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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 50™ 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:

* amalfunction of harmonics-sensitive equipment
* voltage unbalance

* DC injection

» exceeding the thermal limits of conductors

* power losses

* arise of voltage harmonics distortion

* resonance

» adecrease in the lifetime of components

» voltage flicker

* abnormal operation of the protection system
* adecrease 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 THD; and for total voltage distortion as THDy.
The harmonic distortion indicators can be calculated using corresponding
equations (1), (2), (3), and (4),

HD; = - (1
1
U;

HDy = U, (2)

1

THD, = +x /Iﬁms — 12 x 100 3)
1
1

THDy = g7~ /Uﬁms —U2x100 (4)
1

It has to be pointed out that THD; does not reveal the magnitudes of individual
harmonics, which could still exceed the limits for specific harmonics regardless
of THDy 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).

P

2

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 (¢) and is commonly referred to as the
displacement power factor (DPF), calculated as (6).

DPF = cos ¢ (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 (AU) to three phase average voltage (Uae) and is described with
an unbalance factor (k,) as given in (7) or as a relation of negative sequence
voltage (Uz) to positive sequence voltage (U;) as given in (8). Positive and
negative sequence values can be computed with method of symmetrical
components.

. AU
¢ Uavg

X 100% 7

k, = Uz 1009
a_U—lx % (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 ¢ 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 @ 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.

m 2 lamps per phase 3 lamps per phase ® 4 lamps per phase

250

200

150

100

neutral current relative to phase A [%]
Ln
L]

1 23 456 7 8 91011121314151617 18 19202122 232425
harmonic order

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 - 1V],
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
THD; are presented in Table 1.2. The lowest THD; value can be observed when
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EV1 and EV3 are present as their individual THD; 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 THD; of all
the EVs (7.5%). The lowest THD; 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. THD; 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 OU 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 OU 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 efc. 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 (7e. 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,
THDy 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 POQI [%]
Supply voltage variations (100% of time) 18.5 66.7
Flicker 43.6 150.0
Asymmetry 22.2 50.5
THDy 17.4 46.2
Harmonics 54 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] 1.9 T[%] |100]29 |22 5 | 6| 4| 2] 2
Q[VAr]| 103 ol°] | 0 |110[118] 57 [ 66| 95 | 48 | 51
desk famp P (W] 30.7 1% [100] 6 | 2| 1] 0] o] ]o]o
Q[VAr]| 674 o[°] | 0 305104298 136322143 276
refrigerator 1 P (W] 119 T[%] |100] 14| 6] 4| 1]2]1]1
QI[VAr]| 779 o[°] | 0 314 42 [ 139|324 341|168 | 264
reftigerator 2 P (W] 80.7 1% |100]16] 776121210
Q[VAr]| 193 0 [°] | 0 | 246|224 157|156 161|206 | 294
P (W] 827 11%] [100] 83 | 59 |35 | 18|11 ]9 | 9

lamp set 1
Q[VAr]| 1066 | oI°] | 0 |358(355] 8 | 37 | 88 | 124201
Jamp set 2 P (W] 914 11%] |100] 78 | 52 | 27 | 13 | 11 | 11 | 14
Q[VAr]| 1220 | o°] | 0 |358|343] 11 | 52 | 105|130 156
taptop | P (W] 47.8 1% |100]4 5|7 ]1212]2]2
Q[VAr]| 293 o[°] | 0 |301|148] 57 | 120308 [247 102
laptop 2 P (W] 69.9 11%] |100] 90 | 76 | 62 | 53 | 49 | 45 | 39
Q[VAr] | 1304 | o[°] | 0 |346339 | 338 | 341 | 344 | 344 | 344
- P (W] 29.9 1[%] |100] 85 | 64 | 41 | 21 | 17 | 20 | 17
Q [VAr]| 403 o[°] | 0 |318]292]272]269 [294 292 [277
‘ P (W] 423 11%] |100] 17 | 13]10] 613 ] 1]2
printer Q [VAr]| 316 o°] | 0 [290[243 [198 [147 100|208 183
Vi P (W] 58.6 11%] |100] 83 | 60 |33 | 12] 6 | 11 ] 10
Q[VAr]| 666 0 [°] | 0 342328313 281149 115] 90
va P (W] 80.3 11%] [100] 70 |31 | 13| 10] 4 | 3 | 2
Q[VAr]| 685 0[°] | 0 |339]310]236]176]117] 14 | 291
Votumer 1 P (W] 6.6 11%] | 100 81 | 65 | 49 | 31 | 20 | 16 | 15
Q [VAr] | -10.1 o[°] | 0 |294|252 215|181 164|151 128
P (W] 3.9 11%] |100] 82 | 70 | 54 | 37 | 23 | 13 | 11
TV-tuner2 Q [VAr]| 54 o°l | 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 15" order. In further modelling process,
described in last chapter of the thesis, values up to 50™ 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, efc 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%.

—&— LAPTOP 1 —8—LAPTOP 2 —8—LAPTOP 3 LAPTOP 4 —&—LAPTOP 5

LAPTOP 6 —8—LAPTOP 7 —8—|LAPTOP 8 —8— MEAN
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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 11" order with reactive
generating nature as seen in Fig. 2.1.

Y; = I; Xsing; 9)
Xi =IL-><Sin(pi (10)

1
AMEZHX(11+12+‘+L”) (11)

GMe = \fi; X i, X .. X I, (12)

B

where I; is current amplitude of the order i, @; is phase angle between
fundamental voltage and current of order i, i; 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 THD; of 50% [34]. Measurements of modern commercial EVs have
indicated a charging THDy 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 THD; 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

24



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 Charging THD: during steady state
current [A] power [KW] charging [%]
1 9.7 2.2 4.2
2 10.3 2.4 12.3
3 12.7 2.9 34
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.

Current [A]

THD [%]

Relative charging time [%]

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.
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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.
3" 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 THDvu | THD;
level Urms [V] | Irms [A] | P [W] | Q [var] [ S[VA] | cos ¢ | PF (%] %]

30% 233.6 3.45 739 322 807 1 092 1.01 | 4.27
60% 238.8 9.08 2125 -425 2168 1 098 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.
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Fig. 2.4. The Measured Voltage THD and Current THD for a Single Phase PV Inverter.

28



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

It can be concluded from Fig. 2.6, that cos ¢ 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 (THD;) and Fig. 2.6 (PF) where strong
correlation comes evident between them.

—cos¢ —PF
1.5
— 1.0
9
5 0.0
3
-W
-0.5
-1.0
(] [ () S S [ (=) [} S () S () S (=) [ (=)
S 5 &5 & &5 3 & & &5 &5 &5 &5 &5 55 5 3
I == < B B - B - T~

Time [h]

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.
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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.

Residential 0.4 kV busl ' BB

5 PV System (1)

Line A Line €

Phase A Phase B Phase C

Laptop 1 Montor  Refridgerator 2 Desk Lamp Priter TV 1 Refrigerator 1 Lampset!  TVuneri Tv2 TV-uner2  Laptop2  Airpurifier  Lampset2

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 10=0.02 pu and x0=0.04 pu
. magnetizing impedance/short circuit impedance ratio 3;
. vector group Yyn.

HV bus 10 KV

z
External Grid
LVbus 04 k.

Line

Residential 0.4 kV bus

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.
e First case: one EV charging load connected to the PCC in addition to the
initial load.
e Second case: one single-phase PV unit connected to the PCC in addition
to the initial load.
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e 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 I In | 5 In
1.0 1.3 1.3 0.7
U Ua Ub Uc
230 230 231
P Pa Py P.
0.23 0.28 0.25
Q Qa Qb Qc
-0.01 -0.12 -0.16
PFa PF» PF.
PF 1.00 0.92 0.84
THDa THD» THD.
THD 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.
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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.

14

12
Em mlA
E 8 =] B
E 6 ml C
4 ml N

2

D_

initial EVin A EVinB EVinC

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.

4

35

3

mTHD A
= THD B
= THD C

voltage THD [%]
= b
— i k3 Ln

=
iLn

=

initial EVin A EVinB EVinC

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.
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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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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.
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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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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.
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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.
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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.
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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:

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

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

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

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

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

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

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

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

e 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:

e  bring overall attention in Estonia to the power quality topic

e 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

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

e publishing characteristics of various nonlinear loads and nonlinear
generation units

e  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.
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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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Kokkuvote

Maailm liigub jouliselt itha mahukama taastuvenergia kasutamise suunas, mis
aina enam hakkab mdjutama traditsioonilisi elektrivorke. Seda just paljuski
elektrikvaliteedi seisukohast, kuna elektritootmisiiksused on tavapéraselt
genereerinud elektrienergiat siinuspingel ning koik vorku ithendatavad tarvitid
on ettendhtud talitlema samuti siinuspingel. Tadnapéeval on aga joutud olukorda,
kus vorku iihendatakse aina enam elektrit genereerivaid seadmeid, mille
véljundpinge kuju moduleeritakse jouelektroonika abil ning mille kuju ei vasta
enam siinuslainele. Teisest kiiljest on kadumas kasutusest traditsioonilised
tarvitid, mis talitlevad siinuselise kujuga voolu tarbides, ning need asenduvad
aina enam elektroonikat sisalduvate seadmetega, mille tarbimisvool ei pruugi
vorgusageduslikku siinuslaine kuju meenutada.

Uhelt poolt uute tootjate ja teiselt poolt uute tarbijate lisandumine endistel
pohimdtetel ehitatud elektrivorku toob tulevikus kaasa erinevaid véljakutseid.
Probleeme voib tekkida nii nende seadmete endaga kui ka koikide allesjédénud
traditsiooniliste seadmetega ja sealhulgas elektrivorgu komponentidega. Peale
voimalike torgete lisandumisega seadmete talitlusele vdivad oluliselt viheneda
nende planeeritud eluead, suureneda elektrikaod ning véimenduda néhtused, mis
varasemalt ei ole probleemiks olnud.

Erinevatest probleemidest, mis vodivad elektrijaotusvorgus ilmneda, antakse
iilevaade t00 esimeses osas. Eraldi peatiikkidena on vélja toodud viikese
voimsusega tarvitite, elektriautode ning hajatootmisiiksuste mdju.

Too teises osas on kirjeldatud véikese vOimsusega tarvitite, elektriautode ja
hajatootmisiiksuste karakteristikuid. Vélja on toodud on modtetulemused ning
esitatud keskmistatud véartused edaspidiseks modelleerimiseks.

T66 kolmas osa votab kokku modelleerimistulemused. Enamikel juhtudel on
modelleeritud vorku alates viikese voimsusega toitetrafost kuni pika liini 16pus
olevate tarbijateni. Tarbijatena on kujutatudelektriautosid, pdikesepaneele ning
erinevaid viikese vOimsusega tarviteid.

Kéesoleva t60 jareldus on, et tdnapdevased elektroonikat sisaldavad seadmed on
viga erinevate tehniliste niitajatega ning enne nende massilist elektrivorku
ithendamist tuleks teha mahukad uurimused. Selgeks tuleb teha nii seadmete
karakteristikud kui nende vorku iihendamise vdimalikkus ning vodimalikkuse
piir. Selge on, et ebalineaarsed seadmed mdjutavad elektrikvaliteedi niitajaid
mérgatavalt.

Antud doktoritd6 on aluseks tulevaste mahukamate uurimuste tegemisel ning
tdestab, et vaja on teostada veelgi laiaulatuslikumaid modtmisi ning iga
konkreetse olukorda modelleerimiseks tuleks vélja tootada voimalikult tdpsed
mudelid erinevate seadmetiilipide ning nende koosseisu kohta vorgus.
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Abstract 50 1
. o _THD= > (k) ¢))
European Union (EU) is continually promoting h=2"],

energy efficiency among electricity consumers.
One of the latest EU activities that influence us all
is to limit the use of traditional incandescent lamps
by replacing them gradually with compact
fluorescent lamps (CFL). By looking only on
energy efficiency, the purpose seams to fulfill the
target. On the same time it raises new questions so
far not asked about lighting. These questions are
higher harmonics, reactive power and neutral
conductor current. In this paper common CFLs
and their impact are investigated theoretically and
supported with laboratory test results.

Keywords

CFL, harmonics, reactive power, neutral current

Introduction

In long term the energy consumption is growing and
old generating units will drop off step by step.
Therefore we constantly need new power plants or
try to enhance our consumption. CFLs consume less
energy with same luminous efficiency and last
longer than usual bulbs, but their current curve is
definitely not perfect sinusoid and it may be
detrimental for power quality if they are used
together in great numbers. So far the influence to the
grid is ignored because the power of one lamp is
marginal. Also the widespread use of CFLs may
implicate significant reactive power and problems
with higher harmonics in a grid. [1]

Higher harmonics, which CFLs generate to a grid
and thereby affect the power quality, are the main
issue using CFLs. Secondly what’s important is the
generated reactive power which definitely needs to
be investigated.

1 Theoretical background

1.1 Requirements
electricity grid

for higher harmonics in

Current Total Harmonic Distortion (THD) of a
signal is a measurement of the harmonic distortion
present and is defined as the ratio of the sum of the
currents of all harmonic components I, to the current
of the fundamental frequency I;.

In this article THD is handled as follows:

242

Some of the CFLs may have the THD over 100 %,
but their active power use is not so significant
compared to other harmonics generating devices.
Therefore their quality requirements are not so
precisely regulated. The current THD limit to the
CFLs with electronic ballasts is 20 % according to
IEEE (Institute of Electrical and Electronics
Engineers) and 1EC (International Electrotechnical
Commission).

Harmonics generated by costumer’s appliances must
not cause voltage rise in the connection point. [14]
In this article current THD value which should not
be exceeded when implementing CFLs has
estimated on 5 %. Fixing limits may become
important before wusing numerous harmonics
emitting devices together.

1.2 Ratio of grid voltage harmonics and CFLs
current harmonics

Studies have showed that current THD which CFLs
emit increases as supply harmonics level increases.
The ratio is not linear and it is particularly true in
case of CFLs with electronic ballast. [2, 3, 4]

In field studies the influence of power grid’s higher
harmonics to the CLS harmonics generation has not
been notable. It is specially because there are not yet
many grids with high harmonics penetration level.
The problem may occur with the rising use of CFLs
with electronic ballast and other harmonics emitting
devices.

1.3 CFLs influence on harmonics level

Power Factor (PF) is defined as the ratio of the sum
of all real power components P to the sum of all
apparent power components S in the circuit. PF is
dimensionless number between 0 and 1 and is here
calculated with equation 2

iy
PF = S ?2)
Implementation of CFLs brings up a problem with

higher harmonics. Penetration of higher harmonics
rises as number of installed CFLs increase.

Concrete example of increasing harmonics is a field
study [4] where were installed 2500 CFLs. All
harmonics increased, but not over the limit fixed for



single harmonics. However the current THD 12.7 %
crossed optimal 5 % level highly. 5% THD was
reached already at 920 lamps.

Other analysis [1] was done where all bulbs were
replaced with CFLs in one household. After the
replacement CFLs constituted to 26.3 % of overall
load and PF fell down to 0.65 and voltage distortion
rose up to 4.4 %. All those figures were within
limits, only the current THD increased to
unacceptable 23.5 %.

1.4 Reactive power of CFLs

Cos ¢ is defined as the ratio of the real power of the
fundamental frequency P, to apparent power of the
fundamental frequency S;. Cos ¢ is dimensionless
number between 0 and 1 and is here calculated with
equation 3.

Cosp = % 3)
1

Considering losses in the transferring of reactive

power in transformers and power lines it should be

minimized. However the reactive power is inherent

phenomenon of CFLs.

If the cos ¢ of the CFLs is usually about 0.9 the PF
may be very different. Average PF is around 0.5-0.6
which means that lamp generates much more
reactive power to the grid than it consumes active
power.

For example in one test [5] thousand 60 W
incandescent lamps were replaced with 7 W CFLs.
The reactive power increased from 0 to 8848 var.

1.5 Neutral conductor current

In electrical schemes lamps are usually balanced
with neutral and phases. In symmetrical situation
with electronically ballasted CFLs triple harmonics
(3rd, 9th, 15th etc) may aggregate and cause the
overload in neutral conductor. In the worst case the
neutral current may exceed phase current \3
times. [6]

Harmonics from single phase appliances spread over
all three phases. The neutral current is equal to sum
of currents from all three phase. In the case of
symmetrical CFL load triple harmonics are in phase
and are added arithmetically in neutral. Other
harmonics cancel each other out. [7]

1.6 Losses caused by CFLs

Distribution transformers 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 (3rd, 9th, 15th erc),
which circulate in the delta winding of the
transformer and may damage it due to increased
thermal losses. [8]

In one experiment [9] results showed 33 % active
loss increase when incandescent lamps where
replaced with CFLs. Values of different losses are
given in Table 1.

Transformer losses Py are divided into no load losses
Py, and load losses Py as [10]:

Pr= Py, + Pp 4

Py are the losses due to the voltage excitation of the
core. Py; is expressed as [11, 12]:

Py =R+ Pgc + Pogsi, )
where

PR losses due to load current and DC
winding resistance, W;
Prc  winding eddy current losses, W;

other stray losses are due to losses in
structures other than windings, W.

Posi.

Table 1. Losses in transformer [9]

Measured value, W | CFLs | Incandescent lamps
Pr 20.8 15.6
Pyr, 7.7 7.7
Py 13.1 7.9
Prc 4.1 1.5
Post 3.8 1.2

Also the temperature of transformer was measured
in the case [9]. In the case of common bulbs the
transformer’s maximum temperature was 59.8 °C,
but after the replacement the temperature was
67.6 °C. It makes impressive near 12 % growth.

2 Laboratory tests

All tests were done with two types of lamps which
are sold in ordinary supermarkets. Lamps were
divided in two:

e Set 1 — Osram brand lamps with price about
5€;

e Set2 — lamps without producer’s label and
with price about 2 €.

Set2 had poorer characteristics. With the same
active power difference in reactive power
consumption was 10 % and in apparent power 6.7 %
accordingly. Other values of measured parameters
are given in Table 2.

Table 2. Measured parameters of CFLs.

Set 1 Set 2
Cos ¢ 0.892 0.921
PF 0.607 0.569
Reactive power, var 18 20
Current THD, % 104 120

Set 2 had much higher harmonics content than set 1.
The obvious differences were in all single harmonics
up to 25th. It is clearly seen from Fig.1.
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Fig.1. Current harmonics for different lamp sets

2.1 Adding the CFLs

Motive of this test was to see how power
consumption changes when quantity of lamps were
changed in scheme. Values were taken at points
when 2, 4, 6, 8 and 10 lamps were in installed.

Fig. 2 shows apparent power, reactive power and
active power values in situations of different number
of CFLs in scheme. All power components rose
linearly when lamps were added. No compensation
was discovered.

asgmmzpparent power reactive power esgmmactive power

250
i‘ 200 -‘/
g
% // i
c 150 / a
% 100 /! /
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3
0

number of lamps

Fig. 2. Ratio of power and number of CFLs (reactive
power is reversed)

Raising the number of CFLs in scheme without
adding active load increased harmonic currents and
distorted sinusoid. Harmonics did not cancel each
other out. Thereby adding CFLs made the situation
of power quality only worse.

2.2 Adding an active load

Goal of this experiment was to reach 5 % current
THD level by adding active load to scheme. Number
of CFLs in the scheme was constantly 10 and their
aggregated active load 140 W.

Achieving the goal needed additional active load
280 more than CFLs own aggregated load. At
beginning current THD decreased rapidly when load
was added, but before achieving the fixed 5 % goal
it slows down. Whole curve is shown in Fig.3.
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Fixed 5 % THD limit was achieved with active load
about 4 kW. Without any active load the THD was
over 110 %. It makes clear that only great active
load beside CFLs keep harmonics at merest level in
grid.

Increase of active load made cos¢ and PF
approaching to 1 bit quicker than current THD.
Compering cos ¢ and PF, first one proceeded more
sharply. It was because in calculation of cos ¢ only
fundamental harmonics were considered and they
were remarkably higher than all other harmonic
components.

2.3 Three phase test

The idea of this test was to investigate the current
neutral conductor. In this case CFLs were installed
symmetrically in three phases. Test started with 2
lamps for one phase, then 3 and finally 4.

Results were almost the worst theoretically can be.
With different number of lamps the neutral current
was always 70 % higher than phase current.

Eno lamps 2 lamps perphase ™3 lamps perphase B4 lamps per phase
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Fig. 4. Triple harmonics aggregation in neutral
conductor

The increase of neutral current was caused by triple
harmonics aggregation. Fig. 4 shows clearly how the
3rd, 9th, 15th and 21st harmonics aggregate in
neutral conductor. Since the harmonics from CFLs
do not compensate each other, adding the lamps to
the scheme makes the current in neutral only higher.



This kind of difference in currents and aggregation
of harmonics in neutral conductor makes grid
engineering much more complicated compared to
the case of incandescent bulbs. Placing all the CLFs
symmetrically between phases the current in neutral
conductor may raise unreasonably high. Installing all
lamps in one phase makes the harmonics go up.

Conclusion

Higher harmonics cause energy losses, overheating
of appliances, overvoltage, vibration and mechanical
stress. Reactive power reduces overall power
capacity of electricity transmission. High neutral
current may cause malfunction of sensitive load.

Harmonics are inherent phenomenon of using CFLs,
because average price level lamp generates current
with 110 % THD. Great amount active power next
to them hides the harmonics.

Average cos ¢ of the CFL is about 0.9 and
PF 0,5...0,6 which means that remarkable reactive
power is consumed even though the cos ¢ is high.
So in the case of CFLs it should be considered that
the reactive power generation is not clarified only by
cos .

Lighting wunits are most commonly divided
symmetrically between phases. If there is a great
number of CFLs the triple harmonics aggregate and
may cause high current in neutral conductor.
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ABSTRACT

Household appliances keep consuming energy even after
they are turned to stand by regime or switched off. So far
reactive component and current distortion of those devices
are not investigated in detail. Within this paper the amount
and the characteristics of this undesirable energy is exam-
ined for one specific household. All apparatus which are
constantly working and which are turned off or at stand by
for most of the time were examined one by one. Based on
this research it can be concluded that despite the assump-
tion that the device is switched off, the appliances still con-
sume notable active and reactive power at standby or off
condition. Also their consumed current is distorted by high-
er harmonics.

Keywords: Undesirable load, Standby, Harmonics,
Reactive Power, Power Quality

1 INTRODUCTION

During the last decades the amount of electronic appli-
ances used in households has raised tremendously. Most of
this equipment maintains certain functionality even after
turned off. For example the manual turn off switch has been
replaced by a remote control mechanism or touch sensitive
button, which need constant power to work [1]. Also devic-
es are becoming more and more complex, but their perfor-
mance regarding power quality is still rather improper.

Since present household appliances have extra features
which require additional electrical energy, they use power
constantly during a day, even when they are not in use or
are turned off [2]. This consumed energy which does not
serve primary purpose of device is called standby energy or
leaking energy [3]. Because the increase of this undesirable
usage of energy represents a noticeable component of resi-
dential electricity consumption, it has become a growing
concern.

Studies [4-10] have been undertaken to measure parasit-
ic consumption for different types of electrical appliances in
different countries. Focus has been on measuring active
power without considering accompanying power quality
issues. So far the influence to the grid is ignored because the
marginal power consumption of one item. In great numbers
their distorted current curve may be detrimental for power
quality and reactive power should be considered further.

Harmonic currents produced by nonlinear loads are in-
jected back into the supply systems. These currents can
interact adversely with a wide range of power systems

equipment causing additional losses, overheating and over-
loading [11].

Aim of this article is to investigate power consumption of
appliances at the regimes where no primary function is
served. Additionally power quality and reactive power con-
sumption of those devices are examined which has not been
widely discussed in papers before. In this paper, overview of
undesirable usage of energy in residential houses and field
measurements for a range of electrical devices are presented.

2 UNDESIRABLE USAGE OF ENERGY IN
RESIDENTIAL HOUSE

Undesirably used energy is here meant as the electrical
energy consumed by household when they are turned off, or
not in use. It is also referred as standby electricity use or
leaking electricity. This undesirable usage is caused because
many household devices have features such as remote con-
trol, memory, clock display which need energy and some
devices which are working constantly (computer modems,
digital cable and satellite TV receivers). Modern household
contains a number of electrical entertainment appliances
(TVs, VCRs etc), office equipment (computers, printers,
monitors etc), clothes washers, dishwashers and adapters
and chargers for those.

The actual power draw in standby mode is small, how-
ever standby power is consumed 24 hours per day. In fact
the amount of new equipment consuming standby power is
increasing as residential energy consumption is increasing
and high growth in residential sector energy consumption is
predicted [12]. Results indicate that standby and miscella-
neous power consumption in the residential sector is in-
creasing at approximately 8% per annum [8].

The information available is insufficient to determine
trends, but all evidence points to a global increase in
standby power consumption because efficiency improve-
ments in some equipment (e.g., TVs) are outweighed by the
increase in the numbers of appliances that consume power
in standby mode [4]. In the UK, set-top decoder boxes for
digital television, alone, will consume the electricity pro-
duced by an average sized power plant [10]. This fact is
indicative of the alarming growth in electronics equipment.
Beside of that it has also been reported that some appliances
may use more energy in standby than in main operational
mode [9].

International studies based on experimental campaigns
performed at residential houses have indicated a standby



power demand per household in the range 23-125 W [13]
and even extensively varying results were found in [14].
Same number in developed countries varies between 20-
60 W, and is responsible for about 2% of the total electricity
consumption in OECD (Organisation for Economic Co-
operation and Development) countries [9]. Average standby
power of a device was calculated to be 3.8 watts by consid-
ering measured 605 housekeeping appliances in comprehen-
sive research [6]. Therewith their standby power usually
varies between 1 and 20 W or even more in some case [15].

Studies in Germany, Japan, the Netherlands, the United
States and Australia have found that standby power accounts
for as much as 10% of national residential electricity
use [3,5,7,14]. The global energy consumption from standby
has been estimated by the IEA (International Energy Agency)
at between 200 TWh and 400 TWh per year [16].

3 POWER QUALITY ISSUES

The problem with nonlinear electronic apparatus is har-
monic distortion caused by them. A nonlinear device is one
in which the current is not proportional to the applied volt-
age and while the applied voltage is perfectly sinusoidal, the
resulting current is distorted.

Harmonic currents injected from individual end users on
the system should be limited, thus by limiting the amount of
injected harmonic currents the voltage distortion can be
limited as well. Example for illustrating nonlinear loads
influence on distribution grid a study with compact fluores-
cence lamps (CFLs) is made [17,18].

THD = [S50, e )

Some devices may have the THD over 100 %, but their
active power use is not so significant compared to other
harmonics generating apparatus [17]. Therefore their quality
requirements are not so precisely regulated, but fixing limits
may become important when numerous harmonics emitting
devices are utilized together. THD provides a good indica-
tion of the additional losses caused by the current flowing
through a conductor.

Also most of electronic devices generate much more re-
active power to the grid than they consume active
power [15]. Respectable indice for estimating amount of
reactive power is PF (Power Factor). PF is defined as the
ratio of the sum of all real power components P to the sum
of all apparent power components S in the circuit and is
here calculated with equation 2.

»
PF == @)

4 FIELD MEASUREMENTS

There is a wide range of equipment types, which have
various features and often more than one operational state. In
performed study 16 different devices were investigated. All
appliances are given in Tab. with indicative values of THD
and PF at different states of operation. Different states of
operation are defined in Tab. 1.

Tab. 1 Definitions of different modes

The most commonly used indice for measuring the har- Mode Definition
monic content of the waveform is the total harmonic distor- | Disconnected | Appliance is not connected to grid
tion. Total harmonic distortion (THD) of a signal is a Appliance is switched off, but is connected
measurement of the harmonic distortion present and is de- OFF to grid
fined as the ratio of the sum of all harmonic components My Appliance is on, but is not providing a
to the fundamental frequency component M. It is the poten- Standby : fu ti0171
tial heating value of the harmonics relative to the fundamen- P nmz.ary r'1c — - -
tal. This index can be calculated with formula 1 and for ON Appliance is providing a primary function
either voltage or current.
Tab. 2 Measured Appliances
Nr Device THD ON | THD OFF | THD SB PF ON PF_OFF PF SB
1 Phone charger 2 156 75 - 0,52 0,69 -
2 Router 150 - - 0,52 - -
3 VCR 136 144 138 0,59 0,53 0,57
4 TV-tuner 2 134 - 127 0,58 - 0,6
5 TV-tuner 1 125 - 126 0,55 - 0,55
6 Monitor 122 - 44 0,59 - 0,12
7 TV 2 111 - 64 0,66 - 0,56
8 TV 1 80 - 75 0,76 - 0,4
9 Printer 76 141 138 0,86 0,54 0,56
10 WiFi 52 - - 0,48 - -
11 Laptop 44 17 - 0,85 0,08 -
12 Air purifier 38 46 34 0,76 0,28 0,61
13 Phone Station 37 - 33 0,81 - 0,69
14 Phone charger 1 36 44 - 0,74 0,45 -
15 Radio 31 43 - 0,68 0,35 -
16 Fridge 17 - 5 0,84 - 1




Based on this measurement it can be concluded that prac-
tically all electronic appliances used in housekeeping have
distorted current and their THD value is mostly near or over
100%. In case of a numerous of such devices together it re-
sults a distorted total current which may harm other system
components.

4.1 Appliances at Standby Mode

Ten devices out of 16 in this study could be switched to
standby mode and 3 out of ten could also be switched off.
Total number of devices which could be turned off was 7.
Investigated router and WiFi equipment could not be
switched at all. Because those could not be switched their
power can also be counted as standby power in this situation.
Active and reactive power values of all those 12 appliances at
standby regime are given at Fig. 1.
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Highest active power consumer at OFF mode was printer
and lowest cell phone charger with 6.1 and 0.2 watts respec-
tively. Total active power at this state was 18.2 watts which
constitutes almost 5% of total active power compared to
primary work regime.

Beside active power even higher reactive power values
were identified when appliances were turned off. By compar-
ing the results laptop had the highest value of reactive power
(16.6 VAr) and cell phone charger had the lowest (0.7 VAr).

At off mode only air cleaner, radio and phone charger had
inductive reactive power. All other apparatuses had capaci-
tive values. Total reactive power of all devices was -18.5 VAr
which makes about 13% of total reactive power of appliances
at state where primary function is provided.
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Fig. 1 Active and reactive power of devices at standby mode

At standby mode smallest active power consumer was a
monitor with 0.5 W. Total active power of measured apparat-
uses at standby state was 74.4 W. This makes nearly 20% of
total active power when appliances would be providing their
primary services.

Beside active power considerable reactive power was
measured on all devices. Highest reactive power in this study
was detected on CRT television and lowest on fridge with
18.9 and -0.6 V Ar respectively.

Also it must be noticed that reactive power of apparatuses
is whether inductive or capacitive. Inductive values are posi-
tive and are directed upwards and capacitive values are nega-
tive and are directed downwards.

At standby regime air purifier, WiFi and phone station
had inductive reactive power value. Other devices showed
capacitive values. Sum of reactive power of whole equipment
was -62.5 VAr which makes about 45% of total when prima-
ry function is served.

By compering active and reactive power it is seen that
power values of devices are positively correlated. In other
words the higher active power means higher reactive power
as well.

4.2 Comparing Standby and OFF Mode

Usually apparatus can be turned off, which in common
sense means no power consumption after it. In this case only
less of half of all measured 16 appliances had possibility to
switch off. Those 7 devices at turned off mode are described
with active and reactive values at Fig. 2.

4.3 Comparing Standby and OFF Mode

Some of the apparatus cannot be turned off or switched to
standby mode. In some cases the switching only means turn-
ing off the light on the apparatus or just changing the color of
it. This kind of operation does not change the power con-
sumption significantly [3].

When not considering the devices which could not be
switched at all, it is still clearly seen from Fig. 3 that some of
the appliances have standby active power over 90% com-

pared to on regime power.
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Fig. 3 Standby mode active and reactive power proportions
compared to ON mode value

More apparent is situation in case of reactive power.
Standby and turned off mode reactive power values com-
pared with primary function serving condition are higher than



in case of active power. Most of devices had standby reactive
power more than 70% compared with power when main
functions are served.

Turned off regime power values compared to working
condition values are shown at Fig. 4. In the case of printer the
percentage was as high as 80%.
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Fig. 4 OFF mode active and reactive power proportions
compared to ON mode value

When direction of reactive power maintained same at all
three regimes the correlation between active and reactive
power values disappeared at off state. Reactive power values
were high even when active power values were low.

4.4 Power Quality of measured devices

Beside undesired energy consumption electronic appli-
ances from housekeeping contribute also considerably to
deterioration of power quality. Current curve of those devices
in some cases even do not remind sinusoid common in AC
power systems.

Results of investigated apparatus in this study are shown
at Fig. 5, Fig. 6 and Fig. 7, where current curves of 10 devic-
es at standby regime are presented. Also curve of router and
WiFi equipment at primary working condition are shown.
Voltage curve is added to every figure as indicative value.
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Fig. 5 Currents of measured appliances in set 1

At Fig. 5 a fridge has most similar current curve to sinus-
oid. Other devices have third and fifth harmonic more than
20% which deteriorate picture noticeably.

At Fig. 6 all devices have third harmonic over 90% and
fifth over 60%. At Fig. 7 odd harmonics are dominant also
for all appliances.
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Fig. 7 Currents of measured appliances in set 3

In general VCR and TV 2 showed considerable even
harmonics beside odd harmonics in their current. Other de-
vices have mainly odd harmonic content.

In situation when most of the loads are with distorted load
shape the total current in PCC is also heavily deteriorated.
Only great amount of pure active load would hide the distor-
tion.

5 CONCLUSION

Since modern household appliances have features which
require electrical energy when not providing their main ser-
vice, they use power constantly during a day despite they are
not in use or are turned off.

Beside considerable amount of undesirable active power
consumption apparatuses also consume or produce a noticea-
ble amount of reactive power. It appears that parasitic reac-
tive power of electronic devices in common household is
even higher than active power.

Also power quality of those undesirable loads is poor.
Odd harmonics content is dominant in current curve of those
devices.

Great number of equipment with distorted current togeth-
er worsens total current considerably and may lead to break
down of elements of electricity system.
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ABSTRACT

Electrical devices are becoming more and more com-
plex, but their performance regarding power quality is still
rather improper. One of those devices is compact fluores-
cent lamp (CFL). Recent European Union (EU) activities
influence us all, as the purpose of new legislation is to limit
the use of traditional incandescent lamps by replacing them
gradually with compact fluorescent lamp. Considering the
energy efficiency the purpose seams to fulfill the target. On
another hand it raises new questions so far not associated
with lighting. These issues are related to higher harmonics,
reactive power consumption and higher currents in neutral
conductor.

Focus within this paper is pointed on CFLs. There are
other devices influencing power quality, but none of them
are forced to be applied by lows and rules. Impacts of CFLs
are described theoretically based on available literature
and complemented with laboratory test.

Keywords: CFL, higher harmonics, reactive power, neutral
current

1 INTRODUCTION

In long term the energy consumption is growing and as
old generating units drop off the gap must be fulfilled with
new units or reduce the consumption. CFLs consume less
energy with same luminous efficiency and last longer than
usual bulbs and it is seen as one possible solution to reduce
overall consumption. There is also another point in the use of
CFLs, but it is not so popular and is not commonly distribut-
ed. The problem is that their current curve is not perfect si-
nusoid and it may be detrimental for power quality if they are
used together in great numbers. So far the influence to the
grid is ignored because the power of one lamp is marginal.
Also the widespread use of CFLs may implicate significant
reactive power and problems with higher harmonics in a
grid. [1]

Higher harmonics, which CFLs generate to a grid and
thereby affect the power quality, are the main issue using
CFLs. Secondly what’s important is the generated reactive
power that needs attention.

Harmonic currents produced by nonlinear loads are in-
jected back into the supply systems. These currents can inter-
act adversely with a wide range of power systems equipment,
most notably capacitors, transformers and motors, causing
additional losses, overheating and overloading. These har-
monic currents can also cause interference with telecommu-
nication lines and errors in power metering.

A major concern, especially for commercial buildings, is
that power supplies for single-phase electronic equipment
will produce too much harmonic current for the wiring. The
percentage of load that contains electronic power supplies is
increasing at a dramatic pace, with the increased utilization of
personal computers in every commercial sector. [2]

2 THEORETICAL BACKGROUND

2.1 Harmonic distortion

Harmonic distortion is caused by nonlinear devices in the
power system. A nonlinear device is one in which the current
is not proportional to the applied voltage. Typical current
curve of CFL is shown at Fig. 1. While the applied voltage is
perfectly sinusoidal, the resulting current is distorted. Increas-
ing the voltage by a few percent may cause the current to

double and take on a different waveshape. [2]
V] 1

Fig. I Typical CFL current versus voltage curve

While the load current harmonics ultimately cause the
voltage distortion, the load has no control over the voltage
distortion. The same load put in two different locations on the
power system will result in two different voltage distortion
values. [2]

On radial utility distribution feeders and industrial plant
power systems, the main tendency is for the harmonic cur-
rents to flow from the harmonic-producing load to the power
system source.

2.2 Requirements for higher harmonics

The two most commonly used indices for measuring the
harmonic content of the waveform are the total harmonic
distortion and the total demand distortion. Both are measures
of the effective value of a waveform and may be applied to
either voltage or current. [2]

Total harmonic distortion (THD) of a signal is a meas-
urement of the harmonic distortion present and is defined as
the ratio of the sum of all harmonic components M to the
fundamental frequency component M;. It is the potential



heating value of the harmonics relative to the fundamental.
This index can be calculated with formula 1 and for either
voltage or current.
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Because fundamental voltage varies by only a few per-
cent, the voltage THD is nearly always a meaningful number.
THD can provide a good idea of how much extra heat will be
realized when distorted voltage is applied across a resistive
load. Likewise, it can give an indication of the additional
losses caused by the current flowing through a conductor.

In situation when the magnitude of harmonic current is
low, even though its relative current distortion is high, it may
be wise to use peak load current Ip. rather than the fundamen-
tal when referring THD. This is called total demand distortion
(TDD) then. TDD is calculated as follows:
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Some of the CFLs may have the THD over 100 %, but
their active power use is not so significant compared to other
harmonics generating devices. Therefore their quality re-
quirements are not so precisely regulated.

Harmonics generated by costumer’s appliances must not
cause voltage rise in the connection point. [3] In this article
current THD value which should not be exceeded when im-
plementing CFLs has estimated to be 5 %. Fixing limits may
become important before using numerous harmonics emitting
devices together.

Harmonic currents injected from individual end users on
the system must be limited. These currents propagate toward
the supply source through the system impedance, creating
voltage distortion. Thus by limiting the amount of injected
harmonic currents, the voltage distortion can be limited as
well. This is the basic method of controlling the overall dis-
tortion levels proposed by IEEE standard 519-1992.

Depending on the diversity of the different load types
small harmonic currents may add in phase or cancel each
other. The voltage distortion levels depend on both the circuit
impedances and the overall harmonic current distortion.

Generally studies have showed that current THD which
CFLs emit increases as supply harmonics level increases. The
ratio is not linear and it is particularly true in case of CFLs
with electronic ballast. [3, 4, 5]

The upper mentioned standard divides the responsibility
for limiting harmonics between both end users and the utility.
End users will be responsible for limiting the harmonic cur-
rent injections, while the utility will be primarily responsible
for limiting voltage distortion in the supply system.

2.3 CFLs influence on harmonics level

Power Factor (PF) is defined as the ratio of the sum of all
real power components P to the sum of all apparent power
components S in the circuit. Because contribution of all pow-
er components is taken account it is known as the true power
factor. PF is dimensionless number between 0 and 1 and is
here calculated with equation 3:

PF ="
s 3)
Implementation of CFLs brings up a problem with higher
harmonics. Penetration of higher harmonics rises as number
of installed CFLs increase.

Concrete example of increasing harmonics is described
in [5], where 2500 CFLs were installed. All harmonics in-
creased, but not over the limit fixed for single harmonics.
However the current THD 12.7 % crossed optimal 5 % level
highly. 5 % THD was reached already at 920 lamps.

Other analysis is described in [6] where in one household
all bulbs were replaced with CFLs. After the replacement
CFLs constituted to 26.3 % of overall load and PF fell down
to 0.65 and voltage distortion rose up to 4.4 %. All those
figures were within limits, only the current THD increased to
unacceptable 23.5 %.

2.4 Reactive power of CFLs

In the sinusoidal case there is only one phase angle be-
tween the voltage and the current (since only the fundamental
frequency is present) and therefor power factor can be com-
puted as the cosine of the phase angle and is commonly re-
ferred as the displacement power factor. Cos ¢ is defined as
the ratio of the real power of the fundamental frequency P, to
apparent power of the fundamental frequency S;. Cos ¢ is
dimensionless number between 0 and 1 and is here calculated
with equation 4:
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Some devices have displacement power factor near unity,
but the true power factor about 0,5-0,6. An ac-side capacitors
in those devices do little to improve the true power factor
because Q1 is zero. In fact, if it results in resonance, the dis-
tortion may increase, causing the power factor to degrade.
Using only the displacement power factor would give a false
sense of security. [2]

If the cos @ of the CFLs is usually about 0.9 the PF may
be very different. Average PF is around 0.5-0.6 which means
that lamp generates much more reactive power to the grid
than it consumes active power.

For example in one test [7] thousand 60 W incandescent
lamps were replaced with 7 W CFLs. The reactive power
increased from 0 to 8848 var.

Considering losses in the transferring of reactive power in
transformers and power lines it should be minimized. How-
ever the reactive power is inherent phenomenon of CFLs.

2.5 Current in neutral conductor

In electrical schemes lamps are usually balanced with
neutral and phases. In symmetrical situation with electroni-
cally ballasted CFLs triple harmonics (3rd, 9th, 15th etc) may
aggregate and cause the overload in neutral conductor. In the
worst case the neutral current may exceed phase current V3
times. [8]

Triplen harmonics are the odd multiples of third harmon-
ic. They deserve special consideration because the system
response is often considerably different for triplens than for
the rest of the harmonics. [2]

Harmonics from single phase appliances spread over all
three phases. The neutral current is equal to sum of currents



from all three phase. In the case of symmetrical CFL load
triple harmonics are in phase and are added arithmetically in
neutral. Other harmonics cancel each other out. [9]

Important implication is that transformers, particularly the
neutral connections, are susceptible to overheating when
serving single-phase loads on the wye side that have high
third-harmonic content.

3 LABORATORY TESTS

To test and measure possible impact of CFLs the number
of test series was carried out. Hereafter only fraction is de-
scribed. All tests were done with two types of lamps which
are sold in ordinary supermarkets. Lamps were divided in
two:

e Set 1- brand lamps with producer’s name with the

price about 5 €,

e Set 2- lamps without producer’s label and with price

about 2 €.

Set number 2 had poorer characteristics. While the active
power was same, the difference in reactive power consump-
tion was 10 % and in apparent power 6.7 % accordingly. Set
2 had much higher harmonics content than set 1. The obvious
differences were in all single harmonics up to 25th. Other
values of measured parameters are given in Tab. 1.

Tab. 1 Measured parameters of CFLs.

Set 1 Set 2
cosg 0.89 0.92
PF 0.61 0.57
Reactive power, var 18.0 20.0
Current THD, % 104 120

3.1 Adding the CFLs

Motive of this test was to see how power consumption
changes when quantity of lamps were changed in scheme.
Values were taken at points when 2, 4, 6, 8 and 10 lamps
were installed.

Fig. 2 shows apparent power, reactive power and active
power values in situations of different number of CFLs in
scheme. All power components rose linearly when lamps
were added. No compensation was discovered.
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Fig. 2 Ratio of power and number of CFLs (reactive pow-
er is reversed)

Raising the number of CFLs in scheme without adding
active load increased harmonic currents and distorted sinus-
oid. Harmonics did not cancel each other out. Thereby adding
CFLs made the situation of power quality only worse.

3.2 Adding an active load

Goal of this experiment was to reach 5 % current THD
level. Idea is that when adding pure active load to the scheme,
the overall impact of CFLs is reduced. During the test, the
number of CFLs was 10 with total aggregated active power
140 W.

Reducing the impact of CFLs down to 5% THD needed
280 times more power than were installed power of CFLs. At
the beginning current THD decreased rapidly when load was
added, but before achieving the fixed 5 % goal it slowed
down. Whole curve is shown in Fig.3.

Fixed 5 % THD limit was achieved with active load about
4 kW. Without any active load the THD was over 110 %. It
makes clear that only great active load beside CFLs keep
harmonics at merest level in grid.
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Fig. 3 The ratio of current THD and active load

Increase of active load made cos ¢ and PF approaching to
1 bit quicker than current THD. Compering cos ¢ and PF,
first one approached more sharply to 1. It was because in
calculation of cos ¢ only fundamental harmonics were con-
sidered and they were remarkably higher than all other har-
monic components.

3.3 CFLs in three phase system

The idea of this test was to investigate the current in neu-
tral conductor. In this case CFLs were installed symmetrically
in three phases. Test started with two lamps in one phase,
then three and four per phase.

Results were almost the worst theoretically can be. With
different number of lamps the neutral current was always 70
% higher than phase current.
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Fig. 4 Triple harmonics aggregation in neutral conductor



The increase of neutral current was caused by triple har-
monics aggregation. Fig. 4 shows clearly how the 3rd, 9th,
15th and 21st harmonics aggregate in neutral conductor.
Since the harmonics from CFLs do not compensate each
other, adding the lamps to the scheme makes the current in
neutral only higher.

This kind of difference in currents and aggregation of
harmonics in neutral conductor makes grid engineering more
complicated compared to the case of incandescent bulbs.
Placing all the CLFs symmetrically between phases the cur-
rent in neutral conductor may raise unreasonably high. In-
stalling all lamps in one phase makes the harmonics go up.

4 CONCLUSION

Higher harmonics cause energy losses, overheating of ap-
pliances, overvoltage, vibration and mechanical stress. Reac-
tive power reduces overall power capacity of electricity
transmission. High neutral current may cause malfunction of
sensitive load.

Harmonics are inherent phenomenon of using CFLs, be-
cause average price level lamp generates current with 110 %
THD. Use of active power next to them hides the harmonics.

Average cos ¢ of the CFL is about 0.9 and PF 0,5-0,6
which means that remarkable reactive power is consumed
even though the cos¢ is high. So in the case of CFLs it
should be considered that the reactive power generation is not
clarified only by cos ¢.

Lighting units are most commonly divided symmetrically
between phases. If there is a great number of CFLs the triple
harmonics aggregate and may cause high current in neutral
conductor.
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Abstract—Charging of electric vehicles (EVs) is expected to bring a
healthy addition of load for the distribution networks. The
residential networks where the EV owners would charge their
vehicles after returning from daily activities would especially be
subjected to high load increase. As EV charger is a powerful non-
linear load rather large harmonic currents can be present during
the EV charging. This means a significant increase also to the
current harmonics. Analysis of the quantities of the harmonic
currents is necessary for guaranteeing the distribution network
operation that would meet the power supply standards. In this
paper, the EV charging measurement results are presented and
analyzed with focus on the current waveform distortions. Different
EVs are analyzed for the current harmonics present during the
slow rate home charging. For the modeling of the EV charging
loads in the networks, discussion is presented on the harmonic
currents summing and llation effects. The results presented in
the paper can be further used for modeling of the actual harmonic
loads of the EVs in the distribution networks.

Keywords-Electric vehicles, power system harmonics, energy
storage, current measurements.

L

Electrical vehicles are considered everyday use commuter
vehicles with significant on-board energy storage and ability to
use the mains power supply for charging the energy storage.
Typical such vehicles are battery electric vehicles (BEVs) and
plug-in hybrid vehicles (PHEVs). Due to similarity of the process
of the on-board battery charging, there would be only slight
differences in the impact for the power networks depending on
the vehicle type. Therefore, within this paper, all such vehicles
are referred to only as electric vehicles (EVs).

INTRODUCTION

Typical EVs are provided with batteries having energy
storage capacities from some kWh up to several tens of kWh [1].
High-capacity batteries are required for providing the electric
driving range acceptable for the customer. The requirement to
charge the batteries in a time-frame that does not provide serious
compromise for the customer satisfaction means that the charging

978-1-4799-2491-2/13/$31.00 ©2013 IEEE
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power has to be rather high. To accomplish this, expected power
of the chargers is starting from 1.6 kW for single phase onboard
chargers for home use [2] reaching into hundreds of kW for
ultrafast charging [3]. The chargers of modern the EVs that are
intended for charging at home are actually operating very close to
the levels of the usual residential customers and drawing 10 — 15
A of current [2].

EV battery requires DC for charging and the conversion from
AC as well as charging control is provided by the power
electronics converters, which are non-linear loads. The non-
linearity of the current consumed associated with the EV
charging is closely related to the charger circuit topology that is
providing an interface towards the AC network. The evolution of
the EV chargers started with the simplest uncontrolled single-
phase full-bridge rectifiers, having high levels of current
harmonic distortions and low power factor. The circuits and
control strategies have evolved rapidly to include more network
friendly features [4] such as power factor correction (PFC) and
current waveform shaping. Today the advanced -charger
topologies are employing switching mode operation and
controllable power semiconductors, in ideal cases the current
harmonic distortion level could be well below 5% at load levels
from 50...100% of rated power. These functions are required to
meet the criteria stated in the standards that set the operating
conditions for public distribution networks such as the IEC61000
series [5]. The AC mains supply to the customers has to fulfill
also requirements of low sinewave voltage distortions (for
example set by IEC/EN50160 [6]). When conditions stated in
these standards are met, devices connected to mains supply are
expected to operate with full functionality. Considering the
power of EV chargers and the characteristics of the EV charging
load, analysis is required if the public mains network standards
are still met if numerous EV's are charged simultaneously.

This paper will focus on the identification of properties of
different EV chargers and the current distortions these EV
chargers can provide for the distribution network. For evaluating
this, charging measurement results of several commercially
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available modern EV's are provided. Furthermore the diversity of
EVs connected to the distribution network will be discussed. It
will be presented that during the measurements the EVs used
rather constant current for the charging and every EV charger has
its own pattern of drawing current from the supplying network.
This means also different distortion patterns. It will be presented
that due to diversity of the different EVs chargers characteristics,
the total distortions to the network current are likely to remain
relatively lower than the highest levels of individual chargers.

II.  HARMONICS IN ELECTRIC DISTRIBUTION NETWORKS

The appliances and electric devices connected to the public
mains network are designed to operate with a sinusoidal voltage
at rated power. However, many of the connected loads are of
nonlinear type, meaning that they draw current with a non-
sinusoidal or distorted sine waveform. Nonlinear loads are most
often based on power electronics and the share of such loads is
growing rapidly worldwide. Also the modern EV chargers are
power electronic units that have non-linear characteristics.

Total load current of a line or a substation is the sum of the
currents of the appliances connected to this line or substation
respectively. High non-linear loading causes non-linear voltage
drop, leading to voltage waveform distortions for the customers
associated. Distorted voltage and current in the distribution
system may bring along negative effects, e.g. overloading, over-
voltages, mechanical stress, malfunction of critical control and
protection equipment and degradation of efficiency of appliances.
Voltage distortions affect practically all customers fed through
the point of common coupling (PCC).

Every non-linear load in the network produces non-sinusoidal
current waveform which can be represented as a sum of different
sinusoidal current components having different harmonic
frequencies. The overall distortion level is usually described by
total harmonic distortion (THD) index. The amount of harmonic
current components, compared to the mains frequency sinusoidal
component, is presented with the total current harmonic
distortion THDI, calculated as

THDi,% = -100% , @

where 4 is the harmonic order number, H is the highest
number of harmonic observed, I, is the RMS-value of the current
h-th harmonic component and /; is the mains frequency current
component RMS value. Based on the limits in standard TEC
61000-3-4 [5] for individual harmonic emission levels, the
highest current total harmonic distortion (THDi) level allowed
for a charger connected to a public network would be 17.3% [7].
However, for evaluation of the total effect by EV chargers the
approach should be more sophisticated and not rely on the THDi
levels alone.
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The EV chargers of different EV manufacturers and types are
very likely to have different harmonic patterns meaning
individual current harmonics magnitude levels and phase angle
values. The diversity of the harmonic patterns has to be taken
into account for estimating the total harmonic currents of the
non-linear loads in the distribution networks. It is rather common,
that only the harmonics levels are observed, as the utilities are
required to keep the harmonics levels under a given limit. The
harmonic magnitudes by themselves do not reveal the magnitude
of the sum of the two harmonics. As the level of diversity of the
harmonic patterns increases, a notable cancellation can occur [8].
This effect is seen when harmonics with different phase angles
provide a sum in the magnitude that is smaller than the individual
harmonics magnitudes.

III.  EV CHARGING MEASUREMENTS

For the evaluation of the harmonic currents associated with
the EV chargers, several different EV charger models have been
presented in [9]. The downside of the models has been the lack of
variety of the operation, as one of the most common models used
for the harmonic currents modeling has been uncontrolled
rectifier observed in the ideal operation. The chargers of the
modern commercially available EVs use most often the active
switching chargers employing power semiconductors. Due to the
complex operation of such EV chargers, creating the model
taking into account the circuit peculiarities is also very complex
task.

Another option for obtaining the harmonic patterns of the EV
chargers is to perform actual case measurements of the EV
charging currents. The charging profiles of the EV's have been
also presented before [10][11][12], however the measurement
results however have not revealed the individual harmonic
magnitude and phase angle values in a detailed enough manner
to, for example, evaluate the summing of the harmonic patterns
of the EV chargers.

In this paper the results of the actual measurements of the
slow-rate EV charging are used. Subjects of the measurements
have been 4 EV models, produced from the end of 2012 until mid
2013 that are commercially available from the internationally
well-known car manufacturers. For the sake of discretion, the
models of the cars will not be associated with particular results.
The general data for the EVs charging are provided in Table I, if
charging was carried out from a 230 V, 50 Hz mains supply.

TABLE L CHARACTERISTICS OF THE CHARGING OF EVS MEASURED
EV Charging Charging THDi during the constant
current (A) power (kW) current charge %
1 9.7 2.2 4.2
2 10.3 2.4 12.3
3 12.7 2.9 34
4 10.3 24 10.5




Measurements of the EV charging were carried out using the
Fluke Topas power quality recorder with measurement set-up
presented in Fig 1. In order to obtain the most detailed data on
the harmonics, the current waveforms were recorded and later
processed using the Matlab software. The waveforms were
recorded for 2.5 seconds after every minute (measurement series
in later text) to leverage the amount of data obtained during the
measurements. Validity of the data available from such recording
was verified using comparisons of multiple measurement series
of charging the same EV. Verification proved that using such
recording mode was adequate for the analysis of the charging
process.

Electric vehicle

Mains supply

Power quality recorder
Figure 1. EV charging measurement set-up.

Charging and measurement was started when the EV was
indicating 0 km electric range (battery state of charge (SOC) 0%)
and the measurement was carried out until the EV completed and
switched off the charging with the indication ,,battery full” (SOC
100%). The charging current measured during the charging has
been presented in Fig. 2, in relation to the cumulative SOC
determined by evaluating the total energy used for charging.
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Figure 2. Charging current levels during charging span of 0% - 100%
of the full charge.

It can be seen that the most significant portion of energy is
transferred to the EV using constant current from the mains
network. During the measurements, it was found that the
charging current would follow the same pattern for the given
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SOC regardless of the SOC value other than 0% at the time the
charging was initiated. An exception to this was only the vehicle
that used current ramp in the start of charging. The highest
current harmonic magnitudes were seen during the constant
current charging mode, indicating this mode would be the highest
harmonic burden for the distribution network.

For this selection of EVs the currents drawn from the mains
network has proved to be relatively on the same levels. There are
differences in distortion levels of the current waveforms, but it
can be declared that the current waveform distortions would
remain on rather low level. A comparison of the measured
charging current waveforms, in a constant current charging
mode, is presented in Fig. 3. The waveforms are indeed rather
sinusoidal with power factors close to unity, referring to complex
control of the power electronic circuits and special attention to
the charging current waveforms.
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Figure 3.  Comparison of the measured current waveforms. Mains voltage is
provided as a reference as dotted line.
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IV. EV CHARGING HARMONIC PATTERNS

The recorded waveforms provided the capability to analyze
the current distortions for every mains cycle. This provided very
useful information as for example, the cycle-to-cycle fluctuations
of the magnitudes and phase angles of the harmonics could be
closely observed. Analyzing the values within the different
measurement series confirmed the results to have a distribution
very close to the normal distribution and very low dispersion
from the mean value. Thus, in the following the mean cycle
values are presented.

In Fig. 4, the charging time has been presented with the
relative scale 0...100% of charging time. Different modes of
charging are clearly observable and during the constant current
mode, the current harmonic magnitude and also phase angle are
at rather constant values.
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of 15th harmonic.

Similar constant trend can be also seen for the individual
harmonic levels, even for higher harmonic orders. An example of
the results of the statistical harmonic analysis has been presented
in Fig. 4. This shows the 15th harmonic magnitude and phase
angle throughout the charging process for EV1.

The current harmonics average magnitudes and phase angle
values have been presented in Table IT for all four measured EVs.
It can clearly be seen that the harmonics phase angles are rather
different for the different EVs.

the full charge.

TABLE II. CHARGING CURRENT HARMONICS MAGNITUDE AND PHASE VALUES FOR THE MEASURED EVS DURING CONSTANT CURRENT CHARGING MODES
EVI1: THDi =4.0% EV2: THDi = 12.2% EV3: THDi = 3.3% EV4: THDi = 10.4%
Harmonic Harmonic Magnitude Phase Magnitude Phase Magnitude Phase Magnitude Phase
order frequency
Hz A deg A deg A deg A deg
Main/ 1 50 9.69 6 10.2 12 12.7 1 10.2 5
3 150 0.32 352 1.23 25 0.26 156 0.89 204
5 250 0.077 25 0.036 243 0.181 211 0.40 182
7 350 0.077 77 0.042 163 0.118 55 0.32 109
9 450 0.030 326 0.060 239 0.053 33 0.119 100
11 550 0.088 278 0.115 200 0.039 250 0.092 201
13 650 0.125 24 0.107 64 0.090 43 0.177 83
15 750 0.023 304 0.062 200 0.037 52 0.051 162
17 850 0.0109 94 0.040 210 0.034 30 0.040 297
19 950 0.0154 258 0.034 225 0.043 142 0.066 282
21 1050 0.040 300 0.045 242 0.068 345 0.076 259
23 1150 0.044 280 0.028 224 0.069 344 0.038 214
25 1250 0.034 284 0.025 181 0.065 334 0.024 190
27 1350 0.0089 204 0.041 111 0.054 311 0.012 181
29 1450 0.0181 269 0.021 160 0.061 318 0.075 285
31 1550 0.024 237 0.0185 159 0.061 316 0.075 247
33 1650 0.024 221 0.042 172 0.043 295 0.086 210
35 1750 0.0151 216 0.0072 88 0.054 302 0.0199 148
37 1850 0.0095 242 0.0067 114 0.048 282 0.0052 160
39 1950 0.0148 224 0.0114 285 0.052 269 0.024 289
41 2050 0.0129 220 0.0099 66 0.042 259 0.0185 207
43 2150 0.0157 190 0.0094 52 0.039 245 0.0166 157
45 2250 0.0089 179 0.0192 39 0.035 236 0.025 85
47 2350 0.0108 170 0.0089 130 0.036 221 0.0123 71
49 2450 0.0094 170 0.0096 288 0.034 215 0.0076 63
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In Table II, the values during the constant power charging
have been listed while the ramp-up and topping charging values
have not been presented at this time. Although the THDi values
can be higher for these modes, the actual harmonic currents
magnitudes are lower than for the constant power mode charging.
This means that the impact to the network during the ramp-up
and topping charging stages is significantly lower. Thus the
rougher estimates and worst-case scenarios for the distribution
network harmonic levels can be evaluated using the constant
power mode values.

V. TOTAL HARMONIC CURRENT DISTORTION OF THE EV
CHARGERS

The load current in the electric distribution network is a sum
of all the currents of individual loads connected to the network.
Different loads in the AC network likely use current that is
shifted by some phase angle towards the mains voltage
waveform. When summing values of such currents the different
phase angle should also be taken into account and the currents
should be summed geometrically. This applies also to the
harmonic currents, which were presented with individual
amplitudes and phase angles in Table II previously.

Geometrical summing of the currents with the same phase
angles provides the magnitude that is the arithmetical sum of the
magnitudes of the harmonics that are added together. When the
phase angles differ from each other, the result of adding the
different magnitudes would provide the sum that is less than the
arithmetical sum of the magnitudes. In the utmost case when the
phase angles are at 180 degrees from each other the sum of the
two harmonics provide most significant decrease in the value of
the sum of the magnitudes. The decreasing effect is also shown in
percentage of the arithmetic sum in the results for the 3" and 5"
harmonics (see Table IV, V).

The EV charging scenarios are presented in the following
analysis by including or not including the EV charging of the 4
EVs presented above. Sum of charging currents is observed and
THDi is used for the assessment of the level of distortions in the
current waveform (see Table IIT). The lowest THD1 value can be
seen when EV1 and EV3 are present. It is quite expected, as the
THDi values of these EVs is the lowest also by the results
presented in Table II. However, when all the EVs are connected
for charging, the level of distortions is still rather low, at 4.9%,
which is significantly lower than the average THDi of all the
EVs. The lowest THDi value is seen when EV1 and EV3 are
present, with decrease in 3" harmonic by 83% (phase angle
difference 195 degrees) and 5™ harmonic by 59% (phase angle
difference 186 degrees). In all cases observed, when there is
more than 1 different EV connected to the grid for charging, the
harmonic cancellation is seen and the level of harmonic current
will be less than the arithmetic sum of the currents. This is also
visible from the THDi values of the different combinations of
EVs.
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TABLE III. THDI VALUES FOR DIFFERENT EV CHARGING CONFIGURATIONS
EV2 Absent Present
EV1 Absent | Present | Absent | Present
EV4 EV3
Absent Absent 0 4.0 % 12.2 % 6.4 %
Present 33% 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 %
TABLE IV. 3" HARMONIC EXPECTED MAGNITUDE DECREASE
EV2 Absent Present
EV1 Absent | Present | Absent | Present
EV4 EV3
Absent Absent 0 0 0 =21 %
Present 0 -83 % -18 % -36 %
Present Absent 0 -47 % -9% -26 %
Present -6 % -46 % -16 % -32 %
TABLE V. STH HARMONIC EXPECTED MAGNITUDE DECREASE
EV2 Absent Present
EV1 Absent | Present | Absent | Present
EV4 EV3
Absent Absent 0 0 0 -53 %
Present 0 -59 % 2% -53 %
Present Absent 0 -31 % -4 % -32%
Present -3% -25 % -5% -26 %

VI.  DISCUSSION AND CONCLUSIONS

The results provided above present quite clearly the
occurrence of significant harmonic cancellation when multiple
different types of EVs are connected for charging. This is good
news for the distribution networks, as the EV charging will likely
not provide extremely high addition of harmonic current to the
network. In the present case, it is shown that the harmonic
cancellation is expected also for the low-order harmonics, like 3™
and 5™ that usually have the highest magnitudes. Previously, it
has been suggested that the most significant harmonic
cancellation would occur when the order of harmonics is higher
[13].

It is still rather complicated to evaluate the overall level of
harmonics in the residential distribution networks where the EVs
are connected. The subject of harmonic cancellation in the
distribution networks has been also referred to in several previous
papers [14][15], however the clear analysis on the level of its
effect during the numerous EV charging has not been discussed
in detail. Moreover, the distribution network itself has numerous
different types and makes of loads that similarly provide some
harmonic cancellation. The authors of this paper will continue
their work in these matters.



For the customers of distribution networks and the utilities,
the current harmonics are not as critical as the voltage harmonics.
The voltage harmonics are present due to harmonic voltage drop
in the supplying transformer and lines. The voltage drop is
dependent on the harmonic current values as well as the
harmonic impedance values. Also, for the evaluation of the total
harmonic currents to the supply transformer, the network normal
load harmonics should be taken into account. Thus more
sophisticated models are required [16].

In the present example, the EV charging was discussed in a
rather straightforward manner by including or not including an
EV for charging. For the real life cases the EV charging however
is rather stochastic process. There are several probabilistic
parameters required for this included such as distribution of
charging start times, state of charge of the EV
after arrival and many more. The scenarios using high number of
variables and probabilistic data could be simulated, for example,
using Monte Carlo methods [17] to evaluate the levels of the
current harmonics taking into account the diversity of the load.
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Abstract—The world today is moving toward smart
distribution grids and dispersed generation. Those tendencies
are caused by different reasons. These include the decrease of
fossil fuel consumption, EU directives of CO, emissions and
climate objectives etc. Innovation and change in technology is a
highly welcomed trend but one must not forget that there are
drawbacks as well as benefits. One of the most important issues
in future grids are the power quality and supply reliability
issues. This paper describes how the change to dispersed
generation and smart grids should look like and what are the
main problems, that need quick and active solutions, so that
future grids would be fully functional and reliable.

Index Terms—Power distribution faults, smart grids, power
system dynamics, harmonic distortion.

[. INTRODUCTION

If centralized generation is characterizing factor for
nowadays energy systems, then smart grids of the future
mean also the spreading of dispersed generation. The cause
of these changes is the strict environmental norms and
liberalization of electricity markets [1].

Dispersed generation has been recommended as one of the
environmentally friendly solutions for improving the energy
system, decreasing the losses and increasing effectiveness
[2]. In addition increasing the ratio of small producers in
electricity generation has been proposed.

Connecting new producers and generators to the
distribution network can drastically change the working
parameters of the grid. This situation is extremely important
when the new connected power plant is equal to or even
greater than the load in this particular area. In such case the
new power plant affects the voltage adjustment and power
flux. It is important to evaluate the existing grid, capacity
and loads in this certain area of the distribution network [2].

Dispersed units affect the current quality and through the
grid also the voltage quality as experienced by other
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customers [2]. Power quality concerns the electrical
interaction between the network and its customers. It
consists of two parts: the voltage quality concerns the way in
which the supply voltage impacts equipment; the current
quality on the other hand concerns the way in which the
equipment current impacts the system [3].

For these reasons it is important changing of the loads
have to be observed in smart grids as well as the growth of
dispersed generation. In addition loads are getting more and
more nonlinear which means that the cooperation of
untraditional generation and loads affect the grid in
unpredictable ways.

One of the key aspects of electricity production and
distribution is the power quality and supply reliability for the
customers. Traditionally the problems have been solved but
as the world is moving towards smart grids and dispersed
generation, those problems need more active and precise
control.

As it can be expected, a great number of small generation
units will be connected to distribution grids in quite near
future. Most probably it would require certain online
diagnostic systems to secure the full functionality and
reliability of those units.

As due to the rise of harmonics in the grid, the machines
would become more vulnerable, their faults become even
more difficult to detect, so one could expect a growing
number of unexpected downtimes due to different faults of
the generators. This is the issue why real time condition
monitoring is of utmost importance in the dispersed
generation situation.

II.

Dispersed generation is the production of electricity at or
near the point of use. Most or part of consumed energy is
produced at point of use and rest of the electricity goes into
the distribution grid [3].

In most cases it is assumed that the electrical current and
voltage have a sinusoidal wave shape. But if hundreds or
thousands of small power production plants are connected to

DISPERSED GENERATION
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a grid, it could mean that the sinusoidal current and voltage
waveform are distorted and the waveform is no longer
sinusoidal. Also, all small generators themselves produce
harmonics. So the large-scale use of renewable energy
sources for the production of electricity will bring major
challenges for the electricity network.

Generators are typical electrical devices that are usually
setup together with frequency converters to drive them and
different inverters to synchronize their work with the grid.
Not only generators themselves but also frequency
converters and other electronic devices produce a vast
number of harmonics that can be a problem to electrical
machines they are set up with and also the grid they are
working in. Due to financial benefits usually no additional
filters are used to lessen the amount of induced harmonics. A
typical harmonic distortion of a frequency converter is
shown on Fig. 1.

As dispersed generation means also a growing number of
small power plants such as small hydro and wind
applications, this harmonic problem can become a serious
issue for the power quality and supply reliability in smart
grid or dispersed generation situation.

——1Hz
—a—10Hz
20Hz
S0 Hz

1

Percentage, %

5 17 1 25 27T 2

Number of harmonic

Fig. 1. Typical harmonic distortion of frequency converter.

For showing the probability of large extent of distributed
generation in near future the potential is pointed out. The
Estonian potential for dispersed generation, which currently
is greater than the annual electricity consumption, is chosen
as the example [3]. The potential of different energy sources
in Estonia are shown in Table I.

TABLE 1. ESTONIAN POTENTIAL OF DISPERSED GENERATION [3 .

Name Energy MWh/year Y%
Wind energy 6224 400,00 53

Litter oddments (biomass) 1280 400,00 11
Wood (biomass) 1279 800,00 11
Boiler plant reconstruction to CHP 1 179 000,00 10
Energy brush (biomass) 1079 133,30 9
Solar Energy 224 000,00 2

Dung (biogas) 185 435,20 2
Hydropower 102 514,00 1

Reed (biomass) 50 000,00 0
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Name Energy MWh/year %
Landfill gas (biogas) 25974,40 0
Wastewater sludge (biogas) 21201,60 0
Total: 11 651 858,50 100

III. POWER QUALITY

Connection of dispersed resources and changing dispersed
generation to the distribution grid can affect the power
quality in a great amount [2]. Smart distribution grid must
secure the end users with power that has the demanded
quality [4]-[6]. This is why the modern control systems, that
are monitoring the important components of the distribution
grid, must react precisely to the changes in power quality.

Power quality can be controlled and improved in whatever
point of the electric system beginning from the means in the
system or the grid and ending with single devices at the
consumer level.

Connection of the dispersed generation of renewable
energy to distribution grid can have both positive and
negative effects to the power quality. It depends on
possibilities of information and communication systems to
control and maintain voltage in the feeders, turn the loads in
or out and replace lost power with the reserves.

For example small amounts of wind power have
negligible effects on electricity networks, but when
electricity generation from wind power exceeds a certain
threshold level, investments in the power system will be
required. This threshold level is known as the hosting
capacity [4].

The principle of hosting capacity is explained at Fig. 2.
Hosting capacity does not say anything about how much
generation from renewable energy sources that is connected
to the grid, only how much can be connected without having
to invest in measures to strengthen the grid.

o
2
2
=
@
.
&
= remmeameen
£ ) e :
5 Hosting o Existing solutions
2 capacity e
=
Towards the future
Fig. 2. The principle underlining hosting capacity [5].

IV. HARMONIC DISTORTION DUE TO DIFFERENT LOADS

Electrical devices, which are coming onto market, are
becoming more and more complex. They may help to reduce
energy consumption, but their performance regarding power
quality is still rather improper.

The problem is that their current curve is not a perfect
sinusoid. The widespread use of nonlinear loads may
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implicate significant reactive power and problems with
higher harmonics in a grid [6].

Harmonic currents produced by nonlinear loads are
injected back into the supply systems. These currents can
interact adversely with a wide range of power systems
equipment causing additional losses, overheating and
overloading. These harmonic currents can also cause
interference with telecommunication lines and errors in
power metering [7]-[9]. That problem may come more
important when smart grid solutions where communication is
very important are adapted.

Typical current curves of nonlinear loads are shown at
Fig. 2. While the applied voltage is almost perfectly
sinusoidal, the resulting current is heavily distorted.

. currents voltage

Fig. 3. Currents of typical nonlinear loads versus voltage.

Harmonics generated by consumer’s appliances must not
cause voltage rise in the connection point [6]. Fixing limits
may become important before using numerous harmonics
emitting devices together. In some papers [8] measurements
with nonlinear loads are done when 5% current’s total
harmonic distortion value at connection point is followed.
For example most of the common compact fluorescence
lamps have the total harmonic distortion over 100% [9].

Harmonic currents injected from individual end users on
the system should be limited. These currents propagate
toward the supply source through the system impedance,
creating voltage distortion. Thus by limiting the amount of
injected harmonic currents, the voltage distortion can be
limited as well. This is the basic method of controlling the
overall distortion levels proposed by IEEE standard 519-
1992. Example for illustrating nonlinear loads influence on
distribution grid a study with compact fluorescence lamps
(CFLs) is made [8], [9].

V. POSSIBLE SOLUTIONS FOR POWER QUALITY FALL IN
SMART GRID

Equipment responds very differently to harmonic
distortions, depending on their method of operation. For
example incandescent lights and different household heaters
are not affected by them. On the other hand, induction motor
windings are overheated by harmonics, causing accelerated
degradation of insulation and so the lifetime of the machine
can shorten in an abrupt way. The problem is that harmonic
voltages can give correspondingly higher currents than do
50 Hz voltages and one can easily underestimate the degree
of additional heating in the motor [10].

It is a widely known fact that faults such as the broken
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rotor bars induce sideband harmonic components to the
stator current spectrum of the induction machine. Those
harmonics can be used for detecting the faults. As most of
electrical machines today are used in hand with frequency
converters, then those converters add additional variables to
the problem. Frequency converter causes supply frequency
to vary slightly in time and, as a result, some additional
harmonics in the current spectrum are induced and sidebands
are reduced [11] or even hindered. This phenomenon also
raises the amount of noise in the test signals, which makes
the faults more difficult to detect.

In that sense it could prove to be useful to use a certain
on-line diagnostic system in the grids with dispersed
generation and the wind generators that are integrated to this
system. This could be a helpful tool to detect the faults at an
early stage where the repairing of the machines is still
possible and reasonable. Also it would help to differentiate
the deviations and harmonic distortions in the grid from the
faulty cases of the machines.

VI. CONCLUSIONS

Irrespective of how the term smart grid is defined, one can
safely state that electricity networks will face new challenges
in the future, and that current and future challenges can be
solved by a set of technologies that either exist today, or are
being actively developed.

If more and more dispersed generation is going to be
installed all over the power networks like it seems to go then
it is most important to find measures for guarantying quality
and security of supply.

From the example of Estonia we can see that the potential
of dispersed generation is extensive. The impacts of using
distributed generation may be massive even if bulk of that
potential will not be installed.

In the situation where generation as well as consumption
produces decrease of power quality in the grid, it is essential
to analyze both generation and consumption in a very
thorough way. If it proves to be necessary it might make
sense to limit the usage of new plants and appliances or use
some other methods to decrease their negative effect to
power quality.

Usage of nonlinear loads like compact fluorescent lamps
has risen rapidly in the last decade, but their harmonic
emission, reactive power consumption and other drawbacks
have been ignored.

Beside the problem that harmonics are extremely
dangerous to electrical motors, distorted supply makes the
diagnostics of them more difficult. A growing number of
machines are driven through frequency converters. This
means that also diagnostic for appropriate setups with
frequency converters should be investigated. Frequency
converters add additional noise and harmonics to the
traditional current spectrum of the machines and thus such
drives need a slightly different approach in diagnostics than
traditional grid supplied machines. Nevertheless, appropriate
on-line diagnostics of dispersed generation units must be
applied to guarantee sufficient power quality, supply
reliability and overall safety of customers and different
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facilities connected to the grid.
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ABSTRACT

The small-power distributed generation units are often
accompanied by high-power power electronic converters.
The output of such converters is distorted sinewave which
can cause harmful effects to the distribution network it is
connected to. The goal of this paper is to give an overview
of problems that may occur when increasing numbers of
distributed generation (DG) units are accommodated into
distribution grid. The investigation is based on findings
from theory and possible challenges are listed and shortly
described. More important ones are explained in details.
Focus is put on issues of voltage distortion due to higher
harmonics produced by power electronics used in DG units.
All distribution network operators should be aware of the
likely problems and be ready for the appropriate measures
to leverage these as the amount of DG installations is in-
creasing rapidly.

Keywords: Distributed power generation, power elec-
tronic inverters, power quality, power system harmonics

1 INTRODUCTION

Since the penetration of DG systems in the distribution
network is increasing, the need to monitor and model the
contribution of these systems to the harmonic distortion of
current and voltage waveforms is becoming an up-to-date
issue [1]. When a large number of DGs are connected to
distribution network, power electronics become one of the
main harmonic sources [2]. If possible, this should be taken
into account along with the new power flow situation [3] in
planning and analysis stages.

Furthermore international standards are incomplete and
controversial for photovoltaic (PV) applications, allowing
the generation of harmonics in the range of few kHz without
clear limitations [3,4]. On the contrary in the low frequency
range the limits are more stringent than those for home
applications due to the fact that PV systems are viewed as
generation sources [4]. There is also no standard on PV
inverter topology [5].

An overview of likely concerns that can occur when great
amount of distributed generation units would be installed
into the distribution network is presented in this paper. Re-
sults from number of different studies along with a short
overview of the potential issues are presented including
more precise discussion of more severe ones.

Harmonic distortion appears to be the one of the prob-

lems frequently discussed in theory in case of distribution
generation units connected to grid through power electronic
inverters. High harmonic distortion is observed especially in
situations where loading of the inverter is small.

More severe are the situations where a number of genera-
tion units are connected to the network at the same time. This
is due to that individual components are complied with the
standards, but in practice in grid with other loads they do not.
Situations like that are also not standardized.

2 HARMFUL EFFECTS OF THE DG

Connection of the distributed generation units to distribu-
tion networks should be observed in terms of power quality,
reliability, network control and stability. For such opera-
tional aspects a number of problems could arise. Hereby a
short list of possible issues in irrelevant order could be pre-
sented as [6,7]:

«  malfunction of harmonic-sensitive equipment [8],

*  exceeding the thermal limits of conductors,

» raise of the voltage harmonics distortion,

* decrease in lifetime of components [1],

*  malfunction of the protection system,

e under- or over-voltage of the network,

e non reception of the tariff signal,

* increase of the network outages,

e reactive power generation [10],

e decrease of power factor,

*  voltage flicker [2],

e resonance [9],

*  power losses,

e dcinjection,

* islanding.

The main issues are drawn out and their possible causes
are explained in following paragraphs. Influence of inverter
technology and strength of grid and resonance case are
emphasized.

2.1 Cause of the effects

The performance of PV plants in terms of power quality
depends on the inverter structure, external conditions such
as solar irradiance and temperature, type and amount of load
and characteristics of the supply system [11,12,13,14].

The harmonics produced by DG in the distribution net-
work is mainly influenced by the factor of equivalent im-
pedance in the place of common coupling (PCC) [13] which



DG is connected to. The further the electrical distance, the
larger the line impedance is. Harmonics are present in the
output current of the DG because of use of power semicon-
ductor devices in the DG unit grid interface converters.
Furthermore the control of the converters for providing
variable power flow of the DG units can produce different
harmonic levels for different output power along with inter-
harmonics that may be present as the switching frequency
of power-electronic devices varies [15]. Consequently, since
the switching frequency is arbitrary, the harmonics are also
arbitrary [5].

Some projects with large number of small PV inverters in
a low voltage network have shown high levels of voltage
distortion, although the emission level of an individual PV
inverter satisfies the PQ standards [10,12,16]. Combined
harmonic current emissions of those devices provide high
harmonic loading of the supplying units and may lead to
voltage harmonics exceeding accepted limits. This may be
enforced because of changes of the impedance and reso-
nance frequencies of the network, e.g. due to the inverters
capacitance [17,18].

Real-world measurements in networks with a high pene-
tration of PV generation have even showed that the PV
inverters, under certain circumstances, could switch off
undesirably or increase their harmonic emission significant-
ly [19]. When power-electronic sources are operated in
parallel, two particular effects become apparent which af-
fect harmonic generation: attenuation and cancellation.
Attenuation occurs since the generated currents cause volt-
age variations that in turn affect the other sources; the im-
pact is such that reduces the currents causing the distur-
bance. Cancellation is the result of the harmonic current
components of the different sources being to some extent
out of phase, resulting in a reduction in that particular har-
monic for the aggregate [7].

2.2 Influence of the inverter

Inverters are required by the DGs to provide the desired
power output to the distribution grid. Power electronic con-
verters can be found with wind turbines, photovoltaic sys-
tems, fuel cells, micro turbines, sterling engine as well as
battery storage, and magnetic storage systems [13]. It is
required that any converter system connected to the grid
would not in any way degrade the quality of supply at the
PCC significantly. There is a large difference, however,
between inverters with voltage control and current control
in respect to their harmonic effects on the grid [20].

Most new inverter designs are based on high-speed
switching components, such as IGBTs and implement pulse
width modulation (PWM) to generate the injected sine
wave [16]. These inverters are capable of near-sine voltage
and current output and they individually satisfy the re-
quirements stated in standards [21]. The magnitude and the
order of harmonic currents injected by converters depend on
the technology and topology of an inverter[24] and mode of
its operation [25]. The harmonic content of most modern
sine wave inverters is typically less than 3% current
THD [20] and less than 5% current THD with each of the

H-bridges switching only at fundamental frequency [22].
For use in individual households [23], the inverters for
distributed generation units offered typically are based on
single-phase self-commutated voltage-source converters in
the 1-5 kW power range. These inverters consist of differ-
ent power stages, with high-frequency and line-frequency
transformers or even transformerless designs [24].

Fig. 1 outlines the measurement of total harmonic distor-
tion of current (THD;) on the AC-side for the period of one
day with changing solar radiation, indicated by the generated
power in the lower part of the figure. The harmonic current
emission of the converters depends on power output, being
comparatively high for low generation and low for generated
power exceeding the value of approximately 15%...20% of
the rated power [11,12,14].
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Fig. I Daily evolution of the power and THD for the PV
plant [11]

Inverters that are most commonly used in grid connected
PV systems (voltage source inverters controlled using a
look up table for the desired waveform) are the most sus-
ceptible to harmonic distortion of the grid voltage waveform
and can easily result in 2-3 times the current distortion of
rated output [14]. Also non-sinusoidal shape of the grid
voltage increases the harmonic currents produced by invert-
ers where the current control electronics is not able to react
adequately [3].

The level of current distortion is shown to be very de-
pendent on the type of inverter control used. For commonly
applied inverter design and control, the level of harmonic
distortion has been found to vary approximately inversely
with the level of power delivered and also with grid imped-
ance [14]. In practical cases, the measured harmonic emis-
sion may exceed the typical values obtained in laboratory
tests [12].

Inverters are potentially sensitive to voltage harmonics
and interharmonics, particularly the current control unit,
power conversion stage and the grid interface. This is due to
possibility of tripping of protective functions due to fluctua-
tions of the grid voltage and frequency [3].

Most commercial inverters for the grid connection of
small generators are designed to operate at unity power
factor, but the inverter fails to maintain unity power factor
at low power outputs. This is explained by the fixed modu-



lation index employed as the feed forward element in the
controller [7].

Some inverters combine the reference source and the
synchronization in the grid voltage, by using the shape of
the grid voltage as a reference source. In case of polluted
grid voltage the reference source will also be distorted and
the current control loop of the inverter pollutes its output
current accordingly [16]. When a positive—negative imbal-
ance exists on the network voltage waveform (equivalent to
even order harmonics) the resulting distortion might affect
the operation of PWM controlled inverters, especially when
their synchronization with the grid is based on the zero
crossings of the voltage waveform [3].

Inverters with fast switching power electronic compo-
nents are potential electromagnetic interference (EMI)
sources. For this reason high frequency filtering of inverter
outputs is required. Additionally a low frequency filter is
used to filter distortions at the switching frequency, which
lies generally below the EMI filtering range. The filter
components of these filters are inductors and capacitors
located at the input and output side of the inverter [16].

In order to make the inverter cost-effective, manufactur-
ers try to minimize the need for external reactors and in-
stead increase the size of the output capacitor [24]. The
output capacitors of the inverter strongly reduce the current
source behaviour of the inverter and can also be responsible
for setting up a resonance circuit together with the network
reactance (transformer and cable reactance). These effects
are not detected or reduced by the current control loop of
the inverter [16].

AC voltage components acting on the capacitances that
develop on the DC and AC parts of PV systems and support-
ing structure capacitances to earth, also high-frequency volt-
age components on EMI filters at the inverter’s input and
output may cause leakage current flow in the ground wire.
Simulations carried out for PV systems with transformerless
inverters have provided some theoretical evidence of these
effects [26].

2.3 Importance of grid strength

Although the quality of a network supply is conventional-
ly assessed in terms of voltage harmonics, the grid imped-
ance determines how these relate to the output current [7].
Power quality from inverters is significantly influenced by
minor distortion of the voltage waveform on the network
into which current is being sourced. For example in [7] a
case analysis is presented for connecting the DG unit into an
ideal grid with resistive load. The voltage distortion about
3.2% was indicated whereas connection to the low voltage
network gave almost 5.7% with all other conditions remain-
ing the same. Similar range was observed when distortion
was measured for inverter connected with the real grid and
then in the islanded operation, values of voltage THD were
6,2% and 3,3% respectively [7].

In another case [24] a test with inverters connected into
networks with different voltage distortions was carried out.
It was concluded that all the inverters are able to operate at
average voltage THD value of 3%, but at in some cases

maximum allowed should be limited to 8%, as after this
inverters could start to trip.

Generally researches have shown that in strong networks
the harmonic current distortion arising from PV units does
not seem to contribute significantly to current harmonics. The
sources of harmonics are rather the existing electrical loads.
When emission of low-order even current harmonics appears
to be influenced by technical aspects of inverters in weak
networks, it appears to be constant in strong grids. Higher
frequency harmonics tend to be attenuated more quick-
ly [27,28,29].

2.4 Resonance issue

Resonance phenomena of the network and DG inverters
circuits can be responsible for higher than expected distor-
tion levels in networks because the current control of an
inverter has a large influence on the initiation and size of
the resonance [16]. The resonance phenomenon for net-
works with large numbers of inverters and can be divided
into the parallel and series resonance. In practice these two
phenomena are linked in one circuit and increased in both
voltage and current distortions are practically meas-
ured [10].

Parallel resonance of the parallel network capacitance Cp
(inverter, household and cable) and the supply inductance
Lp (transformer leakage and cable), results in distortion
harmonics /, generated internally, i.e. within the point of
common connection (PCC). In this case the inverter can be
assumed to be the harmonic source /;. The impedance due
to presence of resonance is high, resulting in higher voltage
distortion at the PCC, or where the inverter and household
load is connected [10].

Series resonance of the network capacitance Cs and the
supply reactance Ls can occur due to externally generated or
injected distortion. In this case the background supply volt-
age distortion is the initiator. Here the impedance at the
resonance is low, resulting in higher current distortion
through the load and inverter capacitor [10].

When one of the harmonics present in the network back-
ground distortion (series resonance mechanism) corre-
sponds with the series resonance frequency, very high
resonant currents will flow in the network, damped only by
the associated network resistance. The load is parallel to the
network resistance for a parallel resonance and can be ig-
nored since it is much higher than the network re-
sistance [10].

These resonances between existing network components
and the inverters typically reside between the 5th and 40th
harmonic orders [10]. Simulation results [10] show that the
most dominant parallel resonance frequency is likely be-
tween the 17th and 23rd harmonic and another parallel
resonance is present around the 11th and 13th harmonics. In
practice switching frequencies of 20 — 500 kHz are used in
inverters different power stages [16].

In practice the equivalent capacitance of connected appli-

ances can have a significant influence. For example the
equivalent capacitance can vary over a wide range for the



home connection. The typical values for the inverter input
capacitance can also vary also over a wide range. In case of
commercial inverters in the 1 —3 kW power range typical
values of 0.5 — 10 F for the output capacitance are used [24].
The resonances are also affected by the grid voltage disturb-
ances [16].

3 DISCUSSION

The discussed issues likely to arise in case of installing
distributed generation units through power electronic in-
verters suggests that distribution network operators and
their customers should observe the DG units installation
carefully. The amount of small generating units is increas-
ing tremendously at the same time when common power
electronic loads are doing the same. This means more com-
plex harmonic distortion at PCC which may lead severe
consequences in weak grids.

At present time there is a small microgrid with different
generation units installed at Power Engineering Faculty of
Tallinn University of Technology. Measurements done so far
have shown that voltage distortion due to nonlinear load is
already around 5% which is also the limit fixed by various
standards. During a work day voltage THD can reach even
over 6% in some cases as seen from Fig. 2.
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Fig. 3. Measured currents at one feeder

Currents of one measured feeder in the faculty building
are presented in Fig. 3. High current distortions were de-
tected in all feeders which have large amount of nonlinear
loads consisting amount of computers, compact fluorescent
lamps and air ventilation system.

High voltage and current distortions have been suspected
of causing malfunctioning of numerous supply blocks in the
building. Here it serves a clear proof that further analysis of
possible degradation of power quality by new devices is
necessary before proceeding with connections of additional
DG units.

4 CONCLUSION

It can be concluded that the impact of distribution genera-
tion units which utilize power electronic inverters to power
quality depends mostly on the penetration level of DG in the
distribution network as well as on the DG technology.

The condition of the grid is important as in electrically
weaker network the influence of DG units to power quality
is higher. At the same time the distortion of individual in-
verter is highly dependent on its technology.

Even if normally the inverters are individually compliant
with standards, once they are connected to the real network
distortions can grow higher than permissible. One cause of
that is occurrence of the resonance phenomenon. This is a
complex effect, which requires special measurement scenari-
os to detect and also special measures to eliminate. The work
on the methods to determine the expected resonance charac-
teristics and the countermeasures will be further continued by
the authors of the paper.
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Abstract—Unregulated charging of electric vehicles (EVs)
could impact load characteristics in distribution networks.
Difficulties with power quality may appear in residential
networks where the grid is weak. For providing greater
capabilities to EV charging, the power quality aspects have to be
considered in addition to the load increase analysis. This paper
discusses the harmonic content of the EV charging load and the
changing power quality indicators in the residential distribution
network. Actual EV charging measurement results are presented
and averaged current harmonic amplitude and phase angles
values for EV charging load modelling are proposed. Results of
different modelling scenarios are presented and analyzed. The
results of the study showed an extensive harmonic distortion in
residential load current and voltage distortion at the substation’s
busbar. The results pointed out in the paper can be further used
for modelling the actual harmonic loads of the EVs in
distribution networks.

Keywords—current measurement, electric vehicles, load
modelling, power quality, power system harmonics

I.  INTRODUCTION

The appliances and electric devices connected to the public
mains network are designed to operate with a sinusoidal
voltage at rated power. However, many of the connected loads
are of nonlinear type, meaning that they draw current with a
distorted sine waveform. This causes distorted sine voltage
drop, thus resulting in distorted network voltage waveform.
The overall distortion level is described by total harmonic
distortion (THD).

It has to be pointed out that the THD I (total harmonic
distortion of current) does not reveal the levels of the individual
harmonics, which could still exceed the limits for specific
harmonics regardless of THD I value. For the correct
estimation of the harmonic levels, phase angle values of
individual harmonics are also required in addition to
magnitudes. It is reported that 10% smaller harmonic current
magnitudes can be seen compared to the simple summing of
magnitudes [1].

Some loads draw current with total harmonic distortion
over 100%, but their active power consumption is not as
significant when compared to other harmonic generating
apparatuses [2]. In this case, harmonic distortion may increase
significantly when numerous harmonic emitting devices are
utilized in bulk.

Chargers of the modern EVs that are intended for charging
at home are actually operating very close to the levels of the
usual residential customers and drawing 10 — 15 A of current
[3]. The charging of EVs could bring severe addition of power
electronic load which generates harmonics and associated
power quality issues in residential networks.

The total impact depends on the number of appliances, their
power ratings, and their harmonic diversity. Harmonic angle
diversity is also relevant when multiple appliances are
operating simultaneously, creating either reinforcement or
cancellation of harmonic magnitudes [4]. The attenuation effect
is dependent only on the phase angle, but the effect’s severity
is dependent on the magnitude of the harmonic voltage [5].

Nonlinear loads absorb distorted currents which flow
through the impedances of the power distribution system and
result in distortion of system bus voltage [6]. Harmonics travel
upwards within the network and affect the voltage waveform,
which may become notably distorted, deviating extensively
from a proper sinusoidal signal.

Distorted voltage and current in the distribution system may
bring along unwanted effects, e.g. overloading, over-voltages,
mechanical stress, malfunction of critical control and
protection equipment and lower the efficiency of appliances.
Distortion affects all customers fed through the point of
common coupling (PCC).

The share of nonlinear loads is growing rapidly worldwide.
It has been estimated that in 2012, 60% of the power system
loads in USA were nonlinear loads [4]. Therefore, due to
increase in this number and addition of EVs, the power quality
research observing the corresponding challenges is becoming
more important than ever before.

The purpose of the present study is to demonstrate and
analyze possible power quality situations in the observable
residential distribution network. The paper examines the
impact of nonlinear domestic loads and EVs in distribution
grid. For the analysis, measured power consumption and
current waveforms of different home appliances and EVs have
been used. Magnitudes and phase angles of each harmonic up
to the 50th order were applied for all modelled loads. The main
purpose of this paper is the use of actual measurement data of
different devices for modelling the effects on the residential
distribution network and give an estimate of the important
values for further modelling of EVs.

978-1-4799-7993-6/15/$31.00 ©2015 IEEE



II. DISTORTION ANALYSIS

In electrical power networks, distorted sine wave can be
observed by dividing it into numerous components, each
having an integer-multiple frequency of the mains frequency.
For different waveforms, there is a different harmonic content
present, referring to individual harmonic magnitudes and phase
shift compared to the mains frequency component. The
measurements of loads presented onwards in this paper are all
indicated as magnitudes and phase shift of each individual
harmonic up to the 50th order.

The distortions can be observed individually by comparing
different harmonic components and calculating harmonic
distortion (HD). A more general approach to quantifying the
distortions is using the total harmonic distortion level (THD).
The total harmonic distortion can be observed as current
harmonic distortion THD_I and/or voltage distortion THD U.
Another option is to observe the harmonic distortion as a
geometrical sum of positive (THD1), negative (THD2) and
zero (THDO) sequence component distortions as total harmonic
distortion THDtot. These harmonic distortion indicators can be
calculated using (1), (2), (3) and (4), respectively.

HD =t (1)

1
THD, =— / 25 — 12 X 100 )
1
1
THDy = — [ufys = uf x 100 3)
1

THD.p = \/THDlz + THD2 + THD? “)

EV batteries require DC for charging, but all uncontrolled
rectifiers inject a high content of current harmonics into AC
power networks. Based on literature, it can be concluded that
over time, the amount of distortion from EV charging has
decreased. The measurement in the 90’s showed that the use of
uncontrolled or low-control rectifiers causes average THD I of
50% [7]. It should be pointed out that the chargers with high
THD_I represent the older topologies, not likely used in
modern vehicles.

One option for obtaining the harmonic patterns of the EV
chargers is to perform actual case measurements of the EV
charging currents. The charging profiles of the EVs have been
researched before [8, 9, 10]. Measurement results, however,
have not revealed the individual harmonic magnitude and
phase angle values in sufficient detail. Therefore in the present
paper, real measurements were conducted with different EVs
and distortion analysis modelling was performed using real
harmonic current values in the current source model.

III. METHOD

The residential distribution network and the loads for
assessing the load flow were modelled in DIgSILENT Power
Factory software. The model consisted of three-phase
residential loads at 0.4 kV voltage level composed of different

single phase loads. Single phase EV charger’s loads were also
connected to the residential load busbar in different modelling
scenarios. The schematic of one residential load model is given
in Fig. 1.

The composed residential network and loads were
connected to the distribution network substation via 1.4 km
long overhead line (OHL) (Fig. 2). Distribution network
substation was connected to 10 kV network with short-circuit
power of 200 MVA and short-circuit current 11.5 kA. High
voltage (HV) busbar is modelled as a slack bus. Transformer
used in the distribution substation was modelled with the
following parameters:

. nominal power 25 kVA;

. relative short circuit voltage 4.5%;

. mag. impedance/ short circuit impedance ratio 3;
*  vector group Yyn.

Several parameters used in the simulation were selected on
the basis of all the objects in Elektrilevi Ltd.’s (Estonia’s main
distribution grid operator) network which have been marked as
power quality problematic issues for 1st of July in 2013. The
length of OHL between substation and customer’s PCC was
taken as an average of all the lines between substations and
customers with power quality problems. The diameter of the
line and nominal power of transformer were selected as most
often occurring in the list of objects.

The HV bus harmonic voltage distortion from external grid
was modelled. Harmonic voltage amplitudes and phase angles
up to the 50th order were taken from a measurement conducted
by Elektrilevi at one of the objects where power quality issues
were stated. Overall harmonic voltage distortion at 10 kV bus
was measured and modelled around 2%, which is a common
value for this grid.

For modelling EV loads, actual charging process of five
different EVs were measured earlier. All vehicles were
produced in 2012 or 2013 and are commercially available from
the internationally well-known car manufacturers. The EV
chargers of different EV manufacturers and types have a quite
different harmonic pattern. The load models of averaged values
were composed based on the measurements, including the
amplitudes and angles of harmonics up to the 50th order. For
the sake of discretion, the models of the cars will not be
associated with particular results and the general data of the
measured EVs is denoted in the following paragraphs using EV
1to EV 5.

In order to model the network response of nonlinear loads,
14 different home appliances were measured in addition to
EVs. The results of the corresponding measured active and
reactive power level values, harmonic current magnitudes and
harmonic current phase shift angle values of measured devices
are presented in [11, 12]. Modelled devices were divided in a
matter where similar active power consumption was seen in
every phase. In the model, it is presumed to be the worst case
scenario where all the nonlinear devices are working and no
coincidence factors were taken into account.
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For the purpose of assessing the effect of adding EV
charging loads on the grid, the current distortions at residential
load 0.4 kV feeders and voltage distortions at distribution
network substation’s low-voltage busbar were observed.

IV. MEASUREMENT RESULTS OF EVS

For this study, charging of five different EVs was
conducted and the results are presented as follows. Firstly,
general data is given in Table I, where power and THD values
during constant power charging time are presented. The ramp-
up and topping charging values have not been presented at this
time, as although the THD I values can be higher, the actual
harmonic currents values are lower than for the constant power
mode charging.

According to Table I it may be concluded that current
distortion of EVs was similar to results in aforementioned
literature. Three EVs out of five had current distortion around
10...12% and two had substantially lower values, around
3...4%.

TABLE L

GENERAL DATA FOR EVS DURING CONSTANT POWER

EV Active power [kW] Reactive power [kVAr]| THD I
1 22 0.2 42
2 2.4 0.5 12.3
3 2.9 0.2 3.4
4 2.4 0.1 10.5
5 2.2 0.4 11.2
mean 2.5 0.3 8.1
TABLE II. HARMONIC CURRENT AMPLITUDES (%) OF EVS
Nr| EV1 EV2 EV3 EV4 EV5 | Arithmetic Mean
1 100 100 100 100 100 100
3 8.7 11.9 33 2.6 11.1 7.5
5 3.7 0.4 0.9 2 23 1.9
7 3.1 0.6 0.9 1.1 14 14
9 1.2 0.6 0.2 0.5 1.5 0.8
11 0.8 1.1 0.9 0.7 1 0.9
13 1.7 1.1 1.3 0.9 0.8 1.2
15 0.4 0.6 0.3 0.3 0.9 0.5
17 0.4 0.5 0.1 0.1 0.2 0.3
19 0.7 0.3 0.1 0.3 0.2 0.3
21 0.8 0.3 0.4 0.9 0.4 0.6
23 0.4 0.2 0.5 0.8 0.1 0.4
25 0.3 0.2 0.4 0.7 0.1 0.3
27 0 0.5 0.1 0.5 0.3 0.3
29 0.7 0.2 0.2 0.6 0.3 0.4
31 0.7 0.1 0.2 0.6 0.1 0.4
33 0.8 0.3 0.2 0.3 0.2 0.4
35 0.2 0.2 0.2 0.5 0.2 0.2
37 0.1 0.1 0.1 0.4 0.2 0.2
39 0.2 0.2 0.2 0.5 0.2 0.3
41 0.1 0.1 0.1 0.4 0.2 0.2
43 0.1 0.1 0.2 0.4 0.2 0.2
45 0.3 0.2 0.1 0.4 0.2 0.2
47 0.1 0.1 0.1 0.3 0.2 0.2
49 0.1 0.1 0.1 0.3 0.2 0.1
TABLE III. HARMONIC CURRENT PHASE ANGLES (°) OF EVS
Nr| EV1 EV2 EV3 EV 4 EV5 Geometric Mean
1 0 0 0 0 0 0
3 8 33 158 327 6 39
5 157 180 335 338 294 248
7 255 269 205 213 299 245
9 46 120 287 320 126 145
11 326 256 20 67 221 120
13 30 305 298 334 26 119
15 257 199 30 194 142 133
17 207 162 246 247 291 226
19 40 168 313 55 219 121
21 154 304 165 217 166 195
23 278 110 315 32 196 144
25 60 225 127 191 317 160
27 200 345 190 47 139 153
29 138 161 93 152 228 148
31 268 316 224 324 195 260
33 44 165 58 108 105 86
35 144 156 171 288 204 187
37 295 270 158 75 339 200
39 273 45 151 228 109 136
41 321 258 321 45 234 195
43 99 42 99 193 241 114
45 203 187 252 185 132 188
47 165 309 49 149 258 157
49 153 93 211 313 23 117




The characteristics of individual current harmonic
magnitudes and phase angles for odd harmonics during the
constant power charging are presented in Table II and Table
III, respectively. Graphical illustration for third and fifth
harmonics as most significant individual harmonics are seen in
Fig. 3 and Fig. 4, respectively, where X and Y coordinates are
calculated with formulas (5) and (6).

X=AXxcosa (5)
Y=AXsina (6)

Mains frequency current phase angles are taken zero as in
ideal case and other angles are calculated in relation to mains
current. In the paper [13], phase angles for the first four EVs
are presented in relation to voltage.
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It is clear that the different harmonic amplitudes and phase
angles are rather different for the various EVs. Therefore two
simulations with different EVs may lead to entirely different
results. For more successful modelling, the mean values based
on five EVs are presented. The arithmetic mean of amplitudes
(7) and geometric mean for phase angles (8) was calculated.

1
AM = n (ay + ay+...+a,) (@)

GM ="/a, xa, X ..xX a, (8)

In Table IV, average harmonic currents of measured EVs
for all orders up to the 50th are presented. Different values are
given for distinguishable harmonic orders and groups with
similar dimension. Phase angles of current harmonics are
presented in Table V, where average values were calculated for
four quarters: phase angles between 0...90, 90...180,
180...270 and 270...360 degrees separately for odd and even
harmonics and 3rd and 33rd because of their discrepancy.

TABLE 1V. AVERAGE HARMONIC CURRENT AMPLITUDES (%)
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
TABLE V. AVERAGE HARMONIC CURRENT PHASE ANGLES (°)
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
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Fig. 5. Average even current harmonics of EVs
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Average even harmonics of mean EV are graphically
presented in Fig. 5. It can be observed that all phase angles of
mean EV remained between 130 and 220 degrees and authors
hereby proposed two different values for even harmonics as
already given in Fig. 4.

Average odd harmonics of mean EV are graphically
represented in Fig. 6, except the third harmonic, which was
significantly greater than all others. It can be seen that most of
the phase angles of the mean EV remained in the second and
third quarters. As already mentioned, the 3rd and 33rd
harmonics were distinctive. So four different phase angle
values for odd harmonics are proposed.

V. MODELLING RESULTS

Modelling was conducted in five different scenarios for EV
5. In the first three scenarios only one EV was connected, but
in different phases for each time. In the fourth scenario three
EVs were connected to phase C and in the fifth scenario all
three EVs were connected to different phases.
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Fig. 7. Currents in 0.4 line without EV load

Current curves before addition of EVs are depicted in Fig.
7. Values of harmonic distortions are given in tables later on.

A. Modelling with EV 5

Modelled current THD I values in low voltage OHL are
given in Table VI. It can be seen that the distortion in current
decreased notably when EV 5 was connected compared to the
situation without EV 5. This was due to the fact that the EV
was the dominant load and much greater than other nonlinear
loads connected together. Distortion in the neutral wire still
remained quite high, which may lead to severe consequences.
Illustration of current curves in case EV 5 is connected to phase
C is shown in Fig. 8.

Voltage distortions at the substation’s busbar are presented
in Table VII, where corresponding values of EV 5 currents can
be seen. Decrease was only in two first cases. In the case where
EV 5 was connected to phase C, a slight increase of distortion
was observed. In phase C, the value of THD I was out of limits
fixed in [14] already without EV connection.

TABLE VI CURRENT THD_ [ VALUES IN OHL (ONE EV 5 CONNECTIONS)
. One EV5in | OneEV5in | One EV5in
Without EV phase A phase B phase C
THD A 31.7 11.5 31.7 31.7
THD B 89.6 89.6 12.3 89.6
THD C 135.6 135.6 135.6 14.9
THD N 351 16.9 19 214
THD _tot 101.5 19.8 17.7 17.6
1A — B 1c — IN
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Fig. 8. Current curves in case of EV 5 connected to phase C

TABLE VII.  VOLTAGE THD_U VALUES AT SUBSTATION (ONE EV 5
CONNECTIONS)
. One EV 5 in | One EV 5 in | One EV 5 in
Without EV phase A phase B phase C
THD A |3.8 3.1 34 3.8
THD B |17 6 6.8 6.4
THD C |83 6.7 7.1 8.9
THD tot | 6.7 5.5 6 6.7




TABLE VIII.  CURRENT THD_I VALUES IN FIRST OV LINE (THREE EV 5

CONNECTIONS)
. Three EV 5s in Three EV 5s in
Without EV phases C phases A, B, C
THD A 31.7 31.7 31.7
THD B 89.6 89.6 89.6
THD C 135.6 14.9 14.9
THD N 351 21.1 21.5
THD tot 101.5 17.5 17.6
TABLE IX. VOLTAGE THD_U VALUES AT SUBSTATION (THREE EV 5
CONNECTIONS)
. Three EV 5s in Three EV 5s in
Without EV phases C phases A, B, C
THD 4 38 4.7 27
THD B 7 7.7 5.6
THD C 8.3 11.2 6.4
THD _tot 6.7 8.2 5.2

In case of three EV 5s connection current distortions
decreased as like with one EV. Corresponding results are
presented in Table VIII, where distortions are observed only at
one 0.4 kV line to residential load. It can be concluded that EV
loads on other feeders do not notably affect current distortions
in the observable line and the results are comparable to the case
with only one EV.

Voltage distortions for corresponding scenarios are
presented in Table IX, where a remarkable increase of THD U
can be observed when EVs at all feeders were connected to the
same phase. Voltage distortions in the situation where three
EVs are connected simultaneously into different phases, were
even lower than in case of no EVs. The distortion in the neutral
wire was smallest compared to all other cases due to harmonic
cancellation.

VI. DISCUSSION AND CONCLUSIONS

For determining the impact of current harmonics on the
network and the voltage harmonics, the actual harmonic current
values would have to be used. Secondly, modern household
devices tend to contain more power electronic circuits and
therefore an increase of harmonic currents can also be expected
even without the charging of EVs.

The EV chargers of various EV manufacturers and types
are very likely to have different harmonic patterns, meaning
they have different individual current harmonic magnitude
levels and phase angle values. For this purpose, general values
for further modelling of mean EVs were presented in this
paper. Modelling comparison with one actual EV showed that
those results are adequate, but in subsequent papers, modelling
with other EVs should be executed and a comparison of results
included.

It is assumed, by observing a number of studies, that an EV
penetration rate of 20...25% would be tolerable to present
distribution networks [15]. This figure is aimed to apply for

both overload as well as power quality issues. Hopefully, the
results for mean EV presented in this paper could lead to more
accurate estimations.
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Abstract

Unregulated utilization of renewable generation including residential photovoltaic (PV) systems
can have a significant impact on load characteristics in distribution networks. For improving PV
generation capabilities, power quality aspects have to be coordinated with present load charac-
teristics. This paper discusses the harmonic content of PV generation and the influence to power
quality indicators in residential distribution networks. PV generation measurement results in-
cluding current harmonic amplitude and phase angle values are presented. Results of different
modelling scenarios are analysed and a simplified model of harmonics in PVs is offered. The re-
sults of the study showed a moderate additional harmonic distortion in residential load current
and voltage distortion at the substation’s busbar when PVs were added. Novelty of the paper is
that harmonic current values at higher orders are presented and analysed. The results pointed out
in this paper could be further used for modelling the actual harmonic loads of the PVs in distribu-
tion networks.

Keywords
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1. Introduction

Harmonic voltage levels in low-voltage networks represent an important aspect of power quality. From the point
of view of electromagnetic compatibility, they must be kept within the compatibility levels to enable satisfactory
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operation of all the equipment supplied by the network. Furthermore, since electricity is also defined as a prod-
uct, utility companies could be held responsible for excessively high harmonic levels and any resulting damage
to customers’ property [1]. As such, in Europe, the harmonic voltage limits specified in EN 50160 standard
should be met.

Distorted voltage and current in the distribution system may result in undesirable effects, such as overloading,
over-voltages, mechanical stress, malfunction of critical control and protection equipment, and lower the effi-
ciency of appliances. Distortion affects all customers fed through the point of common coupling (PCC).

The development of electronics for the general public as well as industrial applications has led to a rapid in-
crease in the number of non-linear loads. In addition to the increased number of electronic devices, also resistive
devices such as incandescent lamps are ever more frequently replaced by energy saving lamps utilizing non-
linear elements. For example, depending on type and brand, switching power supplies absorb distorted currents
which flow through the impedances of the power distribution system and result in distortion of system bus volt-
age [2]. Harmonics can travel upwards within the network and affect the grid voltage waveform, which may be-
come notably distorted, deviating extensively from a proper sinusoidal signal.

Residential photovoltaic (PV) generators are the dominant renewable energy source in urban and metropolitan
areas. This technology is enjoying rapid growth due to a combination of subsidies, the abundance of sunshine,
and the low impact of the technology on the urban landscape [3]. As photovoltaic systems incorporate power
converters, which are harmonic generating devices, they will have an influence on the power quality of the sup-
ply network. High harmonic distortion levels have also been observed in certain remote regions such as winter
sports resorts and rural areas far away from substations.

Distributed generation (DG) impacts the network. This impact is dependent on the location, characteristics of
the distributed energy source, related power electronic device, network configurations, voltage level at the con-
nection point, and the capacity of DG relative to load consumption [3]. Consequently, utilities are faced with the
risk that the permissible levels defined in standard EN 50160 will be exceeded in a significant number of net-
works in the future [1]. It has been estimated that already in 2012, 60% of the power system loads in USA were
nonlinear loads [4].

Over the past decade, power quality (PQ) issues have become increasingly important in the distribution grid
with the widespread use of non-linear electronic equipment. The most cited PQ problems that may arise due to
grid connected PV generation are voltage dips and fluctuations, harmonic distortion, transient phenomena and
reverse power flow. These effects result in potential damaging of sensitive electronic equipment and capacitor
banks, overheating of transformers and neutral conductors and additional losses in the power system. Degraded
power quality entails additional costs for both the electricity distributor and its customers [3] [5].

The purpose of the present study is to demonstrate and analyse possible power quality situations in a residen-
tial distribution network by examining the impact of nonlinear domestic loads and PV inverters. For the analysis,
measured power consumption and current waveforms of different home appliances and PV inverters have been
used. Novelty is that magnitudes and phase angles of each harmonic up to the 50th order were applied for all
modelled loads. The main purpose of this paper is to present the use of actual measurement data from different
devices for modelling the effects on the residential distribution network and give an estimation of the important
values for further modelling.

2. Theory

In electrical power networks, a distorted sine wave can be divided into numerous components, each having an
integer-multiple frequency of the main frequency. Different waveforms have different harmonic content refer-
ring to individual harmonic magnitudes and phase shift relative to the main frequency component. Hereafter in
this paper, the presented measurements of loads are all indicated as magnitudes and phase shift of each individ-
ual harmonic up to the 50th order.

Distortions can be observed individually by comparing different harmonic components and calculating har-
monic distortion (HD). A more general approach to quantifying the distortions is using the total harmonic dis-
tortion level (THD). Total harmonic distortion can be expressed separately for current harmonic distortion as
THD; and for voltage distortion as THDy. The harmonic distortion indicators can be calculated using corre-
sponding Equations (1), (2), (3) and (4),

HD, =+ 1)
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where i; is current of order i, i is current of 1** order, u; is voltage of order i and u; is voltage of 1* order.

It has to be pointed out that THD; (total harmonic distortion of current) does not reveal the magnitudes of in-
dividual harmonics, which could still exceed the limits for specific harmonics regardless of THD; value. For the
correct estimation of the harmonic levels, phase angle values of individual harmonics are also required in addi-
tion to magnitudes. It is reported that 10% smaller harmonic current magnitudes can be seen when phase angle
information is included compared to the simple summing of magnitudes without phase angle values [6].

Harmonic currents in a network largely depend on the harmonic characteristics of the connected devices, their
phase angles and the background distortion level of the supply voltage. Harmonic current emission spectrum in-
formation of a device (or a group of devices connected at a PCC) under different supply voltage conditions is
very useful for analysing the device’s influence in the network. This can be further utilised to determine the
probability density profile of each order harmonic currents in the network considering their “time-varying” be-
haviour [7].

Some loads draw current with total harmonic distortion over 100%, but their active power consumption is not
as significant when compared to other harmonic generating devices [8]. In such cases, harmonic distortion may
increase significantly when numerous harmonic emitting devices are utilized in bulk. The total impact depends
on the number of appliances, their power ratings, and their harmonic diversity. Harmonic angle diversity is also
relevant when multiple appliances are operating simultaneously, creating either emergence or cancellation of
harmonics [4]. The attenuation effect is dependent only on the phase angle, but the effect’s severity is dependent
on the magnitude of the harmonic voltage [9].

The harmonic generation of a PV system depends on the inverter technology, solar irradiance, temperature,
loads, and the supply system characteristics. The harmonic distortion generated in PV plants can occur as a re-
sult of intrinsic and extrinsic effects. Intrinsic harmonic distortions are related to inverter deficiencies, e.g. com-
ponents and control loop nonlinearities, measurement inaccuracies, and limited pulse-width modulation (PWM)
resolution. Connection to a weak and distorted electrical grid can be considered an extrinsic effect on the output
waveform of a PV plant. A distorted voltage acts like a disturbance in the inverter control system, causing dis-
tortion of the current waveform generated by the inverter [ 10].

Several factors affect the power quality characteristics of the PV inverter output current. Both the current
THD and the output reactive power are related to the output active power levels, which in turn are strongly de-
pendent on solar irradiance levels. Most of the inverters consume or feed reactive power into the network de-
pending on their output active power and their technology. During operation at low solar irradiance levels (e.g.
sunrise, sunset, cloudy days), current THD values can increase rapidly, since the THD factor is inversely pro-
portional to the output active power of the PV inverters. Nevertheless, THD is notably reduced as the output ac-
tive power of the PV Inverters increases and reaches its nominal value. The intrinsic characteristics of the con-
trol circuit and nonlinear components of PV inverters may explain the current distortion behaviour in the low
power generation stages [10] [11].

Varying power density of renewable energy resources (i.e. irradiance level and temperature in PV conversion)
potentially cause voltage and frequency variation or sag/swell patterns in the grid. Also, application of power
converters as interfaces between energy sources and the grid and their interaction with other system components
may cause high harmonics distortion [12].

In small and distributed or decentralized PV controlled systems, the CSIs (current source inverters) can gen-
erate highly distorted current waveforms so that their cumulative effect in high penetration PV systems can cre-
ate hot spots within transformers; ultimately generating excessive eddy or copper loss [13].

The differing influences of harmonics in distribution networks are not necessarily visible/evident initially.
However, harmonics can have serious long-term consequences, of which the most important ones are [14]:
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¢ Overloading of consumer’s electrical installations and power system elements by higher order frequencies of
currents and voltages;

¢ Increased heating of neutral conductors caused by triple current harmonics (frequency multiplier of number
3). The increased level of the triple harmonics in the neutral conductor can cause serious damage and even
lead to fires because the neutral conductor is not usually overload protected;

¢ Increased transformer heating caused by higher (order and magnitude) harmonics, as well as saturation ef-
fects in the core;

* Higher harmonics the power system can cause interference to telecommunication lines;

* Overstressing and resonant condition on the capacitors bank.

3. Methods

The residential distribution network and 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 Figure 1.

The compiled residential load was connected to the distribution network substation via a 1.4 km long over-
head line (OHL) as depicted on Figure 2. The distribution network substation was connected to a 10 kV net-
work with short-circuit power of 200 MVA and short-circuit current 11.5 kA. The high voltage (HV) busbar is
modelled as a slack bus. The transformer used in the distribution substation was modelled with the following
parameters:

Residential .0.4 kV bus PV System

[

Phase A

Laptop 1 Monitor Refrigerator 2 Desk Lamp Printer

Phase B l

TV 1 Refrigerator 1 Lamp set 1 TV-tuner 1

Phase C l

v
TV 2 TV-tuner 2 Laptop 2 Air purifier Lamp set 2

Figure 1. Schematic of residential load model.

HV bus 10 kV

External Grid

LV bus 0.4 kV

Line

Residential 0.4 kV bus

Figure 2. Schematic of distribution grid model.

(=)
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¢ nominal power 25 kVA;

* relative short circuit voltage 4.5%;

¢ magnetizing impedance/ short circuit impedance ratio 3;
¢ vector group Yyn.

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 be-
tween substation and customer’s PCC was defined as an average of all the lines between substations and cus-
tomers 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 con-
ducted 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.

For modelling PV generation, three different commercially available PVs were measured for one week. The
first measured system was single phase while the remaining were three phase systems. For all three systems,
harmonic current amplitudes and angles up to 50th order were measured and used in the models in DIgSILENT.
A mean load model of averaged values was composed for the single phase system and it was compared with
other models composed of actual measurement results. PV inverters were connected to residential load’s busbar
as was described in Figure 1.

In order to model the network response of nonlinear loads, 14 different home appliances were measured. The
results of the corresponding measured active and reactive power, harmonic current magnitudes and harmonic
current phase shift angles of measured devices are presented in [15] [16]. Modelled devices were arranged in a
manner where similar active power consumption was seen in every phase. The model is presumed to be the
worst case scenario where all the nonlinear devices are in operation and coincidence factors are not taken into
account.

4, Results

First, modelling results are given for the case where one single phase PV system was integrated to the existing
grid. In the second and third case, different three phase systems were installed. All three scenarios were exam-
ined at three different power levels (stage 1—near 30%, stage 2—near 60%, stage 3—near 100%). Exact power
level ratios depended on the availability of measurement data. Initial values of voltage THD in the grid before
adding PV generations are presented in Table 1.

1) First case—single phase PV

A single phase PV inverter is connected to the residential busbar at phase C. Measurement results for the three
different power levels are given at Table 2 and Table 3. From the tables, it is apparent that current distortion
decreases with increasing current. The same conclusion can be made by observing the power factor (PF) value
which approaches unity with increasing current. Interestingly in this case, reactive power Q appears to be inde-
pendent of the current level and changes polarity. In the paper the PF is the real power factor which accounts all
values up to 50th order, the cos(fi) stands for displacement power factor which accounts only the main fre-
quency components.

Table 1. Initial modelled voltage THD values [%)].

Phase A Phase B Phase C

6.4 6.2 7.7

Table 2. Measured power values for single phase PV inverter.

Stage Urms [V] Irms [A] P [W] Q [var] S [VA]
1—30% 233.6 3.45 739 322 807
2—60% 238.8 9.08 2125 —425 2168
3—100% 239.1 11.73 2783 —257 2805

(=)
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Table 3. Measured power quality values for single phase PV inverter.

Stage cos(fi) PF THD_U [%] THD_I [%]
1—30% 1 0.92 1.01 427
2—60% 1 0.98 0.82 1.98
3—100% 1 0.99 1 1.67

Voltage and current distortion during a 15 h period is shown in Figure 3. Voltage distortion at the measure-
ment point was notably low (around 1%) throughout the observed time period and similarly, current distortions
are not greatly affected by grid disturbances.

Active power P, reactive power Q, and apparent power S are displayed in Figure 4. Results are in line with
the prior conclusion for reactive power where Q is mainly capacitive throughout the measurement period. It can
also be confirmed that reactive power is independent of current (compare with P and S).

As is evident in Figure 5, cos(¢) remained near unity throughout the measurement period, whereas PF varied
considerably. The observed fluctuations in PF are a result of current distortion which is evident when comparing
the current THD and PF curves in Figure 3 (THD _I) and Figure 5 (PF).

Table 4 presents the harmonic currents and phase angles up to the 21st order for the single phase PV inverter
with the corresponding power levels described in Table 4. Phase angles are as percentages of main order current
angle which is taken zero, main order current are taken 100%. Average values are also calculated and presented
for modelling mean one phase PV. Even and higher order harmonics are left out due to their marginal dimension.
All presented harmonic current amplitudes exhibited relatively moderate values, except for the third harmonic
which was more notable.

For modelling mean PV generation, average values of the presented current harmonic amplitudes and angles
(Table 4) were calculated. Main frequency current phase angles were defined zero as in ideal case and other an-
gles were calculated in relation to mains current. Figure 6 shows a graphical representation of the calculated
average harmonics, where X and Y coordinates are calculated using Formulas (5) and (6). As it can be seen that
the most notable component of the current is 3" order harmonic.

X =Axcosa %)
Y = Axsina (6)

In the case where one single phase PV was added to the grid, voltage THD was observed to increase in all
phases. Voltage distortion increased more as PV power level increased. Voltage THD for all power output
stages and modelled mean PV are presented in Table 5. All values are given in percentages relative to initial
conditions prior to the installation of PVs.

2) Second case—first three phase PV

In this case, a three phase PV inverter is connected to the existing network. Measurement results for three
different power levels are given in Table 6. Once again, current distortion decreases when current (power) is in-
creasing and same conclusion can be made observing the power factor (PF) value which approaches unity with
increasing current. However, diverging from the first case, here total reactive power generation (Q_tot) is grow-
ing when current is increasing.

Table 7 provides reactive power and PF values for each phase. In addition to the aforementioned increase in
total reactive power, observed reactive power changes were diverse for different phases. It is most probably due
to different nature of specific phase load.

Harmonic currents up to 21% order of first three phase PV inverter are given in Table 8 at the different power
levels described in Table 2. In this case, the most notable harmonic was the 9" which exhibited values in the
proximity of 2% in all phases, even at highest power level. Also the 13™ harmonic had prominent values in
phases B and C at highest power level. At the lower power level, most of the harmonics had significantly high
values, even exceeding 6% at times.

Phase angles of harmonic current amplitudes displayed in Table 8 are given in Table 9. It was observed that
angles change with changing currents and as such, no mean values could be presented for this three phase PV
inverter.

Voltage and current distortion of the first three phase PV inverter over a 15 hour period is shown in Figure 7.

(=)
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Figure 5. Measured power factors of single phase PV inverter.

Table 4. Harmonic currents [%] and phase angles [°] of single phase PV inverter.

Order
1

o N v W

L1
100
1.92
048
1.08
0.88
0.89
0.69
023
035
029
0.63

Angle_1
0
28
97
175
116
104
75
109
88
287
209

12
100
120
031
027
033
038
021
0.08
0.07
0.10
020

Angle 2

0

62

146

159

145
60

73

104

145

205

L3
100
101
026
027
035
032
020
0.10
0.06
0.10
0.17

Angle_3
0
52
139
164
146
52
77
107
190
271
209

1I_mean
100
1.38
0.35
0.54
0.52
0.53
0.37
0.14
0.16
0.16
0.33

Angle_mean
0
47
127
166
135
72
75
107
141
272
208
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Figure 6. Mean harmonic current values of single phase PV inverter.
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Figure 7. Measured voltage and current THD values of first three phase PV inverter.

Table 5. Measured power values for single phase PV inverter.

Stages THD_U_a THD_U b THD_U ¢
1—30% 35 29 29
2—60% 12.9 10.2 9.7
3—100% 15.7 11.9 13.8
Mean 11.2 72 75
Table 6. Measured values for first three phase PV inverter.
Stage 1—30% 2—60% 3—100%
THD_U_avg [%] 233 1.98 2.03
THD_I_avg [%] 11.29 438 33
P_tot [kKW] 1.06 2.78 3.88
Q_tot [kvar] 0.28 0.43 0.47
S_tot [KVA] 1.62 3.01 4.04
cos(fi)_avg 0.99 1 1
PF_avg 0.65 0.92 0.96
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Table 7. Measured Q and PF values of first three phase PV inverter.

Stage 1—30% 2—60% 3—100%
Q_a[Var] -335 207 -104
Q_b [Var] -104 —61 -98
Q_c[Var] 718 695 669
PF_a 0.68 0.97 1
PF_b 0.94 1 1
PF_c¢ 0.52 0.84 0.9
Table 8. Measured harmonic currents [%)] of first three phase PV inverter.
Stage 1—30% Stage 2—60% Stage 3—100%
Order
I_a Ib Iec Ia Ib Iec Ia Ib Ic
1 100 100 100 100 100 100 100 100 100
3 5.01 4.19 2.56 0.87 1.09 1.43 0.7 0.87 1.03
S 6.68 5.7 3.66 0.62 0.58 0.45 0.94 0.92 1.05
7 2.72 4.85 395 1.31 1.62 1.34 0.14 031 0.8
9 3.81 4.28 3.43 3.07 3.27 3.07 2.07 1.96 1.97
11 5.14 6.69 5.07 0.96 1.12 1.09 0.61 0.83 0.43
13 0.54 2.66 1.09 0.34 091 0.93 0.4 1.52 1.5
15 2.79 2.55 1.69 0.66 091 0.61 0.78 0.86 0.59
17 0.66 1.45 0.99 0.98 031 1.1 0.35 0.7 0.18
19 0.65 0.49 0.42 0.9 0.16 0.94 0.25 0.11 0.17
21 1.11 0.71 0.95 0.26 0.44 0.37 0.59 045 0.34
Table 9. Measured phase angles [°] of harmonic currents of first three phase PV inverter.
Stage 1—30% Stage 2—60% Stage 3—100%
Order Angle_a Angle_b Angle_c Angle_a Angle_b Angle_c Angle_a Angle_b Angle_c
1 0 0 0 0 0 0 0 0 0
3 275 170 262 38 26 57 281 17 271
5 214 35 220 85 303 227 278 182 340
7 11 202 344 196 226 288 91 285 17
9 143 320 139 19 31 75 166 29 171
11 181 147 219 100 145 219 124 234 51
13 39 201 76 262 326 74 42 147 110
15 314 132 286 336 18 98 205 96 218
17 227 161 43 195 254 335 118 310 98
19 65 229 58 23 233 88 23 241 27
21 268 307 255 204 98 171 264 108 243
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Voltage distortion at the measurement point remained at a moderate level (around 2.25%) throughout most of
the time period. Correlation with current distortion was not detected.

Reactive power generation is shown in Figure 8. The figure shows that while reactive power is phases A and
B was moderately consumed, reactive power was generated in phase C at a much higher level.

Power indices over the 15 hour period are presented in Figure 9. The figure supports the previous conclusion
that reactive power (Q_tot) is mainly inductive. It also confirms that reactive power is independent of current in
this case (compare with active power P_tot and apparent power S_tot).

Figure 10 shows that cos(p) was near unity for the entire duration, whereas PF varied more. PF in phase C
was especially poor. Changes in the PF were attributed to current distortion which could be seen when compar-
ing current THD and PF (THD I in Figure 7 and corresponding PF in Figure 10).

Results of having the first three phase PV in the grid are presented in Table 10. For this case, results are not
uniform and voltage THD did not increase in all the stages. Slight harmonic cancellation in phases A and C
could be noticed at stage 2. In other stages voltage distortion increased moderately. All values are given in per-
centages compared to the initial conditions where no PVs were installed.
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Figure 8. Measured reactive power values of first three phase PV inverter.
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Figure 9. Measured power values of first three phase PV inverter.

Table 10. Voltage THD of grid with PV compared to grid without PV [%)].

Stages THD_U_a THD_U_b THD_U_c
1—30% 4.4 42 4.5
2—60% -14 0.6 -1.7
3—100% 6.0 6.7 5.0

()
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Figure 10. Measured power factor values of first three phase PV inverter.

3) Third case—second three phase PV

In this case, the three phase PV inverter is replaced with another inverter. Measurement results for three dif-
ferent power levels are given at Table 11. As evident from the table, current distortion decreases with increasing
current and similarly, the power factor (PF) value approached unity. Only total reactive power (Q_tot) did not
exhibit a linear change.

Reactive power and PF values for each phase are given in Table 12. In addition to the aforementioned total
reactive power nonlinearity, reactive power changes were observed to differ for different phases also.

Table 13 presents harmonic currents up to 21st order of second three phase PV inverter at different power
levels as described in Table 11. In this case harmonics were notable only at lower power levels. For the first
stage, high amplitudes were seen in majority of the presented orders.

Phase angles presented harmonic current amplitudes in Table 13 are displayed in Table 14. Angles were ob-
served to change with changing currents and as such, no mean values could be presented for this three phase PV
inverter.

Voltage and current distortion of second three phase PV inverter throughout the 15 h time period is shown in
Figure 11. Voltage distortion at the measurement point was mainly low level (around 1.1%). Correlation be-
tween voltage and current distortion was not detected.

Reactive power generation is shown in Figure 12. Reactive power in phases A was maintained near zero,
while reactive power in the other phases changed frequently in both magnitude and polarity.

Power (P, Q, and S) during the investigated time period is shown in Figure 13 and supports the earlier obser-
vation that total reactive power oscillated around zero. A slight correlation with current could be observed in the
middle of the day (compare fluctuation in Q_tot with active power P_tot and apparent power S_tot around
14:00).

Figure 14 displays how cos(p) was maintained near unity majority of the day. Similarly, PF remained rather
constant with only minor deviations. The PF curves reached unity with a slight delay and started diminish earlier.
The small variation in the middle of the day was in correlation with the rise in total reactive power shown in
Figure 13 (Q_tot at 14:00).

The impact of the second three phase PV is presented in Table 15. Results are not uniform and voltage THD
did not increased in all the cases. Higher harmonic cancellation could be noticed compared to the previous case
with the first three phase PV. A definite assessment concerning distortion changes cannot be done. All values
are given in percentages compared to initial conditions where no PVs were installed.

4) Comparison of results

It could be concluded that changes in voltage THD values increase as power output of PVs grows. For the one
phase PV installation, it was clear that voltage harmonics increased in all three phases. For the three phase PV
installations, the two cases showed different outcomes. With the first three phase PV, notable degradation was
observed. However, a conclusive assessment could not be done with second three phase PV installation. Voltage
THD results at the highest power level for all three cases are depicted in Figure 15.
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Figure 11. Measured voltage and current THD values of second three phase PV inverter.
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Figure 13. Measured power values of second three phase PV inverter.

Table 11. Measured values for second three phase PV inverter.

Stage THD_U_avg [%] THD_I_avg [%] P_tot [kKW] Q_tot [KVAr] S_tot [KVA] cos(fi)_avg  PF_avg

1—30% 1.18 5.34 19 0.17 220 1.00 0.84
2—60% 1.18 1.77 582 -0.75 5.95 1.00 0.98
3—100% 1.07 1.19 10.19 —0.16 10.26 1.00 0.99
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Table 12. Measured reactive power and PF values of second three phase PV inverter.

6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00

Stage Q_a[Var] Q_b [Var] Q_c[Var] PF_a PF_b PF_c

1—30% 52 —431 544 1.00 0.79 0.77

2—60% 66 —459 -360 1.00 0.97 0.96

3—100% 123 -434 149 1.00 0.99 0.99

Table 13. Measured harmonic currents [%] of first three phase PV.

@it Stage 1—30% Stage 2—60% Stage 3—100%

Ia I_b Ic I_a I_b Ic I_a I_b Ic

1 100 100 100 100 100 100 100 100 100

3 4.12 3.03 3.30 1.02 0.85 0.93 0.84 0.68 0.71

5 1.53 1.74 1.98 0.24 0.36 036 0.60 0.59 0.61

7 1.60 1.32 131 0.69 0.59 0.64 0.32 0.42 0.39

9 1.56 1.56 1.60 0.49 0.42 0.48 0.18 0.19 0.21

11 0.80 0.32 0.43 0.66 0.71 0.68 0.19 0.21 0.19

13 1.04 1.10 1.17 0.28 0.41 0.39 0.27 0.19 0.20

15 1.46 1.00 1.24 0.53 0.46 0.49 0.26 0.23 0.26

17 0.74 0.93 0.74 0.26 0.21 0.13 0.22 0.18 0.20

19 031 0.28 023 0.27 0.23 0.29 0.06 0.05 0.08

21 0.34 0.45 0.49 0.13 0.09 0.15 0.15 0.13 0.14
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Table 14. Phase angles [°] of harmonic currents of second three phase PV.

Stage 1—30% Stage 2—60% Stage 3—100%
Order
angle_a angle b angle_c angle a angle b angle ¢ angle a angle b angle ¢
1 0 0 0 0 0 0 0 0 0
3 205 193 198 16 16 16 19 247 17
5 53 32 38 219 212 208 202 324 198
7 80 330 334 245 259 248 346 60 341
9 191 172 178 68 49 45 148 66 135
11 201 252 111 213 194 200 207 300 197
13 326 331 323 328 320 328 175 73 342
15 98 71 82 101 87 88 141 83 115
17 303 233 255 304 286 311 20 135 157
19 286 283 235 25 325 205 186 113 183
21 101 60 45 98 67 96 327 296 317

Table 15. Voltage THD of grid with second three phase PV inverter compared to grid without PV [%].

Stages THD_U_a THD_U_b THD_U_c
1—30% 1.2 -32 -23
2—60% —0.6 35 1.2

3—100% -3.1 2.5 -1.6

5. Discussion

While the discreet disturbances of harmonic distortion may not cause immediate and easily-observed impacts, it
can cause some equipment to malfunction, and result in additional power losses in both customer and network
equipment [17]. As harmonic levels change considerably from one week to another, it is very difficult to assess
the long-term evolution of harmonic levels only from measurements carried out over a short period [1]. This
paper clearly concludes that power quality problems may occur when PV utilization is not sufficiently consid-
ered.

Harmonic current angles of small generators such as PVs are seldom considered. One aim of this paper is to
draw attention to this topic which could lead to advances in modelling PV inverters with different topologies. To
help mitigate harmonic distortion problems, models with appropriate harmonic current amplitudes and phase
angles could be used to select most suitable devices.

This study only examines one household and one PV at time. The described effects may escalate when a lar-
ger number of devices are considered. Special attention is need in situations where devices have similar har-
monic patterns and the harmonic cancellation effect is minimal. Additional measurements should be performed
to obtain unified values for modelling PV generators more accurately. It would be necessary to have measure-
ment data extending over entire years in order to acquire results independent of any disturbance. Furthermore,
flicker and voltage level issues should be accounted for as they may have a significant influence in real applica-
tions.

6. Conclusions

Firstly, it can be concluded that current harmonic distortion of the PV’s output is correlated with current. Distor-
tion decreases when the PV is operating at a higher loading level. PVs function accurately under ideal conditions.
Due to unstable energy availability (i.e., variable solar radiation), continuous variation in power quality parame-
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ters is to be expected. In the presented research, two PVs showed considerable harmonic current distortion (av-
erage THD over 5%) even at full loading. Only one PV had average current THD under 2% which was consid-
ered a very good achievement.

All of the measured PV systems had quite different harmonic patterns when compared with each other
throughout their loading range. As such, it is difficult to propose simplified values for modelling without meas-
uring and analysing a greater number of devices. Also, for more reliable harmonic current phase angle data,
laboratory tests should be performed.

Secondly, contrary to theory, reactive power generation of PVs was not observed to be correlated to active
power. Measured devices showed different levels and variation of reactive power in different phases. These dif-
ferences may be hazardous in cases where high reactive power values and variations in one phase and zero reac-
tive power in other another phase are not considered. It was also observed that main order reactive power was
compensated more efficiently than higher order reactive power which was evident when comparing cos(¢) and
PF.

Relative to the initial conditions where no PVs were installed, modelling one PV results in voltage distortion
exceeding 10%. The influence is dependent on grid structure and topology of the PV. In case of PV with less
distorted current working at high power level, minor improvement of voltage distortion was observed.
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Abstract

The high utilization level of renewable generation including residential photovoltaic (PV) systems
together with the uncontrolled charging of electric vehicles (EVs) can have a significant impact on
load characteristics in distribution networks. Harmonic content of PV generation, EV charging
loads, and their influence on power quality indicators in residential distribution networks are
discussed in this paper. For investigating likely power quality scenarios, PV generation and EV
charging measurement results including current harmonic amplitude and phase angle values are
used and compared with present load characteristics. Different modelling scenarios are analysed
and a simplified model of harmonics in PVs and EVs is offered. The results of the study show mod-
erate additional harmonic distortion in residential load current and voltage distortion at the sub-
station’s busbar when PV generation and EV loading are added. The scenarios presented in this
paper can be further used for modelling the actual harmonic loads of the PVs and EVs in distribu-
tion networks.

Keywords

Current Measurement, Distributed Generation, Electric Vehicles, Load Modelling, Photo Voltaic,
Power Quality, Power System Harmonics

1. Introduction

Power distribution networks are designed to operate with sinusoidal voltage. The deviation of the actual voltage
waveform from an ideal sine wave is a fundamental aspect related to power quality. This deviation can be de-
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scribed as a sum of harmonic voltage components. A higher level of harmonics correlates to larger distortion.
From the point of view of electromagnetic compatibility, harmonics must be kept within given compatibility
levels to enable satisfactory operation of all equipment supplied by the network. Furthermore, since electricity is
also defined as a product, utility companies could be held responsible for excessively high harmonic levels and
any resulting damage to customers’ property [1].

The appliances and electric devices connected to the public power supply network are also designed to oper-
ate with a sinusoidal voltage at rated power. However, many of the connected loads are nonlinear, meaning that
they draw current with a distorted sine waveform. It has been estimated that already in 2012, 60% of the power
system loads in USA were nonlinear loads [2]. Nonlinear current in turn provides nonsinusoidal voltage drop,
thus resulting in distorted network voltage. In particular, distortion levels may increase significantly when nu-
merous harmonic emitting devices are utilized in bulk [3].

Distorted voltage and current may result in undesirable effects not only for the distribution system, but also
for the customers. Nonlinear loads inject harmonic currents and induce increased voltage drops over both phase
and neutral conductors [4]. As a result, potential damage to sensitive electronic equipment and capacitor banks,
overheating of transformers and neutral conductors, and additional losses in the power system are likely. De-
graded power quality entails additional costs for both the electricity distributor and its customers as these effects
cause premature aging and failure in power system devices [5]-[7].

Advances in power electronics has led to the widespread use of switching converters for the general public
use as well as industrial applications. Power electronic converters draw non-sinusoidal current from the grid and
this has led to a rapid increase in the number of nonlinear loads. In addition to the increased number of elec-
tronic devices, also resistive devices such as incandescent lamps are ever more frequently replaced by energy
saving lamps utilizing nonlinear elements. Depending on type and brand, switching power supplies absorb dis-
torted currents which flow through the impedances of the power distribution system and result in distortion of
system bus voltage [8].

Similarly, modern EV chargers employ switching power converters. Due to the high energy requirement of
the EV, charging at home can use power levels very close to the ones of the actual residential customers drawing,
10 - 15 A [9]. The charging of EVs produces considerable additional power electronic load which can generate
harmonics and result in associated power quality issues in residential networks.

Power electronics is also implemented in residential photovoltaic (PV) generators, which is currently the
dominant renewable energy source in urban and metropolitan areas. The inverters required to supply households
from the PVs are nonlinear power supplies, meaning that they provide distorted waveform outputs that increase
the levels of harmonics. This technology is enjoying rapid growth due to a combination of subsidies, the abun-
dance of sunshine, and the low impact of the technology on the urban landscape [5].

The present study identifies and analyses possible power quality scenarios in a residential distribution net-
work by examining the impact of nonlinear domestic loads such as EVs and PV inverters. Measured power
consumption and current waveforms of different home appliances, EVs and PV inverter have been used for the
analysis. All loads considered in the model were provided with magnitudes and phase angles of each harmonic
up to the 50th order. The main purpose of this paper is to present the use of actual measurement data from dif-
ferent devices for modelling the effects on the residential distribution network and give an estimation of the im-
portant values for further modelling.

2. Theoretical Background

In electrical power networks, a non-sinusoidal periodic waveforms can be presented as a sum of numerous har-
monic components (harmonics), each having an integer-multiple frequency of the main frequency. Different
waveforms have different harmonic content, referring to different patterns of individual harmonic magnitudes
and phase shift compared to the main frequency component. Hereafter in this paper, the presented measurements
of loads are all indicated as magnitudes and phase shift of each individual harmonic up to the 50th order.
Distortions can be observed individually by comparing different harmonic components and calculating har-
monic distortion (HD). A more general approach to quantifying the distortions is using the total harmonic dis-
tortion level (THD). Total harmonic distortion can be expressed separately for current harmonic distortion as
THDI and for voltage distortion as THDU. The total harmonic distortion indicators can be calculated using cor-

responding Equations (1) and (2),
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THD, :il«/ifms—if x100 1)
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THD,, :iJufms —uf x100 )
Lot
where 1 is current of 1st order and u, is voltage of st order.

THD does not reveal the magnitudes of individual harmonics, which could still exceed the limits for specific
harmonics regardless of THD value. For the correct estimation of the harmonic levels, calculations have to make
use of magnitude and phase angle values of individual harmonics. Harmonic phase angle diversity is relevant
when multiple appliances are operating simultaneously, creating either reinforcement or cancellation of har-
monic magnitudes [2]. It is reported that 10% smaller harmonic current magnitudes can be seen when phase an-
gle information is included compared to the simple summing of magnitudes without phase angle values [10].
The attenuation effect is dependent only on the phase angle, but the effect’s severity is dependent on the magni-
tude of the harmonic voltage [11].

The combined influence of harmonics from different sources is highly dependent on network topology, mu-
tual conductor impedances and phase balance. The resulting harmonic distortion in the distribution network can
increase or decrease due to the variation of phase angles for different harmonic sources. A special situation oc-
curs in the case of a balanced three phase load consisting of identical nonlinear loads. Since the triplen harmon-
ics sum in neutral, the three phase supply system neutral conductor total current can be higher than the phase
current [4] [12]. For example in the Netherlands and in Denmark, analysis has shown that the 15th harmonic
current, which is one of the triplen harmonics, has exceeded the tolerable limits in several cases [12]. Therefore,
phase balance is a significant factor for harmonic emission in distribution networks [7].

The harmonic generation of a PV system depends on the inverter technology, and operation conditions, in-
cluding 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 on 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 (e.g. sunrise, sunset,
cloudy days), current THD values can increase rapidly since the THD factor is inversely proportional to the
output active power of the PV inverters. Nevertheless, THD is notably reduced as the output active power of the
PV inverters increases and reaches its nominal value [13]-[15].

Varying power density of renewable energy not only potentially cause supply voltage sag or swell patterns
but also frequency variations in the LV grids. The application of power converters as interfaces between energy
sources and the LV grid and their interaction with other system components may cause high harmonics distor-
tion [16] [17]. The effects of the nonlinear residential load on voltage THD are most significant on a local level,
and equipment failures due to voltage distortion are more likely to occur along distribution feeders than farther
upstream. The results show that recommended voltage THD limits can easily be exceeded, particularly at nearby
distribution feeder tap points, if the loading equipment is highly nonlinear [ 18].

EV batteries require DC for charging, but all uncontrolled rectifiers inject a high content of current harmonics
into AC power networks. Based on literature, it can be concluded that over time and with the development of
power supply technologies, the amount of distortion from EV charging has decreased. Measurements in the
1990’s showed that the use of uncontrolled or low-control rectifiers caused average current THD of 50% [19].
Measurements of modern commercial EVs have indicated an average charging current THD around 11%...12%
[20] [21], but values as low as 4.5% [22] have also been indicated.

Monitoring of 100 distribution network feeders in USA revealed that the average voltage THD at PCC (Place
of Common Coupling) was 4.73% [23]. It may be assumed that the stated percentage is quite common for many
distribution grids. Power supply standards (EN50160) have set the upper voltage THD limit for public networks
at 8% [24]. Nevertheless, severe cases have been revealed where distortion has been higher than 17% [25].

3. Methods

The 50 Hz residential distribution network at 0.4 kV and 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

Figure 1.
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Figure 1. Schematic of residential load model.

The compiled residential load was connected to the distribution network substation via a 1.4 km long 4 x 95
mm? overhead line (OHL) as depicted on Figure 2 and it is the only consumer of this substation. The distribu-
tion network substation was connected to a 10 kV network with short-circuit power of 200 MVA and short-cir-
cuit current 11.5 kA. The high voltage (HV) busbar is modelled as a slack bus. The transformer used in the dis-
tribution substation was modelled with the following parameters:

* nominal power 25 kVA;

* relative short circuit voltage 4.5%;

e zero sequence impedances ry = 0.02 pu and xy = 0.04 pu;
* magnetizing impedance/short circuit impedance ratio 3;
¢ vector group Yyn.

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 be-
tween substation and customer’s PCC was defined as an average of all the lines between substations and cus-
tomers 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 con-
ducted 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.

For modelling PV generation, one single phase PV was measured for one week. For modelling EV loads, ac-
tual charging process of five different EVs were measured. All vehicles were produced in 2012-2013 and are
commercially available on the markets. In each case, harmonic current amplitudes and phase angles up to 50th
order were measured and used in the models in DIgSILENT. Both PV and EV were connected to residential
load’s busbar as was described in Figure 1. Also a mean load model of averaged values was composed for the
single phase PV system and EV.

In order to model the network response of nonlinear loads, 14 different home appliances were measured. The
results of the corresponding measured active and reactive power, harmonic current magnitudes and harmonic
current phase shift angles of measured devices are presented in [26] [27]. 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 sce-
nario.

4, Results

Three cases modelling the residential distribution network are presented. Initial conditions represent the loads
common to present day households.

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

2) Second case: one EV charging load connected to the PCC in addition to the initial load.

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



J. Niitsoo et al.

HV bus 10 kV

g

g

g

)

@

]

& .

= External Grid
LV bus 0.4 kV

]

Line

Residential 0.4 kV bus

Figure 2. Schematic of distribution grid model.

Initial values of voltage and current in the grid before adding PV generations or EV load are presented in Ta-
ble 1. Voltage THD and power factor (PF) values are listed in Table 2 and power values are listed in Table 3.

A) First Case—Single Phase PV

Measurement results for three different power levels (1—near 30%, 2—near 60%, 3—near 100%) of the sin-
gle phase PV are given in Table 4. From the table, it can be assumed that current distortion is slightly correlated
with current and decreases as current increases. Also voltage and voltage distortion variations may somewhat
have an effect on the current distortion, but are here ignored due to very low values of voltage THD and the fact
that current itself is more affected by voltage. The same conclusion can be made by observing the power factor
(PF) value which approaches unity with increasing current. Interestingly in this case, reactive power Q appears
to be independent of the current level and changes polarity.

Voltage and current distortion during a 15 h period is shown in Figure 3. Voltage distortion at the measure-
ment point was notably low (around 1%) throughout the observed time period and similarly, current distortions
are not greatly affected by grid disturbances.

Power quality indexes are illustrated in Figure 4. Results are in line with the prior conclusion for reactive
power where Q is mainly capacitive throughout the measurement period. It can also be confirmed that reactive
power is independent of current (compare with active power P and apparent power S).

As is evident in Figure 5, cos(p) remained near unity throughout the measurement period, whereas PF varied
considerably. The observed fluctuations in PF are a result of current distortion which is evident when comparing
the current THD (THD_I in Figure 3) with the PF curve in Figure 5.

Table 5 and Table 6 present the harmonic currents and phase angles up to the 21st order for the single phase
PV inverter with the corresponding power levels (1—near 30%, 2—near 60%, 3—near 100%) described in Ta-
ble 4. Average values are also calculated and presented for modelling mean one phase PV. Even and higher or-
der harmonics are left out due to their marginal dimension. All presented harmonic current amplitudes exhibited
relatively moderate values, except for the third harmonic which was more notable.

For modelling mean PV generation, average values of the presented current harmonic amplitudes and angles
(Table 5 and Table 6) were calculated. Main frequency current phase angles were defined zero as in the ideal
case and other angles were calculated in relation to mains current. Figure 6 shows a graphical representation
(vector quadrant) of the calculated average harmonics, where X and Y components of current are calculated us-
ing Formulas (3) and (4). Where A is mean harmonic (3rd, 5th, 7th etc. order) current in percentages to main
frequency current and a is mean harmonic (3rd, Sth, 7th etc. order) current angle in degrees to main frequency
current.

X =Axcosa 3)
Y = Axsina 4)

A single phase PV inverter was connected to the residential busbar at different phases one at a time. The re-
sulting voltages and currents are presented in Table 7. Voltage THD and PF is shown in Table 8 and power
values are displayed in Table 9.

As it can be seen from Table 7 voltage in the phase where the PV is connected rises more than 5%. Signifi-
cant voltage THD rise due to the connected PV could not be seen. Instead, THD decreased slightly in cases
where PV was connected to phase A and C as evident in Table 8. Due to the change in reactive power, seen in
Table 9, the PF value changed in the phase where the PV was installed.
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Figure 3. Measured voltage THD and current THD of single phase PV inverter.
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Figure 4. Measured power values of single phase PV inverter.
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Figure 5. Measured power factors of single phase PV inverter.

Table 1. Initial modelled voltage [V] and current [A] values.

Ua

Uy U L I I I

230

230 231 1.0 1.3 1.3 0.7

Table 2. Initial modelled voltage THD [%] and PF values.

THD,

THD, THD, PF, PF, PF,

29

2.1 32 1.00 0.92 0.84
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Figure 6. Mean harmonic current vectors (from 3rd to 21st order) in percentages
compared to fundamental harmonic current vector (Ist order) values of single
phase PV inverter.

Table 3. Initial modelled active [kW] and reactive power [kvar] values.

P, Py P. Q. Qv Q.

0.23 0.28 0.25 —0.01 —-0.12 —0.16

Table 4. Measured values for single phase PV inverter.

Power level 1% - 30% 2% - 60% 3% - 100%
THDy [%] 1.01 0.82 1
THD; [%] 4.27 1.98 1.67
Urms [V] 233.6 238.8 239.1
Tims [A] 345 9.08 11.73
P W] 739 2125 2783
Q [var] 322 —425 -257
S [VA] 807 2168 2805
cos(fi) 1 1 1
PF 0.92 0.98 0.99

Table 5. Harmonic currents of single phase PV inverter.

Order 11 [%] 1.2 [%] 1.3 [%] I_mean [%]
1 100 100 100 100
3 1.92 12 1.01 138
5 048 031 026 035
7 1.08 027 027 0.54
9 0.88 033 035 0.52
11 0.89 038 032 053
13 0.69 021 02 037
15 023 0.08 0.1 0.14
17 035 0.07 0.06 0.16
19 029 0.1 0.1 0.16

21 0.63 0.2 0.17 033
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Table 6. Harmonic current phase angles of single phase PV inverter.

Order Angle_ 1 [°] Angle_2 [°] Angle 3 [°] Angle_mean [°]
1 0 0 0 0
3 28 62 52 47
5 97 146 139 127
7 175 159 164 166
9 116 145 146 135
11 104 60 52 72
13 75 73 77 75
15 109 104 107 107
17 88 145 190 141
19 287 259 271 272
21 209 205 209 208
Table 7. Modelled voltage [V] and current [A] values for first case.
Phasing Ua Up Ue L Iy L I,
PVin A 246 223 229 11.0 1.3 1.3 123
PVinB 228 245 224 1.0 10.8 1.3 11.2
PVinC 224 228 246 1.0 1.3 10.9 12.3
Table 8. Modelled voltage THD [%] and PF values for first case.
Phasing THD, THD, THD, PF, PF, PF.
PVin A 2.7 22 32 -1 091 0.85
PVinB 3 2.1 33 1 -1 0.83
PVinC 3 2.1 3 1 0.93 -1
Table 9. Modelled active [kW] and reactive power [kvar] values for first case.
Phasing P, Py P. Q. Qy Q.
PVin A -2.58 0.28 0.25 0.23 —-0.13 —0.16
PVinB 023 —2.54 0.25 —0.01 0.13 -0.17
PVinC 0.24 0.28 -2.56 —0.02 —0.11 0.09

B) Second Case—EV

Measurements were recorded for the charging of five different EVs. Power and THD values while EVs were
charging at constant power level are presented in Table 10. As the power values (P and Q) were quite similar for
all five EVs, the current distortion varied more. Three EVs out of five had current distortion around 10%...12%
and two had substantially lower values, around 3%...4%.

The characteristics of individual current harmonic magnitudes and phase angles for odd harmonics during the
constant power charging are presented in Table 11 and Table 12. The highest current amplitudes were observed
at 3rd, Sth, 7th and 13th orders. For successful modelling, the mean values based on five EVs were calculated.
The arithmetic mean of amplitudes (AM) and geometric mean for phase angles (GM) was calculated as follows:

()
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Table 10. General data for EVs during constant power charging time.

EV P [kW] Q [KVAr] THD; [%]
1 22 0.2 42
2 24 0.5 123
3 29 0.2 34
4 24 0.1 10.5
5 22 0.4 11.2
Mean 25 0.3 8.1
Table 11. Harmonic current amplitudes [%] of EVs.
Order EV1 EV2 EV3 EV 4 EV S5 Arithmetic mean
1 100 100 100 100 100 100
3 8.7 11.9 33 2.6 11.1 7.5
5 3.7 0.4 0.9 2 23 1.9
7 3.1 0.6 0.9 1.1 14 14
9 12 0.6 0.2 0.5 1.5 0.8
11 0.8 1.1 0.9 0.7 1 0.9
13 1.7 1.1 13 0.9 0.8 1.2
15 0.4 0.6 0.3 0.3 0.9 0.5
17 0.4 0.5 0.1 0.1 0.2 0.3
19 0.7 0.3 0.1 03 0.2 03
21 0.8 0.3 0.4 0.9 0.4 0.6
Table 12. Harmonic current phase angles [°] of EVs.
Order EV1 EV 2 EV3 EV 4 EV 5 Geometric mean
1 0 (1] 0 0 0 0
3 8 33 158 327 6 39
5 157 180 335 338 294 248
7 255 269 205 213 299 245
9 46 120 287 320 126 145
11 326 256 20 67 221 120
13 30 305 298 334 26 119
15 257 199 30 194 142 133
17 207 162 246 247 291 226
19 40 168 313 55 219 121
21 154 304 165 217 166 195
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AM:i(a1+a2+~~+an) 5)
n

GM =1fa, -a, - a (6)

The most significant individual harmonics (3rd and 5th) are illustrated in Figure 7 and Figure 8. As evident
from the figures, the directions of the currents are different.

In this case, mean EV was added to the grid at the residential busbar at different phases one at a time. The re-
sulting voltages and currents are shown in Table 13, voltage THD and PF in Table 14 and power values in Ta-
ble 15.

The EV load causes voltage drop in phase where it is connected more than 5% in each case. 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. Power factor changed slightly due to additional EV load and slightly improved in the phase where it was
connected.

—e—EV1 —e—EV ——EV3 —e-EV4 —e—EV5 =—mean
: 7 : .

6

Current component Y [%]

Current component X [%]

Figure 7. Third current harmonics of EVs.
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Figure 8. Fifth current harmonics of EVs.
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Table 13. Modelled voltage [V] and current [A] values for second case.

Phasing U, Uy U I, Ip 1. In

EVin A 214 235 235 12.8 13 1.3 11.6
EVinB 235 213 236 1.0 13.0 1.3 12.5
EVinC 235 234 215 1.0 13 12.8 113

Table 14. Modelled voltage THD [%] and PF values for second case.

Phasing THD, THD, THD, PF, PF, PF.
EVin A 34 2.1 3.1 0.99 0.92 0.82
EVinB 2.8 2.6 3.0 1.00 1.00 0.85
EVinC 29 22 32 1.00 091 1.00

Table 15. Modelled active [kW] and reactive power [kvar] values for second case.

Phasing P. Py P. Q. Q Q.

EVin A 2.86 0.28 0.24 0.32 —0.11 -0.17
EVinB 0.23 291 0.25 —-0.02 0.21 -0.16
EVinC 0.23 0.27 2.87 —-0.01 —-0.13 0.17

C) Third Case—PV and EV

In this case, a PV and EV where both installed at the residential load’s busbar. To investigate differences in
harmonic cancellation, the PV and EV were installed both on the same phases as well as separate phases.

Voltages and currents are presented in Table 16. It was observed that in arrangements where PV and EV are
in same phase voltage drops near to undesirable levels in the phase where the EV is connected while increasing
over the 10% limit in the phase where the EV is connected. Also in those cases neutral currents rise much higher
than phase currents. The best practice is to install both in same phase. Voltages over the 10% limit and high
neutral currents are marked as bold in Table 16.

Voltage THD and PF values are presented in Table 17. In the worst case (EV in A and PV in C), voltage
THD decreases in one phase up to 0.6%, but placing EV and PV both on the same phase can lead to slightly de-
creased voltage THD in some situations (EV in C and PV in C).

Placing the devices onto the same phase leads to slight growth of reactive power in the same phase as evident
in Table 18. Active power is compensated due to opposite direction of power flow of the EV and PV.

5. Discussion

While the discreet disturbances of harmonic distortion may not cause immediate and easily-observed impacts, it
can cause some equipment to malfunction, and result in additional power losses in both customer and network
equipment [28]. As harmonic levels change considerably from one week to another, it is very difficult to assess
the long-term evolution of harmonic levels only from measurements carried out over a short period [1]. This
paper clearly concludes that power quality problems may occur when dispersed generation and powerful non-
linear load utilization is not sufficiently considered. Moreover, modern household devices tend to contain more
power electronic circuits and therefore an increase of harmonic currents can also be expected even without the
PVsor EVs.

Harmonic current angles of small generators such as PVs or powerful nonlinear loads such as EVs are seldom
considered. For determining the impact of current harmonics on the network and the voltage harmonics, the ac-
tual harmonic current values would have to be used. One aim of this paper is to draw attention to this topic
which could lead to advances in modelling nonlinear generations and loads with different topologies. To help
mitigate harmonic distortion problems, models with appropriate harmonic current amplitudes and phase angles

could be used to select most suitable devices.
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Table 16. Modelled voltage [V] and current [A] values for third case.

Phasing Ua Uy U L I I I
EVin Aand PVin A 231 228 232 22 13 13 33
EVin A and PV in B 212 250 229 12.9 10.7 1.3 18.3
EVin A and PVin C 207 234 250 13.1 1.3 10.8 221
EVinBand PVin A 250 206 235 10.9 133 1.3 22.6
EVinB and PV in B 232 230 229 1.0 1.8 1.3 23
EVinBand PVinC 229 211 251 1.0 13.1 10.8 19.5
EVinCand PVin A 250 228 212 10.9 1.3 12.9 18.8
EVin Cand PVinB 234 249 208 1.0 10.8 13.1 21.4
EVinCand PVinC 228 231 231 1.0 1.3 1.6 2.5

Table 17. Modelled voltage THD [%] and PF values for third case.

Phasing THD, THD, THD. PF, PF, PF.
EVin A and PVin A 32 22 3.1 —-0.12 0.92 0.84
EVin Aand PVin B 3.4 2.1 32 0.99 —-1.00 0.82
EVinAand PVinC 3.5 2.1 2.9 1.00 0.93 —-1.00
EVin B and PVin A 2.6 2.6 3.0 —1.00 1.00 0.86
EVinB and PVin B 2.9 2.4 3.1 1.00 —0.04 0.84
EVinBand PVin C 2.8 2.6 2.8 1.00 1.00 —-1.00
EVinCand PVin A 2.6 23 32 —1.00 0.90 1.00
EVinCand PVin B 2.9 22 33 1.00 —-1.00 1.00
EVinCandPVinC 29 22 29 1.00 0.92 —0.14

Table 18. Modelled active [kW] and reactive power [kvar] values for third case.

Phasing P, P, P. Q. Q Q.
EVin Aand PVin A —0.06 0.28 0.25 0.51 =0.12 -0.16
EVin A and PVin B 2.86 —2.53 0.25 0.37 0.14 -0.17
EVin Aand PVinC 291 0.28 -2.58 0.29 —-0.11 0.09
EVin B and PVin A -2.59 2.96 0.25 0.23 0.18 -0.15
EVinBand PVin B 0.23 —0.02 0.25 —-0.01 0.42 —-0.16
EVinBand PVin C 023 292 —2.56 —0.02 0.27 0.1
EVinCand PVin A -2.57 0.28 2.88 0.24 —-0.13 0.22
EVin Cand PVinB 0.23 -2.55 293 0 0.13 0.14
EVin Cand PVinC 0.23 0.28 —-0.05 —-0.01 -0.12 0.37

This study only examines one household and one PV or EV at time. The described effects may escalate when
a larger number of devices are considered. Special attention is needed in situations where devices have similar
harmonic patterns and the harmonic cancellation effect is minimal and grid is weak. General values for further
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modelling of PVs and EVs were presented in this paper, but additional measurements should be performed to
obtain unified values for modelling PV generators and EV loads more accurately. It would be necessary to have
measurement data extending over entire years in order to acquire results independent of any disturbance. Fur-
thermore, flicker and voltage level issues should be accounted for as they may have a significant influence in
real applications.

6. Conclusions

Firstly, it can be concluded that current harmonic distortion of the PV’s output is notably correlated with current
and distortion decreases when the PV is operating at a higher loading level. The same conclusion can be made
by observing the PF value of the PV which approaches unity with increasing current. Whereas when PF varied
considerably, cos(¢) remained near unity throughout the measurement period, which means that main order re-
active power is compensated more efficiently than higher order reactive power. EVs showed higher current dis-
tortions than PV. Three EVs out of five had current distortion around 10%...12% and two had substantially
lower values, around 3%...4%.

Voltage distortion may rise when PVs and EVs are connected to a residential load. The rise is much depend-
ant on grid strength and worse situation may occur in cases where less powerful transformers and thinner cables
are utilized. The present study showed that most reasonable option is to connect both PV and EV on same phase.
Installing the EV's and PVs separately or installing both on separate phases, results in notable increase in voltage
distortion.

Even more severe changes occurred with voltage amplitudes and neutral currents. In cases where PV and EV
both were installed, voltage in the phases where PV was connected rose over the 10% limit. Also the neutral
currents rose nearly two times higher than phase currents where PV and EV where connected in separate phases.
It concludes that modelling with different transformer powers and cable lengths and thicknesses should be con-
ducted before installing nonlinear devices.
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