Sweden 

6 3Ø Pnom= 7.5 kW, THD=3.85%  Transformerless TU-D, Germany 

7 3Ø Pnom= 10 kW, THD <3% High Frequency transformer 3 * 1 

Ø inverters 

TU-D, Germany 

8 1Ø Pnom= 4.6kW, THD <3% Low-frequency Transformer TU-D, Germany 

9 1Ø Pnom= 4.6 kW, THD ≤4% Transformerless TU-D, Germany 

Pnom- Nominal active power, THD-Total harmonic distortion in current as mentioned in the datasheet,  

TU-D – Technische Universitaet Dresden, Germany; LTU – Luleå University of Technology, Sweden. 

 

Some examples of interharmonics observed in both field measurements and controlled 

laboratory measurements are illustrated below. The objective is to explain the reasons behind 

the observed interharmonics. 

1) Examples for field measurements from a 20 kW rooftop PV installation, the same 

installation as illustrated in Figure 2-1: a) on a day with smooth power variations and b) on 

a day with random power variations is shown in Figure 2-8 (top) and Figure 2-8 (bottom) 

respectively. The reasons for the observed interharmonics seen are explained. 

The magnitude of the interharmonics in grid current is in the range of 0.3 to 3.5% of per phase 

rated current and all the measurements belong to low power regions (less than 30 % of the rated 

power). One of the findings was that the occurrence of interharmonics is mainly constrained to 

the period where the Diffused Horizontal Irradiance (DHI) dominates over the Direct Normal 

Irradiance (DNI) of the Global Horizontal Irradiance (GHI). GHI is a combination of the DNI 

reaching the panel and the DHI as shown in (1). 

𝐺𝐻𝐼 = 𝐷𝑁𝐼 ∙ 𝑐𝑜𝑠𝜃𝑧 + 𝐷𝐻𝐼…………………………………………………………………. (1) 

When the sun’s azimuth angle (𝜃𝑧) is approximately ≥ 70 degrees, a relatively high air mass 

results in a large fraction of GHI originating from the diffuse component; and the high solar 

zenith angle in combination with an elevated air mass results in rather low photovoltaic power 

production. The low photovoltaic production together with the inefficient inverter control has 

created the interharmonic emission. It is also worth noting that in the same period there is an 

increase in reactive power compared to night and nil production.  
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Figure 2-8 (top) Spectrogram of grid current showing interharmonics on a day with random power 

variations; (bottom) Spectrogram of grid current showing interharmonics on a day with smooth power 

variations, both observed during instances of less than 30% of the maximum per phase power 

production. 

Point G marked in Figure 2-8 (top) shows a high ramping rate event with solar irradiance 

variation from 617.7 to 157.8 W/m2 in less than 20 minutes due to fast cloud passages and this 

is likely the reason for interharmonic emissions at this instance. It is also worth mentioning that 

not all ramping rate events resulted in interharmonic emissions. 

2) Examples of interharmonics from measurements in a controlled laboratory environment 

observed at the output current of inverter 6 and 7 in Table 2-2 are shown in Figure 2-9 and 

Figure 2-11 respectively. The reasons for these interharmonics are also explained with the 

help of Figure 2-10 and Figure 2-12 respectively. 

 

 Example 1- Interharmonics due to active islanding detection using reactive power control. 

G 

random power variations  

smooth power variations  
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Figure 2-9 Example of interharmonics from inverter 6 on AC side and DC side due to implemented 

active islanding detection using reactive power control, (top) at a power production level of 50% of 

rated; (bottom) at a power production level of 100% of rated. Note: Prated is rated power. 

 

Figure 2-10 (top) Cycle by cycle variation in amplitude and phase of fundamental grid current; (bottom) 

active and reactive power at a power production level of 50% of rated. 

An investigation into the reasons behind interharmonic emission on the DC side not 

synchronous with the AC side and the intermittent interharmonic emissions on the AC side in 

Figure 2-9, has led to the inference that the steady-state active islanding detection technique 

implemented with periodical reactive power variations in this PV inverter is contributing to 

these interharmonic emissions on AC side and are independent of MPPT perturbations. 

Reference [68] explains an active islanding detection technique implemented in a PV inverter 

as shown in Figure 2-10, where periodical step variations of reactive power less than 2.5% of 

the average active power with power factor maintained at close to unity. The periodical 

50 % Prated 

100 % Prated 
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alteration of the reactive power component makes a phase difference between the output 

voltage and current of the system, which may induce an increase or decrease in the frequency 

of voltage and current. This may lead to activation of over or under frequency protection circuit 

during islanding condition and the PV system stops promptly in about 100 ms. 

 

 Example 2- Interharmonics due to active islanding detection using grid impedance 

estimation. 

 

 

Figure 2-11 Example of interharmonics from inverter 7 on AC side and DC side due to implemented 

active islanding detection using grid impedance estimation, (top) at a power production level of 50% of 

rated; (bottom) at a power production level of 100% of rated. Note: Prated is rated power. 

 

Figure 2-12 (top) Cycle by cycle fundamental amplitude and phase variation of grid current; (bottom) 

active and reactive power variation at a power production level of 100% of rated. 

50 % Prated 

100 % Prated 
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This inverter uses a steady-state active islanding detection technique with the intermittent 

injection of interharmonics into the grid as shown in Figure 2-11 to evaluate the step changes 

in dynamic grid impedance [69]. This was validated by the variations seen in the peak 

amplitude of the grid current and the cycle by cycle rms variations of the fundamental 

component in definitive and intermittent intervals as shown in Figure 2-12. The utility fail-safe 

protective interface for PV line commutated inverter set by the European regulation, EN503 

30-1 [70] recommends isolating supply within 5 sec due to an impedance change of 0.5 Ω. A 

low-frequency interharmonic close to fundamental is preferred in this technique in order to a) 

avoid the parallel capacitive effect from the customer side b) avoid CPU overloading and 

reduce processing time as grid impedance value is similar for both frequencies with a case by 

case estimated correction factor. 

A summary of the reasons for interharmonics and characteristics of fundamental current (I), 

active power (P), reactive power (Q) and phase angle (Ø) between voltage and current, for all 

the investigated different PV inverters mentioned in Table 2-2 is shown in Table 2-3. 

Table 2-3 A summary of the reasons for interharmonics in different PV inverters 

Inverter 

type 

Reasons for Interharmonic 

emissions on the grid side 

Reasons for Interharmonic 

emissions on the DC side 

Nature of Fund. I, P, Q and 

Ø 

Power levels  

1 MPPT and reactive power 

management by inverter to 

support grid  

MPPT possibly  Fund. I, P, Q, Ø variations 

synchronous with MPPT 

perturbations  

Low power 

levels  

2 MPPT  MPPT  Fund. I, P, Q, Ø variations 

synchronous with MPPT 

perturbations  

Irrespective  

3 MPPT, parallel operation 

of multiple inverters with 

electrical drive system for 2 

axis tracking (possible 

reasons)  

MPPT possibly  Fund. I, P, Q, Ø variations 

synchronous with MPPT 

perturbations  

Irrespective  

4 MPPT  MPPT  Fund. I, P, Q, Ø variations 

synchronous with MPPT 

perturbations  

Irrespective  

5 - - - - 

6 Active islanding technique 

with reactive power control  

MPPT  Fund. I, P variations 

synchronous with MPPT 

perturbations  

Irrespective  

7 Active islanding technique 

with interharmonic 

injection into the grid for 

grid impedance monitoring  

MPPT  Fund. I, P, Q, Ø variations 

not synchronous with 

MPPT perturbations  

Irrespective  

8 MPPT  MPPT  same  Irrespective  

9 MPPT, Active islanding 

technique using active 

frequency drift (in some 

cases)  

Unknown is the reason for 

the existence of a 10Hz 

component  

same  Irrespective  
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Other 

reported  

Fast variations in solar 

irradiation caused by cloud 

passages.  

- - Low and high 

power levels  

2.4 POTENTIAL IMPACTS OF INTERHARMONICS – AN EXAMPLE OF A RURAL 

SWEDISH NETWORK 

 

 

Figure 2-13 (top) The impact created on customer voltage by harmonic and interharmonic emissions 

from inverter 3 at low power operation; (bottom) by inverter 8 at full-power operation, both with 

different impedance profiles. Note the difference in vertical scale. 

In [21], the minimum interharmonic voltage amplitude (with respect to fundamental) to 

produce a perceptible flicker in LED lamps is visually identified and plotted against frequencies 

from 0-350 Hz. Visible light flicker was seen in LED lamps for low-frequency interharmonic 

voltages <0.5% close to odd harmonics. In [22], the effects of interharmonics in voltage are 

investigated in terms of phase angle error of PLL and the phase modulation of the inverter 

reference current controlled by PLL. It was demonstrated that the amplitude of phase angle 

error in PLL is linear with interharmonic amplitude and could result in phase-modulated 

reference current. It is shown in [71] that for interharmonic values of 5% amplitude, the 
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modulation amplitude gets as high as 10% (up to the seventh harmonic). In [72], it is presented 

that even for very low frequency sub-synchronous interharmonic voltages with magnitudes of 

even less than 1% of the rated voltage cause a significant increase in the rms value of 

magnetizing current in single-phase transformers at levels with the same magnitude as the rated 

currents and with peak values as large as three times or more the rated peak current. 

An example is shown in Figure 2-13 for assessment of the impact on customer voltage in a 

weak grid (SCR < 3) of a typical countryside six customer Swedish network with a few houses 

spread over a few hundred meters and connected to a 100 kVA transformer (for more details 

refer Paper D). Two cases for the harmonic impedance are shown here; all customers in the 

grid have a PV installation; one of the customers has PV [73]. The impact created on customer 

voltage by harmonic and interharmonic current emission from inverter 1 and inverter 8, 

corresponding to low power and full power operations respectively, with different impedance 

profiles can be seen in Figure 2-13. The impact on the impedance from the connection of 

different numbers of inverters is seen looking at the blue curves. As customers install PV the 

resonance is moved to a lower frequency and the overall impedance decreases with a 

consequent change in the voltage profile. This will give an impression of how an inverter will 

affect the grid differently depending on the loads that are connected. 

2.5 AGGREGATION OF INTERHARMONICS FROM MULTIPLE SOURCES IN TIME-

DOMAIN 
This section discusses a probabilistic model to investigate the probability distribution of the 

peak value of the interharmonics aggregating at the point of common coupling (PCC) in time-

domain under two different conditions. The aggregated interharmonics in grid current causes 

cycle to cycle variations in current peak value leading to non-uniform charging and discharging 

of DC capacitors of rectifier loads, power transformer saturation, and excessive fluctuations 

can lead to malfunctioning or lifetime reduction of the end-equipment [74], [75]. Excessive 

thermal stresses, electromechanical stresses, vibrations, and acoustical noise, are also 

consequences of a significant increase in the peak current values [72]. 

The conclusions from the work on ‘summary and status on issues and challenges related to 

interharmonic distortion limits’ by the interharmonic distortion subgroup formed in the 

framework of the Harmonics WG (519) of the IEEE PES Transmission & Distribution 

Committee [34] are relevant in this context. It is stated that a) the severity of interharmonic 

effects and its likelihood of occurrence, equipment immunity to interharmonics, etc. are to be 

evaluated on a case-by-case basis with more experimental results, data, and experience in 

different systems and b) modern devices already in use are without significant interharmonic 

interference issues is not an excuse to not anticipate the potential interharmonic problems in 

future. With multiple sources of interharmonics at the PCC, the fluctuations in the peak value 

of voltage or current matter. Compared to frequency domain analysis where aggregation of 

individual frequency components is considered, for e.g. the IEC general summation rule [76], 

time-domain analysis is to be carried out in order to evaluate the instantaneous variations in the 

peak value especially in the context of the aggregation of interharmonics. Otherwise, it has a 

higher chance of not being detectable. An open issue w.r.t interharmonics is the lack of 

understanding of how interharmonics aggregate under the parallel operation of multiple 

interharmonic sources.  

Figure 2-14 shows an example of the cycle by cycle peak value variations for the subharmonic 

current per phase of the 20 kW PV installation for five consecutive days. The variations in the 
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peak value of subharmonic current are visible during the start of the day and end of the day i.e. 

just after sunrise and just before sunset for five consecutive days.  

  

Figure 2-14 Example to show cycle by cycle subharmonic current peak variations for 3 days from power 

quality meter for the same location shown in the spectrogram in Figure 2-1. 

Figure 2-15 represents the peak value variations for an aggregated interharmonic current 

simulated, where ten random pairs of interharmonics were summed up with random phase 

angles assumed and each pair apart by 100 Hz within the range 180-190 Hz. This simulation 

was done based on the concept that equipment with similar emission ranges with slight 

differences in their emission characteristics can get aggregated at the PCC. E.g. the case of 

multiple EVs of the same manufacturer charging in the same parking lot with slight differences 

in their interharmonic emission spectra. 

 

Figure 2-15 Simulated interharmonic current at the PCC with 10 random pairs of frequencies with 

random phase angles aggregating, each pair with a frequency difference of 100 Hz assumed. 

Two simulation model case studies with different outcomes are discussed: 

1) Model case study 1- random number of interharmonic frequencies aggregating at the PCC. 

It is shown by Monte Carlo simulations that the distribution of aggregated interharmonic 

peak value follows a Gumbel distribution with the random number of interharmonics 

aggregating at PCC. This is visible from the probability density function and cumulative 

probability distribution functions plotted respectively in Figure 2-16 and Figure 2-17. 

2) Model case study 2- constant number of interharmonic frequencies aggregating at the PCC. 

It is shown by Monte Carlo simulations that the distribution of aggregated interharmonic 

peak value follows a normal distribution with the constant number of interharmonics 

Day 1 2 3 4 5 
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aggregating at PCC. This is visible from the probability density function and cumulative 

probability distribution functions plotted respectively in Figure 2-18 and Figure 2-19.  

Approximate mathematical expressions are formulated from the estimated parameters of the 

probability distribution functions to predict 95- percentile aggregated interharmonic peak value 

in the time-domain with the highest probability of occurrence. 

 

Figure 2-16 Probability distribution function of 95-percentile value of time-domain aggregated 

interharmonics differentiated with the upper limit of no. of devices, model case study 1. 

 

Figure 2-17 Probability distribution function of 95-percentile value of time-domain aggregated 

interharmonics differentiated with the upper limit of no. of devices, model case study 1. 

 

Figure 2-18 Probability distribution function of 95-percentile value of time-domain aggregated 

interharmonics differentiated with the upper limit of no. of devices, model case study 2. 
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Figure 2-19 Cumulative probability distribution function of 95-percentile value of time-domain 

aggregated interharmonics differentiated with the upper limit of no. of devices, model case study 2. 

An empirical relationship between 𝐼𝑎𝑔𝑔95  and the number of randomly aggregating 

interharmonic frequencies at PCC (model case study 1) can be approximated as shown in (2). 

This is derived from several Monte Carlo simulations and using a curve fitting tool in 

MATLAB.  

𝐼𝑎𝑔𝑔95~ = √𝑛 …….………………………………………………………………………. (2) 

Where, 𝑛  is the total random no. of interharmonic frequencies aggregating at the PCC, 

𝐼𝑎𝑔𝑔95 is the 95-percentile value of time-domain aggregated interharmonics 

An empirical relationship between 𝐼𝑎𝑔𝑔95  and the number of constant interharmonic 

frequencies aggregating at PCC (model case study 2) can be approximated as shown in (3). 

𝐼𝑎𝑔𝑔95~ = 1.2 ∗ √𝑁 , ……….…..……..……………………………………………….…(3) 

Where N is the total constant no. of interharmonic frequencies aggregating at the PCC. 

 

Figure 2-20 Squared 95-percentile value of time-domain aggregated interharmonics plotted with respect 

to the no. of aggregating interharmonic frequency components, model case study 1 and 2. 

The results of Monte Carlo simulations point out that the 95-percentile value of time-domain 

aggregated interharmonic current with the highest probability of occurrence can be 

approximated as (3) in model case study 2 and is different from (2) by a factor of 1.2. The factor 

1.2 in (3) is due to the constantness in the number of interharmonic frequencies that get 

aggregated at the PCC. This is also visible with the difference in slope between model case 

study 2 and model case study 1 in Figure 2-20, where squared 𝐼𝑎𝑔𝑔95 is plotted against number 

of frequencies, n. The model and the mathematical expressions are verified using real data sets 

from PV installation and wind park in paper E. 
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A simple logic developed with an example illustrated to make an approximate estimation of the 

frequency of occurrence of aggregated peak value is discussed: 

With the lowest interharmonic frequency as the reference point for calculation and considered 

100 samples per half cycle (considering +ve peak) of the lowest interharmonic frequency, if 

four interharmonic frequencies are aggregating, the probability of getting a maximum value in 

100 samples is 1/1004. Then the estimated time for 100% probability for maximum aggregated 

peak, 𝑇 can be defined as in (4) and if the lowest frequency is 1 Hz, the 100% probability of 

occurrence of aggregated peak value is once in 1.58 years. 

 

𝑇 =
(Time for half a cycle of lowest interharmonic frequency)

(probability of getting a maximum peak in half a cycle of 
lowest interharmonic frequency)

… … … … … … … … … … … … … … . (4) 

From the above relation we can infer that as the number of aggregating interharmonic 

frequencies are more and are of lower frequencies, the occurrence of the maximum peak is 

within a longer period of time. On the other hand, with less no. of aggregating interharmonic 

frequencies and with higher interharmonic frequencies, the probability of getting maximum 

peak value is within a shorter period of time.  

2.6 CONCLUSIONS 
The main highlights of the above study are: 

The work emphasizes the significance of using appropriate methods for accurate interharmonic 

estimation and demonstrates through the illustrated results that different inferences can be 

drawn for the same measurements analysed using different methods. It is recommended to 

apply a combination of methods depending on the aim of the measurement. It is good to apply 

the longest possible window DFT on the measurement data at first, with multiple time-

frequency resolutions giving a first impression of the emissions, and next decide on the use of 

advanced parametric or non-parametric methods based on the priorities of the parameters to be 

estimated.  

The different kinds of interharmonic emissions created by PV inverters are dependent on the 

different inverter internal control strategies. MPPT can create interharmonics on the DC side 

but the interharmonics do not necessarily propagate to the grid side. The reason for the 

generation of interharmonics on the DC side is always identified as MPPT. The reason for 

interharmonics on the AC side can be active islanding technique, reactive power management, 

MPPT, or even the use of electric drive systems or influence of any of these acting together. 

DC side perturbations cannot be always linked to the grid side as the interharmonic generation 

mechanism unless the reason is MPPT on both the DC side and grid side. It is concluded that 

the reasons for interharmonics on the DC side and grid side can be different or the same and 

also may appear at different intensities on either side. The interharmonics are not restricted to 

low power levels but also seen for higher power levels. In some PV inverter types, 

interharmonic tend to be prominent at low power levels and time specific in some cases. The 

varying impact created by interharmonic and harmonic emissions from PV with its installation 

(causing variation in grid impedances) on customer voltage in a weak grid was established. The 

resulting interharmonic voltage magnitude has the potential to create light flicker in LED lamps 

and other possible interactions in grid-connected equipment. 
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The operation of multiple sources of interharmonics in parallel on the same grid can lead to 

aggregation and the probabilistic distribution of the time-domain aggregated peak value of 

interharmonic is analysed. A left-skewed Gumbel distribution is obtained with randomness in 

the no. of aggregating interharmonics at PCC, whereas a normal distribution is obtained with 

the constantness in the no. of aggregating interharmonics at the PCC, for the 95-percentile value 

of aggregated interharmonic current in the time domain with the highest probability. The 

approximated mathematical expressions between the two cases differ by a factor of 1.2. 

Through this work, it is proven that the possibility to get a worst-case aggregated high peak 

value for interharmonics at the PCC cannot be ruled out, for example in systems where there is 

a possibility of parallel operation of multiple sources like a PV park, wind park, EV charging 

station, and low voltage installations.  
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3 TIME-VARYING HARMONIC INTERACTIONS AND IMPACT 

OF VOLTAGE VARIATIONS 

3.1 HARMONIC INTERACTIONS 
The term “interaction” refers to a mutual or reciprocal action or influence between somebody 

or something or both. The term can be used both to describe a mutual influence between people 

and equipment or only humans or equipment. The outcome of interaction has no instinct on 

being fruitful or undesirable, what matters is just that influence occurs which can be, but not 

necessarily mutual. Any interaction that changes the intended operation of a device, reduce its 

lifetime, or damages the device is considered as interference. 

This chapter discusses some examples of the dynamic harmonic interaction phenomenon 

between the distributed generation sources and the electricity grid or grid-connected equipment. 

For example, if poorly designed converters are connected to an already distorted grid voltage 

(caused by background emissions), they can produce distorted currents. This in turn can 

aggravate the grid voltage harmonics. In this way, the high proliferation of grid-connected 

converters can lead to high waveform distortions and worst-case excite resonances. 

3.1.1 Example for harmonic interactions in a wind park  

 

Figure 3-1 A three turbine wind park model rated at 2 MW 

The harmonic interaction phenomenon is studied in a three turbine wind park in Sweden rated 

at 2 MW. Norton equivalent current source models are used to represent the wind turbines. 

Measurements were performed both at the individual turbine terminal and the aggregation point 

as marked with ‘X’ in Figure 3-1 (for more details paper F is to be referred to). The operational 

characteristics of the wind park are represented in Figure 3-2 where a downward transcend of 

power production level is illustrated. From the analysis of measurements, it was understood 

that increased current waveform distortions are observed at high power production levels and 

very low power levels. It was inferred that 60 to 70% of the time the wind park operating region 
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is the region as marked in Figure 3-2. In this region it was visible most of the time that the time-

varying harmonic interactions between wind turbine emissions and background emissions 

lower the amplitude of emission due to phase angle differences. This inference is made from 

the statistical analysis of field measurements. For the rest 30% of the time the operating region 

is either close to maximum power production or close to nil power production. 

 

Figure 3-2 Operating characteristics of the wind turbine 

In this section, some specific examples different from the scenarios discussed in paper F are 

illustrated at the aggregation point for the time-varying harmonic interactions on days with 

different active power production characteristics. The same behaviour for harmonics is 

observed at the individual turbine terminals also. This is well explained in paper F and linked 

to the harmonic characteristics at the aggregation point and thus not discussed in this chapter. 

The concept of ‘harmonic interaction break-even point’ and primary/secondary emission 

dominating at a particular period of analysis is also introduced in detail in paper F. It was 

identified that from long-term measurements, one could identify approximate ranges of levels 

of power production termed as ‘harmonic interaction break-even’ point in paper F. It is defined 

as the point where a particular harmonic reaches its lowest amplitude due to phase cancellation. 

The phase cancellation is identified as a result of harmonic interactions between varying 

primary emissions (emissions from the considered source) and secondary emissions (emissions 

from a distant source), both at the turbine terminal and the aggregation point. At the turbine 

terminal, the primary emission is the emission originating from turbine converters in operations 

and secondary emission is contributed by the emissions originating from other turbines as well 

as from the upstream grid. At the aggregation point, the primary emission is the emission 

originating from the wind park as a whole and secondary emission is the emission from the 

upstream grid. After identification of the ‘harmonic interaction break-even point’, it was 

possible to identify whether primary emission or secondary emission dominates at a particular 

instant of the analysis period. A systematic study with detailed analysis of field measurements 

under different operating conditions of the wind park is done in paper F and not hence included 

in this chapter. At the turbine terminal, the harmonic interaction break-even point is identified 

to be varying between 5 kW and 30 kW (<14% of the per-phase rated power production, 222 

kW) and at the aggregation point, the harmonic interaction break-even point is varying between 

18 kW and 50 kW (< 8% of the per-phase rated power production, 666 kW). 

Three different examples to show the time-varying harmonic interaction phenomenon on 

different days at the aggregation point (MV side) are illustrated. 1) A lengthy day (in terms of 

time) with average power production of 4% of per phase rated power for most of the time and 

maximum power production of 15% of per phase rated power: 2) a two-hour measurement with 

low average production levels and maximum power production of 3% of per phase rated power; 

and 3) a two-hour measurement with production levels greater than 8% for most of the time 
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and maximum power production of 18% of rated. Worth noting that a case of the full span of 

power production from 0% to 100% is discussed in paper F. The break-even point if present is 

marked in the examples illustrated below with a red dashed vertical line. 

1) At the aggregation point, on 25-05-2019, between 00:00–18:00 hours, the maximum power 

production of 15% per phase rated power. 

 

Figure 3-3 Variations of fundamental and current harmonics on MV side w.r.t time.  

 

Figure 3-4 Active power production variations w.r.t time for the specified period. 

Figure 3-3, Figure 3-4 shows the instantaneous variations in fundamental plus harmonics 5, 7, 

11, 13, and active power production respectively. From Figure 3-5, it can be visualised that the 

break-even point is visible for harmonic 5, 7, 11, 13, and in the total harmonic current distortion, 

and is at production levels less than 50 kW. It was verified that even though break-even point 

exist for harmonic 7, it is difficult to visualise due to the longer duration of low power operation 

and variations in background emissions. Before the harmonic interaction break-even point, two 

distinct levels of amplitude variations are observed in harmonics and total harmonic distortion. 

This was identified as due to the variations in the background upstream emissions and is visible 

only in the low power regions before the harmonic interaction break-even point as explained in 

detail in paper F.  
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Figure 3-5 MV side variations of current harmonics and THD w.r.t power production levels. 

2) At the aggregation point, on 20-05-2019, 09:00 – 11:00–with power production levels less 

than 3% of the rated power. 

 

Figure 3-6 Variations of fundamental and current harmonics on MV side w.r.t time. 
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Figure 3-7 Active power production variations w.r.t time for the specified period. 

 

 

   

Figure 3-8 MV side variations of current harmonics and THD w.r.t power production levels. 

Figure 3-6, Figure 3-7 shows the instantaneous variations in harmonics 5, 7, 11, 13 plus 

fundamental and active power production respectively. It can be visualised from Figure 3-8 that 

the break-even point is visible for harmonic 5 and 13, and is less than 10 kW. For harmonics 7 

and 11, the break-even point is not visible whereas a distinction between the two levels of 

amplitude variation is visible in all the harmonics and total harmonic distortions. This was 

verified due to the variations in the background upstream grid emissions during visible under 

low power production levels i.e. less than 50 kW (paper F).  

3) At the aggregation Point, 20-05-2019, 14:00-16:00 –with average power production levels 

greater than 8% of rated most of the time. 

Figure 3-9, Figure 3-10 shows the instantaneous variations in harmonics 5, 7, 11, 13 plus 

fundamental and active power production respectively. This case is specifically illustrated to 

show the harmonic characteristics at power production levels where it is greater than 50 kW (for 

most of the duration and occasionally reaches its highest at 120 kW) as seen in Figure 3-10. The 

absence of harmonic interaction break-even point for all harmonics and thus in THD can be 

visualised from Figure 3-11. The variations in the harmonic levels for 5, 7, 11, 13 and total 
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harmonic distortion as marked with red arrow in Figure 3-11 is verified to occur during the 

random variations in the power during the start of the analysis period. 

 

Figure 3-9 Variations of fundamental and current harmonics on MV side w.r.t time.  

 

Figure 3-10 Active power production variations w.r.t time for the specified period 
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Figure 3-11 MV side variations of current harmonics and THD w.r.t power production levels. 

In continuation of the same work, a theoretical study based on a mathematical analysis was 

carried out to analyse harmonic interactions and to find a solution to the yet challenging 

harmonic source identification and harmonic contribution estimation problem. The extension 

of the classical single turbine and grid model, where the turbine is represented by a Norton 

current source model and grid represented by a Thevenin voltage source model to a multi-

turbine power system is done as shown in Figure 3-12. 

 

Figure 3-12 a mathematical model of the three turbines connected to the grid. 

The entire system can be represented by the node admittance matrix as in (1): 

[

𝐼𝑝1
𝐼𝑝2
𝐼𝑝3
𝐼𝑔𝑟𝑖𝑑

] = [

𝑌𝑇1 + 𝑎 0 0 −  𝑎
0 𝑌𝑇2 + 𝑏 0 − 𝑏 
0 0 𝑌𝑇3 + 𝑐 −  𝑐

−  𝑎 −  𝑏 −  𝑐 𝑌𝑔𝑟𝑖𝑑 + 𝑎 + 𝑏 + 𝑐

] [

𝑒1

𝑒2

𝑒3

𝑒4

] ………………………………... (1) 

Where  𝑎 = 𝑌𝑡𝑟1+𝑐𝑎𝑏𝑙𝑒1,  𝑏 = 𝑌𝑡𝑟2+𝑐𝑎𝑏𝑙𝑒2 , 𝑐 = 𝑌𝑡𝑟3+𝑐𝑎𝑏𝑙𝑒3  are the corresponding transformer 

plus cable impedances. The known variables are 𝑒1=𝑉1 , 𝑒2=𝑉2 , 𝑒3=𝑉3 , from power quality 

monitors at 400 V, 𝑒4 =𝑉𝑝𝑐𝑐  from the power quality monitor at 10 kV, 𝐼𝑔𝑟𝑖𝑑  the Norton 
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equivalent current of Egrid, which is the background grid voltage, 𝑌𝑡𝑟+𝑐𝑎𝑏𝑙𝑒 the transformer plus 

cable impedance. The unknown variables are the primary emissions from individual 

turbines 𝐼𝑝1, 𝐼𝑝2, 𝐼𝑝3, the corresponding turbine impedances 𝑍𝑇1, 𝑍𝑇2, 𝑍𝑇3 and the background/ 

secondary emission 𝐼𝑔𝑟𝑖𝑑. 

It was inferred from the mathematical analysis that even with the possibility of a multi-point 

measurement in a wind park, there is no direct solution to the harmonic contribution or 

harmonic source estimation problem as the new equations do not add any new information and 

are redundant. The multi-point measurement system gets reduced to the single turbine plus grid 

system with no possible new solutions to the problem of harmonic contribution estimation 

unless known the dynamic turbine impedances or the primary emissions from the turbine 

converters. Only with assumptions, (1) can be solved but it was identified from practical 

experience that such assumptions are seldom met in reality as explained in detail in paper F. 

Solutions with assumptions leads to equal primary emission levels for all the turbines in the 

wind park which is different from observations in field measurements and one could miss the 

identification of harmonic interaction break-even point. 

3.1.2 Example for harmonic interactions between PV and LED lamps  

The harmonic interaction between two types of equipment that has emerged in popularity over 

the last decade i.e. PV systems and LED lamps is studied. Though independently PV and LED 

lamps are researched much, their interactions once connected together are less explored. This 

interaction can be in the form of emission from PV that has an impact on LED lamps or in the 

form of emission from LED lamps that has an impact on PV (i.e. primary emissions affecting 

secondary emissions). Not only the passive components from each device will interact, but also 

the internal control loops will face new dynamics posed by the impact of other devices in the 

system. In the worst case, interaction can lead to equipment damage, malfunction, or just a 

reduction in performance depending on the degree of impact. The kind of interaction in this 

study is in the form of harmonic currents and voltages between two specific kinds of equipment 

in both directions, i.e. from PV to LED and from LED to PV. This section discusses some of 

the results of an experimental study as shown in a controlled but realistic laboratory 

environment where PV inverters and LED lamps are connected in parallel to the grid as shown 

in Figure 3-13. The details of the LED lamps and the variants used in the laboratory experiment 

are represented in Table 3-1, Table 3-2, and Table 3-3 respectively.  

 

Figure 3-13 Schematic representation of the experimental set up. 
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The experimental setup consists of a 10 kW PV array emulator connected to the PV inverter 

under test, in which the AC side is connected to a programmable 45 kVA three-phase power 

amplifier through an adjustable line impedance emulator and to which the LED lamps are 

connected. A discussion of the common technologies associated with PV systems is carried out 

in Chapter 2 and hence not repeated here. The PV inverters discussed in this section cover the 

most common inverters topologies found in small residential and commercial applications, 

where I1 (4.6 kW) is a transformerless single-phase inverter, while I2 (4.6 kW) is a single-

phase inverter that uses a low- frequency transformer for galvanic isolation.  

A classification of lamps based on conducted emissions is done in [77]. It is classified in Table 

3-1 as a) Lamps with high levels of emission in the frequency range up to 2 kHz (low-frequency 

emission, lamp B, C); b) Lamps taking a mainly capacitive fundamental current (at 50 Hz, lamp 

C); c) Lamps with moderate levels of emission in the frequency range up to 2 kHz (lamp A); 

d) Lamps with high levels of emission in the frequency range above 2 kHz (high-frequency 

emission, lamp A). In [78], LED lamps are classified based on topology as the ones with a) 

Full-wave Rectifier with Smoothing Capacitor and DC-DC Converter Circuit (without PFC, 

lamp B); b) Capacitive Dropper Circuit; c) Passive PFC; d) CCR Straight Circuit and e) Switch-

Mode Driver Circuit (with active PFC, lamp A).  

Table 3-1 representing the details of the LED lamps used 

LED 

type 

Power 

(W) 

Lumen 

(lm) 

Features and THD (%) (w.r.t fundamental and sinusoidal supply) pf 

A 10.0 810 PFC, dimmable, Current waveform close to sinusoidal. THD = 25.4 0.92 

B 6.5 470 No PFC, not dimmable, Current waveform with typical peak between 

50°- 90°. THD = 168 

0.53 

C 5.0 470 No PFC, not dimmable, input capacitor filter, Current waveform with 

a typical peak between 50°- 90°.THD = 113 

0.55 

A belong to Group 3, B belongs to Group 1 and C belong to Group 2 mentioned in Table 3-4 

Table 3-2 Variants and sub-variants used in the experiment 

Variant  Sub-variants 

PV inverter I1, I2  

PV inverter power level 10 %, 25%, 50%, 75%, 100% 

LED A,B,C 

Number of lamps 1,2 … 15 

Zgrid Z3  
 Z3=0.4+j0.25Ω (reference flicker impedance according to IEC/TR 60725) 

Table 3-3 Supply waveform distortion types 

Type  Harmonic mag. (% fund.) , phase (radian)  

Harmonic order 3 5 7 9 11 13 3 

Sinusoidal nil nil nil nil nil nil nil 

Flat top 2.4, 0 1.7, 3.2 1, 0 0.2, 3.2 0.1, 3.2 0.2, 0 2.4, 0 

Pointed top nil 3, 0 2, 3.2 nil 0.6, 3.2 nil nil 
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To understand harmonic interactions, the impact has to be studied individually for each 

harmonic order. Not only changes in harmonic magnitude but also phase angle of harmonics 

should be considered in harmonic studies and measurements. The polar plots representing 

magnitude in Ampere and phase angle in degree (measured between harmonic current and 

harmonic voltage of the same order) are thus shown in examples in Figure 3-14 and Figure 

3-15 respectively. The different supply waveform characteristics as shown in Table 3-3 i.e. 

sinusoidal, flattop (due to excessive use of single-phase rectifiers in low voltage networks), and 

pointed top wave shape (due to excessive use of six pulse converters in industrial areas) are 

represented using blue, yellow and green color respectively. Some of these results are discussed 

in the publication, paper I. 

     Sinusoidal,      flat top,     pointed top waveforms, Prated means rated power 

Case 1: Trend of 3rd
 harmonic in current when a single-phase inverter (I1) is operating together 

with two different lamp types (A, C). 

The trend of 3rd harmonic in two different cases, 1Ø inverter and lamp types A, C. 
                   Inverter 1 – Lamp A – weak grid, Z3                      Inverter 1 – Lamp C – weak grid, Z3 

 
3rd harmonic in inverter output 

current at 10% Prated and at 

50% Prated (no lamps 

connected) both differentiated 

by increasing color intensity. 

 
3rd harmonic in lamp A drawn 

current for LEDs ranging from 

1-15 (no inverter connected) 

differentiated by increasing 

color intensity.  

 
3rd harmonic in inverter output 

current at 10% Prated and at 

50% Prated (no lamps 

connected) both differentiated 

by increasing color intensity. 

 
3rd harmonic in lamp C drawn 

current for LEDs ranging from 

1-15 (no inverter connected) 

differentiated by increasing 

color intensity 

    

 
Trend of 3rd harmonic in 

inverter output current at 10% 

Prated (upper) and at 50% Prated 

(lower) of inverter with the 

increasing LEDs from 1 to15 

of type A differentiated by 

increasing color intensity. 

 
Trend of 3rd harmonic in lamp 

A drawn current at 10% Prated 

(upper) and at 50% Prated 

(lower) of inverter with the 

increasing LEDs from 1 to 15 

differentiated by increasing 

color intensity. 

 
Trend of 3rd harmonic in 

inverter output current at 10% 

Prated (upper), at 50% Prated 

(lower) of inverter with the 

increasing LEDs from 1 to 15 

of type C differentiated by 

increasing color intensity. 

 
Trend of 3rd harmonic in lamp 

C drawn current at 10% Prated 

(upper), at 50% Prated (lower) 

of inverter with the increasing 

LEDs from 1 to 15 

differentiated by increasing 

color intensity. 

No lamps No inverter 

No inverter 
No lamps 

10 % 

Prated 

50 % 

Prated 

10 % 

Prated 

50 % 

Prated 

Inverter + lamps 
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Trend of 3rd harmonic in grid 

current of inverter 4 operating 

at 10% Prated together with 1 to 

15  lamps of type A. 

 
Trend of 3rd harmonic in grid 

current of inverter 4 operating 

at 50% Prated together with 1 to 

15  lamps of type A. 

 
Trend of 3rd harmonic in grid 

current of inverter 4 operating 

at 10% Prated together with 1 to 

15  lamps of type C. 

 
Trend of 3rd harmonic in grid 

current of inverter 4 operating 

at 50% Prated together with 1 to 

15  lamps of type C. 

Figure 3-14  shows the trend of  3rd harmonic in inverter, lamp, and grid current for different conditions 

From the analysis of the above-represented example, it can be inferred that 

1) With the increase in the operating power levels of inverter1, except for flat top grid 

background distortion, the current drawn by the LED lamps is impacted in phase and no 

impact is seen in magnitude (Columns 2, 4; conditions compared: no inverter and inverter + 

lamps; lamp A, C current ). 

2) With the increase in the number of LED lamps, except for flat top grid background 

distortion, the current at the inverter output is impacted in phase and not in magnitude. 

Further investigation has revealed that this is due to a phase shift occurring at the terminal 

voltage (PCC voltage) once PV and LED lamps are operating together. More analysis is 

required to verify this phenomenon (Columns 1, 3; conditions compared: no lamps and 

inverter + lamps; inverter output current). Background voltage distortion affects the 

interaction between devices. Worth noting here is that flat top grid condition had the highest 

background 3rd harmonic voltage distortion (for more details refer to paper I) and the 

exceptions observed for flat top grid background distortion could be due to this.  

3) With the increase in the number of LED lamps and operating power levels of the inverter, 

different kinds of aggregation effects are observed in the grid i.e. sometimes grid distortion 

increases while sometimes it decreases as also concluded in [79].  Whereas it is difficult to 

predict the aggregation exponent as it is dependent on operating power levels and the number 

of connected lamps (Columns 1 to 4; condition: inverter + lamps; grid current). 

Case 2: Trend of 5th
 harmonic in current when a single-phase inverter (I2) is operating together with 

two different lamp types (A, B)  

Trend of 5th harmonic in two different cases, 1Ø inverter and lamp types A, B 
                Inverter 2 – lamp A – weak grid, Z3                     Inverter 2 – lamp B – weak grid, Z3 

 5th harmonic in inverter output 

current at 10%, 25%, 50%, 

75%, 100% Prated respectively 

(with no lamps connected) 

differentiated by increasing 

color intensity. 

 

 
5th  harmonic in lamp A 

drawn current for LEDs 

ranging from 1 to 15 (no 

inverter connected) all 

differentiated by increasing 

color intensity. 

5th harmonic in inverter 

output current at 10%, 25%, 

50%, 75%, 100% Prated 

respectively ( with no lamps 

connected) differentiated by 

increasing color intensity. 

 

 
5th  harmonic in lamp B drawn 

current for LEDs ranging from 1 

to 15 (no inverter connected) all 

differentiated by increasing 

color intensity. 

10 % 

Prated 

10 % 

Prated 

50 % 

Prated 

50 % 

Prated 

No lamps 
No inverter No inverter 

No lamps No lamps No lamps 
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Trend of 5th harmonic in 

inverter output current at 10% 

Prated (upper) and at 50% Prated 

(lower) of inverter with the 

increasing LEDs from 1 to 15 

of type A differentiated by 

increasing color intensity. 

 
Trend of 5th harmonic in lamp 

A drawn current at 10% Prated 

(upper) and at 50% Prated 

(lower) of inverter with the 

increasing LEDs from 1 to 15 

differentiated by increasing 

color intensity. 

 
Trend of 5th harmonic in 

inverter output current at 10% 

Prated (upper) and at 50% Prated 

(lower) of inverter with the 

increasing LEDs from 1 to 15 

of type B differentiated by 

increasing color intensity. 

 
Trend of 5th harmonic in lamp B 

drawn current at 10% Prated 

(upper) and at 50% Prated (lower) 

of inverter with the increasing 

LEDs from 1 to 15 of type B 

differentiated by increasing 

color intensity. 

Figure 3-15 shows the trend of 5th harmonic in inverter and lamp current for different conditions. 

From the analysis of the above-represented case, it can be inferred that 

1) With the increase in the operating power levels of inverter 2, for sinusoidal grid condition, 

the current drawn by the LED lamps is impacted in phase and no impact is seen in 

magnitude. For flat top and pointed top grid conditions no impact was observed (Column 2, 

4; conditions compared: no inverter and inverter + lamps; lamp A, B current). 

2) With the increase in the number of LED lamps, for flat top and pointed top grid background 

distortion, the impact in the inverter output current can be seen in magnitude as well as phase 

whereas for sinusoidal grid condition the impact is seen in phase only (Column 1, 3; 

conditions compared: no lamps and inverter + lamps; inverter output current). 

Worth noting here that the pointed top grid condition had the highest background 5th harmonic 

voltage distortion with zero phase and the flat top grid condition had the background 5th 

harmonic voltage distortion with 180-degree phase (Table 3-3).  

In both the cases, an increased phase angle uncertainty caused by the simultaneous operation of 

inverter and LED lamps under different identified grid conditions might have contributed largely 

to the seen phase variations. From this, it could be concluded that the harmonic interactions 

between connected devices are dependent on the grid background distortion. From a detailed 

analysis of different harmonic components in lamps drawn current and inverter current, it was 

inferred that compared to inverter 1, inverter 2 operation has brought larger variation both in-

phase and magnitude of lamps drawn current, inverter current, and grid current. 

A summary of the study on harmonic interactions is provided in the conclusions of this chapter. 
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3.2 VOLTAGE VARIATIONS 
An ideal power system is expected to provide constant RMS voltage and constant frequency to 

its end users, i.e. customers. Due to the increased integration of distributed energy sources to 

the grid, these parameters (voltage and frequency) are prone to frequent deviations from their 

intended values compared to conventional synchronous generator-based sources that have 

greater system inertia. Such variations outside their specified limits e.g. as in EN 50160 [80], 

IEEE 1453-2015 [81], can cause malfunctioning or be disturbing to the end-user equipment 

based on its immunity/ tolerance level, the intensity of variations, and rate of recurrence of 

being subjected to such variations. 

This section discusses first the type of voltage variations on the grid, of interest to this study, 

induced by PV and EV, followed by the impact on LED lamps. The power quality issues related 

to the operation of PVs and due to charging of EVs relevant to this work (refer to test profile 

in Figure 3-18) are summarized as a) rapid voltage changes; b) overvoltage and c) undervoltage. 

LED lamps connected electrically close to PVs operating or EVs charging could be subjected 

to such voltage variations recurrently. Rapid and significant voltage changes in the grid are a 

new disturbance, without an index to quantify its severity. It is too fast to affect the 10-minute 

rms value, it is too slow to affect the flicker severity [82]. A rapid voltage change (RVC) is 

defined in IEC 61000-3-3 [83] as a type of voltage fluctuation causing a quick transition in rms 

voltage between two steady-state conditions and during which the rms voltage does not exceed 

the dip/swell thresholds. Rapid voltage changes considered in this study are a transition 

between steady states in discrete voltage steps (RVCs inclusive of voltage steps, i.e. RVCs + 

VS) and are within time scales between at least a second and a few seconds. Voltage steps (VS) 

are referred to in this work as voltage variations occurring as sudden transition, in milliseconds. 

The occurrence of voltage variations on the grid by PV is defined by the input, inherent, and 

output side dynamics of the PV system. The reasons are a) fast-moving cloud transients causing 

solar irradiance and temperature variations on the input side; b) voltage steps due to the 

implemented inverter control strategies like maximum power point tracking, different active 

islanding detection techniques, etc. that are inherent; and c) on the output side the voltage steps 

due to the transformer load tap changing (for voltage regulation due to rooftop PV system 

penetration in low voltage networks). The connection of PVs into a distribution network also 

will result in a voltage rise at the generator terminals. The magnitude of change in voltage 

depends on the active and reactive power injection as well as the equivalent short-circuit 

impedance at the terminals of the PV installation. A single-phase connected PV installation 

reduces the voltage in the other phases, which increases the risk of undervoltage. In [84], it is 

explained that for weak grid conditions, variations in voltage as well as the spread of voltage 

variations due to fluctuating loads would be higher than in a grid with lower impedance. With 

the massive introduction of solar power in low and medium voltage networks, these voltage 

variations could be of concern in near future [85], [86]. Field measurements of EV’s showing 

rapid voltage variations inclusive of voltage steps due to the pulse charging, fast charging of 

EV’s and due to the charging breaks in order to check the state of charge of the battery are 

reported in [87], [88].  

Some examples of field measurements of PV and EV causing voltage variations on the grid are 

shown in Figure 3-16 and Figure 3-17 respectively.  
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Figure 3-16 Example of the voltage variations on the connected phase and the other phase of a single 

phase 2.5 kW rooftop PV installation at LTU.  

 

Figure 3-17 Example for voltage variations on the grid at the three phases of a 160 kW DC Fast 

charger. 

3.2.1 Impact of PV and EV induced voltage variations on LED lamps 

The immunity of LED lamps to voltage variations and the corresponding annoyance caused are 

topics to be explored further as indicated in [89], [90] and a research effort is recommended 

[85]. This is the motivation behind this work. The investigation of the impact of PV and EV 

induced voltage variations on LED lamps can give a very first impression about how other 

commonly used single-phase non-linear power electronic devices (like SMPS, UPS, Active 

front-end converters, etc.) can be impacted and how the immunity of these power electronic 

equipment changes if connected close to them. Such an understanding can help engineers to 

increase the probability of electromagnetic compatibility for the equipment. 

There are two aspects inferred from this study: 

1) LED lamps can be potential victims of voltage variations – Some LED lighting systems 

are highly susceptible to changes in the supply voltage magnitude, while others appear to 

have high immunity. The susceptibility of LED lighting systems to power quality 

disturbances is highly complex and is very much dependent on the design of the driver 

circuit. E.g. one of the effects in some LED lighting systems is changes in the light output 

based on the design and performance of the electronic driver. 

 

1Ø PV connected 

phase 

other phase 
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2) LED lamps can be potential sources of increased grid distortion due to voltage 

variations – LED lamps are inherent sources of harmonic distortion to the grid. Subjection 

to grid voltage variations can aggravate these grid distortions (increased interharmonic 

distortions observed) caused by LED lamps due to increased voltage variations. For E.g. a 

LED lamp thus impacted with an increased interharmonic emission can in principle cause 

another adjacent LED lamp to flicker and can increase the threat to any other neighbouring 

grid-connected device. 

The presented study is based on two performed tests. A test profile was developed as shown in 

Figure 3-18, less severe compared to the standardized tests and based on observations of field 

measurements of PV and EV. The aim of test 1 was to examine the impact on LED lamps 

subjected to a) different rate of change of voltages or RVCs + VS (defined in the test profile as 

- 4.8, 6, 2.4 V/s), b) overvoltage (241V, and 242V) and c) undervoltage (218 V). Test 2 was to 

understand the effect of inverter inherent control on voltage variations (identified as VS) and 

the corresponding impact on lamps. LED lamps are potential sources of diverse current 

distortions on the grid and are classified based on topology as already discussed in Section 

3.1.2. The details of the LED lamp types used in this study are shown in Figure 3-19 and Table 

3-4. The LED lamps are grouped as the ones - a) with no power factor correction (PFC), front 

end full-wave rectifier with smoothing capacitor and DC-DC converter circuit (Group 1, 2), b) 

with active power factor correction, APFC (Group 3), c) passive PFC (Group 4). The aim was 

to study the efficiency of the LED driver circuit and to verify the propagation of the voltage 

variations to the actual LED encapsulate. For the second test, LED lamps were connected to 

the grid emulator together with PV inverters listed in Table 3-5. Twenty-four LED lamps out 

of which three had access to both AC and DC side measurements were tested in a controlled 

laboratory environment.  

The results from the experimental study described in this chapter are in compliment to the 

results and detailed analysis presented in paper G. The results of the impact of voltage 

variations on LED lamps are demonstrated through variations in a) active/reactive power/power 

factor, b) lux/DC ripple, c) momentary efficiency deviations measured at the lamp terminal and 

d) interharmonic/supraharmonic emissions. Some examples in addition to those discussed in 

paper G are shown.  

 

Figure 3-18 Test profile created using the grid emulator applied on LED lamps 
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Figure 3-19 Details of the LED lamp types used for the study.  

 
Table 3-4 Grouping of LED lamps based on their topology 

Features of LEDs  LED types Groups 

Diode rectifier and no input passive filter LED 5,10,15,20,21,24 Group 1 

Diode rectifier and input capacitive filter LED 1,3,8,7,14,16,17 Group 2 

Active power factor correction LED 2,4,6,9,11,12,13,19,23 Group 3 

Passive power factor correction LED 18,22 Group 4 

 

3.2.2 Active, Reactive power and Power factor variations (Test 1) 

LED lamp driver circuits usually are designed with different types of control systems intended 

for purposes like output voltage regulation, output current regulation, input voltage regulation, 

power factor correction, etc. Most of the LED lamps have a front-end diode rectifier circuit 

followed by a dc-dc converter (buck/boost/flyback) with its associated control system for 

regulation of the parameters mentioned above.  

The existence of many diverse topologies of LED driver circuits makes it difficult to derive 

general conclusions especially about the probability of unstable operations in LED lamps. 

Some of the cases where oscillations are seen for active power (P), reactive power (Q), and 

power factor (pf) (Note: power factor is calculated as the ratio of average active power in Watts 

to apparent power in Volt-Ampere, inclusive of fundamental and harmonics) at RVCs+VS are 

reported in paper G. and an example shown in Figure 3-20. This oscillatory response could be 

due to the control systems becoming unstable due to deviations from their designed reference 

operating point. The frequency of oscillations is proportional to the voltage steps involved in 

the transition between two steady states in RVCs. Lamps with such observations belonged to 

all categories in Table 3-4. 
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Figure 3-20 Cycle by cycle P, Q, PF variations with oscillations at RVCs +VS. Note: the LED number 

placed on the left corner of the figure.  

3.2.3 Mean Lux / DC current ripple variations (Test 1) 

A case of mean lux variations synchronous and asynchronous with the test profile variations is 

shown in Figure 3-21. The illustrated case is another example for small peaks with oscillations 

observed in mean lux especially at the instances of RVCs + VS in addition to the examples in 

paper G. Other cases of the mean lux oscillations seen at the instance of RVCs are discussed in 

paper G. 

 

Figure 3-21 Mean Lux variations for LED 11 synchronous with test profile and peaks at RVCs +VS. 

Note: the LED number placed on the left corner of the figure. 

3.2.4 Efficiency deviations (Test 1) 

The efficiency in this context is calculated as the ratio between DC power output at the terminal 

of the actual LED die and average AC power input to the LED driver circuit. The efficiency 

deviations and oscillations at RVCs+VS, and the instantaneous DC current variations especially 

in the overvoltage region following the test profile verify the propagation of disturbances to the 

LED encapsulate itself as shown in Figure 3-22 and Figure 3-23 respectively.  Depending on 

the propagation, rate of recurrence and magnitude of such disturbances, it could cause 

11 

21 
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delamination subjected to cyclic stress levels [91]. It could also lead to the development of hot 

spots, which is detrimental to LED lifetime [92]. It is already proven that overvoltage operation 

could have a great impact on the LED encapsulate in the long run [91] [92]. 

 

Figure 3-22 Efficiency deviations subjected to test profile variations. Note: the LED number placed on 

the left corner of the figure. 

 

Figure 3-23 the DC current drawn by the LED encapsulate. Note: the LED number placed on the left 

corner. 

3.2.5 Time-varying Supraharmonic / Harmonic emissions and increased interharmonic 

emissions (Test 1) 

Another observation is the variations in the switching frequency of the LED lamp driver circuits 

coinciding with the test profile voltage variations as also seen in Figure 3-24. These 

observations were seen for lamps with a high power factor i.e. those which had active power 

factor correction (APFC) circuits belonging to group 3. 

22 

24 
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The conventional pulse width modulation (PWM) techniques implemented in such LED driver 

circuits reduce the emissions below 2 kHz and move it at the PWM switching frequency and 

its multiples (10 kHz-30 MHz). Some of the common techniques for PWM used in LED drivers 

are spread spectrum modulation technique and random pulse position modulation techniques 

like random carrier frequency modulation with fixed duty cycle (RCFMFD), random carrier 

frequency modulation with variable duty cycle (RCFMVD) [93], etc. In RCFMFD and 

RCFMVB, the carrier frequency is randomized leading to a non-constant switching frequency 

that is dependent on the rectified output voltage in the first stage. The seen switching frequency 

variations with the test profile are due to its dependency on the rectified voltage subjected to 

variations. 

 

 

Figure 3-24 STFT current spectrum showing the time variations in switching frequency of LED lamps 

belonging to Group 3 following the test profile. Note: the LED number placed on the left corner. 

Another observation is an increased interharmonic emission at the instance of RVCs + VS and 

overvoltage regions for LED lamps belonging to Group 1 and Group 2 as seen in a case in 

Figure 3-25. In Figure 3-25, the fundamental is removed to highlight the presence of 

interharmonics but the residues of fundamental after filtering are visible. It is worth noting that 

along with odd harmonics, even harmonics and their multiples were seen in the grid current 

with this particular lamp. The reasons for the observed interharmonic are identified as due to 

the variations in the reactive power at the instances of RVCs+VS and overvoltage region. 

12 
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Figure 3-25 An example for STFT current spectrum of an LED lamp with interharmonic emissions. 

Note: the LED number placed on the left corner. 

3.2.6 Voltage steps due to inverter’s inherent control mechanisms (Test 2) 

In this section, the effect of voltage variations created by the inherent operation of the inverter 

control strategies is discussed. Different PV inverters were tested together with LED lamps as 

also discussed in the earlier section and the results are discussed in detail in paper G and 

illustrated in Figure 3-26 and Figure 3-27. The identified control strategies are summarized in 

Table 3-5 below. 

Table 3-5 PV inverters and their control strategies 

Inverter type  Control strategy implemented 

Inv 1 MPPT 

Inv 2 Active islanding detection with periodical variations of reactive power 

 

 

Figure 3-26. Cycle by cycle variations in the fund. Voltage, P, Q, and fundamental current drawn by 50 lamps of 

type LED 2 connected to grid together with inverter 1 that has MPPT control operating at 100% rated power; 

Z3=0.4+j0.25Ω (reference flicker impedance, IEC/TR 60725). 
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Figure 3-27 Cycle by cycle variations in the fund. Voltage, P, Q, and fundamental current drawn by for 31 lamps 

of type LED 15 with inverter 2 with active islanding detection operating at 100% rated power and grid impedance, 

Z3=0.4+j0.25Ω (reference flicker impedance, IEC/TR 60725).  

It was inferred from the analysis that these voltage variations occur in milliseconds and can be 

considered as VS. The impact can be seen in active and reactive power drawn by the LED 

circuit. It was observed that even a 0.1 V voltage step due to inverter MPPT control at the input 

of 50 LED lamps is seen to cause an active power variation of approximately 2 Watt at the 

terminal of lamps. A 0.7 V voltage step due to active islanding detection technique resulted in 

4 W variation approximately at 31 lamps terminal.  

3.3 CONCLUSIONS 

1) Harmonic interactions 

The dynamic harmonic interaction phenomenon is explored in the case of a wind park and in 

the case of a PV system and LED lamps. The main highlights of this work are: 

Analysis of harmonic interaction phenomenon and thus harmonic contribution 

estimation/harmonic source identification in systems with distributed energy sources like Wind 

and PV connected to the grid is not easy due to the system dynamicity caused by the variations 

in power generation. There are two approaches to a wind park system. The first approach is to 

model the system taking care of the uncertainties involved with the power production levels 

and uncertainties involved with the background upstream grid emissions. For this analysis of 

long-term field measurement is a pre-requisite and a coupling has to be established between 

models and the field measurements. The wind park owner should consider some feasible ranges 

of background emission levels in their pre-study before connecting the wind parks. The utilities 

must also consider the primary emission levels of wind turbines from controlled experiments. 

In this way, the headroom for new connections of other equipment can be appropriately 

assessed. The second approach is as shown in this section to have an independent analysis 

method (concept of harmonic interaction break-even point) solely based on a statistical analysis 

of long-term field measurements. For the second approach, continuous monitoring and 

measurement set-up of grid and wind park are necessary due to the time-varying nature of 

emission and enhancements that can happen in the network. The inferences can be derived only 

on the basis of the assessment of continuous long-term measurements. At the same time, it 

15 
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should be noted that along with long-term measurements, a) an appropriate time resolution of 

measurements for clarity in visualization and b) selection of an appropriate time period for 

analysis must be assured, otherwise there is a chance of missing the harmonic interaction break-

even point (like the case of harmonic 7 in Figure 3-5). 

Further in this section, some examples of the harmonic interactions between PV and LED lamps 

are demonstrated. Even though the case of single-phase inverters are illustrated, the harmonic 

interactions between three-phase inverters and lamps were also studied as part of the work. It 

was inferred that the type of harmonic interaction depends on the type of the PV inverter 

(precisely its harmonic characteristics, as e.g. in three-phase inverters due to the inherently less 

3rd no interactions are observed) and the topology of the LED lamps. How much impactful the 

seen interactions or how far it can change the immunity of the device or how far it can cause 

interferences or worst case instabilities should be explored further. The seen observations can 

be extended to larger installations too with the possibility of interaction between multiple 

devices.  

2) Voltage variations 

All tested LED lamps are impacted by voltage variations created by PV in some way or the 

other. For a detailed comparative analysis of the characteristics of the different lamps subjected 

to voltage variations paper G is to be referred to. These impacts can be in the form of LED 

lamps being potential victims or in the form of LED lamps being sources of increased distortion 

to the grid. The observed cases of LED lamps being potential victims like the oscillations of 

active and reactive power, mean lux variations/light changes, 100 Hz ripple variations, 

efficiency deviations, etc. could have a long-term impact on LED lamps. It depends on the 

frequency and intensity of the impact and could give an idea of the stress levels which LED 

lamps and driver circuits to need to withstand. 

The observed cases of LED lamps being an increased threat to the grid and grid-connected 

equipment like increased interharmonic emission, varying supraharmonic emissions can create 

an impact on the interaction between devices connected to the grid as well as the aggregation 

effect on the grid. The impact of inverter control systems like MPPT control and active 

islanding detection techniques is seen as voltage steps. Since some LED lamps respond to very 

small voltage changes with an increased current drawn, the result of voltage steps (some tens 

of milliseconds) can be considered as a transient event.  

The impact of PV and EV induced voltage variations on LED, discussed in this work is not 

immediate/ catastrophic with loss of light but results in gradual wear-out, which still puts LED 

at a high risk leading to premature failure. At this stage, it is hard to predict the impact of such 

variations on the exact lifetime of LEDs, and more studies are required. 
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PART III: APPLICATION OF DEEP LEARNING IN THE 

EXTRACTION OF WAVEFORM DISTORTION PATTERNS 
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4 DEEP LEARNING METHOD 

Deep learning (DL) algorithms have been developed to process large volume data with less 

expert supervision in the training process. This section discusses the application of an 

unsupervised deep learning method that can accelerate the manual processing of big data for 

the extraction of power quality information. This chapter very briefly explains the work done 

in paper H. The illustrated examples are for the identification of spectral patterns of time-

varying (daily, weekly, yearly and seasonal) waveform distortion in photovoltaic installations. 

This work reveals that deep learning can be used as a tool to compress large-volume power 

quality data enabling power engineers for easier analysis and interpretation. 

4.1 PROPOSED METHOD AND STEPS INVOLVED IN THE DATA PROCESSING 
The data input to the method is the time-series harmonics and/or interharmonics and is pre-

processed into spectral data before training the autoencoder as shown in Figure 4-1 and Figure 

4-2. A deep autoencoder (DAE) is trained to obtain the optimal features from the spectral data 

and these features are further clustered using k-means clustering based on the concept of 

Euclidean distance. The decoder then reconstructs the most common patterns of spectra from 

the cluster centroids. The distribution of the obtained clusters over time shows any daily, 

weekly, yearly or seasonal patterns. The steps involved are illustrated in Figure 4-1. From the 

comparison of the different clusters of spectral data, the harmonic/interharmonic component 

with the dominant change can be identified and it can be subjected to further detail manual 

processing. The results from the DL method thus can accelerate the manual-post processing of 

the big data. 
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Figure 4-1The proposed Deep Learning method 
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Figure 4-2 The data input matrix to DAE 

4.1.1 Step 1: Spectral Data Input 

The data input consists of spectra of 10-min aggregated values of harmonic and/or 

interharmonic components until the 50th component excluding the fundamental, which results 

in 144 spectra per day. Thus, the dimension of the input data is equal to 144 x the number of 

spectral components (Nc) x number of days (Nd).  

4.1.2 Step 2: Deep Feature Learning and Clustering 

The encoder and decoder are structured as a feedforward convolutional artificial neural 

network. The encoder consists of fully connected (FC) layers and the decoder has the reverse 

structure as the encoder, consisting of FC layers. The ReLU activation function is used after 

each layer of the autoencoder. The DAE is trained by back-propagation. After DAE is trained, 

data is fed to the encoder to obtain the corresponding principal features of the input data. To 

obtain patterns, k-means clustering is applied to group the principal feature vectors. Feature 

vectors from the cluster centroids are further reconstructed by DAE to form the representative 

spectrum of each cluster. In this way, the method automatically provides two graphical results: 

reconstructed patterns, and the distribution of the patterns w.r.t time of the year (daily, weekly 

and seasonal).  

4.1.3 Step 3: Reconstructed patterns 

This graphical representation presents the three most common spectra in the data in the 

analysed period (three clusters were chosen as optimal as explained in paper H) and the 

differences in the individual harmonic components among the three clusters can be interpreted. 

4.1.4 Step 4: Daily and seasonal distribution of the patterns 

This graphical representation presents the distribution of the three clusters over time. The 

columns represent each day of the year, the rows each hour of the day and the color bar indicates 

the cluster to which the spectra belong.  

4.1.5 Step 5: Manual post-processing 

The information obtained so far can be used to decide about further data analysis. The direction 

given by the DL e.g. the harmonic component with the dominant change among the three 

clusters can be a starting point for further analysis of PQ big data instead of analysis of the 

entire time-series data. The details about the different PV installations shown in paper H and 

of which some are illustrated in the forthcoming section are shown in Table 4-1. 
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Table 4-1 Details of the different PV installations 

Location Inverter Type Monitoring period 
Available 

Components 

Kemi, Finland  3ϕ 3 kVA, MPPT  2 years  H and iH  

Skellefteå, 

Sweden 
1ϕ 2.5 kVA roof top, MPPT 

2 years and 3 

months 
H and iH 

Piteå, Sweden 3ϕ 6kVA, 2-axis tracking 2 years Only H 

Córdoba, 

Spain 

3ϕ 100 kVA PV park, with 2-axis 

tracking 
2 years H and iH 

H: harmonic, and iH: interharmonic 

4.2 DL METHOD – EXAMPLES OF RECONSTRUCTED PATTERNS/GRAPHICAL 

RESULTS 
Some examples of reconstructed patterns/graphical results for harmonic and interharmonic 

spectral patterns are illustrated in this section for the specified locations shown in Table 4-1 

and this is the result of step 3 - step 5 in the processing of big data. 

4.2.1 Harmonics  

1) Current harmonic distortion distribution pattern at the location – Córdoba, Spain  

 

 

 

Figure 4-3 Current harmonics: (top) Daily distribution of patterns; (bottom) reconstructed spectra 

from cluster centroids, Córdoba. 

Figure 4-3 represents the daily harmonic current distortion pattern which follows the sunlight 

pattern of the specified location (top) and the reconstructed spectra (bottom). Cluster 2 has the 

highest distortion followed by cluster 3, has similar spectra and both are prominently visible 

during sunrise and sunset. It occurs always with sunrise, occasionally with sunset, and 

occasionally during the day. It was observed that the interharmonic current distortion has the 

same distribution pattern as harmonic current distortion. Cluster 1 appears for the periods with 

zero power production as well as with power production. The probable reason is due to the 

relatively high distortions in clusters 2 and 3 compared to cluster 1. The harmonic components 

that changed the most in magnitude between clusters are 2, 5, and 7. 
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Figure 4-4 (top) RMS current, (bottom) RMS voltage variations for two illustrative days in the park. 

Figure 4-4 shows the reasons for the observed high values in harmonic current distortion (Note: 

this is as a result of manual post-processing that is step 5). In Figure 4-4, for two illustrative 

days, the RMS value of current and voltage are represented. It can be verified that for day 1, a 

high RMS value is observed in current and a corresponding dip in voltage is seen only during 

sunrise. For day 2, a high RMS current value and voltage dips are observed at instances of 

sunrise and sunset. These high values of RMS currents that occurs consistently during the 

beginning of the day after sunrise and occasionally during the end of day after sunset were 

identified as transients of approximately lasting 10 milliseconds and is most probably caused 

by the capacitor switching transients. Apart from that, this shows that the method is capable of 

detecting such deviating patterns. 

2) Voltage harmonic distortion distribution pattern at the location – Piteå, Sweden 

 

 

Figure 4-5 Voltage harmonics: (top) Daily distribution of patterns; (bottom) reconstructed spectra 

from cluster centroids, Piteå. 

For the voltage distortion in Figure 4-5, the sunlight pattern is not visible. A consistent pattern 

in blue is visible during working hours from 07:00 to 17:00 and the intermittency is due to zero 

working hours in the weekend. The difference between clusters is related to harmonic 5th and 

7th, both of which are highest for cluster 1. The instance of change in the amplitude levels of 
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harmonic 5th and 7th is marked in red arrow by the change in color from yellow to cyan in the 

daily distribution pattern. 

4.2.2 Interharmonics 

1) Interharmonic current distribution at the location – Kemi, Finland  

 
 

Figure 4-6 Current interharmonics: Daily distribution of patterns, Kemi. 

Figure 4-6 is the interharmonic current distribution patterns for the specified location following 

the sunlight pattern and thereby the active power production for clusters 1 and 2. Cluster 3 

represents the lowest current distortion which is the quantization noise, which occurs when the 

production is nil. The daily distribution pattern was similar to harmonics and the interharmonic 

component with the dominant change in the daily distribution pattern is 0.5 as explained in 

detail in paper H. 

4.3 EXAMPLES OF RESULTS FROM STEP 5 - MANUAL POST-PROCESSING 
After the comparison between the clusters of the reconstructed spectral patterns, the harmonic 

or the interharmonic component with the dominant change (the ones with the highest magnitude 

changes among the three clusters) is identified. Additional manual post-processing is performed 

to investigate the identified dominant harmonic/interharmonic components. This procedure is 

followed for all the locations. Some examples are illustrated below. Figure 4-7- Figure 4-8 

shows few examples of time-series color plots of the components with the highest magnitude 

changes among the three clusters for currents and voltage. 

1) Interharmonic current and voltage dominant component time-series color plot at the location 

– Kemi, Finland  

 

Figure 4-7 Time-series color plot of the most changed components: Interharmonic 0.5 of the current. 

 

Figure 4-8 Time-series color plot of the most changed components: Interharmonic 10.5 of the voltage. 
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An interesting pattern is observed in 0.5 sub grouped interharmonic current just before and after 

midsummer in the months between mid-April to mid-May (almost 30 days) and mid-July to 

mid-August in 2013 (almost 30 days) and 2014 respectively, between 16:00 -16:30 as marked 

in red as seen in Figure 4-7. In the voltage plot in Figure 4-8, interharmonic 10.5 although 

follows the sunlight pattern, there also exist other sources of distortion impacting the voltage. 

This is clear in the rectangular pattern as marked in red which corresponds to working time 

over the days.  

A summary of the analysis of harmonic and interharmonic distortion patterns in current and 

voltage is provided in Table 4-2. 

Table 4-2 Summary of distortion patterns in the different PV installations 

Location 

Current distortion Voltage distortion 

Period with 

the highest 

change 

Follows 

solar 

trajectory or 

not 

Component 

which 

changed most 

Period with 

highest 

change  

Follows solar 

trajectory or 

not 

Component 

which changed 

most 

Kemi Summer Yes H: 11th Summer H: partially H: 11th 

iH: 10.5 iH: Yes iH: 0.5 

Skellefteå Office hours 

between 8 

am and 5 pm 

Yes H: 9th Office hours 

between 8 

am and 5 

pm 

H: No H: 9th 

iH: 16.5 iH: No iH: 16.5 

Piteå Randomly 

distributed 

through 

years, and it 

is related to 

power 

production 

variation 

Yes H: 3rd No common 

pattern 

between 

years 

H: No H: 5th 

iH: no data iH: no data iH: no data 

Córdoba Instances of 

sunrise and 

sunset 

Yes H: 2nd Instances of 

sunrise and 

sunset 

H: Yes H: 2 

iH: 0.5 iH: Yes iH: 0.5 

H: harmonic, and iH: interharmonic 

4.4 CONCLUSIONS 
This work has proposed a new DL method to identify spectral patterns in time-varying 

waveform distortion. The findings and contributions of this work consist of three aspects: a) a 

deep learning method for finding patterns of spectra of waveform distortion; b) guidance to 

accelerate manual post-processing based on the automatic patterns found by the DL method; 

and c) knowledge regarding the emission characteristics of the PV installations.   

1) A DL method for finding patterns in spectra: The method assisted in identifying the 

components with the highest difference in magnitude among the clusters, between the three 

phases in some cases (paper H), and the time of day, week, and year.  

2) Guide the manual post-processing based on the patterns found by the DL method: 

From several examples in paper H, it was demonstrated that the information from the 

automatic DL method can be used for further manual analysis of the data. There is no 

standard method here and each case is unique. It is worth mentioning that for correct 

interpretation of the automatic results, PQ knowledge and detailed knowledge of the 
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installation are requisite. At the same time, the graphical results help in the interpretation of 

the DL results without having to understand the detailed architecture of the DL approach.  

3) Information about the emission in different PV installations: The time-varying harmonic 

and interharmonic patterns were identified in different PV installations. A summary of the 

inferences drawn from the analysis of the results given for the PV installations is in Table 

4-2. Table 4-2 compares the current and voltage harmonic and interharmonic distortion in 

terms of the period with the highest change in amplitude, whether the distortion follows the 

solar trajectory or not, and the components with the dominant changes. At all these locations, 

the current distortion follows the active power pattern whereas the voltage distortion is a 

result of the interactions between PV and grid background emission. Compared to 

harmonics, the interharmonic distortion patterns were solely related to PV operation and 

PVs are reported to be sources of interharmonics. It was also observed that distortion levels 

are not always proportional to the power production levels and are different for different PV 

installations. 
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5 DISCUSSIONS 

The motive of this chapter is to evaluate how the research findings of this thesis add to the 

current knowledge of the considered areas and to integrate the findings into the results of related 

research studies. The limitations of this work are also addressed on a case-by-case basis.  

5.1 PAPER A, B:  
1) A critical review and a comparison of the different methods performed in paper A rewards 

the existing knowledge on interharmonic estimation and analysis methods. Linking the main 

features of the methods to their applicability in analysing the reported challenges of 

interharmonics in PV systems with a checklist is a good step towards further development 

of methods.  

The inferences drawn from a critical review of forty methods are based on the cited examples 

and text described in the corresponding papers. It was not feasible within the study to 

implement and test all these methods. 

2) The results presented in paper B are a complement to the already established interharmonic 

analysis methods like Sliding window ESPRIT and Desynchronized processing technique. 

However, both these methods are implemented with modifications compared to their 

original versions. A comparative analysis led to the further understanding that different 

inferences can be drawn about the extent of the feasibility of these methods due to varying 

characteristics of interharmonics in PV systems.  

A comparison of the computational burden of these methods is not done in this work. An 

explicit reference to the framework of the application of the considered methods (laboratory, 

network monitoring, etc.) is also not considered. 

5.2 PAPER C, D:  
3) The work on interharmonics sets forth a set of observations and inferences, which is an 

appendage to the ongoing research on the power quality aspects of solar power. The different 

reasons for the existence of interharmonics in PV systems systematically established in 

papers C, D are in addition to the known reason that is MPPT where the grid side 

interharmonics are linked to DC link voltage fluctuations. Contrary to earlier research, it 

was established that the grid side interharmonics cannot be always related to the DC side 

and it is very much inverter control strategy dependent. Therefore, it not easy to develop a 

generalised model for predicting interharmonic emissions and their propagation to the grid. 

Limited details about the commercial products restrict understanding completely the 

operational aspects of power converters used in PV systems. The inferences drawn are hence 

the result of the systematic observations resulted from the analysis of the measurements on 

the grid side and DC side. Linking the interharmonic generation mechanisms in inverters to 

external events like fast cloud passages and solar ramping events causing variations in solar 

irradiance is not done in this work. 

5.3 PAPER E:  
4) Limited research has addressed the issue of interharmonic aggregation as of now (Section 

2.5). This could be due to many possible reasons like the need for continuous long-term 

measurements with higher resolution of time in order to capture the instantaneous variations 

in peak/RMS values, long window measurements with high-frequency resolutions, and 
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challenges associated with the signal processing of interharmonics. In paper E, a 

probabilistic model is developed to study the probability distribution of the 95-percentile 

aggregated interharmonic current value in the time-domain. Compared to previous works, a 

solid distinction is made between the randomly varying number of interharmonics and the 

constant number of interharmonics aggregating at the PCC, resulting in a Gumbel 

distribution and a normal distribution respectively. Approximate mathematical expressions 

are formulated to predict the 95-percentile aggregated interharmonic value in the time-

domain with the highest probability of occurrence. 

Although the need for continuous measurements is emphasized, the use of a 95-percentile 

index (in order to avoid data outliers) has limited the possibility in the identification of 

genuine aggregated peak values. The interharmonic aggregation model developed in the 

paper is idealistic considering only interharmonic frequencies less than 2 kHz, and assuming 

random amplitude and random phase angles from a normal and a uniform distribution 

respectively within defined intervals. As the model is idealistic, it is difficult for verification 

with real data, as real data is influenced by harmonic residues and noise, and is procured in 

most cases with finite measurement time intervals. 

5.4 PAPER F:  
5) The time-varying harmonic interaction phenomenon in a wind park is studied. Precise 

harmonic source identification and harmonic contribution estimation when multiple 

harmonic sources are interacting is yet a challenging unsolved problem. Multiple methods 

proposed in previous research try to conditionally solve this problem. This problem gets 

even more difficult in systems with energy sources of dynamic nature like wind and PV, 

together with customer harmonic loads. This paper through a simple mathematical model 

proves that even with the possibility of measurements at multiple locations of a wind park, 

one cannot obtain a deterministic solution to the problem. Further, from the analysis of field 

measurements, an analytical method is developed identifying which harmonic source 

(whether the equipment under test or a distant source) has a higher contribution to harmonics 

at a particular instant of the measurement and analysis period. Using this method, 

approximate levels of primary and secondary emissions can be estimated. 

The analytical method based on field measurements developed in this paper is verified for 

this wind park only. More studies are needed for the feasibility of this method in other large-

scale wind parks where the network configuration plays an integral role. In this work, the 

use of long-term measurements for harmonic analysis is recommended whereas the selection 

of appropriate resolution of measurements as well as appropriate period of analysis is 

equally important. 

5.5 PAPER G: 
6) The current state of art evinces that PV systems, especially single-phase PV installations and 

EV charging causes voltage variations in the grid. However, the impact of these voltage 

variations in a non-linear neighbouring device was not explored in depth. The inferences 

drawn from this study are the first step towards understanding and distinguishing the kind 

of potential impacts which can be created on LED lamps. Additionally, the causes of voltage 

variations caused by the inverter inherent control and the corresponding impact on LED 

lamps are explored. 
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As a limited number of lamps were tested and as a synthetic voltage profile was developed 

based on the limited number of measurements, it is difficult to quantify the long-term effect 

on LED lamps if recurrently subjected to PV or EV induced voltage variations. Therefore, a 

direct link between the observed impact and the lifetime reduction of LED lamps could not 

be established. 

5.6 PAPER H:  
7) The application of machine learning algorithms both supervised and unsupervised has been 

discussed in many previous works. But their application has been limited mostly to the 

classification of events or prediction of events. Paper H is different in this perspective as it 

brings forth a faster approach using an unsupervised deep learning method that can speed 

up the manual post-processing of power quality big data. The outcome of the method is 

twofold: a) it provides patterns in waveform distortions indicating seasonal, yearly, weekly, 

and daily variations, and b) assist the power quality experts to proceed in a best optimised 

way to find the dominant harmonic and interharmonic components in the observed period. 

 

The method is advantageous in terms of computational burden and efficiency only if one 

has to analyse long-term power quality big data with appropriate pre-processing, as well as 

the method is not fully automatic and needs the assistance of a power quality expert in the 

correct interpretation of the obtained automatic results. The optimal choice of the number of 

clusters in k-mean clustering in the method could vary depending on the assessed details and 

the type of application. This has to be addressed and evaluated therefore on a case by case 

basis. The choice of 10-minute aggregation value for harmonic and interharmonics was 

based on the availability of power quality data from the Class A power quality meter. It is 

to be noted that waveform distortion analysis using higher time resolution data e.g. with the 

cycle by cycle values could have revealed more details but at the cost of higher data volumes. 

The aim of this study was not primarily to gain new knowledge on harmonic emission related 

to PV production but to examine the method, i.e. if it was able to detect changing patterns 

in harmonic distortion. The drawbacks of using 10 minute values was thus deemed 

acceptable.   
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6 CONCLUSIONS 

Future intelligent and reliable power systems need extensive measurement and data analysis. 

The most detailed data that can be collected for a power system is the measured voltage and 

current waveform data. Extracting information from current and voltage waveforms finds 

application in preventive monitoring and diagnostic monitoring. The former is related to 

situation awareness of power systems, health and condition monitoring of power system 

equipment like cables, transformers, and capacitors, etc., while the latter is related to learning 

the causes and reasons after the occurrence of a fault in the power system or failure of 

equipment. The mere availability of data is not sufficient, efficient and reliable methods in 

extracting information from data is also an upcoming challenge to the power industry. A key 

feature for analysing the vast volume of power quality data collected by installed power quality 

monitors is to develop suitable algorithms. The work done in this thesis contributes to all these 

aspects. 

In the thesis, power quality topics like interactions, aggregations, variations, and distortion 

patterns are discussed and an important aim of the work is to identify such cases and potential 

impacts. By identifying and, as a next step, mitigating such cases via the design of appropriate 

filters or system modifications, the probability of interference can be reduced. This is the 

ultimate aim of this work on power quality and electromagnetic compatibility. The conclusions 

from this work are classified into five parts from section 6.1 to section 6.5. 

6.1 SIGNAL PROCESSING TECHNIQUES FOR INTERHARMONIC ANALYSIS:  

6.1.1 Findings  

Different inferences could be derived for interharmonics from the same measurements 

subjected to the different analysis and estimation methods. There is no existing method as such 

which could address all the listed challenges of interharmonics in PV systems at the same time. 

The superiority of one method over another is difficult to quantify, as most of these methods 

are application-specific and therefore any comparison needs to take place on a case-by-case 

basis. Parametric methods compared to non-parametric methods are independent of the 

limitations of time-frequency resolutions and are better for analysing time-varying 

interharmonics. However, parametric methods need prior knowledge of the analysed signal, are 

noise sensitive, and increase computation burden. Machine learning methods need excessive 

training data before application. Filter-based methods are dependent on how accurately the 

filters are tuned. 

6.1.2 Recommendations  

It is recommended to apply a combination of different methods to ensure the genuineness of 

interharmonics. It is recommended to first apply FFT with different time and frequency 

resolutions (considering the limitation of measurement window size) and further apply 

advanced methods (parametric/non-parametric) for different interharmonic parameter 

estimations.  

Two different approaches are recommended in the further development and evaluation of 

methods: 

1) A fast method for online real-time implementation that can detect interharmonics. The 

accuracy of such a method is less important as long as it can detect even low levels of 
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interharmonics. There could be one or more ‘triggering methods’, where interharmonics are 

treated as a kind of event instead of a variation. 

2) A set of off-line methods for the analysis of the interharmonics. Speed is less of an issue 

here, but the methods should be able to accurately estimate the frequency and magnitude of 

the interharmonics or get the characteristics of the broadband spectrum if such is present. 

6.2 INTERHARMONICS: 

6.2.1 Findings 

All the inspected PV systems are sources of interharmonics. The calculated interharmonic 

voltage magnitude with respect to fundamental for varying grid impedance conditions has the 

potential to create light flicker in LED lamps, power transformer saturation, and other 

interactions in grid-connected equipment. 

The reasons for the origin of interharmonics in PV systems are related to the inverter type and 

its associated control system. The identified reasons for interharmonics in grid current are 

MPPT, active islanding detection techniques like reactive power control, impedance estimation 

with interharmonic injection, etc., reactive power management, electric drive systems for solar 

tracking, etc. The presence of interharmonics in the measured current from a PV installation is 

also linked to direct and diffused solar irradiation as well as a high ramping rate of the 

irradiation causing variations in both active and reactive power.  

Regarding the propagation of interharmonics from the DC side to the grid side, it was observed 

that in some cases the interharmonics seen on the DC side do not necessarily propagate to the 

grid side. The reasons for interharmonics on the DC side and grid side are different in such 

cases. On the DC side, the interharmonic generation mechanism is always MPPT but on-grid 

side, it can be any of the ones mentioned before and these emissions appear independent and 

as single frequency (no intermodulation effect). If grid side reason is also MPPT, it is identified 

that the interharmonics propagate from DC side to grid side and appear as a wide band spectrum 

around the power system frequency. 

A generic mathematical model for predicting the highest probability of occurrence of 

aggregated interharmonic 95-percentile value in the time domain is developed using Monte-

Carlo simulations and approximate mathematical expressions are formulated. The model finds 

applications in wind and PV parks where hundreds of power electronic converters that are 

sources to interharmonics work in parallel as well as EV parking lots with multiple EVs 

charging at the same time. A left-skewed extreme value distribution (Gumbel distribution) is 

obtained with the random number of aggregating interharmonic frequencies at the PCC whereas 

a normal distribution is obtained with the constant number of aggregating interharmonic 

frequencies at the PCC. The results predicted by the model are further cross-verified using 

aggregated interharmonic data from a PV installation and a wind park. 

6.2.2 Recommendations 

More field measurements and more case studies are required. Insufficient measurements of 

interharmonic voltages in the grid are available to study the potential impacts. As there are 

several mechanisms that causes interharmonic emission from PV inverters, interharmonic 

emissions are likely to be seen in many PV installations. They are also expected in other grid 

connected power electronic converter-based systems like wind parks and EVs charging. That 
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calls for regular monitoring of interharmonic voltage distortion in the grid with increasing 

numbers of PV inverters, EVs, wind parks and other power electronic converter-based systems. 

Gapless continuous measurements in the time domain are needed to study the peak value 

variations due to interharmonic aggregation owing to its random characteristics. This would 

demand continuous monitoring resulting in a higher volume of data processing and efficient 

signal processing methods other than conventional methods. Not only known sources of 

interharmonics like PV and wind, but less known emerging sources of interharmonics like EVs 

must be studied further. 

6.3 HARMONIC INTERACTIONS: 

6.3.1 Findings 

One of the important contributions from the analysis of harmonic interactions in a wind park is 

that even with the possibility of measurements at multiple locations the harmonic source 

identification problem cannot be solved deterministically unless known the dynamic turbine 

impedances. A ‘harmonic interaction break-event point’ is identified from the harmonic 

analysis of field measurements where a particular harmonic gets amplitude and phase cancelled. 

With the help of this break-event point, one could identify the region where primary emission 

or secondary emission dominates at a particular instant in the measurement period. From long-

term measurements and statistical analysis, one could specify approximate power levels where 

a particular harmonic gets cancelled. If one could identify this cancellation point, approximate 

levels of primary and secondary emission can be estimated.  

The harmonic interactions between PV and LED lamps are bidirectional.  

1) From PV to LED: The inherent LED lamp harmonic characteristics get impacted by the 

changes in the operating power level of the inverter and the impact is different for different 

inverter types. The impact is predominantly seen in phase (increased phase angle 

uncertainties) and less impact is seen in magnitude.  

2) From LED to PV: The inherent PV inverter harmonic characteristics gets impacted by the 

increase in the number of lamps and the difference in the topology of lamps connected 

adjacent to PV. Examples of such impacts due to mutual interactions are: the phase angle 

displacement with constant magnitude, increased phase angle uncertainty with magnitude 

variations, and magnitude variations with constant phase angle. However, in all the cases 

the impact was dependent on the grid background distortions and grid impedance values. 

6.3.2 Recommendations 

The feasibility of the developed method from field measurements in the studied wind park 

should be extended to other wind park locations. As the time-varying harmonic interaction 

break-even point is the result of harmonic cancellation between primary and secondary 

emission, it is the network, contributing source type, and background emission dependent. 

Long-term measurements with appropriate time resolution as well as duration are needed to 

visualise and verify the concept of harmonic interaction break-even point.  

The derived inferences from the harmonic interaction studies between PV and LED lamps can 

be extended to commonly used power electronic-based non-linear devices like UPS, SMPS, 

inverters, electric vehicles, electric drive systems, etc. More case studies and measurement 
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analysis are required for that. The derived inferences are also relevant for emission limit 

calculations in LV-grids.  

6.4 IMPACT OF VOLTAGE VARIATIONS: 

6.4.1 Findings 

All the tested LED lamps were affected by PV and EV induced voltage variations. The impact 

is seen in two ways: LED lamps becoming potential victims to such variations or LED lamps 

becoming potential sources of increased distortions to the grid.  

LED lamps as sources of grid distortion: a) An increased interharmonic emission is observed 

at the instances of rapid voltage changes with voltage steps and overvoltage, b) The switching 

frequency of the LED driver circuits and its multiples follows the voltage variations. 

LED lamps as victims: a) For some LED lamps the deviations of active and reactive power 

from nominal values (at 230 V) causes deviations in power factor (synchronous as well as 

asynchronous to test profile variations), b) For some LED lamps, active power, reactive power, 

and power factor oscillates at the instants of rapid voltage changes with voltage steps. This 

could be due to the instability in the implemented control system of the lamp, 3) Lumen 

depreciation is seen for some LEDs during overvoltage, while for some others it is observed 

during undervoltage. 

From the analysis of 100 Hz ripple variations and their multiples in luminance, it could be 

inferred that the peak voltage variations in the supply could be related to the ripple variations 

in light. The AC side and DC side efficiency deviations (of LED lamp) and DC current 

distortions were studied to verify the propagation of voltage variations to the actual LED 

die/encapsulate. It was concluded that some LED lamps are susceptible to such disturbance due 

to the verified propagation to the DC side, whereas some others are less susceptible. The less 

susceptible ones had an almost constant efficiency and the driver circuit prevents the 

propagation filtering out the disturbance. Hence, the susceptibility depends on the implemented 

driver circuit. For the lamps which are susceptible, such disturbances propagating to the DC 

side may affect its longevity if subjected to frequent voltage variations. From the analysis of 

DC current input to LED lamps for some specific cases, it was seen that LED encapsulate is 

more susceptible to overvoltage than undervoltage. 

The impact of voltage steps caused by inherent control mechanisms of PV like MPPT control 

and active islanding detection technique were studied. From the analysis of the impact of 

inverter inherent control on the lamps, it was inferred that even a 100 mV voltage change caused 

by PV at the lamp terminal could result in substantial power deviation from the nominal value. 

6.4.2 Recommendations 

The impact of PV and EV induced voltage variations on LED lamps, is not immediate/ 

catastrophic with loss of light, but still puts LED lamps at a high risk leading to premature 

failure. It is hard to predict the impact of such variations on the exact lifetime of LED lamps 

and more studies are required. Methods need to be devised to quantify the impact of PV and 

EV induced voltage variations on LED lamps. 
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6.5 APPLICATION OF DEEP LEARNING APPROACH FOR WAVEFORM DISTORTION 

PATTERNS 

6.5.1 Findings 

A series of recurrent occurrences of incipient abnormal events in long-term power quality data 

like severe waveform distortions, high amplitudes of a particular harmonic, increased peak and 

RMS values, frequency and amplitude modulations, oscillations, etc. are a sign of caution to 

power engineers. Continuous monitoring and information extraction over a longer period of 

time can be used for preventive monitoring and avoiding just-in-time alarms. The application 

of a novel deep learning unsupervised approach to accelerate manual post-processing of power 

quality big data is illustrated. The output of the deep autoencoder is the principle features in the 

input data followed by feature clustering. The reconstructed spectra show the seasonal, yearly, 

weekly, daily variations as well as variations between the spectra between the three phases (in 

some installations) of harmonic and interharmonic patterns. From the clusters, the dominant 

changes in specific harmonic and interharmonic components can be easily identified 

accelerating the manual-post processing of these specific frequency components. The plots of 

the reconstructed spectra and the daily distribution patterns can be implemented in software for 

the analysis of data from PQ monitors, smart meters, and other devices. The method, 

implemented in this way, can become a new tool that compresses PQ big data and accelerates 

the process of manual interpretation. This method also has the advantage that without knowing 

the internal architecture of the deep learning algorithm, a power engineer still would be able to 

use it for power quality information extraction. 

6.5.2 Recommendations 

Although this novel method contributes to unsupervised analysis, future improvements are 

needed in the disaggregation of waveform distortion patterns, establishing a link between 

changing weather data and waveform distortion patterns, and application for other power 

quality disturbances like voltage-dips, transients, etc. 
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