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INTRODUCTION 
This thesis provides a comprehensive analysis of power quality issues related to 
connecting nonlinear loads and generation units into the existing grid. The thesis 
identifies and describes key research in this topic and complements it with field 
measurements. Averaged values of loads and PV panels are provided and results 
of integrating nonlinear loads and PV panels into existing grid are introduced 
based on measurements and modelling.  

Background and Motivation 

The appliances and electric devices connected to the public low-voltage network 
can generate linear and nonlinear loads. Linear loads are designed to operate 
with a sinusoidal current; meanwhile nonlinear loads are operating with non-
sinusoidal current. Presently, nonlinear loads make up large percentage of 
electrical demand and their popularity is growing rapidly worldwide. 

New technologies and consumer trends reduce traditional linear loads and linear 
generation units connected to the grid. Increase in popularity of electrical 
vehicles (EV), small wind turbines (WT) and photovoltaic (PV) panels and 
restrictions on sale of incandescent lamps in European Union (EU) prove such 
developments. Present thesis is motivated to introduce possible technical 
challenges due to those changes. 

The idea for this thesis formed out of the author’s Master’s thesis analysing the 
impacts of compact fluorescent lamps (CFL) on the electricity grid. The goal of 
the present PhD work was to present an overview of nonlinear loads and 
nonlinear generation units and investigate their interactions in the grid. The 
research required basic models of nonlinear loads and nonlinear generation units 
that were constructed in the thesis. 

Overall meaning of the thesis was to bring attention to power quality issues, 
which may appear if new loads and generations are connected thoughtlessly. 
Special attention is needed by distribution grid specialist because it all comes 
together into the grid. 

Shortcomings in Earlier Research 

Numerous researches have been conducted on power quality. Comprehensive 
studies on harmonic spectres of loads and generation units and modelling them 
together in different scenarios has been insufficient before compiling the papers 
for this thesis. Limited data has been available for specific loads such as CFLs 
and EVs, and usually only total harmonic distortion (THD) has been examined 
and no information for individual harmonics has been given. 

Current curve of load depends on supply voltage, but at the same time voltage 
depends on the current. There is lack of information about how supply voltage 
affects harmonic current spectre of individual appliances. Also, studies about 
how different current curves influence system voltage have not been 
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comprehensive at the time when the papers for the thesis were compiled. 
Furthermore, single harmonic current and phase angle values for majority of 
nonlinear loads and nonlinear generating units had not been researched in-depth. 

Main Objectives and Tasks of the Thesis 

The main objective of this thesis is to analyse power quality issues related to 
nonlinear loads and nonlinear generation units, focused on PVs. The thesis 
consists of investigation of prior research by other authors, field measurements 
and modelling. In addition, measurements data and averaged values for diverse 
devices for further modelling and analysis are presented in the second paragraph.  

For the correct estimation of harmonic levels, magnitudes and phase angle, 
values of individual harmonics up to 50th order for all devices are measured and 
taken into account. All results were published for further analysis and modelling. 

The broad objective of this research is to create grounds for comprehensive 
power quality studies in Estonia regarding nonlinear loads and nonlinear 
generation units. So far no remarkable research has been published assessing 
what happens when large numbers of nonlinear loads and nonlinear generation 
units are implemented together into the distribution network.  

Subject of the Research and Dissemination of the Results 

The research was performed throughout 2009-2015. It was conducted in different 
parts which resulted in several Bachelors’ thesis and Masters’ thesis supervised by 
the author of the present thesis, as well as scientific papers and presentations at 
conferences. Many field and laboratory measurements were conducted for this 
work and final conclusions were made based on modelling results. 

The results of the doctoral thesis have been presented by the author at seven 
international conferences. The author has published 32 international scientific 
papers, nine of which are directly associated with the thesis. In addition, three 
papers were published in local scientific conferences and four papers were 
published in non-scientific journals or newspapers.  

Thesis Outline  

Chapter 1 gives an overview of various aspects related to power quality issues in 
the distribution grid. Attention is paid to power quality issues concerning small 
nonlinear loads, nonlinear electric vehicle loads and distributed generation units. 

Chapter 2 provides an overview of characteristics of small appliances, electrical 
vehicles and PV panels. Measurement data and averaged values are presented 
for further modelling. 

Chapter 3 presents modelling results of altered scenarios. Situations with and 
without nonlinear loads, electrical vehicles and PV panels are handled. Aim of the 
chapter is to use the knowledge gathered in the first chapter and measurement 
results from the second chapter in models for potential real life situations.  
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1 AN OVERVIEW OF POWER QUALITY ISSUES IN 
THE DISTRIBUTION GRID 

This thesis focuses on current and voltage harmonics that are produced by 
nonlinear loads and nonlinear generation units, as such information and data has 
been lacking in existing research before compiling the thesis. Reactive power, 
voltage unbalance and neutral current issues are included, as these are the most 
hazardous matters that relate to individual appliances. All such factors may lead 
to extensive financial costs being incurred if there is no awareness of their 
presence. 

Firstly, the consequences of poor power quality levels and parameters such as 
harmonics, reactive power, voltage unbalance, and neutral current are explained. 
Subsequently, power quality issues concerning precise loads and nonlinear 
generation units are handled.  

The Consequences of Poor Power Quality Levels 

The connection of nonlinear loads and nonlinear generation units to distribution 
networks should be observed in terms of power quality, reliability, network 
control and stability. For such operational aspects, a number of problems could 
arise when connecting nonlinear loads, such as: 

• a malfunction of harmonics-sensitive equipment 
• voltage unbalance 
• DC injection 
• exceeding the thermal limits of conductors 
• power losses 
• a rise of voltage harmonics distortion 
• resonance 
• a decrease in the lifetime of components 
• voltage flicker 
• abnormal operation of the protection system 
• a decrease of power factor 
• high current in neutral conductor 
• under- or over-voltage of the network 
• mechanical stress 
• reactive power generation 
• non-reception of the tariff signal 
• islanding 
• increase of the network outages 

The above-mentioned effects are not limited, but one of the most affected 
components are the distribution transformers, cables, and fuses [1]. The most 
direct effect can be seen in the distribution transformers, which could encounter 
great stress and heating due to increased harmonic losses and voltage unbalance, 
but also an increased load due to nonlinear loads.  
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Harmonics 

Harmonic currents are caused by non-linear loads, i.e. loads which draw a 
current with an unlike waveform comparison to the supply voltage. A distorted 
sine wave can be observed, dividing it into numerous components, each having 
an integer-multiple frequency of the main frequency. For different waveforms, 
there is a diverse harmonic content present, referring to individual harmonic 
magnitudes and phase shift when compared to the main frequency component.  

The distortions can be observed individually by comparing harmonic 
components as a harmonic distortion (HD). A more general approach to quantify 
the distortions is the use of THD. THD can be expressed separately for total 
current harmonic distortion as THDI and for total voltage distortion as THDU. 
The harmonic distortion indicators can be calculated using corresponding 
equations (1), (2), (3), and (4), 

 
(1) 

 
(2) 

 
(3) 

 
(4) 

It has to be pointed out that THDI does not reveal the magnitudes of individual 
harmonics, which could still exceed the limits for specific harmonics regardless 
of THDI value. For the correct estimation of the harmonic levels, phase angle 
values of individual harmonics are required in addition to magnitudes. For 
example, the attenuation effect is dependent only upon the phase angle, but the 
effect’s severity is dependent upon the magnitude of the harmonic voltage [2]. 

Harmonic angle diversity is relevant when multiple appliances are operating 
simultaneously, creating either the reinforcement or cancellation of harmonic 
magnitudes [3]. It is reported that smaller harmonic current magnitudes with a 
10% reduction can be seen when phase angle information is included when 
compared to the simple summing up of magnitudes without phase angles [4]. 

Harmonic currents that are produced by nonlinear loads are injected back into 
the supply systems and distortion affects all customers who are fed through this 
place of common coupling (PCC). Some loads draw a current with a THD over 
100%, but their active power consumption is not as significant when compared 
to other harmonic generating devices as stated in [PAPER - I]. In such cases, 
harmonic distortion may increase when numerous harmonic-emitting devices are 
utilised in bulk. The total level of impact depends on the number of appliances, 
their power ratings, and their harmonic diversity.  
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Reactive Power 

It must be considered that most electronic devices investigated for this research 
generate more reactive power to the grid than they consume active power as 
stated in [PAPER - II]. A respectable indicator for estimating the amount of 
reactive power is the power factor (PF) calculated as (5). 

, 
(5) 

where P is real power and S is apparent power. In the sinusoidal case there is 
only one phase angle between the voltage and the current (since only the 
fundamental frequency is present) and therefore the power factor can be 
computed as the cosine of the phase angle (φ) and is commonly referred to as the 
displacement power factor (DPF), calculated as (6).  

 DPF = cos φ (6) 

Some devices have DPF near unity, but the true PF rating is around 0.5-0.6. 
Using only the displacement power factor would provide a false sense of 
security in those cases.  

Voltage Unbalance 

Voltage unbalance in the three-phase system is a condition in which voltages 
differ from each other to notable levels. In public electricity networks the 
allowed level in Europe is 2% (EN 50160:2010). The voltage unbalance is 
commonly observed as a relation of maximum deviation from three phase 
average voltage (ΔU) to three phase average voltage (Uavg) and is described with 
an unbalance factor (ka) as given in (7) or as a relation of negative sequence 
voltage (U2) to positive sequence voltage (U1) as given in (8). Positive and 
negative sequence values can be computed with method of symmetrical 
components. 

 
(7) 

 
(8) 

Three phase motors are mostly affected by the negative sequence. Another 
problem that emerges from the presence of harmonics and voltage unbalance is 
the increase in neutral wire current [5], which can increase noticeably and can 
pose risks if overloaded. 

Neutral Wire Current 

The neutral point of a low-voltage power system is commonly earthed, and 
single phase devices operate on a voltage between neutral and phase. In a single 
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phase system, currents in the neutral and in the phase are equal, and in a three 
phase system the current rates at zero in neutral for a balanced load.  

A special situation occurs in the case of a balanced three phase load that consists 
of identical nonlinear loads. Since the triplen harmonics total up in neutral, the 
three phase supply system neutral conductor’s total current can be higher than 
the individual phase current [6], [7]. For example, in analyses made in the 
Denmark and Netherlands has shown that the fifteenth harmonic current, which 
is one of the triplen harmonics, has exceeded tolerable limits in several cases [7], 
[8]. 

1.1 Power Quality Issues Concerning Small Nonlinear Loads 

Those appliances and electric devices that are connected to the public low-
voltage network are designed to operate with a sinusoidal voltage at rated power. 
Many of the connected loads are the nonlinear type, meaning that they draw 
current with a distorted sine waveform. This causes distorted sine voltage drop, 
thereby resulting in a distorted network voltage waveform. The share of 
worldwide nonlinear loads is growing rapidly. It has been estimated that already 
in 2012, a total of 60% of loads in the USA were nonlinear loads [3]. 

The total impact depends upon the number of appliances, their power ratings, 
and their harmonic diversity. Harmonic angle diversity is relevant when multiple 
appliances are operating simultaneously, creating either a reinforcement or 
cancellation of harmonic magnitudes [3]. The attenuation effect is dependent 
only on the phase angle, but the effect’s severity is dependent upon the 
magnitude of the harmonic voltage [2]. 

The most investigated nonlinear loads in the world are probably CFLs. 
Therefore power quality issues concerning nonlinear loads here are handled in 
terms of CFLs. CFLs consume less energy with the same luminous efficiency 
when compared to incandescent lamps, but their current curve is not a perfect 
sinusoid. For example analysis [9] was carried out in which all bulbs were 
replaced with CFLs in one household. After the replacement has been carried 
out, CFLs constituted 26.3% of overall load - PF decreased to 0.65, voltage 
distortion increased to 4.4%, and current THD increased to an unacceptable 
23.5%. Also studies [10], [11], [12] have shown that the current THD of CFLs 
increases as the supply harmonic level increases. The ratio is not linear and it is 
particularly evident in the case of CFLs with electronic ballast. 

The widespread use of CFLs have implications for significant reactive power in 
a grid [9]. If the cos φ of the CFLs is usually about 0.9 the PF is not the same 
which was proved with measurements presented in [PAPER - I]. Average PF is 
around 0.5-0.6 which means that a lamp generates much more reactive power to 
the grid than it consumes active power. In [PAPER - I], a number of test series 
with CFLs were carried out. Part of the results is described in Table 1.1.  
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Table 1.1. Measured Parameters for CFLs 
Parameter Set 1 Set 2 
cos φ 0.89 0.92 
PF 0.61 0.57 
Reactive power [var] 18.0 20.0 
Current THD [%] 104 120 

 

For assessing the harmonics, in [PAPER - I], CFLs were installed symmetrically 
in three phases. The test started with two lamps for one phase, then three and 
finally four. Results were almost as poor as theoretically they could be. When 
changing the number of lamps, the current in the neutral wire was always 70% 
higher than the phase current. Fig. 1.1 shows how the third, ninth, fifteenth and 
twenty-first harmonics aggregate in the neutral conductor. Other harmonics 
cancel each other out. 

 

Fig. 1.1. Triplen Harmonics Aggregation in Neutral Conductor. 
 

All nonlinear loads cause losses and distribution transformers, which are one of 
the most important devices in supply system and can mitigate or worsen the 
situation of harmonic emission, are affected in two ways. First, the eddy current 
losses increase with the square of the harmonic number. The second effect 
concerns the triple harmonics (third, ninth, fifteenth, etc), which circulate in the 
delta winding of the transformer and may damage it due to increased thermal 
losses [13]. For example, the results of experiment [14] showed 33% active loss 
increase of a transformer when incandescent lamps where replaced with CFLs.  
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Above described effects are dependent on power as being more severe when 
nonlinear loading is increasing. For that reason, next sections are describing 
electrical vehicle and distributed generation which are more powerful than 
CFLs. 

1.2 Power Quality Issues Concerning Electrical Vehicle Load 

Electrical vehicles are considered as being every-day-use commuter vehicles 
with significant on-board energy storage which can use the low-voltage power 
supply for charging the energy storage cells. An EV battery requires a direct 
current (DC) for charging and for the conversion from alternating current (AC), 
and charging control is provided by the power electronics converters, presenting 
a non-linear load.  

The harmonics associated with the EV charging are closely related to the charger 
circuit topology that is providing an interface with the AC network. The simplest 
single-phase full-bridge rectifier or and for higher power ratings three-phase 
diode rectifier (similar to all uncontrolled rectifiers), provide the high current 
harmonics to the AC power network. The circuits and control strategies have 
evolved rapidly to include more network-friendly features, such as power factor 
correction (PFC) and current waveform shaping. 

The EV chargers that are most likely to be deployed on board of the EVs would 
be the single-phase chargers. It is likely that for a large number of customers in a 
three-phase system, the charging current would be distributed uniformly among 
the phases.  

The task of charging up EVs is expected to impose a noticeable additional load 
on distribution networks. Residential networks in which EV owners will charge 
their vehicles after returning from their daily activities will be especially 
subjected to high load increases. As an EV charger is a powerful non-linear load, 
large harmonic currents can be present during EV charging. In [PAPER - IV], 
EVs are analysed for the current harmonics that may be present during slow rate 
home charging.  

Distribution networks suffer from limitations when it comes to support for EV 
charging [15], even for low EV penetration levels. It is assumed, that an EV 
penetration rate of between 20% and 25% will be tolerable for the present 
distribution networks [16]. This figure is aimed at being applicable both for 
overload as well as for power quality issues. Considering the power of EV 
chargers and the characteristics of the EV charging load, analysis is required if 
public low-voltage network standards are still to be met if numerous EVs are 
being charged simultaneously.  

In [PAPER - IV] the EV charging scenarios are presented by including or 
excluding EV charging of the four EVs. The sum total of charging currents and 
THDI are presented in Table 1.2. The lowest THDI value can be observed when 
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EV1 and EV3 are present as their individual THDI values are the lowest. 
However, when all of the EVs are connected for charging, the level of distortion 
is still low, at 4.9%, which is significantly lower than the average THDI of all 
the EVs (7.5%). The lowest THDI value is observed when EV1 and EV3 are 
present, with a decrease in the third harmonic by 83% (phase angle difference 
195 degrees) and in the fifth harmonic by 59% (phase angle difference 186 
degrees). In all the observed cases, when there is more than one different EV 
connected to the grid for charging, harmonic cancellation is observed and the 
level of harmonic current will be smaller than the arithmetic sum total of the 
currents. 

Table 1.2. THDI Values for EV Charging Configurations 
 EV2 Absent Present 

EV1 Absent Present Absent Present 
EV4 EV3      

Absent 
Absent 0 4.0% 12.2% 6.4% 
Present 3.3% 2.0% 5.7% 3.9% 

Present 
Absent 10.5% 4.6% 10.1% 6.5% 
Present 5.9% 3.6% 6.7% 4.9% 

 
On the other hand, a typical distribution network has a large number of non-
linear loads connected to it. Adding the EV chargers of various manufacturers to 
this grid, it is likely that there will be a variety of harmonic patterns present. The 
diversity of the patterns may lead to some harmonic cancellation. This effect 
occurs when harmonics with diverse phase angles provide a sum total to a 
magnitude that is smaller than the individual harmonics magnitudes. 

1.3 Power Quality Issues Concerning Distributed Generation Units 

Investigations [PAPER - V] and [PAPER - VI] provide an overview of power 
quality issues that concern distributed generation units. Distributed generation 
(DG) is the production of electricity at or near the point of consumption. Most of 
the consumed energy is produced at the point of consumption and the rest of the 
electricity is transferred into the distribution grid. 

In most cases it is assumed that the electrical current and voltage have a 
sinusoidal waveform. But if hundreds or thousands of minor power production 
plants are connected to the grid, this could result in a distortion of the sinusoidal 
current and voltage waveform. Small generators are usually combined with 
frequency converters in order to drive them and synchronise them with the grid. 
When a large number of DGs are connected to the distribution network, power 
electronics become one of the main sources of harmonics [17]. 

As it is seen in Fig. 1.2, the number of new producers in the Estonian national 
distribution grid as operated by Elektrilevi OÜ is increasing every year. An 
especially increasing trend is adding new generation units that are at a low-
voltage level (more than 500 in four years). 
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Fig. 1.2. New Producers in the Elektrilevi OÜ Grid 

Small producers can have an effect on all aspects of power quality. The possible 
effects depend mainly on the power of the generation units when compared to 
the short-circuit capacity of the grid. Effects are more serious as power of 
generation unit increases and grid’s short-circuit capacity decreases. DG units 
have a larger effect on local phenomena, such as supply voltage variation events, 
flicker etc. DG units are usually not large enough to have a significant effect on 
system frequency, but with larger units and a higher ratio of DG units, problems 
may occur [18]. 

The varying power density of renewable energy resources (ie. irradiance level 
and temperature in PV conversion and wind speed) potentially causes voltage 
and frequency variations or sag/swell patterns in the grid. The application of 
power converters as interfaces between energy sources and the grid, as well as 
their interaction with other system components, may cause high levels of 
harmonic distortion [19], [20].  

For example, the performance of PV plants in terms of power quality levels 
depends upon the inverter structure, external conditions such as solar irradiance 
and temperature, the type and volume of loads, and the characteristics of the 
supply system [21], [22], [23], [24]. The harmonics produced by DG in the 
distribution network are influenced mainly by the factor of the equivalent 
impedance in the PCC [23].  

Although the quality of a network supply is conventionally assessed in terms of 
voltage harmonics, the grid impedance determines how these relate to the output 
current [25]. Power quality levels from inverters are significantly influenced by 
minor distortions of the voltage waveform in the network into which power is 
being directed. For example, in [25] a case analysis is presented for connecting 
the DG unit into an ideal grid with resistive load. A voltage distortion of about 
3.2% was indicated, whereas connecting the DG unit to the low voltage network 
produced a voltage distortion of about 5.7% with all other conditions remaining 
the same. Similar ranges were observed when the distortion was measured for an 
inverter that was connected to the real grid and afterwards in an islanded 
operation. The values of voltage THD were at 6.2% and 3.3% respectively [25]. 

The aim of the study [26] which was one part of research done for the thesis was 
to use measurement data that had been obtained from eleven producers to 
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analyse the present situation of power quality levels and the effects of the DG 
units in order to determine whether they have an effect on local power quality 
levels. The research focused on small producers with an installed capacity of 
between 200 kW to 5 MW.  

The research concludes that DG units can cause problems with supply voltages 
due to complications in voltage regulation [27] or due to producing only active 
power, which can cause over-voltages in nearby substations [18]. The effect is 
more prominent if the DG unit is high-powered and/or is installed farther from 
main substations in the grid [28].  

Measurement results for continuous phenomena (Table 1.3) are presented using 
the PQI (Power Quality Index) method [29]. The PQI method uses a relative 
value that indicates the real value subject to the EN 50160 limit. For example, 
THDU values of 3.8% and 10% correspond to PQI values of 47.5% and 125%. 

Table 1.3. Measurement Results for DGs [26] 
Parameter Avg PQI [%] Max PQI [%] 
Supply voltage variations (100% of time) 18.5 66.7 
Flicker 43.6 150.0 
Asymmetry 22.2 50.5 
THDU 17.4 46.2 
Harmonics 5.4 57.0 

 
According to the measurement results from 11 measurement points, the overall 
degree of power quality levels was good with an average PQI value of 44%. It 
could be concluded that the supply voltage variation is not very high in those 
places– the average PQI value was 18.5% and the maximum was less than 67%. 
The variations were somewhat higher in measurement points with asynchronous 
generators. The average harmonic levels were low, with an average PQI value of 
17.4% for THD and 5.4% for individual harmonics. Maximum values were 
under 47% and 57% respectively. 

Problems to Be Solved in the Thesis 

The present levels of distortions in some distribution networks are already 
significant. Monitoring of a hundred distribution network feeders in the USA 
revealed that the average voltage THD at the PCC was 4.73% [30]. It can be 
presumed that the stated percentage is quite common for many distribution grids. 
More severe cases have been revealed distortion higher than 17% [31].  

Due to this progressive phenomenon the present thesis concentrate its 
investigations mainly on the harmonics of nonlinear loads and nonlinear 
generation units. And as it is evident from previous that problems with nonlinear 
loads and nonlinear generation units do exist, the following part of the thesis will 
investigate their characteristics in detail. In the final part, models based on 
characteristics of small appliances, electrical vehicles, and distributed generation 
units will be examined by modelling them together in different perspective real 
life scenarios. 
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2 THE CHARACTERISTICS OF NONLINEAR LOADS 
AND PV PANELS 

In this part of the thesis, the characteristics of nonlinear loads and PV panels are 
presented. The characteristics of specific devices help to provide an 
understanding of how distortions arise when they are used in real situation 
models. Relevant data is collected from scientific researches and measurements 
that have been carried out for the present thesis. 

2.1 The Characteristics of Small Appliances 

Some loads have a current THD over 100%, but their active power consumption 
is not significant compared to other harmonic-generating apparatuses. Therefore, 
their quality requirements are not precisely regulated, but total harmonic load 
increases when numerous harmonic emitting devices are utilised in bulk. 

Table 2.1. Power and Harmonic Current Values for Measured Devices 
device harmonic order [n] 1 3 5 7 9 11 13 15 

air purifier 
P [W] 11.9 I [%] 100 29 22 5 6 4 2 2 
Q [VAr] 10.3 φ [°] 0 110 118 57 66 95 48 51 

desk lamp 
P [W] 30.7 I [%] 100 6 2 1 0 0 0 0 
Q [VAr] 67.4 φ [°] 0 305 104 298 136 322 143 276 

refrigerator 1 
P [W] 119 I [%] 100 14 6 4 1 2 1 1 
Q [VAr] 77.9 φ [°] 0 314 42 139 324 341 168 264 

refrigerator 2 
P [W] 80.7 I [%] 100 16 7 7 6 2 2 0 
Q [VAr] 19.3 φ [°] 0 246 224 157 156 161 206 294 

lamp set 1 
P [W] 82.7 I [%] 100 83 59 35 18 11 9 9 
Q [VAr] -106.6 φ [°] 0 358 355 8 37 88 124 201 

lamp set 2 
P [W] 91.4 I [%] 100 78 52 27 13 11 11 14 
Q [VAr] -122.1 φ [°] 0 358 343 11 52 105 130 156 

laptop 1 
P [W] 47.8 I [%] 100 42 5 7 2 2 2 2 
Q [VAr] -29.3 φ [°] 0 301 148 57 120 308 247 102 

laptop 2 
P [W] 69.9 I [%] 100 90 76 62 53 49 45 39 
Q [VAr] -130.4 φ [°] 0 346 339 338 341 344 344 344 

monitor 
P [W] 29.9 I [%] 100 85 64 41 21 17 20 17 
Q [VAr] -40.3 φ [°] 0 318 292 272 269 294 292 277 

printer 
P [W] 42.3 I [%] 100 17 13 10 6 3 1 2 
Q [VAr] -31.6 φ [°] 0 290 243 198 147 100 208 183 

TV 1 
P [W] 58.6 I [%] 100 83 60 33 12 6 11 10 
Q [VAr] -66.6 φ [°] 0 342 328 313 281 149 115 90 

TV 2 
P [W] 80.3 I [%] 100 70 31 13 10 4 3 2 
Q [VAr] 68.5 φ [°] 0 339 310 236 176 117 14 291 

TV-tuner 1 
P [W] 6.6 I [%] 100 81 65 49 31 20 16 15 
Q [VAr] -10.1 φ [°] 0 294 252 215 181 164 151 128 

TV-tuner 2 
P [W] 3.9 I [%] 100 82 70 54 37 23 13 11 
Q [VAr] -5.4 φ [°] 0 347 327 249 50 29 75 106 

 

In order to estimate the total magnitude of harmonics it is important to know the 
harmonic components and their magnitudes when it comes to designing 
harmonic mitigation devices. For this purpose, the active and reactive power 
level values, harmonic current magnitudes and harmonic current phase shift 
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angle values of different home appliances were measured. The results for a 
fourteen devices are presented in Table 2.1, where active (P) and reactive (Q) 
power values for each device are given and complemented with harmonic 
current and phase shift angles up to 15th order. In further modelling process, 
described in last chapter of the thesis, values up to 50th harmonic have been 
used, but due to their low values are not presented at this point. 

From the Table 2.1 it can be seen that a number of devices used in housekeeping 
have a moderate active power consumption around 100 W or less. As comparing 
harmonic current values, it can be said that there are very different current 
curves. All those devices together can reach up to one or two kW-s and show 
very varying harmonic spectres. 

In study [32] which was a part of research done for the thesis, average values for 
devices, eg. laptops, printers, monitors, etc were presented. For example, third 
harmonics for laptops in this analysis are presented in Fig. 2.1, where ‘X’ and 
‘Y’ are standing for active and reactive current components (‘+’ if consuming, ‘-
’ if producing) calculated using formulas (9) and (10). The arithmetic mean 
(AMe) of amplitudes and geometric mean (GMe) of phase angles were 
calculated respectively according to (11) and (12). The results show that same 
type of appliances can be modelled with one universal model. All values are 
presented as percentage of fundamental current which itself is taken 100%. 

 
Fig. 2.1. Quadrant of Third Harmonic Current Vectors of Different Laptops. [32] 
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By the research [32] it can conclude that same type appliances from different 
manufactures have similar current curves. For example measured laptops and 
monitors all have odd harmonic currents up to 11th order with reactive 
generating nature as seen in Fig. 2.1.  
 

 (9) 

 (10) 

 
(11) 

, (12) 

where Ii is current amplitude of the order i, φi is phase angle between 
fundamental voltage and current of order i, ii is current rms of order i. 

Same type averaged values as in Fig. 2.1 calculated with upper mentioned 
equations (9-12) are worked out also for electrical vehicles and PV panels. 
Those results are presented in following sections and are used in modelling 
which is covered in the last chapter. 

2.2 The Characteristics of Electrical Vehicle Chargers 

Study [PAPER - IV] introduces the EV battery charger load, which is a powerful 
nonlinear load. Chargers for modern EVs that are intended for charging at home 
are actually operating close to the load levels that the average residential 
customers already consume without the EV. EVs draw between 10 A to 15 A of 
current, which means that adding an EV essentially means load doubling in 
many homes [33].  

An EV battery requires a DC supply for charging, and the simplest approach is 
to use a single-phase full-bridge rectifier in the circuit. Another option for higher 
power ratings is to use a three-phase diode rectifier.  

A disadvantage inherent in all of the uncontrolled rectifiers is the high content of 
current harmonics that are injected to AC power networks. Based on the 
available literature, it can be concluded that over the years the volume of 
distortion from EV charging has decreased. Measurements in the 1990s 
indicated that the use of uncontrolled or low-control rectifiers results in an 
average THDI of 50% [34]. Measurements of modern commercial EVs have 
indicated a charging THDI around 11% or 12% [35], [36], and levels as low as 
4.5% [37]. When using more advanced power electronic circuits and controls, a 
variety of topologies results in a THDI below 5% at a load level between 50% 
and 100% of rated power [38].  

Investigation [PAPER - VI] focuses on the identification of the properties of EV 
chargers. The EV chargers that are being produced by EV manufacturers and the 
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types available are very likely to have different harmonic patterns, ie. individual 
current harmonic magnitude levels and phase angle values. A comparison of the 
measured EVs in steady state current charging mode is presented in Table 2.2.  

Table 2.2. Measured Characteristics for Charging EVs. 

EV 
Charging 

current [A] 
Charging 

power [kW] 
THDI during steady state 

charging [%] 
1 9.7 2.2 4.2 
2 10.3 2.4 12.3 
3 12.7 2.9 3.4 
4 10.3 2.4 10.5 

 
In Fig. 2.2. the charging time has been presented with the relative scale of zero 
to 100% of charging time. Distinguishable modes of charging are observable and 
during the steady state mode, the current harmonic magnitudes and phase angles 
remain at constant values.  

 

Fig. 2.2. Charging Current and THD Levels During Full Charging. 
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The harmonic amplitudes and phase angles are different for the various EVs. 
Therefore two simulations with EVs can lead to entirely dissimilar results. For 
this purpose, general values for further modelling of average EVs has been 
presented in [PAPER - VII]. The averaged values based on five EVs were 
calculated similarly as described for small appliances in section 2.1 by using 
formulas 8 to 11. A graphical illustration for the third harmonic as the most 
significant individual harmonic is presented in Fig. 2.3. 

 
Fig. 2.3. Quadrant of Third Current Harmonic Vectors of Different EVs.  

 

In Table 2.3, averaged harmonic currents of measured EVs for all orders up to 
the 50th are given for modelling the mean EV. Different values are given for 
distinguishable harmonic orders and groups with similar dimension.  

Table 2.3. Current Harmonic Amplitudes of Mean EV 
Order Amplitude 

2 0,4 
3 7,5 

4; 6; 8; 10 0,2 
5 1,9 
7 1,4 

9; 11; 13; 15 0,65 
12...50 even 0,06 
17...49 odd 0,25 
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Phase angles of current harmonics for the mean EV are presented in Table 2.4. 
3rd and 33rd harmonic phase shift values are given separately due to their 
discrepancy. 

Table 2.4. Current Harmonic Phase Shift Angles of Mean EV 
Order  Angle 

2; 4; 8; 12; 14; 18; 22; 28; 32; 36; 40; 42; 46 200 
3 40 

 5; 7; 17; 21; 31; 35; 37; 41; 45  210 
6; 10; 16; 20; 24; 26; 30; 34; 38; 44; 48; 50 150 

 9; 11; 13; 15; 19; 23; 25; 27; 29; 39; 43; 47; 49  140 
33 90 

 

Values presented in Table 2.3 and Table 2.4 are used to model the mean EV. 
The modelling process and results are described in the last chapter of the thesis. 

2.3 The Characteristics of PV Panel Systems 

PV system has been chosen as an example for distributed generation units. The 
harmonic generation of a PV system depends on the inverter technology, solar 
irradiance, temperature, loads, and the supply system characteristics.  

Both the current THD and the output reactive power are related to the output 
active power levels, which in turn are strongly dependent upon solar irradiance 
levels.  

Most of the inverters consume or feed reactive power into the network 
depending on their output active power and their technology. During operation 
at low solar irradiance levels (eg. sunrise, sunset, and on cloudy days), current 
THD values can increase rapidly because the THD factor is inversely 
proportional to the output active power of the PV inverters. THD is notably 
reduced as the output active power of the PV inverters increases and reaches its 
nominal value [39], [40]. 

The magnitude and order of harmonic currents that are injected by converters 
depends upon the technology and topology of the inverter [41], and its mode of 
operation [42]. The current harmonic content of most modern sine wave 
inverters is typically less than 3% [43].  

The harmonic current emission of the converters depends on power output, this 
being comparatively high during low power generation and comparatively low if 
generated power exceeds an approximate figure between 15% and 20% of the 
rated power [21], [22], [24]. Most commercial inverters for connecting low 
power generators into the grid are designed to operate at unity power factor, but 
the inverter fails to maintain unity power factor at low power outputs [25]. 

Some inverters combine the reference source and the synchronisation in the grid 
voltage, by using the shape of the grid voltage as a reference source. In the case 
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of distorted grid voltage, the reference source will be distorted and the current 
control loop of the inverter influence its output current accordingly [44]. A 
distorted voltage acts like a disturbance in the inverter control system, causing a 
distortion of the current waveform generated by the inverter [39]. 

Investigation [PAPER - VIII] introduces the measurement results for three PV 
systems and offers averaged values for a single phase PV system for the purpose 
of further modelling. The measurement results for a single phase PV inverter for 
three power levels are presented in Table 2.5. Power levels are describing 
situations where PV output power is approximately 30%, 60% and 100% 
accordingly. From the data presented in the tables, it is apparent that current 
distortion decreases with increasing current. The same conclusion can be drawn 
by observing the power factor (PF) value which approaches unity with 
increasing current.  

Table 2.5. Measured Power and Power Quality Values for a Single Phase PV Inverter 

Power 
level 

Urms [V] Irms [A] P [W] Q [var] S [VA] cos φ PF 
THDU 

[%] 
THDI

 [%] 

30% 233.6 3.45 739 322 807 1 0.92 1.01 4.27 

60% 238.8 9.08 2125 -425 2168 1 0.98 0.82 1.98 

100% 239.1 11.73 2783 -257 2805 1 0.99 1 1.67 

 

Voltage and current distortion over a fifteen hour measurement period of the 
single phase PV are presented in Fig. 2.4. Voltage distortion at the MP was 
notably low (approximately 1%) throughout the observed time period and 
current distortions are not greatly affected by grid disturbances thereby. 

 

Fig. 2.4. The Measured Voltage THD and Current THD for a Single Phase PV Inverter. 
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Active power (P), reactive power (Q), and apparent power (S) are displayed in 
Fig. 2.5. The results are coherent in terms of the previous conclusion for reactive 
power in which reactive power is mainly capacitive throughout the measurement 
period. It can be confirmed that reactive power is not dependent upon current 
(compared to active and apparent power). 

 

Fig. 2.5. The Measured Power Values for a Single Phase PV Inverter. 
 

It can be concluded from Fig. 2.6, that cos φ remained near unity throughout the 
measurement period, whereas PF varied considerably. The observed fluctuations 
in PF are a result of current harmonics. It is seen when comparing the current 
THD and PF curves in Fig. 2.4 (THDI) and Fig. 2.6 (PF) where strong 
correlation comes evident between them. 

 

Fig. 2.6. The Measured Power Factors Values for the Single Phase PV Inverter. 
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For modelling mean PV generation, the average values of the current harmonic 
amplitudes and angles were calculated from this described measurement. 
Fundamental frequency current phase angles were defined as zero as in the ideal 
case and other angles were calculated in relation to the fundamental voltage. Fig. 
2.7 is a graphical representation of the calculated average harmonics.  

 
Fig. 2.7. Quadrant of Mean Harmonic Current Values of the Single Phase PV Inverter.  

 

It can be concluded that the current harmonic distortion of the PV device output 
is correlated against current. Distortion is decreased when the PV operates at a 
higher load level. Due to unstable energy availability (ie. variable solar 
radiation), continuous variation in power quality parameters are expected. In the 
research that was conducted for this thesis, two PV devices also exhibited 
considerable harmonic current distortion at full power (with an average THD 
that was over 5%). Only one PV had an average current THD under 2%, which 
is considered to be satisfactory.  
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3 MODELLING WITH NONLINEAR DEVICES 
After investigating the power quality issues and characteristics of nonlinear 
loads and nonlinear generation units, the next step is to use this knowledge and 
data in models. For this investigation modelling was carried out using 
DIgSILENT Power Factory software.  

Goal of the modelling was to use the averaged values presented in chapter two 
and evaluate distortion values at residential bus bar. Due to various non-
technical obstacles averaged values of small appliances are not included in the 
modelling process and real measurement data for all implemented appliances is 
used. For EV and PV averaged values as described in chapter two are used in the 
modelling process. 

Description of Modelling Method 

The 50 Hz residential distribution network at 0.4 kV with loads for assessing 
load flow were modelled using DIgSILENT Power Factory software. The model 
consisted of a three-phase residential load at 0.4 kV voltage level composed of 
different single phase loads. The schematic of the residential load model is 
presented in Fig. 3.1. Modelled devices were arranged in a manner where similar 
active power consumption was seen in every phase. In the model, all nonlinear 
devices are in operation and coincidence factors are not taken into account, thus 
representing the presumed worst case scenario. 

 

Fig. 3.1. Schematic of Residential Load Model 
 

For assessing the influence of the residential load, the active and reactive power 
level values, harmonic current magnitudes and harmonic current phase shift 
angle values of fourteen home appliances were used in modelling process. Part 
of the measurement results were presented in Table 2.1 in section 2.1. For 
modelling PV generation and EV load averaged values described in chapter 2 
were used.  

The compiled residential load was connected to the distribution network 
substation via a 1.4 km long 4x95 mm overhead line (OHL) as depicted on Fig. 
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3.2 and it is the only consumer of this substation. The distribution network 
substation was connected to a 10 kV network with short-circuit power of 200 
MVA and short-circuit current 11.5 kA, which represents grid strength below 
average if compared to other distribution grids. The high voltage (HV) busbar is 
modelled as a slack bus. The transformer used in the distribution substation was 
modelled with the following parameters: 

• nominal power 25 kVA; 
• relative short circuit voltage 4.5%; 
• zero sequence impedances r0=0.02 pu and x0=0.04 pu 
• magnetizing impedance/short circuit impedance ratio 3; 
• vector group Yyn.  

 
Fig. 3.2. Schematic of Distribution Grid Model 

 

Implemented parameters in the simulation were selected based on power quality 
problematic issues identified in Elektrilevi’s network (Estonia’s main 
distribution grid operator) for July 1, 2013. The length of the OHL between 
substation and customer’s PCC was defined as an average of all the lines 
between substations and customers with power quality problems. Similarly, the 
selected diameter of the line and nominal power of the transformer are the most 
common values for the identified problematic components. 

Harmonic voltage amplitudes and phase angles up to the 50th order were obtained 
from measurements conducted by Elektrilevi at one of the sites where power 
quality issues were identified. Harmonic voltage distortion at the 10 kV bus was 
measured and modelled around 2%, which is a common value for this grid. 

Initial Conditions of Modelling 

Initial conditions represent the loads common to present day households.  
 First case: one EV charging load connected to the PCC in addition to the 

initial load. 
 Second case: one single-phase PV unit connected to the PCC in addition 

to the initial load. 
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 Third case: EV charging load and PV inverter are connected to the PCC 
in addition to the initial load. 

Initial values of current, voltage, power and THD in the grid before adding the 
mean PV generations or the mean EV load are presented in Table 3.1.  
 

Table 3.1. Initial Modelled Current, Voltage, Power and THD Values 

I 
Ia Ib Ic In 

1.0 1.3 1.3 0.7 

U 
Ua Ub Uc  
230 230 231  

P 
Pa Pb Pc  

0.23 0.28 0.25  

Q 
Qa Qb Qc  

-0.01 -0.12 -0.16  

PF 
PFa PFb PFc  
1.00 0.92 0.84  

THD 
THDa THDb THDc  

2.9 2.1 3.2  
 

3.1 Modelling Residential Load with Electrical Vehicle 

In [PAPER - IX], mean EV was added to the grid at the residential busbar and a 
phase of connection was altered to see the influence of connection point. The EV 
load causes voltage drop in phase where it is connected more than 5% in each 
case as see in Fig. 3.3. This was expected due to the relatively weak grid. 

In all following figures blue colour stands for phase A, red colour stands for 
phase B, green colour stands for phase C and purple colour stands for neutral 
conductor. 

 

Fig. 3.3. Modelled Voltage Values with EV Load 
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Currents are changing accordingly to added EV load as seen in Fig. 3.4 as rising 
in the phase where the EV is connected. Changes around one ampere in neutral 
conductor are caused by different reinforcement or cancellation of harmonic 
magnitudes.  

 
Fig. 3.4. Modelled Current Values with EV Load 

 
Voltage THD was observed to increase up to 0.5% in two cases, but remained at 
same level when EV was connected to phase C as evident from Fig. 3.5. Slight 
increase in every phase with EV was expected, but expectation did not realized 
in phase C due to a harmonic cancellation. 

 
Fig. 3.5. Modelled Voltage THD Values with EV Load 

 

Power factor changed slightly due to additional EV load and slightly improved 
in the phase where it was connected as seen in Fig. 3.6. Nothing odd was 
discovered in those values. 
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Fig. 3.6. Modelled PF Values with EV Load 

 

Nothing critical can be observed from power changes which are described in 
Fig. 3.7. Added EV load increased active and reactive power values in the same 
amount as the EV power values were and in the same phase where they were 
added. 

 

Fig. 3.7. Modelled Active and Reactive Power Values with EV Load 
 

3.2 Modelling Residential Load with Photo Voltaic 

In research [PAPER - IX], a single phase PV inverter was connected to the 
residential busbar and a phase of connection was altered. As it can be seen from 
Fig. 3.8 voltage in the phase where the PV is connected rises more than 5%. This 
was expected due to the relatively weak grid. 
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Fig. 3.8. Modelled Voltage Values with PV Load 
 

Currents are changing accordingly to added PV load as seen in Fig. 3.9. Changes 
around one ampere in neutral conductor are caused by different reinforcement or 
cancellation of harmonic magnitudes. 

 
Fig. 3.9. Modelled Current Values with PV Load 

 

Significant voltage THD rise due to the connected PV could not be seen as it 
was predicted. Instead, THD decreased slightly in cases where PV was 
connected to phase A and C as evident in Fig. 3.10.  

Due to the change in reactive power, seen in Fig. 3.12, the PF value changed in 
the phase where the PV was installed, seen in Fig. 3.11. As PV was generating a 
power to the grid, PF values were negative. Added PV load increased active and 
reactive power values in the same amount as the PV power values were and in 
the same phase where they were added. 
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Fig. 3.10. Modelled THD Values with PV Load 
 

 

Fig. 3.11. Modelled PF Values with PV Load 
 

 
Fig. 3.12. Modelled Active and Reactive Power Values with PV Load 
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3.3 Modelling Residential Load with Photo Voltaic and Electrical 
Vehicle Simultaneously  

PV and EV were modelled together from one residential busbar in [PAPER - 
IX]. In order to investigate differences in harmonic cancellation, the mean PV 
and mean EV were both installed in the same phases as well as in separate 
phases. Voltages and currents are presented in Fig. 3.13 and Fig. 3.14 
accordingly.  

 

Fig. 3.13. Modelled Voltage Values with EV and PV Load 
 

 
Fig. 3.14. Modelled Current Values with EV and PV Load 
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It was observed that in arrangements in which PV and EV are in different 
phases, voltages will change drastically. Voltage unbalance is more than 10% in 
some of those cases. A neutral current rise can be observed in several cases. 
Voltages near the +/- 10% limit are marked with red circles in Fig. 3.13 and high 
neutral currents are marked red arrows in Fig. 3.14. 

 

Fig. 3.15.Modelled Voltage THD Values with EV and PV Load 
 

 

Fig. 3.16. Modelled PF Values with EV and PV Load 
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In the worst case, voltage THD increases in one phase by up to 0.6%, but 
placing the EV and PV together in the same phase can lead to slightly decreased 
voltage THD in several situations. Voltage THD and PF values are presented in 
Fig. 3.15 and Fig. 3.16 respectively. 

Devices that are in the same phase lead to a slight growth of reactive power in 
the same phase as evident in Fig. 3.17. Active power is compensated due to 
opposite direction of power flow of the EV and PV. 

 

Fig. 3.17. Modelled Active and Reactive Power Values with EV and PV Load 
 

Voltage distortion increases when PVs and EVs are connected to a residential 
load. The rise is dependent upon grid strength, and a less attractive situation 
occurs in cases in which less powerful transformers and thinner cables are 
utilised. The present study showed that the most reasonable option is to connect 
both the PV and EV into the same phase. Installing the EVs and PVs separately 
or installing them in separate phases results in a notable increase in voltage 
distortion.  

The situation is more severe in terms of voltage drops and rises and neutral 
currents. In cases in which the PV and EV were both installed in different 
phases, the voltage in those phases in which the PV was connected rose near the 
10% limit, and decreased close to 10% in the phase in which the EV was 
connected. When the PV and EV were connected in different phases, the neutral 
currents were up to 1.8 times higher than phase currents. It can be concluded that 
modelling with different transformer power ratings, power cable lengths and 
cross sections, should be conducted before installing any nonlinear devices. 
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CONCLUSIONS 
The findings of this thesis are important when distributed generation units, 
electrical vehicles, and other nonlinear loads are going to be connected into low-
voltage networks in great numbers. When grid strengthening and load 
connecting are arranged wisely, the need to make investments could be 
postponed or reduced. 

In Estonia, such distribution grids with residential loads as described in the 
thesis with predictable new nonlinear loads and EVs and DG units are common. 
Estonia’s potential for dispersed generation units is extensive and the impacts for 
power quality may be massive even if the majority of that potential is not even 
installed. On the load side, the number of EVs is growing and, besides this, a 
vast number of heat-pumps with extensive power consumption are connected to 
residential houses. Heat pumps were not considered in this thesis.  

In the situation in which generation as well as consumption results in decreased 
power quality levels in the grid, it is essential to analyse both generation and 
consumption in a comprehensive way. If comprehensive research proves to be 
necessary, it may make sense to limit the usage of new power generating units 
and appliances or to use other methods in order to decrease their negative effect 
upon power quality levels.  

Detailed predictions on the possible harmonic distortion levels of distribution 
networks in future are complex. Many nonlinear loads have low power 
consumption and, for low power levels, their quality requirements are not strictly 
regulated by any standards. The effect of such nonlinear loads can be hazardous 
to network operation if the number of such devices is extensive. The total impact 
depends upon the number of appliances, their power ratings, and the 
characteristics of their current waveforms. A lack of enforceable standards has 
not encouraged the utility companies to implement wide-ranging monitoring, but 
it is becoming steadily more important as the number of power electronic 
devices in the grid is growing. 

The characteristics of electric vehicles and distributed generation units have 
been presented before now; however, the measurement results have not revealed 
the individual harmonic magnitude and phase angle values in a detailed enough 
manners so that, for example, an evaluation can be drawn up of the way the 
harmonic patterns total together. In order to determine the impact of current 
harmonics on both, the network and voltage harmonics, the actual harmonic 
current values will have to be used.  

Several aspects of how to avoid possible power quality issues are handled in the 
thesis. One measure for reducing the distortion is to arrange the loads between 
phases more wisely. This is something that can be carried out when the 
harmonic content of these loads are known. In the case of similarly loaded 
feeders, transposing the phases in substations may be considered beneficial in 
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the future. Generally, powerful new loads and generation units should be 
modelled in the existing network before any installation work is carried out. 
Therefore, many field and laboratory measurements were carried out during the 
process of PhD studies. Averaged values were suggested and all of the results 
were published in order to help this process in the future. 

Concluding Results 
Based on the doctoral thesis it can be concluded that: 

 small appliances in vast numbers affect power quality levels in several 
aspects 

 the unregulated charging of powerful loads such as EVs may have a 
negative effect on power quality indices 

 unregulated installation of distributed generation units such as PVs and 
WTs have a negative effect on power quality indices 

 the neutral current may rise to dangerous levels when nonlinear loads and 
nonlinear generation units are implemented unwisely 

 due to the existence of nonlinear loads with significantly distorted currents 
the entire residential load is severely distorted 

 due to unbalanced nonlinear loads a high current in a neutral conductor can 
occur 

 more severe situations with a reinforcement of current harmonics rise as 
more of the same appliances are installed together 

 harmonic cancellation can be observed when a wider range of appliance 
types are installed together 

 for a precise evaluation of harmonics, phase angle values are needed as well 
as magnitude values 

 
Scientific and Practical Novelty 
The scientific and practical novelty of the doctoral thesis includes: 

 bring overall attention in Estonia to the power quality topic 
 bring attention to possible severe future trends in power quality to the 

distribution grid specialist in Estonia 
 analysing field measurements results up to fiftieth harmonic order 
 analysing harmonic angles in addition to amplitudes 
 modelling nonlinear loads together with nonlinear generation units 
 proposing more precise models for specific nonlinear loads and nonlinear 

generation units 
 gathering vast amounts of measurement data for nonlinear loads and 

nonlinear generation units 
 publishing characteristics of various nonlinear loads and nonlinear 

generation units 
 mapping different power quality issues due to nonlinear loads and nonlinear 

generation units 
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Suggestions 
Based on the doctoral thesis clear following suggestions can be made: 

 distribution network companies should map all the possible risks 
concerning new nonlinear loads and nonlinear generation units 

 distribution network companies should monitor changes in power 
quality over time in areas where possible new generation units may be 
installed 

 distribution network companies should set limits for next generation unit 
installations if there have been already remarkable changes due to 
nonlinear generation units 

 distribution network companies should utilise their monitoring resource 
in maximum possible manner (remote meter reading devices) 

 small producers should be informed and share the responsibility of all 
possible negative effects (including changing power quality parameters) 
of utilising small generation units 
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FUTURE WORK 
Those studies that have been conducted for this thesis only examine one 
household and one PV or EV at a time. The effects described may escalate when 
a larger number of devices are considered. Special attention is required in 
situations in which devices have similar harmonic patterns, the harmonic 
cancellation effect is minimal, and the grid is weak. It has been shown that 
different network configurations, transformer sizes, and network strength are 
relevant in this type of study. Therefore, comprehensive measurements taken 
from the distribution grid are aimed at clarifying the present power quality 
situation.  

General values for further modelling of PVs and EVs were presented in this 
thesis, but additional measurements should be carried out in order to obtain more 
accurate values for modelling PV generators and EV loads. It will be necessary 
to have measurement data that extend over entire years in order to acquire results 
that are independent of any disturbance. Furthermore, flicker and voltage level 
issues should be accounted for as they may have a significant influence on real 
life applications. 

Beside DGs and EVs, field and laboratory measurements for all other significant 
nonlinear loads such as, for example, heating pump loads, are planned with the 
goal of presenting more precise models for further modelling. Current harmonic 
profile changes for those loads and generation units due to voltage profile are 
one of the main objectives. 

Upon completion of all the aforementioned measurements and models, 
everything needs to be modelled together in various scenarios and in diverse 
grids. Comprehensive data then helps in carrying out various analyses for 
specific situations. 

Undergoing the replacement of old induction meters with new digital meters in 
Estonia has raised interest when it comes to investigating more widely the 
accuracy of energy meters under the conditions of distorted power quality levels. 



45 

References 
[1] J. C. Gomez and M. M. Morcos, “Impact of EV battery chargers on the power 

quality of distribution systems,” IEEE Trans. Power Deliv., vol. 18, no. 3, pp. 
975–981, Jul. 2003. 

[2] J. Yong, L. Chen, and S. Chen, “Modeling of Home Appliances for Power 
Distribution System Harmonic Analysis,” IEEE Trans. Power Deliv., vol. 25, 
no. 4, pp. 3147–3155, Oct. 2010. 

[3] M. J. H. Rawa, D. W. P. Thomas, and M. Sumner, “Simulation of non-linear 
loads for harmonic studies,” in 11th International Conference on Electrical 
Power Quality and Utilisation, 2011, pp. 1–6. 

[4] L. Kütt, E. Saarijärvi, M. Lehtonen, H. Mõlder, and J. Niitsoo, “A review of the 
harmonic and unbalance effects in electrical distribution networks due to EV 
charging,” in 2013 12th International Conference on Environment and Electrical 
Engineering, 2013, pp. 556–561. 

[5] J. J. M. Desmet, I. Sweertvaegher, G. Vanalme, K. Stockman, and R. J. M. 
Belmans, “Analysis of the neutral conductor current in a three-phase supplied 
network with nonlinear single-phase loads,” IEEE Trans. Ind. Appl., vol. 39, no. 
3, pp. 587–593, May 2003. 

[6] J. Desmet, C. Debruyne, J. Vanalme, and L. Vandevelde, “Power injection by 
distributed generation and the influence of harmonic load conditions,” in IEEE 
PES General Meeting, 2010, pp. 1–6. 

[7] M. M. Jensen and H. Hansen, “Triplen Harmonic Voltage Distortion in the Low-
Voltage Network,” in Proceedings of the NORDAC 2014, 2014. 

[8] S. Bhattacharyya, S. Cobben, P. Ribeiro, and W. Kling, “Harmonic emission 
limits and responsibilities at a point of connection,” IET Gener. Transm. 
Distrib., vol. 6, no. 3, p. 256, 2012. 

[9] N. Watson and S. Hirsch, “THE EFFECTS OF COMPACT FLUORESCENT 
LAMPS ON POWER QUALITY,” in EU-Asia Power Quality Initiative, 1994. 

[10] A. B. Nassif and W. Xu, “Characterizing the Harmonic Attenuation Effect of 
Compact Fluorescent Lamps,” IEEE Trans. Power Deliv., vol. 24, no. 3, pp. 
1748–1749, 2009. 

[11] Z. Radakovic, F. V. Topalis, and M. Kostic, “The voltage distortion in low-
voltage networks caused by compact fluorescent lamps with electronic gear,” 
Electr. Power Syst. Res., vol. 73, no. 2, pp. 129–136, 2005. 

[12] M. Kontturi and J. Alander, “Energiansäästölamppujen verkkovaikutukset,” 
Joensuu, Finland, 2008. 

[13] R. A. Jabbar, M. Al-Dabbagh, A. Muhammad, R. H. Khawaja, M. Akmal, and 
M. R. Arif, “Impact of compact fluorescent lamp on power quality,” in 
Proceedings of the Australasian Universities Power Engineering Conference 
(AUPEC ’08), 2008, pp. 1–5. 

[14] H. Mõlder, M. Lellsaar, and L. Kütt, “Compact fluorescent lamp harmonic 
disruption effect of transformer losses,” in Proceedings of the 8th International 
Symposium „Topical Problems in the Field of Electrical and Power 
Engineering“, 2010, pp. 277–280. 

[15] V. Tikka, J. Lassila, J. Haakana, and J. Partanen, “Case study of the effects of 
electric vehicle charging on grid loads in an urban area,” in 2011 2nd IEEE PES 
International Conference and Exhibition on Innovative Smart Grid 
Technologies, 2011, pp. 1–7. 



46 

[16] L. Kütt, E. Saarijärvi, M. Lehtonen, H. Mõlder, and J. Niitsoo, “A Review of the 
Effects of Electric Vehicle Charging on Distribution Network Operation and 
Power Quality,” in Proceedings of the 8th International Conference on 
Electrical and Control Technologies ECT-2013, 2013, pp. 162–167. 

[17] W. Zhou, H. Xie, and Y. Tong, “Propagation mechanisms research of harmonics 
produced by distributed generations in distribution network,” in 2012 IEEE 15th 
International Conference on Harmonics and Quality of Power, 2012, pp. 774–
777. 

[18] M. Farhoodnea, A. Mohamed, H. Shareef, and H. Zayandehroodi, “Power 
quality impacts of high-penetration electric vehicle stations and renewable 
energy-based generators on power distribution systems,” Measurement, vol. 46, 
no. 8, pp. 2423–2434, Oct. 2013. 

[19] A. Makbul and M. I. Hamid, “Power quality behavior of single phase fed 
adjustable speed drive supplied from grid of PV generation,” in 2008 IEEE 2nd 
International Power and Energy Conference, 2008, pp. 1098–1102. 

[20] M. Van Lumig, S. Bhattacharyya, J. F. G. Cobben, and W. L. Kling, “Power 
Quality measurements near DER and disturbing loads Key words,” in 
Proceedings of the International Conference on Renewable Energies and Power 
Quality (ICREPQ’11), 2010, pp. 11–16. 

[21] F. Batrinu, G. Chicco, J. Schlabbach, and F. Spertino, “Impacts of grid-
connected photovoltaic plant operation on the harmonic distortion,” in 
MELECON 2006 - 2006 IEEE Mediterranean Electrotechnical Conference, 
2006, pp. 861–864. 

[22] G. Chicco, J. Schlabbach, and F. Spertino, “Characterisation and assessment of 
the harmonic emission of grid-connected photovoltaic systems,” in 2005 IEEE 
Russia Power Tech, 2005, pp. 1–7. 

[23] T. Ackermann and V. Knyazkin, “Interaction between distributed generation and 
the distribution network: operation aspects,” in IEEE/PES Transmission and 
Distribution Conference and Exhibition, 2002, vol. 2, pp. 1357–1362. 

[24] A. D. Simmons and D. G. Infield, “Current waveform quality from grid-
connected photovoltaic inverters and its dependence on operating conditions,” 
Prog. Photovoltaics Res. Appl., vol. 8, no. 4, pp. 411–420, Jul. 2000. 

[25] D. G. Infield, P. Onions, A. D. Simmons, and G. A. Smith, “Power Quality From 
Multiple Grid-Connected Single-Phase Inverters,” IEEE Trans. Power Deliv., 
vol. 19, no. 4, pp. 1983–1989, Oct. 2004. 

[26] R. Armas, “Väiketootja mõju pingekvaliteedile jaotusvõrgus Elektrilevi OÜ 
näitel,” Tallinn University of Technology, 2014. 

[27] J. Driesen and R. Belmans, “Distributed generation: challenges and possible 
solutions,” in 2006 IEEE Power Engineering Society General Meeting, 2006, p. 
8 pp. 

[28] S. Quaia, “Distributed Generation and under load transformers operation: 
Voltage quality problems and possible improvements,” in SPEEDAM 2010, 
2010, pp. 890–894. 

[29] R. Armas, “Impact of small producers on power quality in distribution grids 
based on Elektrilevi OÜ grid,” in Proceedings of the 23rd International 
Conference on Electricity Distribution (CIRED 2015), 2015, no. June, pp. 15–
18. 

[30] K. D. McBee and M. G. Simoes, “Evaluating the long-term impact of a 
continuously increasing harmonic load demand on feeder level voltage 



47 

distortion,” in 2012 IEEE Industry Applications Society Annual Meeting, 2012, 
pp. 1–8. 

[31] M. T. Au, J. S. Navamany, and E. C. Yeoh, “Impact of medium power inverter-
based residential harmonic loads and PFCs on low voltage lines,” in 2010 IEEE 
International Conference on Power and Energy, 2010, pp. 695–699. 

[32] T. Kilgi, “Elektritarvitite voolukarakteristikud,” Tallinn University of 
Technology, 2015. 

[33] S. Shao, M. Pipattanasomporn, and S. Rahman, “Demand Response as a Load 
Shaping Tool in an Intelligent Grid With Electric Vehicles,” IEEE Trans. Smart 
Grid, vol. 2, no. 4, pp. 624–631, Dec. 2011. 

[34] S. H. Berisha, G. G. Karady, R. Ahmad, R. Hobbs, and D. Karner, “Current 
harmonics generated by electric vehicle battery chargers,” in Proceedings of 
International Conference on Power Electronics, Drives and Energy Systems for 
Industrial Growth, 1996, vol. 1, pp. 584–589. 

[35] M. Wanik, M. Siam FadzilMohd, A. Ayob, S. Yanto, A. Mohamed, A. 
HanifahAzit, S. Sulaiman, M. A. M. Ali, Z. F. Hussein, and A. K. MatHussin, 
“Harmonic Measurement and Analysis during Electric Vehicle Charging,” 
Engineering, vol. 5, no. 1, pp. 215–220, Jan. 2013. 

[36] N. Melo, F. Mira, A. de Almeida, and J. Delgado, “Integration of PEV in 
Portuguese distribution grid: Analysis of harmonic current emissions in charging 
points,” in 11th International Conference on Electrical Power Quality and 
Utilisation, 2011, pp. 1–6. 

[37] C. Wenge, T. Winkler, M. Stotzer, and P. Komarnicki, “Power quality 
measurements of electric vehicles in the low voltage power grid,” in 11th 
International Conference on Electrical Power Quality and Utilisation, 2011, pp. 
1–5. 

[38] P. S. Moses, S. Deilami, A. S. Masoum, and M. A. S. Masoum, “Power quality 
of smart grids with Plug-in Electric Vehicles considering battery charging 
profile,” in 2010 IEEE PES Innovative Smart Grid Technologies Conference 
Europe (ISGT Europe), 2010, pp. 1–7. 

[39] P. A. B. Block, H. L. L. Salamanca, M. D. Teixeira, D. B. Dahlke, O. M. 
Shiono, A. R. Donadon, and J. C. Camargo, “Power quality analyses of a large 
scale photovoltaic system,” in 2014 5th International Renewable Energy 
Congress (IREC), 2014, pp. 1–6. 

[40] K. P. Kontogiannis, G. A. Vokas, S. Nanou, and S. Papathanassiou, “Power 
Quality Field Measurements on PV Inverters,” Int. J. Adv. Res. Electr. Electron. 
Instrum. Eng., vol. 2, no. 11, Nov. 2013. 

[41] J. H. R. Enslin and P. J. M. Heskes, “Harmonic Interaction Between a Large 
Number of Distributed Power Inverters and the Distribution Network,” IEEE 
Trans. Power Electron., vol. 19, no. 6, pp. 1586–1593, Nov. 2004. 

[42] N. Mohan, T. M. Undeland, and W. P. Robbins, Power Electronics: Converters, 
Applications, and Design. John Wiley & Sons, 2002. 

[43] M. A. Eltawil and Z. Zhao, “Grid-connected photovoltaic power systems: 
Technical and potential problems—A review,” Renew. Sustain. Energy Rev., 
vol. 14, no. 1, pp. 112–129, Jan. 2010. 

[44] P. J. M. Heskes and J. H. R. Enslin, “Power Quality Behaviour of Different 
Photovoltaic Inverter Topologies,” in Proceedings of the 24th International 
Conference PCIM-2003, 2003. 

 



48 

Abstract 
The world is heading rapidly towards the more intensive employment of 
renewable energy sources, which will increasingly affect traditional electricity 
grids. This is especially critical in terms of power quality levels, because power 
plants have traditionally produced electricity with a sinusoidal voltage and all 
appliances are designed to work with a sinusoidal voltage. Presently we have 
reached a situation in which an increasing number of generating units are 
implemented with output voltages that are produced using power electronics. 
These devices do not produce a perfect sinusoid waveform. On the other side of 
the grid, traditional loads that consume a sinusoidal current are on the decrease, 
and these are being substituted with devices that are full of electronics, and their 
current waveform may not resemble a sinusoid.  

Finding a grand total for the new generating units and new loads in the electrical 
networks which are built upon the assumption of there being a sinusoidal voltage 
may lead to various challenges. Issues of operational viability may occur when it 
comes to aforementioned devices, but at the same time all other traditional 
apparatuses and grid components will be in danger. Moreover, the lifespan of 
devices and components decreases, power losses increase and other effects 
which were previously under control may now rise. 

Various power quality issues that may occur are covered in the first chapter of 
the present thesis. Over separate sections, the influence of small appliances, 
electrical vehicles and distributed generation units are presented. 

In section two, the characteristics of low power appliances, electrical vehicles, 
and distributed generation units are described. Precise measurement data and 
averaged values for further modelling are presented. 

The third section includes the modelling results. In most cases, a simple 
proportion of the electrical distribution network with one to three loads is 
modelled and small appliances, electrical vehicles, and photovoltaic panels are 
integrated into the model. The numbers of devices were altered at different 
power levels in various scenarios. 

The overall conclusion of the thesis is one in which the diverse devices that are 
presently being used have different technical characteristics, and comprehensive 
research should be carried out before widely implementing them into the 
electrical grid. All characteristics of the devices, the possibility of integration, 
and the level of compatibility have to be clarified. It is evident that nonlinear 
loads and appliances influence power quality levels quite significantly.  

The present thesis lays the foundations for this kind of research and proves that 
more comprehensive measurements have to be carried out and simplified models 
for modelling characteristic situations have to be composed. 
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Kokkuvõte 
Maailm liigub jõuliselt üha mahukama taastuvenergia kasutamise suunas, mis 
aina enam hakkab mõjutama traditsioonilisi elektrivõrke. Seda just paljuski 
elektrikvaliteedi seisukohast, kuna elektritootmisüksused on tavapäraselt 
genereerinud elektrienergiat siinuspingel ning kõik võrku ühendatavad tarvitid 
on ettenähtud talitlema samuti siinuspingel. Tänapäeval on aga jõutud olukorda, 
kus võrku ühendatakse aina enam elektrit genereerivaid seadmeid, mille 
väljundpinge kuju moduleeritakse jõuelektroonika abil ning mille kuju ei vasta 
enam siinuslainele. Teisest küljest on kadumas kasutusest traditsioonilised 
tarvitid, mis talitlevad siinuselise kujuga voolu tarbides, ning need asenduvad 
aina enam elektroonikat sisalduvate seadmetega, mille tarbimisvool ei pruugi 
võrgusageduslikku siinuslaine kuju meenutada. 

Ühelt poolt uute tootjate ja teiselt poolt uute tarbijate lisandumine endistel 
põhimõtetel ehitatud elektrivõrku toob tulevikus kaasa erinevaid väljakutseid. 
Probleeme võib tekkida nii nende seadmete endaga kui ka kõikide allesjäänud 
traditsiooniliste seadmetega ja sealhulgas elektrivõrgu komponentidega. Peale 
võimalike tõrgete lisandumisega seadmete talitlusele võivad oluliselt väheneda 
nende planeeritud eluead, suureneda elektrikaod ning võimenduda nähtused, mis 
varasemalt ei ole probleemiks olnud. 

Erinevatest probleemidest, mis võivad elektrijaotusvõrgus ilmneda, antakse 
ülevaade töö esimeses osas. Eraldi peatükkidena on välja toodud väikese 
võimsusega tarvitite, elektriautode ning hajatootmisüksuste mõju. 

Töö teises osas on kirjeldatud väikese võimsusega tarvitite, elektriautode ja 
hajatootmisüksuste karakteristikuid. Välja on toodud on mõõtetulemused ning 
esitatud keskmistatud väärtused edaspidiseks modelleerimiseks.  

Töö kolmas osa võtab kokku modelleerimistulemused. Enamikel juhtudel on 
modelleeritud võrku alates väikese võimsusega toitetrafost kuni pika liini lõpus 
olevate tarbijateni. Tarbijatena on kujutatudelektriautosid, päikesepaneele ning 
erinevaid väikese võimsusega tarviteid.  

Käesoleva töö järeldus on, et tänapäevased elektroonikat sisaldavad seadmed on 
väga erinevate tehniliste näitajatega ning enne nende massilist elektrivõrku 
ühendamist tuleks teha mahukad uurimused. Selgeks tuleb teha nii seadmete 
karakteristikud kui nende võrku ühendamise võimalikkus ning võimalikkuse 
piir. Selge on, et ebalineaarsed seadmed mõjutavad elektrikvaliteedi näitajaid 
märgatavalt. 

Antud doktoritöö on aluseks tulevaste mahukamate uurimuste tegemisel ning 
tõestab, et vaja on teostada veelgi laiaulatuslikumaid mõõtmisi ning iga 
konkreetse olukorda modelleerimiseks tuleks välja töötada võimalikult täpsed 
mudelid erinevate seadmetüüpide ning nende koosseisu kohta võrgus. 
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