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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 nonsinusoidal 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
11

comprehensive at the time when the papers for the thesis were compiled.
Furthermore, single harmonic current and phase angle values for majority of
nonlinear loads and nonlinear generating units had not been researched in-depth.
Main Objectives and Tasks of the Thesis
The main objective of this thesis is to analyse power quality issues related to
nonlinear loads and nonlinear generation units, focused on PVs. The thesis
consists of investigation of prior research by other authors, field measurements
and modelling. In addition, measurements data and averaged values for diverse
devices for further modelling and analysis are presented in the second paragraph.
For the correct estimation of harmonic levels, magnitudes and phase angle,
values of individual harmonics up to 50th order for all devices are measured and
taken into account. All results were published for further analysis and modelling.
The broad objective of this research is to create grounds for comprehensive
power quality studies in Estonia regarding nonlinear loads and nonlinear
generation units. So far no remarkable research has been published assessing
what happens when large numbers of nonlinear loads and nonlinear generation
units are implemented together into the distribution network.
Subject of the Research and Dissemination of the Results
The research was performed throughout 2009-2015. It was conducted in different
parts which resulted in several Bachelors’ thesis and Masters’ thesis supervised by
the author of the present thesis, as well as scientific papers and presentations at
conferences. Many field and laboratory measurements were conducted for this
work and final conclusions were made based on modelling results.
The results of the doctoral thesis have been presented by the author at seven
international conferences. The author has published 32 international scientific
papers, nine of which are directly associated with the thesis. In addition, three
papers were published in local scientific conferences and four papers were
published in non-scientific journals or newspapers.
Thesis Outline
Chapter 1 gives an overview of various aspects related to power quality issues in
the distribution grid. Attention is paid to power quality issues concerning small
nonlinear loads, nonlinear electric vehicle loads and distributed generation units.
Chapter 2 provides an overview of characteristics of small appliances, electrical
vehicles and PV panels. Measurement data and averaged values are presented
for further modelling.
Chapter 3 presents modelling results of altered scenarios. Situations with and
without nonlinear loads, electrical vehicles and PV panels are handled. Aim of the
chapter is to use the knowledge gathered in the first chapter and measurement
results from the second chapter in models for potential real life situations.
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1

AN OVERVIEW OF POWER QUALITY ISSUES IN
THE DISTRIBUTION GRID

This thesis focuses on current and voltage harmonics that are produced by
nonlinear loads and nonlinear generation units, as such information and data has
been lacking in existing research before compiling the thesis. Reactive power,
voltage unbalance and neutral current issues are included, as these are the most
hazardous matters that relate to individual appliances. All such factors may lead
to extensive financial costs being incurred if there is no awareness of their
presence.
Firstly, the consequences of poor power quality levels and parameters such as
harmonics, reactive power, voltage unbalance, and neutral current are explained.
Subsequently, power quality issues concerning precise loads and nonlinear
generation units are handled.
The Consequences of Poor Power Quality Levels
The connection of nonlinear loads and nonlinear generation units to distribution
networks should be observed in terms of power quality, reliability, network
control and stability. For such operational aspects, a number of problems could
arise when connecting nonlinear loads, such as:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

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

The above-mentioned effects are not limited, but one of the most affected
components are the distribution transformers, cables, and fuses [1]. The most
direct effect can be seen in the distribution transformers, which could encounter
great stress and heating due to increased harmonic losses and voltage unbalance,
but also an increased load due to nonlinear loads.
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Harmonics
Harmonic currents are caused by non-linear loads, i.e. loads which draw a
current with an unlike waveform comparison to the supply voltage. A distorted
sine wave can be observed, dividing it into numerous components, each having
an integer-multiple frequency of the main frequency. For different waveforms,
there is a diverse harmonic content present, referring to individual harmonic
magnitudes and phase shift when compared to the main frequency component.
The distortions can be observed individually by comparing harmonic
components as a harmonic distortion (HD). A more general approach to quantify
the distortions is the use of THD. THD can be expressed separately for total
current harmonic distortion as THDI and for total voltage distortion as THDU.
The harmonic distortion indicators can be calculated using corresponding
equations (1), (2), (3), and (4),
(1)
(2)
(3)
(4)

It has to be pointed out that THDI does not reveal the magnitudes of individual
harmonics, which could still exceed the limits for specific harmonics regardless
of THDI value. For the correct estimation of the harmonic levels, phase angle
values of individual harmonics are required in addition to magnitudes. For
example, the attenuation effect is dependent only upon the phase angle, but the
effect’s severity is dependent upon the magnitude of the harmonic voltage [2].
Harmonic angle diversity is relevant when multiple appliances are operating
simultaneously, creating either the reinforcement or cancellation of harmonic
magnitudes [3]. It is reported that smaller harmonic current magnitudes with a
10% reduction can be seen when phase angle information is included when
compared to the simple summing up of magnitudes without phase angles [4].
Harmonic currents that are produced by nonlinear loads are injected back into
the supply systems and distortion affects all customers who are fed through this
place of common coupling (PCC). Some loads draw a current with a THD over
100%, but their active power consumption is not as significant when compared
to other harmonic generating devices as stated in [PAPER - I]. In such cases,
harmonic distortion may increase when numerous harmonic-emitting devices are
utilised in bulk. The total level of impact depends on the number of appliances,
their power ratings, and their harmonic diversity.
14

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

(5)

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

DPF = cos φ

(6)

Some devices have DPF near unity, but the true PF rating is around 0.5-0.6.
Using only the displacement power factor would provide a false sense of
security in those cases.
Voltage Unbalance
Voltage unbalance in the three-phase system is a condition in which voltages
differ from each other to notable levels. In public electricity networks the
allowed level in Europe is 2% (EN 50160:2010). The voltage unbalance is
commonly observed as a relation of maximum deviation from three phase
average voltage (ΔU) to three phase average voltage (Uavg) and is described with
an unbalance factor (ka) as given in (7) or as a relation of negative sequence
voltage (U2) to positive sequence voltage (U1) as given in (8). Positive and
negative sequence values can be computed with method of symmetrical
components.
(7)
(8)

Three phase motors are mostly affected by the negative sequence. Another
problem that emerges from the presence of harmonics and voltage unbalance is
the increase in neutral wire current [5], which can increase noticeably and can
pose risks if overloaded.
Neutral Wire Current
The neutral point of a low-voltage power system is commonly earthed, and
single phase devices operate on a voltage between neutral and phase. In a single
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phase system, currents in the neutral and in the phase are equal, and in a three
phase system the current rates at zero in neutral for a balanced load.
A special situation occurs in the case of a balanced three phase load that consists
of identical nonlinear loads. Since the triplen harmonics total up in neutral, the
three phase supply system neutral conductor’s total current can be higher than
the individual phase current [6], [7]. For example, in analyses made in the
Denmark and Netherlands has shown that the fifteenth harmonic current, which
is one of the triplen harmonics, has exceeded tolerable limits in several cases [7],
[8].

1.1

Power Quality Issues Concerning Small Nonlinear Loads

Those appliances and electric devices that are connected to the public lowvoltage network are designed to operate with a sinusoidal voltage at rated power.
Many of the connected loads are the nonlinear type, meaning that they draw
current with a distorted sine waveform. This causes distorted sine voltage drop,
thereby resulting in a distorted network voltage waveform. The share of
worldwide nonlinear loads is growing rapidly. It has been estimated that already
in 2012, a total of 60% of loads in the USA were nonlinear loads [3].
The total impact depends upon the number of appliances, their power ratings,
and their harmonic diversity. Harmonic angle diversity is relevant when multiple
appliances are operating simultaneously, creating either a reinforcement or
cancellation of harmonic magnitudes [3]. The attenuation effect is dependent
only on the phase angle, but the effect’s severity is dependent upon the
magnitude of the harmonic voltage [2].
The most investigated nonlinear loads in the world are probably CFLs.
Therefore power quality issues concerning nonlinear loads here are handled in
terms of CFLs. CFLs consume less energy with the same luminous efficiency
when compared to incandescent lamps, but their current curve is not a perfect
sinusoid. For example analysis [9] was carried out in which all bulbs were
replaced with CFLs in one household. After the replacement has been carried
out, CFLs constituted 26.3% of overall load - PF decreased to 0.65, voltage
distortion increased to 4.4%, and current THD increased to an unacceptable
23.5%. Also studies [10], [11], [12] have shown that the current THD of CFLs
increases as the supply harmonic level increases. The ratio is not linear and it is
particularly evident in the case of CFLs with electronic ballast.
The widespread use of CFLs have implications for significant reactive power in
a grid [9]. If the cos φ of the CFLs is usually about 0.9 the PF is not the same
which was proved with measurements presented in [PAPER - I]. Average PF is
around 0.5-0.6 which means that a lamp generates much more reactive power to
the grid than it consumes active power. In [PAPER - I], a number of test series
with CFLs were carried out. Part of the results is described in Table 1.1.
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Parameter
cos φ
PF
Reactive power [var]
Current THD [%]

Table 1.1. Measured Parameters for CFLs
Set 1
0.89
0.61
18.0
104

Set 2
0.92
0.57
20.0
120

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

Fig. 1.1. Triplen Harmonics Aggregation in Neutral Conductor.

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

1.2

Power Quality Issues Concerning Electrical Vehicle Load

Electrical vehicles are considered as being every-day-use commuter vehicles
with significant on-board energy storage which can use the low-voltage power
supply for charging the energy storage cells. An EV battery requires a direct
current (DC) for charging and for the conversion from alternating current (AC),
and charging control is provided by the power electronics converters, presenting
a non-linear load.
The harmonics associated with the EV charging are closely related to the charger
circuit topology that is providing an interface with the AC network. The simplest
single-phase full-bridge rectifier or and for higher power ratings three-phase
diode rectifier (similar to all uncontrolled rectifiers), provide the high current
harmonics to the AC power network. The circuits and control strategies have
evolved rapidly to include more network-friendly features, such as power factor
correction (PFC) and current waveform shaping.
The EV chargers that are most likely to be deployed on board of the EVs would
be the single-phase chargers. It is likely that for a large number of customers in a
three-phase system, the charging current would be distributed uniformly among
the phases.
The task of charging up EVs is expected to impose a noticeable additional load
on distribution networks. Residential networks in which EV owners will charge
their vehicles after returning from their daily activities will be especially
subjected to high load increases. As an EV charger is a powerful non-linear load,
large harmonic currents can be present during EV charging. In [PAPER - IV],
EVs are analysed for the current harmonics that may be present during slow rate
home charging.
Distribution networks suffer from limitations when it comes to support for EV
charging [15], even for low EV penetration levels. It is assumed, that an EV
penetration rate of between 20% and 25% will be tolerable for the present
distribution networks [16]. This figure is aimed at being applicable both for
overload as well as for power quality issues. Considering the power of EV
chargers and the characteristics of the EV charging load, analysis is required if
public low-voltage network standards are still to be met if numerous EVs are
being charged simultaneously.
In [PAPER - IV] the EV charging scenarios are presented by including or
excluding EV charging of the four EVs. The sum total of charging currents and
THDI are presented in Table 1.2. The lowest THDI value can be observed when
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EV1 and EV3 are present as their individual THDI values are the lowest.
However, when all of the EVs are connected for charging, the level of distortion
is still low, at 4.9%, which is significantly lower than the average THDI of all
the EVs (7.5%). The lowest THDI value is observed when EV1 and EV3 are
present, with a decrease in the third harmonic by 83% (phase angle difference
195 degrees) and in the fifth harmonic by 59% (phase angle difference 186
degrees). In all the observed cases, when there is more than one different EV
connected to the grid for charging, harmonic cancellation is observed and the
level of harmonic current will be smaller than the arithmetic sum total of the
currents.

EV4
Absent
Present

Table 1.2. THDI Values for EV Charging Configurations
EV2
Absent
Present
EV1
Absent
Present
Absent
Present
EV3
0
4.0%
12.2%
6.4%
Absent
3.3%
2.0%
5.7%
3.9%
Present
10.5%
4.6%
10.1%
6.5%
Absent
5.9%
3.6%
6.7%
4.9%
Present

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

1.3

Power Quality Issues Concerning Distributed Generation Units

Investigations [PAPER - V] and [PAPER - VI] provide an overview of power
quality issues that concern distributed generation units. Distributed generation
(DG) is the production of electricity at or near the point of consumption. Most of
the consumed energy is produced at the point of consumption and the rest of the
electricity is transferred into the distribution grid.
In most cases it is assumed that the electrical current and voltage have a
sinusoidal waveform. But if hundreds or thousands of minor power production
plants are connected to the grid, this could result in a distortion of the sinusoidal
current and voltage waveform. Small generators are usually combined with
frequency converters in order to drive them and synchronise them with the grid.
When a large number of DGs are connected to the distribution network, power
electronics become one of the main sources of harmonics [17].
As it is seen in Fig. 1.2, the number of new producers in the Estonian national
distribution grid as operated by Elektrilevi OÜ is increasing every year. An
especially increasing trend is adding new generation units that are at a lowvoltage level (more than 500 in four years).
19

Fig. 1.2. New Producers in the Elektrilevi OÜ Grid

Small producers can have an effect on all aspects of power quality. The possible
effects depend mainly on the power of the generation units when compared to
the short-circuit capacity of the grid. Effects are more serious as power of
generation unit increases and grid’s short-circuit capacity decreases. DG units
have a larger effect on local phenomena, such as supply voltage variation events,
flicker etc. DG units are usually not large enough to have a significant effect on
system frequency, but with larger units and a higher ratio of DG units, problems
may occur [18].
The varying power density of renewable energy resources (ie. irradiance level
and temperature in PV conversion and wind speed) potentially causes voltage
and frequency variations or sag/swell patterns in the grid. The application of
power converters as interfaces between energy sources and the grid, as well as
their interaction with other system components, may cause high levels of
harmonic distortion [19], [20].
For example, the performance of PV plants in terms of power quality levels
depends upon the inverter structure, external conditions such as solar irradiance
and temperature, the type and volume of loads, and the characteristics of the
supply system [21], [22], [23], [24]. The harmonics produced by DG in the
distribution network are influenced mainly by the factor of the equivalent
impedance in the PCC [23].
Although the quality of a network supply is conventionally assessed in terms of
voltage harmonics, the grid impedance determines how these relate to the output
current [25]. Power quality levels from inverters are significantly influenced by
minor distortions of the voltage waveform in the network into which power is
being directed. For example, in [25] a case analysis is presented for connecting
the DG unit into an ideal grid with resistive load. A voltage distortion of about
3.2% was indicated, whereas connecting the DG unit to the low voltage network
produced a voltage distortion of about 5.7% with all other conditions remaining
the same. Similar ranges were observed when the distortion was measured for an
inverter that was connected to the real grid and afterwards in an islanded
operation. The values of voltage THD were at 6.2% and 3.3% respectively [25].
The aim of the study [26] which was one part of research done for the thesis was
to use measurement data that had been obtained from eleven producers to
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analyse the present situation of power quality levels and the effects of the DG
units in order to determine whether they have an effect on local power quality
levels. The research focused on small producers with an installed capacity of
between 200 kW to 5 MW.
The research concludes that DG units can cause problems with supply voltages
due to complications in voltage regulation [27] or due to producing only active
power, which can cause over-voltages in nearby substations [18]. The effect is
more prominent if the DG unit is high-powered and/or is installed farther from
main substations in the grid [28].
Measurement results for continuous phenomena (Table 1.3) are presented using
the PQI (Power Quality Index) method [29]. The PQI method uses a relative
value that indicates the real value subject to the EN 50160 limit. For example,
THDU values of 3.8% and 10% correspond to PQI values of 47.5% and 125%.
Table 1.3. Measurement Results for DGs [26]
Parameter
Avg PQI [%]
Supply voltage variations (100% of time)
18.5
Flicker
43.6
Asymmetry
22.2
THDU
17.4
Harmonics
5.4

Max PQI [%]
66.7
150.0
50.5
46.2
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
air purifier
desk lamp
refrigerator 1
refrigerator 2
lamp set 1
lamp set 2
laptop 1
laptop 2
monitor
printer
TV 1
TV 2
TV-tuner 1
TV-tuner 2

P [W]
Q [VAr]
P [W]
Q [VAr]
P [W]
Q [VAr]
P [W]
Q [VAr]
P [W]
Q [VAr]
P [W]
Q [VAr]
P [W]
Q [VAr]
P [W]
Q [VAr]
P [W]
Q [VAr]
P [W]
Q [VAr]
P [W]
Q [VAr]
P [W]
Q [VAr]
P [W]
Q [VAr]
P [W]
Q [VAr]

harmonic order [n]
11.9
I [%]
10.3
φ [°]
30.7
I [%]
67.4
φ [°]
119
I [%]
77.9
φ [°]
80.7
I [%]
19.3
φ [°]
82.7
I [%]
-106.6
φ [°]
91.4
I [%]
-122.1
φ [°]
47.8
I [%]
-29.3
φ [°]
69.9
I [%]
-130.4
φ [°]
29.9
I [%]
-40.3
φ [°]
42.3
I [%]
-31.6
φ [°]
58.6
I [%]
-66.6
φ [°]
80.3
I [%]
68.5
φ [°]
6.6
I [%]
-10.1
φ [°]
3.9
I [%]
-5.4
φ [°]

1
100
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0

3
29
110
6
305
14
314
16
246
83
358
78
358
42
301
90
346
85
318
17
290
83
342
70
339
81
294
82
347

5
22
118
2
104
6
42
7
224
59
355
52
343
5
148
76
339
64
292
13
243
60
328
31
310
65
252
70
327

7
5
57
1
298
4
139
7
157
35
8
27
11
7
57
62
338
41
272
10
198
33
313
13
236
49
215
54
249

9
6
66
0
136
1
324
6
156
18
37
13
52
2
120
53
341
21
269
6
147
12
281
10
176
31
181
37
50

11
4
95
0
322
2
341
2
161
11
88
11
105
2
308
49
344
17
294
3
100
6
149
4
117
20
164
23
29

13
2
48
0
143
1
168
2
206
9
124
11
130
2
247
45
344
20
292
1
208
11
115
3
14
16
151
13
75

15
2
51
0
276
1
264
0
294
9
201
14
156
2
102
39
344
17
277
2
183
10
90
2
291
15
128
11
106

In order to estimate the total magnitude of harmonics it is important to know the
harmonic components and their magnitudes when it comes to designing
harmonic mitigation devices. For this purpose, the active and reactive power
level values, harmonic current magnitudes and harmonic current phase shift
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angle values of different home appliances were measured. The results for a
fourteen devices are presented in Table 2.1, where active (P) and reactive (Q)
power values for each device are given and complemented with harmonic
current and phase shift angles up to 15th order. In further modelling process,
described in last chapter of the thesis, values up to 50th harmonic have been
used, but due to their low values are not presented at this point.
From the Table 2.1 it can be seen that a number of devices used in housekeeping
have a moderate active power consumption around 100 W or less. As comparing
harmonic current values, it can be said that there are very different current
curves. All those devices together can reach up to one or two kW-s and show
very varying harmonic spectres.
In study [32] which was a part of research done for the thesis, average values for
devices, eg. laptops, printers, monitors, etc were presented. For example, third
harmonics for laptops in this analysis are presented in Fig. 2.1, where ‘X’ and
‘Y’ are standing for active and reactive current components (‘+’ if consuming, ‘’ if producing) calculated using formulas (9) and (10). The arithmetic mean
(AMe) of amplitudes and geometric mean (GMe) of phase angles were
calculated respectively according to (11) and (12). The results show that same
type of appliances can be modelled with one universal model. All values are
presented as percentage of fundamental current which itself is taken 100%.

Fig. 2.1. Quadrant of Third Harmonic Current Vectors of Different Laptops. [32]
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By the research [32] it can conclude that same type appliances from different
manufactures have similar current curves. For example measured laptops and
monitors all have odd harmonic currents up to 11th order with reactive
generating nature as seen in Fig. 2.1.
(9)
(10)
(11)
,

(12)

where Ii is current amplitude of the order i, φi is phase angle between
fundamental voltage and current of order i, ii is current rms of order i.
Same type averaged values as in Fig. 2.1 calculated with upper mentioned
equations (9-12) are worked out also for electrical vehicles and PV panels.
Those results are presented in following sections and are used in modelling
which is covered in the last chapter.

2.2

The Characteristics of Electrical Vehicle Chargers

Study [PAPER - IV] introduces the EV battery charger load, which is a powerful
nonlinear load. Chargers for modern EVs that are intended for charging at home
are actually operating close to the load levels that the average residential
customers already consume without the EV. EVs draw between 10 A to 15 A of
current, which means that adding an EV essentially means load doubling in
many homes [33].
An EV battery requires a DC supply for charging, and the simplest approach is
to use a single-phase full-bridge rectifier in the circuit. Another option for higher
power ratings is to use a three-phase diode rectifier.
A disadvantage inherent in all of the uncontrolled rectifiers is the high content of
current harmonics that are injected to AC power networks. Based on the
available literature, it can be concluded that over the years the volume of
distortion from EV charging has decreased. Measurements in the 1990s
indicated that the use of uncontrolled or low-control rectifiers results in an
average THDI of 50% [34]. Measurements of modern commercial EVs have
indicated a charging THDI around 11% or 12% [35], [36], and levels as low as
4.5% [37]. When using more advanced power electronic circuits and controls, a
variety of topologies results in a THDI below 5% at a load level between 50%
and 100% of rated power [38].
Investigation [PAPER - VI] focuses on the identification of the properties of EV
chargers. The EV chargers that are being produced by EV manufacturers and the
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types available are very likely to have different harmonic patterns, ie. individual
current harmonic magnitude levels and phase angle values. A comparison of the
measured EVs in steady state current charging mode is presented in Table 2.2.
EV
1
2
3
4

Table 2.2. Measured Characteristics for Charging EVs.
Charging
Charging
THDI during steady state
current [A]
power [kW]
charging [%]
9.7
2.2
4.2
10.3
2.4
12.3
12.7
2.9
3.4
10.3
2.4
10.5

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

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

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

In Table 2.3, averaged harmonic currents of measured EVs for all orders up to
the 50th are given for modelling the mean EV. Different values are given for
distinguishable harmonic orders and groups with similar dimension.
Table 2.3. Current Harmonic Amplitudes of Mean EV
Order
Amplitude
2
0,4
3
7,5
4; 6; 8; 10
0,2
5
1,9
7
1,4
9; 11; 13; 15
0,65
12...50 even
0,06
17...49 odd
0,25
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Phase angles of current harmonics for the mean EV are presented in Table 2.4.
3rd and 33rd harmonic phase shift values are given separately due to their
discrepancy.
Table 2.4. Current Harmonic Phase Shift Angles of Mean EV
Order
Angle
2; 4; 8; 12; 14; 18; 22; 28; 32; 36; 40; 42; 46
200
3
40
5; 7; 17; 21; 31; 35; 37; 41; 45
210
6; 10; 16; 20; 24; 26; 30; 34; 38; 44; 48; 50
150
9; 11; 13; 15; 19; 23; 25; 27; 29; 39; 43; 47; 49
140
33
90

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

2.3

The Characteristics of PV Panel Systems

PV system has been chosen as an example for distributed generation units. The
harmonic generation of a PV system depends on the inverter technology, solar
irradiance, temperature, loads, and the supply system characteristics.
Both the current THD and the output reactive power are related to the output
active power levels, which in turn are strongly dependent upon solar irradiance
levels.
Most of the inverters consume or feed reactive power into the network
depending on their output active power and their technology. During operation
at low solar irradiance levels (eg. sunrise, sunset, and on cloudy days), current
THD values can increase rapidly because the THD factor is inversely
proportional to the output active power of the PV inverters. THD is notably
reduced as the output active power of the PV inverters increases and reaches its
nominal value [39], [40].
The magnitude and order of harmonic currents that are injected by converters
depends upon the technology and topology of the inverter [41], and its mode of
operation [42]. The current harmonic content of most modern sine wave
inverters is typically less than 3% [43].
The harmonic current emission of the converters depends on power output, this
being comparatively high during low power generation and comparatively low if
generated power exceeds an approximate figure between 15% and 20% of the
rated power [21], [22], [24]. Most commercial inverters for connecting low
power generators into the grid are designed to operate at unity power factor, but
the inverter fails to maintain unity power factor at low power outputs [25].
Some inverters combine the reference source and the synchronisation in the grid
voltage, by using the shape of the grid voltage as a reference source. In the case
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of distorted grid voltage, the reference source will be distorted and the current
control loop of the inverter influence its output current accordingly [44]. A
distorted voltage acts like a disturbance in the inverter control system, causing a
distortion of the current waveform generated by the inverter [39].
Investigation [PAPER - VIII] introduces the measurement results for three PV
systems and offers averaged values for a single phase PV system for the purpose
of further modelling. The measurement results for a single phase PV inverter for
three power levels are presented in Table 2.5. Power levels are describing
situations where PV output power is approximately 30%, 60% and 100%
accordingly. From the data presented in the tables, it is apparent that current
distortion decreases with increasing current. The same conclusion can be drawn
by observing the power factor (PF) value which approaches unity with
increasing current.
Table 2.5. Measured Power and Power Quality Values for a Single Phase PV Inverter
Power
level

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

PF

THDU THDI
[%]
[%]

30%

233.6

3.45

739

322

807

1

0.92

1.01

4.27

60%

238.8

9.08

2125

-425

2168

1

0.98

0.82

1.98

100%

239.1

11.73

2783

-257

2805

1

0.99

1

1.67

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

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

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

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

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

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

It can be concluded that the current harmonic distortion of the PV device output
is correlated against current. Distortion is decreased when the PV operates at a
higher load level. Due to unstable energy availability (ie. variable solar
radiation), continuous variation in power quality parameters are expected. In the
research that was conducted for this thesis, two PV devices also exhibited
considerable harmonic current distortion at full power (with an average THD
that was over 5%). Only one PV had an average current THD under 2%, which
is considered to be satisfactory.
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3

MODELLING WITH NONLINEAR DEVICES

After investigating the power quality issues and characteristics of nonlinear
loads and nonlinear generation units, the next step is to use this knowledge and
data in models. For this investigation modelling was carried out using
DIgSILENT Power Factory software.
Goal of the modelling was to use the averaged values presented in chapter two
and evaluate distortion values at residential bus bar. Due to various nontechnical obstacles averaged values of small appliances are not included in the
modelling process and real measurement data for all implemented appliances is
used. For EV and PV averaged values as described in chapter two are used in the
modelling process.
Description of Modelling Method
The 50 Hz residential distribution network at 0.4 kV with loads for assessing
load flow were modelled using DIgSILENT Power Factory software. The model
consisted of a three-phase residential load at 0.4 kV voltage level composed of
different single phase loads. The schematic of the residential load model is
presented in Fig. 3.1. Modelled devices were arranged in a manner where similar
active power consumption was seen in every phase. In the model, all nonlinear
devices are in operation and coincidence factors are not taken into account, thus
representing the presumed worst case scenario.

Fig. 3.1. Schematic of Residential Load Model

For assessing the influence of the residential load, the active and reactive power
level values, harmonic current magnitudes and harmonic current phase shift
angle values of fourteen home appliances were used in modelling process. Part
of the measurement results were presented in Table 2.1 in section 2.1. For
modelling PV generation and EV load averaged values described in chapter 2
were used.
The compiled residential load was connected to the distribution network
substation via a 1.4 km long 4x95 mm overhead line (OHL) as depicted on Fig.
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3.2 and it is the only consumer of this substation. The distribution network
substation was connected to a 10 kV network with short-circuit power of 200
MVA and short-circuit current 11.5 kA, which represents grid strength below
average if compared to other distribution grids. The high voltage (HV) busbar is
modelled as a slack bus. The transformer used in the distribution substation was
modelled with the following parameters:
•
•
•
•
•

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

Fig. 3.2. Schematic of Distribution Grid Model

Implemented parameters in the simulation were selected based on power quality
problematic issues identified in Elektrilevi’s network (Estonia’s main
distribution grid operator) for July 1, 2013. The length of the OHL between
substation and customer’s PCC was defined as an average of all the lines
between substations and customers with power quality problems. Similarly, the
selected diameter of the line and nominal power of the transformer are the most
common values for the identified problematic components.
Harmonic voltage amplitudes and phase angles up to the 50th order were obtained
from measurements conducted by Elektrilevi at one of the sites where power
quality issues were identified. Harmonic voltage distortion at the 10 kV bus was
measured and modelled around 2%, which is a common value for this grid.
Initial Conditions of Modelling
Initial conditions represent the loads common to present day households.
 First case: one EV charging load connected to the PCC in addition to the
initial load.
 Second case: one single-phase PV unit connected to the PCC in addition
to the initial load.

32



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
Ib
Ic
In
Ia
I
1.0
1.3
1.3
0.7
Ub
Uc
Ua
U
230
230
231
Pb
Pc
Pa
P
0.23
0.28
0.25
Qb
Qc
Qa
Q
-0.01
-0.12
-0.16
PFb
PFc
PFa
PF
1.00
0.92
0.84
THDb
THDc
THDa
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.

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

Fig. 3.4. Modelled Current Values with EV Load

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

Fig. 3.5. Modelled Voltage THD Values with EV Load

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

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

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

3.2

Modelling Residential Load with Photo Voltaic

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

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

Fig. 3.9. Modelled Current Values with PV Load

Significant voltage THD rise due to the connected PV could not be seen as it
was predicted. Instead, THD decreased slightly in cases where PV was
connected to phase A and C as evident in Fig. 3.10.
Due to the change in reactive power, seen in Fig. 3.12, the PF value changed in
the phase where the PV was installed, seen in Fig. 3.11. As PV was generating a
power to the grid, PF values were negative. Added PV load increased active and
reactive power values in the same amount as the PV power values were and in
the same phase where they were added.
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Fig. 3.10. Modelled THD Values with PV Load

Fig. 3.11. Modelled PF Values with PV Load

Fig. 3.12. Modelled Active and Reactive Power Values with PV Load
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3.3

Modelling Residential Load with Photo Voltaic and Electrical
Vehicle Simultaneously

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

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

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

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

Fig. 3.16. Modelled PF Values with EV and PV Load
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In the worst case, voltage THD increases in one phase by up to 0.6%, but
placing the EV and PV together in the same phase can lead to slightly decreased
voltage THD in several situations. Voltage THD and PF values are presented in
Fig. 3.15 and Fig. 3.16 respectively.
Devices that are in the same phase lead to a slight growth of reactive power in
the same phase as evident in Fig. 3.17. Active power is compensated due to
opposite direction of power flow of the EV and PV.

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

Voltage distortion increases when PVs and EVs are connected to a residential
load. The rise is dependent upon grid strength, and a less attractive situation
occurs in cases in which less powerful transformers and thinner cables are
utilised. The present study showed that the most reasonable option is to connect
both the PV and EV into the same phase. Installing the EVs and PVs separately
or installing them in separate phases results in a notable increase in voltage
distortion.
The situation is more severe in terms of voltage drops and rises and neutral
currents. In cases in which the PV and EV were both installed in different
phases, the voltage in those phases in which the PV was connected rose near the
10% limit, and decreased close to 10% in the phase in which the EV was
connected. When the PV and EV were connected in different phases, the neutral
currents were up to 1.8 times higher than phase currents. It can be concluded that
modelling with different transformer power ratings, power cable lengths and
cross sections, should be conducted before installing any nonlinear devices.
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CONCLUSIONS
The findings of this thesis are important when distributed generation units,
electrical vehicles, and other nonlinear loads are going to be connected into lowvoltage networks in great numbers. When grid strengthening and load
connecting are arranged wisely, the need to make investments could be
postponed or reduced.
In Estonia, such distribution grids with residential loads as described in the
thesis with predictable new nonlinear loads and EVs and DG units are common.
Estonia’s potential for dispersed generation units is extensive and the impacts for
power quality may be massive even if the majority of that potential is not even
installed. On the load side, the number of EVs is growing and, besides this, a
vast number of heat-pumps with extensive power consumption are connected to
residential houses. Heat pumps were not considered in this thesis.
In the situation in which generation as well as consumption results in decreased
power quality levels in the grid, it is essential to analyse both generation and
consumption in a comprehensive way. If comprehensive research proves to be
necessary, it may make sense to limit the usage of new power generating units
and appliances or to use other methods in order to decrease their negative effect
upon power quality levels.
Detailed predictions on the possible harmonic distortion levels of distribution
networks in future are complex. Many nonlinear loads have low power
consumption and, for low power levels, their quality requirements are not strictly
regulated by any standards. The effect of such nonlinear loads can be hazardous
to network operation if the number of such devices is extensive. The total impact
depends upon the number of appliances, their power ratings, and the
characteristics of their current waveforms. A lack of enforceable standards has
not encouraged the utility companies to implement wide-ranging monitoring, but
it is becoming steadily more important as the number of power electronic
devices in the grid is growing.
The characteristics of electric vehicles and distributed generation units have
been presented before now; however, the measurement results have not revealed
the individual harmonic magnitude and phase angle values in a detailed enough
manners so that, for example, an evaluation can be drawn up of the way the
harmonic patterns total together. In order to determine the impact of current
harmonics on both, the network and voltage harmonics, the actual harmonic
current values will have to be used.
Several aspects of how to avoid possible power quality issues are handled in the
thesis. One measure for reducing the distortion is to arrange the loads between
phases more wisely. This is something that can be carried out when the
harmonic content of these loads are known. In the case of similarly loaded
feeders, transposing the phases in substations may be considered beneficial in
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the future. Generally, powerful new loads and generation units should be
modelled in the existing network before any installation work is carried out.
Therefore, many field and laboratory measurements were carried out during the
process of PhD studies. Averaged values were suggested and all of the results
were published in order to help this process in the future.
Concluding Results
Based on the doctoral thesis it can be concluded that:
 small appliances in vast numbers affect power quality levels in several
aspects
 the unregulated charging of powerful loads such as EVs may have a
negative effect on power quality indices
 unregulated installation of distributed generation units such as PVs and
WTs have a negative effect on power quality indices
 the neutral current may rise to dangerous levels when nonlinear loads and
nonlinear generation units are implemented unwisely
 due to the existence of nonlinear loads with significantly distorted currents
the entire residential load is severely distorted
 due to unbalanced nonlinear loads a high current in a neutral conductor can
occur
 more severe situations with a reinforcement of current harmonics rise as
more of the same appliances are installed together
 harmonic cancellation can be observed when a wider range of appliance
types are installed together
 for a precise evaluation of harmonics, phase angle values are needed as well
as magnitude values
Scientific and Practical Novelty
The scientific and practical novelty of the doctoral thesis includes:

bring overall attention in Estonia to the power quality topic

bring attention to possible severe future trends in power quality to the
distribution grid specialist in Estonia

analysing field measurements results up to fiftieth harmonic order

analysing harmonic angles in addition to amplitudes

modelling nonlinear loads together with nonlinear generation units

proposing more precise models for specific nonlinear loads and nonlinear
generation units

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

publishing characteristics of various nonlinear loads and nonlinear
generation units

mapping different power quality issues due to nonlinear loads and nonlinear
generation units
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Suggestions
Based on the doctoral thesis clear following suggestions can be made:
 distribution network companies should map all the possible risks
concerning new nonlinear loads and nonlinear generation units
 distribution network companies should monitor changes in power
quality over time in areas where possible new generation units may be
installed
 distribution network companies should set limits for next generation unit
installations if there have been already remarkable changes due to
nonlinear generation units
 distribution network companies should utilise their monitoring resource
in maximum possible manner (remote meter reading devices)
 small producers should be informed and share the responsibility of all
possible negative effects (including changing power quality parameters)
of utilising small generation units
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FUTURE WORK
Those studies that have been conducted for this thesis only examine one
household and one PV or EV at a time. The effects described may escalate when
a larger number of devices are considered. Special attention is required in
situations in which devices have similar harmonic patterns, the harmonic
cancellation effect is minimal, and the grid is weak. It has been shown that
different network configurations, transformer sizes, and network strength are
relevant in this type of study. Therefore, comprehensive measurements taken
from the distribution grid are aimed at clarifying the present power quality
situation.
General values for further modelling of PVs and EVs were presented in this
thesis, but additional measurements should be carried out in order to obtain more
accurate values for modelling PV generators and EV loads. It will be necessary
to have measurement data that extend over entire years in order to acquire results
that are independent of any disturbance. Furthermore, flicker and voltage level
issues should be accounted for as they may have a significant influence on real
life applications.
Beside DGs and EVs, field and laboratory measurements for all other significant
nonlinear loads such as, for example, heating pump loads, are planned with the
goal of presenting more precise models for further modelling. Current harmonic
profile changes for those loads and generation units due to voltage profile are
one of the main objectives.
Upon completion of all the aforementioned measurements and models,
everything needs to be modelled together in various scenarios and in diverse
grids. Comprehensive data then helps in carrying out various analyses for
specific situations.
Undergoing the replacement of old induction meters with new digital meters in
Estonia has raised interest when it comes to investigating more widely the
accuracy of energy meters under the conditions of distorted power quality levels.
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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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Kokkuvõte
Maailm liigub jõuliselt üha mahukama taastuvenergia kasutamise suunas, mis
aina enam hakkab mõjutama traditsioonilisi elektrivõrke. Seda just paljuski
elektrikvaliteedi seisukohast, kuna elektritootmisüksused on tavapäraselt
genereerinud elektrienergiat siinuspingel ning kõik võrku ühendatavad tarvitid
on ettenähtud talitlema samuti siinuspingel. Tänapäeval on aga jõutud olukorda,
kus võrku ühendatakse aina enam elektrit genereerivaid seadmeid, mille
väljundpinge kuju moduleeritakse jõuelektroonika abil ning mille kuju ei vasta
enam siinuslainele. Teisest küljest on kadumas kasutusest traditsioonilised
tarvitid, mis talitlevad siinuselise kujuga voolu tarbides, ning need asenduvad
aina enam elektroonikat sisalduvate seadmetega, mille tarbimisvool ei pruugi
võrgusageduslikku siinuslaine kuju meenutada.
Ühelt poolt uute tootjate ja teiselt poolt uute tarbijate lisandumine endistel
põhimõtetel ehitatud elektrivõrku toob tulevikus kaasa erinevaid väljakutseid.
Probleeme võib tekkida nii nende seadmete endaga kui ka kõikide allesjäänud
traditsiooniliste seadmetega ja sealhulgas elektrivõrgu komponentidega. Peale
võimalike tõrgete lisandumisega seadmete talitlusele võivad oluliselt väheneda
nende planeeritud eluead, suureneda elektrikaod ning võimenduda nähtused, mis
varasemalt ei ole probleemiks olnud.
Erinevatest probleemidest, mis võivad elektrijaotusvõrgus ilmneda, antakse
ülevaade töö esimeses osas. Eraldi peatükkidena on välja toodud väikese
võimsusega tarvitite, elektriautode ning hajatootmisüksuste mõju.
Töö teises osas on kirjeldatud väikese võimsusega tarvitite, elektriautode ja
hajatootmisüksuste karakteristikuid. Välja on toodud on mõõtetulemused ning
esitatud keskmistatud väärtused edaspidiseks modelleerimiseks.
Töö kolmas osa võtab kokku modelleerimistulemused. Enamikel juhtudel on
modelleeritud võrku alates väikese võimsusega toitetrafost kuni pika liini lõpus
olevate tarbijateni. Tarbijatena on kujutatudelektriautosid, päikesepaneele ning
erinevaid väikese võimsusega tarviteid.
Käesoleva töö järeldus on, et tänapäevased elektroonikat sisaldavad seadmed on
väga erinevate tehniliste näitajatega ning enne nende massilist elektrivõrku
ühendamist tuleks teha mahukad uurimused. Selgeks tuleb teha nii seadmete
karakteristikud kui nende võrku ühendamise võimalikkus ning võimalikkuse
piir. Selge on, et ebalineaarsed seadmed mõjutavad elektrikvaliteedi näitajaid
märgatavalt.
Antud doktoritöö on aluseks tulevaste mahukamate uurimuste tegemisel ning
tõestab, et vaja on teostada veelgi laiaulatuslikumaid mõõtmisi ning iga
konkreetse olukorda modelleerimiseks tuleks välja töötada võimalikult täpsed
mudelid erinevate seadmetüüpide ning nende koosseisu kohta võrgus.

49

Elulookirjeldus
1.

Isikuandmed
Ees- ja perekonnanimi: Jaan Niitsoo
Sünniaeg ja -koht: 24.02.1987, Rapla
Kodakondsus: Eesti
E-posti aadress: jaan.niitsoo@ttu.ee
Aadress: Vesiniku tee 1, Vääna-Jõesuu

2.

Hariduskäik

Õppeasutus
(nimetus lõpetamise ajal)

Lõpetamise
aeg

Tallinna Tehnikaülikool

2010

Tallinna Tehnikaülikool

2009

Rapla Vesiroosi
Gümnaasium

2006

3.

Haridus
(eriala/kraad)
Elektroenergeetika/ Tehnikateaduse
magister
Elektroenergeetika/ Tehnikateaduse
bakalaureus
Keskharidus

Keelteoskus (alg-, kesk- või kõrgtase)
Keel

Tase

Eesti keel
Inglise keel
Vene keel
Soome keel
4.

Kõrgtase
Kõrgtase
Algtase
Algtase

Täiendusõpe

Õppimise aeg

Täiendusõppe nimetus

2016 (5 päeva)

Assessorite koolitus

2015 (3 päeva)

Substation Earthing koolitus

50

Täiendusõppe läbiviija
Eesti
Akrediteerimiskeskus
EA Technology,
Inglismaa

2014 (5 päeva)
2012 (3 päeva)
2011 (3 päeva)
2011 – 2012
2011 (3 päeva)
2010 – 2013
2010 (14 päeva)
2010 (14 päeva)

5.

Erinevad täienduskoolitused
Suvekool „Power“
Kevadkool „Automation and
Modelling of Fuel Cell and
Hydrogen based Energy Systems“

Inspecta OÜ, Eesti
Aalborgi Ülikool, Taani
Aalto Ülikool, Soome
DIgSILENT GmbH,
Gomaringen, Saksaamaa
Lappenranta
Tehnikaülikool, Soome
Energia- ja geotehnika
doktorikool II
Aarhuse ülikool, Taani
Stralsundi
Rakendusteaduste
Ülikool, Saksamaa

Teenistuskäik

Töötamise aeg
2014 - …
2010 - …
2010 – 2011
2008
2005

6.

A-pädevuse eksamiks
ettevalmistav loengusari
Harmonics in Power Electronics
and Power Systems koolitus
Post-Graduate Course on Power
Quality
Erinevad DIgSILENT tarkvara
koolitused
Overvoltages, overvoltage
protection and insulation
coordination in high voltage
power systems

Tööandja nimetus
Elektrilevi OÜ
Tallinna
Tehnikaülikool;
Elektroenergeetika instituut
Kehtna Majandus- ja Tehnoloogiakool
OÜ Jaotusvõrk
AS Eltel Networks

Ametikoht
Sektorijuhataja
Assistent
Õpetaja
Spetsialist
Elektrik

Teadustöö põhisuunad
 Loodusteadused ja tehnika, Energeetikaalased uuringud, Energeetika

7.

Jooksvad projektid
 Uute elektritootmismustrite mõju kõrgepingeseadmete ja kaablite
isolatsioonile

51

8.

Teaduspreemiad ja -tunnustused

2014
2013
2013
2013
2012
2012
2012
2011
2011
2010
2010

9.

Elektriala A-pädevus
Mati Jostovi nimeline doktoriõppe stipendium
Volitatud elektriinsener V kutse
Talveakadeemia 2013 teadustööde konkursi II astme 3. koht
Jaan Poska nimeline stipendium
Talveakadeemia 2012 parim ettekanne
Talveakadeemia 2012 teadustööde konkursi II astme 1. koht
Olev Liigi nimeline doktoriõppe stipendium
Talveakadeemia 2011 teadustööde konkursi II astme 1. koht
Ülemaailmse Eesti Kesknõukogu (ÜEKN) Margot ja Herbert Linna
nimeline stipendium
Tallinna Tehnikaülikooli Elektroenergeetika magistriõppe lõpetamine
cum laude

Juhendatud väitekirjad

2015
2015
2015
2014
2013
2013
2013
2012
2012
2012
2011

Alo Toom, magistrikraad, Elektrilevi OÜ KP/MP alajaamade
lahendused ülitihedalt asustatud piirkondades, Tallinna Tehnikaülikool
Roland Murakas, bakalaureusekraad, Kõrgemate harmoonikute mõju
elektrienergia arvestite täpsusele, Tallinna Tehnikaülikool
Toomas Kilgi, bakalaureusekraad, Elektritarvitite voolukarakteristikud,
Tallinna Tehnikaülikool
Rasmus Armas, magistrikraad, Väiketootja mõju pingekvaliteedile
jaotusvõrgus Elektrilevi OÜ näitel, Tallinna Tehnikaülikool
Henri Külm, bakalaureusekraad, Väiketuulikute mõju elektrikvaliteedile,
Tallinna Tehnikaülikool
Erik Arro, bakalaureusekraad, Elektriauto laadimise mõju
elektrikvaliteedile, Tallinna Tehnikaülikool
Allar
Keerme,
bakalaureusekraad,
Päikesepaneelide
mõju
elektrikvaliteedile, Tallinna Tehnikaülikool
Madis Leinakse, bakalaureusekraad, Elektrienergia kvaliteedi mõõtmine
analüsaatoriga Chauvin Arnoux C.A 8352, Tallinna Tehnikaülikool
Ats Haas, bakalaureusekraad, Elektrikvaliteedi mõju elektrienergia
arvestite täpsusele, Tallinna Tehnikaülikool
Jaan Jakobson, magistrikraad, Soome, Eesti, Läti ja Leedu ühine
maagaasi järelturg, Tallinna Tehnikaülikool
Edgar Dubbelmann, magistrikraad, Tuuleelektrijaama modelleerimine
ning mudeli verifitseerimine, Tallinna Tehnikaülikool

52

Curriculum Vitae
1. Personal data
Name: Jaan Niitsoo
Date and place of birth: 24.02.1987, Rapla, Estonia
E-mail: jaan.niitsoo@ttu.ee
Address: Vesiniku tee 1, Vääna-Jõesuu, Estonia
2. Education
Graduation
year

Educational institution
Tallinn
University
Technology

of

Tallinn
University
Technology

of

Rapla Vesiroosi Gymnasium

Education
(field of study/degree)

2010

Electric Power Engineering/
Master of Science

2009

Electrical Power Engineering/
Bachelor of Science

2006

Secondary education

3. Language competence/skills (fluent; average, basic skills)
Language

Level

Estonian

Fluent

English

Fluent

Russian

Basic skills

Finnish

Basic skills

4. Special Courses

Period

Course name

2016 (5 days)

Assessors Training

2015 (3 days)

Substation Earthing course

53

Organization
Estonian Accreditation
Centre
EA Technology, UK

2014 (5 days)
2012 (3 days)
2011 (3 days)
2011 – 2012
2011 (3 days)
2010 – 2013
2010 (14 days)
2010 (14 days)

Lectures
for
preparing
“A”
competency level exam in field of
electricity
Harmonics in Power Electronics and
Power Systems
Post-Graduate Course on Power
Quality
Different DIgSILENT software
courses
Overvoltages, overvoltage protection
and insulation coordination in high
voltage power systems

Inspecta OÜ, Estonia

Aalborg
University,
Denmark
Aalto
University,
Finland
DIgSILENT GmbH,
Gomaringen, Germany
Lappenranta
University
of
Technology, Finland
Doctoral School of
Different intensive courses
Energy
and
Geotechnology II
Aarhus
University,
Summer School „Power“
Denmark
Spring School „Automation and Stralsund University of
Modelling of Fuel Cell and Applied
Sciences,
Hydrogen based Energy Systems“
Germany

5. Professional Employment
Period
2014 - …
2010 - …
2010 - 2011
2008
2007
6.

Organisation
Elektrilevi OÜ
Tallinn University of Technology,
Department of Electrical Power
Engineering
Kehtna Economics and Technology
School
OÜ Jaotusvõrk
AS Eltel Networks

Position
Department manager
Assistant
Teacher
Specialist
Electrician

Field of research
 Natural Sciences and Engineering, Energetic Research, Energy research

7.

Current grants & projects
 Impact of new types of electricity generating patterns to high voltage
equipment and cable insulations

54

8.

Honours & Awards

2014
2013
2013
2013
2012
2012
2012
2011
2011
2010
2010
9.

“A” competency level in field of electricity
Mati Jostov named scholarship for doctoral studies
Accredited Electrical Engineer level V
3rd place on Talveakadeemia 2013 competition of scientific papers
Jaan Poska named scholarship
Best presentation at Talveakadeemia 2012
1st place at Talveakadeemia 2012 competition of scientific papers
Olev Liigi named scholarship for doctoral studies
1st place at Talveakadeemia 2011 competition of scientific papers
Margot ja Herbert Linna named scholarship
Cum Laude for Master’s studies at Tallinn University of Technology

Dissertations supervised

2015
2015
2015
2014
2013
2013
2013
2012
2012
2012
2011

Alo Toom, Master’s Degree, Solutions for Elektrilevi OÜ MV/LV
substations in urban core areas, Tallinn University of Technology
Roland Murakas, Bachelor’s Degree, Effect of higher harmonics on the
accuracy of electricity meters, Tallinn University of Technology
Toomas Kilgi, Bachelor’s Degree, Current Harmonics of Various
Devices, Tallinn University of Technology
Rasmus Armas, Master’s Degree, Impact of Small Producers on Power
Quality in Distribution Grids Based on Elektrilevi OÜ Grid, Tallinn
University of Technology
Henri Külm, Bachelor’s Degree, Impacts of Small Wind Turbines on
Power Quality, Tallinn University of Technology
Erik Arro, Bachelor’s Degree, Electric Vehicle Charging Impact on
Power Quality, Tallinn University of Technology
Allar Keerme, Bachelor’s Degree, Impacts of Photovoltaic Panels on
Power Quality, Tallinn University of Technology
Madis Leinakse, Bachelor’s Degree, Analysis of Electrical power
quality with Electrical network analysis instrument Chauvin Arnoux C.A
8352, Tallinn University of Technology
Ats Haas, Bachelor’s Degree, Power Quality Effects on Electrical
Energy Meter’s Accuracy, Tallinn University of Technology
Jaan Jakobson, Master’s Degree, Finland, Estonia, Latvia and Lithuania
common natural gas secondary market, Tallinn University of
Technology
Edgar Dubbelmann, Master’s Degree, Wind Power Plant Modelling and
Model Verification, Tallinn University of Technology

55

AUTHOR’S PUBLICATIONS
[A1]

Niitsoo, J.; Taklaja, P.; Palu, I.; Klüss, J. (2015) Power quality issues
concerning photovoltaic generation and electrical vehicle loads in
distribution grids. Smart Grid and Renewable Energy, vol. 6, no. 6, pp.
164 – 177.

[A2]

Niitsoo, J.; Jarkovoi, M.; Taklaja, P.; Klüss, J.; Palu, I. (2015) Power
quality issues concerning photovoltaic generation in distribution grids.
Smart Grid and Renewable Energy, vol. 6, no. 6, pp. 148 – 163.

[A3]

Niitsoo, J.; Taklaja, P.; Palu, I.; Kiitam, I. Modelling EVs in residential
distribution grid with other nonlinear loads. Proceedings of the 15th
International Conference on Environment and Electrical Engineering.
10-13 June 2015, Rome, Italy. IEEE, pp. 1543 – 1548.

[A4]

Taklaja, P.; Kiitam, I.; Niitsoo, J.; Hyvönen, P.; Klüss, J.V. (2015).
Electric field distribution in glass and porcelain pin insulators.
Proceedings of the 15th International Conference on Environment and
Electrical Engineering, Rome, Italy, 10-13 June 2015. IEEE, pp. 367 371.

[A5]

Kiitam, I.; Taklaja, P.; Niitsoo, J.; Hyvönen, P. (2015). Cable
diagnostics methods for determining degradation caused by renewable
energy production. Proceedings of 5th the International Conference on
Power Engineering, Energy and Electrical Drives, Riga, Latvia, 11-13
May 2015. IEEE.

[A6]

Kütt, L.; Saarijärvi, E.; Lehtonen, M.; Mõlder, H.; Niitsoo, J. (2014).
Estimating the harmonic distortions in a distribution network supplying
EV charging load using practical source data — case example.
Proceedings of the 2014 IEEE Power and Energy Society General
Meeting; National Harbor, MD, USA; 27-31 July 2014. IEEE.

[A7]

Kütt, L.; Saarijärvi, E.; Lehtonen, M.; Mõlder, H.; Niitsoo, J. (2014).
Electric vehicle charger load current harmonics variations due to supply
voltage level differences — Case examples. Proceedings of the 2014
International Symposium on Power Electronics, Electrical Drives,
Automation and Motion (SPEEDAM), 18-20 June 2014, Ischia, Italy.
IEEE, pp. 917 - 922.

[A8]

Taklaja, P.; Hyvönen, P.; Klüss, J.V.; Niitsoo, J.; Palu, I. (2014).
Preventing Bird Streamer Outages Using Alternative Tower
Configurations. IEEE Transactions on Power Delivery, vol. 29, no. 5,
pp. 2402 - 2409

[A9]

Niitsoo, J.; Palu, I.; Kilter, J.; Taklaja, P.; Vaimann, T. (2013).
Residential load harmonics in distribution grid. Proceedings of 3rd
International Conference on Electric Power and Energy Conversion
56

Systems 2013: EPECS 2013, October 2-4, 2013, Istanbul, Turkey.
Istanbul: IEEE, pp. 1 - 6
[A10] Kütt, L.; Saarijärvi, E.; Lehtonen, M.; Mõlder, H.; Niitsoo, J. (2013).
Current Harmonics of EV Chargers and Effects of Diversity to Charging
Load Current Distortions in Distribution Networks. Proceedings of 2013
International Conference on Connected Vehicles & Expo: (ICCVE
2013), Las Vegas, 2-6 Dec 2013. IEEE, pp. 1 - 6
[A11] Niitsoo, J.; Kilter, J.; Palu, I.; Taklaja, P.; Kütt, L. (2013). Harmonic
Levels of Domestic and Electrical Vehicle Loads in Residential
Distribution Networks. Proceedings of IEEE AFRICON 2013
Conference, 9-12 September 2013, Mauritius. IEEE, pp. 184 - 188
[A12] Taklaja, P.; Oidram, R.; Niitsoo, J.; Palu, I. (2013). Main Bird
Excrement Contomination Type Causing Insulator Flashovers in 110 kV
Overhead Power Lines in Estonia. Oil Shale, 30(2S), pp. 211 - 224
[A13] Taklaja, P.; Oidram, R.; Niitsoo, J.; Palu, I. (2013). Causes of Indefinite
Faults in Estonian 110 kV Overhead Power Grid. Oil Shale, 30(2S), pp.
225 - 243
[A14] Niitsoo, J.; Kütt, L.; Taklaja, P. (2013). Consequences of Distributed
Generation on Power Quality. In: Proceedings of 14th International
Scientific Conference Electric Power Engineering 2013: EPE 2013, May
28-30, 2013, Kouty nad Desnou, Czech Republic. (Toim.) Rusek, S.;
Goňo, R.. IEEE, pp. 163 - 167
[A15] Taklaja, P.; Hyvönen, P.; Niitsoo, J.; Palu, I.; Klüss, J.; Kütt, L. (2013).
Volt-Time Characteristics of Medium Voltage Overhead Line Porcelain
Pin Insulators. Proceedings of the 14th International Scientific
Conference Electric Power Engineering 2013: EPE 2013, May 28-30,
2013, Kouty nad Desnou, Czech Republic. IEEE, pp. 423 - 427
[A16] Kütt, L.; Saarijärvi, E.; Lehtonen, M.; Mõlder, H.; Niitsoo, J. (2013). A
Review of the Harmonic and Unbalance Effects in Electrical
Distribution Networks due to EV Charging. Proceedings of the 12th
International Conference on Environmental and Electrical Engineering
2013. IEEE, pp. 1 - 6
[A17] Kütt, L.; Saarijärvi, E.; Lehtonen, M.; Mõlder, H.; Niitsoo, J. (2013). A
Review of the Effects of Electric Vehicle Charging on Distribution
Network Operation and Power Quality. Proceedings of the 8th
International Conference on Electrical and Control Technologies ECT2013. Kaunas: Kaunas University of Technology, pp. 162 - 167
[A18] Niitsoo, J. (2013). Elektrienergiaarvestite analüüs moonutatud voolu
korral. Kotkas, T. (Toim.). Talveakadeemia ajakiri 2013 (1).Tartu
Ülikooli Kirjastus

57

[A19] Taklaja, P.; Hyvönen, P.; Niitsoo, J.; Palu, I.; Klüss, J. (2013). Impulse
characteristics of 24 kV overhead line pin insulators. Proceedings of
12th International Conference on Environment and Electrical
Engineering. Wroclaw, Poland, 5 - 8 May 2013. IEEE, pp. 641 - 645
[A20] Niitsoo, J.; Šuvalova, J.; Haas, A.; Palu, I.; Taklaja, P. (2013). Facing
Distorted Current and Undesirable Consumption in Smart Grids. The
13th International Symposium "Topical Problems in the Field of
Electrical and Power Engineering- Doctoral School of Energy and
Geotechnology II".Elektrijam, pp. 142 - 146
[A21] Niitsoo, J. (2012). Parasiitenergia kodumajapidamistes. Värske Aju
[A22] Niitsoo, J. (2012). Parasiitenergia kodumajapidamistes. Talveakadeemia
Teaduslikud lühiartiklid, Kogumik 10/2012. Tartu Ülikooli Kirjastus, pp.
124 - 135
[A23] Koppel, T.; Niitsoo, J. (2012). Intermediate frequency noise in and from
electrical power network in modern working places. Proceedings of the
22nd International Conference Electromagnetic disturbances. Vilnius:
Vilnius Gediminas Technical University Press "Technika", pp. 47 - 51
[A24] Haas, A.; Niitsoo, J.; Taklaja, P.; Palu, I. (2012). Analysis of Electricity
Meters under Distorted Load Conditions. Proceedings of 8th
International Conference 2012 Electric Power Quality and Supply
Reliability, Tartu, June 11 - 13, 2012. IEEE, pp. 281 - 284.
[A25] Drovtar, I.; Niitsoo, J.; Rosin, A.; Kilter, J.; Palu, I. (2012). Electricity
Consumption Analysis and Power Quality Monitoring in Commercial
Buildings. Proceedings of 8th International Conference 2012 Electric
Power Quality and Supply Reliability. Tartu, June 11 - 13, 2012. IEEE,
pp. 107 - 112
[A26] Taklaja, P.; Niitsoo, J.; Palu, I. (2012). Wet Test on Naturally Polluted
Glass and Composite Insulators. Proceedings of 8th International
Conference 2012 Electric Power Quality and Supply Reliability, Tartu,
June 11 - 13, 2012. IEEE, pp. 261 - 266.
[A27] Vaimann, T.; Niitsoo, J.; Kivipõld, T.; Lehtla, T. (2012). Power Quality
Issues in Dispersed Generation and Smart Grids. Electronics and
Electrical Engineering, vol. 10, no, 8, pp. 23 - 26
[A28] Taklaja, P.; Niitsoo, J.; Palu, I. (2012). Determining the Unknown
Faults of the HV Overhead Lines. Proceedings of the 13th International
Scientific Conference Electric Power Engineering. IEEE, pp. 187 - 192
[A29] Niitsoo, J.; Palu, I. (2012). Investigation of Undesirable Consumption
and Distorted Current. Proceedings of the 13th International Scientific
Conference Electric Power Engineering 2012. Brno, Czech Republic,
IEEE, pp. 287 - 291
58

[A30] Kilter, J.; Dubbelman, E.; Palu, I.; Niitsoo, J. (2012). Wind Park and
Transmission Network Cooperation Considering Grid Code
Requirements. Proceedings of the 7th International Conference on
Electrical and Control Technologies. Kaunas Technologija, pp. 183 188
[A31] Niitsoo, J.; Taklaja, P.; Kütt, L.; Niilo, H.; Kallaste, A.; Mõlder, H.;
Vaimann, T. (2012). Keskkonnamõjust hoolimata on põlevkivielekter
möödapääsmatu. Eesti Päevaleht
[A32] Niitsoo, J.; Palu, I. (2012). Undesirable Usage of Energy in Residential
House. J. Zakis (Toim.). Proceedings of the 11th International
Symposium “Topical Problems in the Field of Electrical and Power
Engineering” and “Doctoral School of Energy and Geotechnology II”.
Tallinn: Elektriajam, pp. 126 - 128
[A33] Niitsoo, J. (2011). Kompaktluminofoorlampide kasutuselevõtu mõju
elektrivõrgule. Talveakadeemia Teaduslikud lühiartiklid 2011, kogumik
9/2011.Tartu Ülikooli Kirjastus, pp. 40 - 47
[A34] Niitsoo, J. (2011). Säästulamp toob kaasa uued probleemid. Inseneeria,
vol. 9, pp. 24 - 26
[A35] Vaimann, T.; Niitsoo, J.; Kivipõld, T. (2011). Dispersed Generation
Accommodation Into Smart Grid. Proceedings of the 52nd International
Scientific Conference of Riga Technical University. Riga, Latvia,
October 13-14, 2011. Riga Technical University, ID - 42
[A36] Niitsoo, J. (2011). Euroliit on teinud hõõglambist poliitvangi. Eesti
Päevaleht
[A37] Niitsoo, J.; Palu, I. (2011). Distorted load impacts on distribution grid.
Proceedings of the 12th International Scientific Conference Electric
Power Engineering 2011, Kouty nad Desnou, Czech Republic, May 1719, 2011: IEEE, 37 - 40
[A38] Kivipõld, T.; Niitsoo, J. (2011). Overview of information and
communication issues for smart grid solutions. Proceedings of the 10th
International Symposium "Topical Problems in the Field of Electrical
and Power Engineering" Pärnu, Estonia, January 10-15, 2011. Estonian
Society of Moritz Hermann Jacobi, pp. 108 – 112
[A39] Niitsoo, J. (2011). An overview of the impacts of CFLs implementation.
Proceedings of the 10th International Symposium "Topical Problems in
the Field of Electrical and Power Engineering" Pärnu, Estonia, January
10-15, 2011. Estonian Society of Moritz Hermann Jacobi, pp. 242 - 245

59

APPENDIX / LISA
AUTHOR’S PUBLICATIONS RELATED TO THE STUDY
[PAPER - I] – [PAPER - IX]
PAPER - I

61

3456ÿ895 9 59 ÿÿÿ
ÿ ÿ9ÿ56ÿ ÿÿ5 ÿ9ÿ ÿ9 9 9 !ÿ
"9#ÿ59 #ÿ$9 ÿ34%3&#ÿ'433ÿ

ÿ

(9ÿ) ) ÿÿ56ÿ 5ÿÿÿ5ÿ 95ÿÿ 9559ÿ
*++,ÿ-../011ÿ
2+33.,,ÿ4,.5670./8ÿ19ÿ26:;,131<8ÿ
=++,>,../011?//@>66ÿ

ÿ
(5 5ÿ
 l 1
ÿÿ
ABCDEFGHÿJHKDHÿLAJMÿKNÿODHPKHBGQQRÿECDSDPKHTÿ  l1 ÿ
FHFCTRÿFUUKOKFHORÿGSDHTÿFQFOPCKOKPRÿODHNBSFCNVÿ 1}6ÿ19ÿ/;6ÿ0ÿ}+8ÿ;+56ÿ/;6ÿ2ÿ1567ÿÿ ÿ
WHFÿDUÿPXFÿQGPFNPÿAJÿGOPKYKPKFNÿPXGPÿKHUQBFHOFÿBNÿGQQÿ @/ÿ/;6.7ÿ+:/.56ÿ~167ÿ@06ÿ.0ÿ,1/ÿ01ÿ0.<,.9.:+,/ÿ
KNÿPDÿQKSKPÿPXFÿBNFÿDUÿPCGZKPKDHGQÿKHOGHZFNOFHPÿQGSENÿ :1}~+76ÿ/1ÿ1/;67ÿ;+7}1,.:0ÿ<6,67+/.,<ÿ65.:60>ÿ
[RÿCFEQGOKHTÿPXFSÿTCGZBGQQRÿ\KPXÿODSEGOPÿ 2;6769176ÿ/;6.7ÿ@+3./8ÿ76@.76}6,/0ÿ+76ÿ,1/ÿ01ÿ
UQBDCFNOFHPÿQGSENÿL]^_MVÿ`RÿQDDaKHTÿDHQRÿDHÿ ~76:.0638ÿ76<@3+/6>ÿ2;6ÿ:@776,/ÿ2ÿ3.}./ÿ/1ÿ/;6ÿ
FHFCTRÿFUUKOKFHORbÿPXFÿEBCEDNFÿNFGSNÿPDÿUBQUKQQÿPXFÿ 0ÿ./;ÿ636:/71,.:ÿ+33+0/0ÿ.0ÿ1ÿÿ+::17.,<ÿ/1ÿ
PGCTFPVÿWHÿPXFÿNGSFÿPKSFÿKPÿCGKNFNÿHF\ÿcBFNPKDHNÿNDÿ |ÿqtvrvzvuÿpÿ¡{usvnrsm{ÿmq¢ÿ¡{usvnpqrstÿ
UGCÿHDPÿGNaFZÿG[DBPÿQKTXPKHTVÿdXFNFÿcBFNPKDHNÿGCFÿ ¡q£rquuntÿ+,ÿ|ÿqvunqmvrpqm{ÿ¡{usvnpvuslqrsm{ÿ
XKTXFCÿXGCSDHKONbÿCFGOPKYFÿED\FCÿGHZÿHFBPCGQÿ gpoorttrpq>ÿ
ODHZBOPDCÿOBCCFHPVÿeHÿPXKNÿEGEFCÿODSSDHÿ]^_Nÿ
GHZÿPXFKCÿKSEGOPÿGCFÿKHYFNPKTGPFZÿPXFDCFPKOGQQRÿGHZÿ +7}1,.:0ÿ<6,67+/6ÿ8ÿ:10/@}67¤0ÿ+~~3.+,:60ÿ}@0/ÿ
,1/ÿ:+@06ÿ513/+<6ÿ7.06ÿ.,ÿ/;6ÿ:1,,6:/.1,ÿ~1.,/>ÿ2ÿ
NBEEDCPFZÿ\KPXÿQG[DCGPDCRÿPFNPÿCFNBQPNVÿ
|,ÿ/;.0ÿ+7/.:36ÿ:@776,/ÿ2ÿ5+3@6ÿ;.:;ÿ0;1@3ÿ,1/ÿ
6ÿ6¥:666ÿ;6,ÿ.}~36}6,/.,<ÿ0ÿ;+0ÿ
f ÿÿ
0/.}+/6ÿ1,ÿÿ>ÿ.¥.,<ÿ3.}./0ÿ}+8ÿ6:1}6ÿ
ghijÿlmnopqrstjÿnumsvrwuÿxpyunjÿquzvnm{ÿsznnuqvÿ 6.}~
17/+,/ÿ69176ÿ@0.,<ÿ,@}671@0ÿ;+7}1,.:0ÿ
6
}.
/
/.,<ÿ65.:60ÿ/1<6/;67>ÿ
89559ÿ
3

'
ÿ
ÿ ÿ)5 ÿ6 9ÿ9ÿ¦§ÿ
|,ÿ31,<ÿ/67}ÿ/;6ÿ6,67<8ÿ:1,0@}~/.1,ÿ.0ÿ<71.,<ÿ+,ÿ  955ÿ6ÿ
9ÿ
13ÿ<6,67+/.,<ÿ@,./0ÿ.33ÿ71~ÿ199ÿ0/6~ÿ8ÿ0/6~>ÿ
2;6769176ÿ6ÿ:1,0/+,/38ÿ,66ÿ,6ÿ~167ÿ~3+,/0ÿ17ÿ /@.60ÿ;+56ÿ0;16ÿ/;+/ÿ:@776,/ÿ2ÿ;.:;ÿ0ÿ
/78ÿ/1ÿ6,;+,:6ÿ1@7ÿ:1,0@}~/.1,>ÿ0ÿ:1,0@}6ÿ3600ÿ 6}./ÿ.,:76+060ÿ+0ÿ0@~~38ÿ;+7}1,.:0ÿ36563ÿ.,:76+060>ÿ
6,67<8ÿ./;ÿ0+}6ÿ3@}.,1@0ÿ699.:.6,:8ÿ+,ÿ3+0/ÿ 2;6ÿ7+/.1ÿ.0ÿ,1/ÿ3.,6+7ÿ+,ÿ./ÿ.0ÿ~+7/.:@3+738ÿ/7@6ÿ.,ÿ
31,<67ÿ/;+,ÿ@0@+3ÿ@30ÿ@/ÿ/;6.7ÿ:@776,/ÿ:@756ÿ.0ÿ :+06ÿ19ÿ0ÿ./;ÿ636:/71,.:ÿ+33+0/>ÿ1ÿ̈ÿ2ÿÿ
69.,./638ÿ,1/ÿ~6796:/ÿ0.,@01.ÿ+,ÿ./ÿ}+8ÿ6ÿ |,ÿ9.63ÿ0/@.60ÿ/;6ÿ.,93@6,:6ÿ19ÿ~167ÿ<7.¤0ÿ;.<;67ÿ
6/7.}6,/+3ÿ917ÿ~167ÿ@+3./8ÿ.9ÿ/;68ÿ+76ÿ@06ÿ ;+7}1,.:0ÿ/1ÿ/;6ÿÿ;+7}1,.:0ÿ<6,67+/.1,ÿ;+0ÿ,1/ÿ
/1<6/;67ÿ.,ÿ<76+/ÿ,@}670>ÿ1ÿ9+7ÿ/;6ÿ.,93@6,:6ÿ/1ÿ/;6ÿ 66,ÿ,1/+36>ÿ|/ÿ.0ÿ0~6:.+338ÿ6:+@06ÿ/;676ÿ+76ÿ,1/ÿ86/ÿ
<7.ÿ.0ÿ.<,176ÿ6:+@06ÿ/;6ÿ~167ÿ19ÿ1,6ÿ3+}~ÿ.0ÿ }+,8ÿ<7.0ÿ./;ÿ;.<;ÿ;+7}1,.:0ÿ~6,6/7+/.1,ÿ36563>ÿ
}+7<.,+3>ÿ301ÿ/;6ÿ.60~76+ÿ@06ÿ19ÿ0ÿ}+8ÿ 2;6ÿ~7136}ÿ}+8ÿ1::@7ÿ./;ÿ/;6ÿ7.0.,<ÿ@06ÿ19ÿ0ÿ
.}~3.:+/6ÿ0.<,.9.:+,/ÿ76+:/.56ÿ~167ÿ+,ÿ~7136}0ÿ ./;ÿ636:/71,.:ÿ+33+0/ÿ+,ÿ1/;67ÿ;+7}1,.:0ÿ6}.//.,<ÿ
./;ÿ;.<;67ÿ;+7}1,.:0ÿ.,ÿ+ÿ<7.>ÿÿ
65.:60>ÿÿ
.<;67ÿ;+7}1,.:0ÿ;.:;ÿ0ÿ<6,67+/6ÿ/1ÿ+ÿ<7.ÿ 3©ÿ¦§ÿ99ÿ9ÿ6 9ÿ)ÿ
+,ÿ/;6768ÿ+996:/ÿ/;6ÿ~167ÿ@+3./8ÿ+76ÿ/;6ÿ}+.,ÿ
.00@6ÿ@0.,<ÿ0>ÿ6:1,38ÿ;+/0ÿ.}~17/+,/ÿ.0ÿ/;6ÿ ª167ÿ+:/17ÿªÿ.0ÿ69.,6ÿ+0ÿ/;6ÿ7+/.1ÿ19ÿ/;6ÿ0@}ÿ
<6,67+/6ÿ76+:/.56ÿ~167ÿ;.:;ÿ69.,./638ÿ,660ÿ/1ÿ 19ÿ+33ÿ76+3ÿ~167ÿ:1}~1,6,/0ÿªÿ/1ÿ/;6ÿ0@}ÿ19ÿ+33ÿ
+~~+76,/ÿ~167ÿ:1}~1,6,/0ÿÿ.,ÿ/;6ÿ:.7:@./>ÿªÿ.0ÿ
6ÿ.,560/.<+/6>ÿ
.}6,0.1,3600ÿ,@}67ÿ6/66,ÿÿ+,ÿÿ+,ÿ.0ÿ;676ÿ
3ÿ6 5ÿ  9ÿ
:+3:@3+/6ÿ./;ÿ6@+/.1,ÿ1ÿ
33ÿ   95ÿÿ6 6 ÿ6 9ÿ 9ÿ ¬h¬ÿ
1ÿ
«
5 5ÿ ÿ
@776,/ÿ21/+3ÿ+7}1,.:ÿ.0/17/.1,ÿ2ÿ19ÿ+ÿ |}~36}6,/+/.1,ÿ19ÿ0ÿ7.,<0ÿ@~ÿ+ÿ~7136}ÿ./;ÿ
0.<,+3ÿ.0ÿ+ÿ}6+0@76}6,/ÿ19ÿ/;6ÿ;+7}1,.:ÿ.0/17/.1,ÿ ;.<;67ÿ;+7}1,.:0>ÿª6,6/7+/.1,ÿ19ÿ;.<;67ÿ;+7}1,.:0ÿ
~7606,/ÿ+,ÿ.0ÿ69.,6ÿ+0ÿ/;6ÿ7+/.1ÿ19ÿ/;6ÿ0@}ÿ19ÿ/;6ÿ 7.060ÿ+0ÿ,@}67ÿ19ÿ.,0/+336ÿ0ÿ.,:76+06>ÿ
:@776,/0ÿ19ÿ+33ÿ;+7}1,.:ÿ:1}~1,6,/0ÿ|;ÿ/1ÿ/;6ÿ:@776,/ÿ 1,:76/6ÿ6¥+}~36ÿ19ÿ.,:76+0.,<ÿ;+7}1,.:0ÿ.0ÿ+ÿ9.63ÿ
19ÿ/;6ÿ9@,+}6,/+3ÿ976@6,:8ÿ|>ÿÿ
0/@8ÿ2ÿ;676ÿ676ÿ.,0/+336ÿ1ÿ0>ÿ33ÿ
;+7}1,.:0ÿ.,:76+06ÿ@/ÿ,1/ÿ1567ÿ/;6ÿ3.}./ÿ9.¥6ÿ917ÿ
|,ÿ/;.0ÿ+7/.:36ÿ2ÿ.0ÿ;+,36ÿ+0ÿ913310ÿ
121ÿÿ



PAPER - II

67

ÿ

23456789 783ÿ ÿ35685ÿ 36783ÿ3ÿ86775ÿ537ÿ
ÿ!"ÿ#$ÿ%&'(!ÿÿ

)&&ÿ*$+,-ÿ.ÿ)+/0&1-"ÿ2/'&-ÿ.ÿ3&+/,/&ÿ31++,1"ÿ4+5,6+ÿ.ÿ3&+/,/&ÿ%7+,ÿ31++,1"ÿ
30!8+ÿ++ÿ9"ÿ:;<=ÿ)&&"ÿ3"ÿ777>'>++ÿÿ
ÿ(+!&?ÿ@AB(ÿ=(;ÿAB9C"ÿ+6&?ÿ8>D'>++"ÿÿ
ÿ+&?ÿ@AB(ÿ=(;ÿAB=:"ÿ+6&?ÿ$>5&'D'>++ÿÿ
ÿ
ÿ
+~'56+ÿ/'1ÿss&ÿ&+"ÿ$+,0+1ÿsÿ$+,|
EFGHIEHÿ
JKLMNOKPQÿSTTPUSVWNMÿXNNTÿWKVMLYUVZÿNVN[Z\ÿN]NVÿS^_N[ÿ &s1ÿ >ÿ
_ON\ÿS[Nÿ_L[VNQÿ_KÿM_SVQÿ`\ÿ[NZUYNÿK[ÿMaU_WONQÿK^^bÿcKÿ^S[ÿ 6ÿ.ÿ0ÿ,/&+ÿÿÿ$+1+ÿ57+,ÿ/'65ÿ.ÿ
[NSW_U]NÿWKYTKVNV_ÿSVQÿWL[[NV_ÿQUM_K[_UKVÿK^ÿ_OKMNÿQN]UWNMÿ 55&/+ÿÿ0+ÿ,+16+ÿ70+,+ÿÿ5,6,-ÿ.'/ÿÿ
S[NÿVK_ÿUV]NM_UZS_NQÿUVÿQN_SUPbÿdU_OUVÿ_OUMÿTSTN[ÿ_ONÿSYKLV_ÿ +,$+s>ÿss&&-ÿ57+,ÿ~'&-ÿsÿ,+/$+ÿ57+,ÿ/|
SVQÿ_ONÿWOS[SW_N[UM_UWMÿK^ÿ_OUMÿLVQNMU[S`PNÿNVN[Z\ÿUMÿNeSYf '65ÿ.ÿ0+ÿs+$/+ÿ,+ÿ+6+sÿ70/0ÿ0ÿÿt++ÿ
UVNQÿ^K[ÿKVNÿMTNWU^UWÿOKLMNOKPQbÿgPPÿSTTS[S_LMÿaOUWOÿS[Nÿ 7s+&-ÿs/'+sÿÿ55+,ÿt+.,+>ÿ#ÿ0ÿ55+,"ÿ$+,$+7ÿ.ÿ
WKVM_SV_P\ÿaK[XUVZÿSVQÿaOUWOÿS[Nÿ_L[VNQÿK^^ÿK[ÿS_ÿM_SVQÿ`\ÿ 's+,t&+ÿ'1+ÿ.ÿ++,1-ÿÿ,+s+&ÿ0'+ÿsÿ.+&sÿ
^K[ÿYKM_ÿK^ÿ_ONÿ_UYNÿaN[NÿNeSYUVNQÿKVNÿ`\ÿKVNbÿhSMNQÿKVÿ 6+',+6+ÿ.,ÿÿ,1+ÿ.ÿ+&+/,/&ÿs+$/+ÿ,+ÿ5,+++s>ÿ
_OUMÿ[NMNS[WOÿU_ÿWSVÿ`NÿWKVWPLQNQÿ_OS_ÿQNMTU_Nÿ_ONÿSMMLYTf
ÿzG2IEFÿGEÿ{ÿzIÿ2zÿ
_UKVÿ_OS_ÿ_ONÿQN]UWNÿUMÿMaU_WONQÿK^^iÿ_ONÿSTTPUSVWNMÿM_UPPÿWKVf
MLYNÿVK_S`PNÿSW_U]NÿSVQÿ[NSW_U]NÿTKaN[ÿS_ÿM_SVQ`\ÿK[ÿK^^ÿ
G2zH2Eÿ{Gÿ
WKVQU_UKVbÿgPMKÿ_ONU[ÿWKVMLYNQÿWL[[NV_ÿUMÿQUM_K[_NQÿ̀\ÿOUZOf *s+,t&-ÿ'I

+
sÿ++,1-ÿÿ0+,+ÿ6+ÿÿ0+ÿ+&+/,/&ÿ
N[ÿOS[YKVUWMbÿ
++,1-ÿ/'6+sÿt-ÿ0'+0&sÿ70+ÿ0+-ÿ,+ÿ',+sÿ.."ÿ,ÿ
ÿÿ'+>ÿ#ÿÿ&ÿ,+.+,,+sÿÿst-ÿ+&+/,/-ÿ'+ÿ,ÿ
jklmnopqrÿ *s+,t&+ÿ&s"ÿust-"ÿv,6/"ÿ 
&+1ÿ+&+/,/->ÿ)0ÿ's+,t&+ÿ'1+ÿÿ/'+sÿt+/'+ÿ
w+/$+ÿ%7+,"ÿ%7+,ÿx'&-ÿ
6-ÿ0'+0&sÿs+$/+ÿ0$+ÿ.+',+ÿ'/0ÿÿ,+6+ÿ/|
,&"ÿ6+6,-"ÿ/&/ÿs5&-ÿ70/0ÿ++sÿ++,1-ÿsÿ6+ÿ
yÿ2zHI{H2{zÿ
+$/+ÿ70/0ÿ,+ÿ7,1ÿ/&-ÿ/65'+,ÿ6s+6"ÿ
4',1ÿ0+ÿ&ÿs+/s+ÿ0+ÿ6'ÿ.ÿ+&+/,/ÿ55&| s
s
sÿ+&&+ÿ)ÿ,+/+$+,!>ÿ}s+,ÿ0'+0&sÿ
/+ÿ'+sÿÿ0'+0&sÿ0ÿ,+sÿ,+6+s'&->ÿ}ÿ.ÿ /1&ÿ/ÿt&ÿ+ÿ'6t
&ÿ++,6+ÿ55&/+ÿ
0ÿ+~'56+ÿ6ÿ/+,ÿ.'/&-ÿ+$+ÿ.+,ÿ )"ÿwÿ+/!+"ÿ,ÿ...ÿ/++&ÿ++/~,'/56+
/65'+,"ÿ5,+,"ÿ
',+sÿ..>ÿ2,ÿ+65&+ÿ0+ÿ6'&ÿ',ÿ..ÿ7/0ÿ0ÿt++ÿ 6,ÿ+/!"ÿ/&0+ÿ70+,"ÿs0ÿ7
0+,ÿsÿs5+,ÿ
,+5&/+sÿt-ÿÿ,+6+ÿ/,&ÿ6+/06ÿ,ÿ'/0ÿ+$+ÿ sÿ/0,1+,ÿ.,ÿ0+>ÿÿ
t'"ÿ70/0ÿ++sÿ/ÿ57+,ÿÿ7,ÿ>ÿ&ÿs+$/| )0+ÿ/'&ÿ57+,ÿs,7ÿÿst-ÿ6s+ÿÿ6&&"ÿ07|
+ÿ,+ÿt+/61ÿ6,+ÿsÿ6,+ÿ/65&+"ÿt'ÿ0+,ÿ5+,.,| +$+,ÿst-ÿ57+,ÿÿ/'6+sÿ(Cÿ0',ÿ5+,ÿs->ÿ#ÿ./ÿ
6/+ÿ,+1,s1ÿ57+,ÿ~'&-ÿÿ&&ÿ,0+,ÿ65,5+,>ÿ 0+ÿ6'ÿ.ÿ+7ÿ+~'56+ÿ/'61ÿst-ÿ57+,ÿÿ
u/+ÿ5,++ÿ0'+0&sÿ55&/+ÿ0$+ÿ+,ÿ.+',+ÿ /,+1ÿÿ,+s+&ÿ++,1-ÿ/'65ÿÿ/,+1ÿ
70/0ÿ,+~',+ÿss&ÿ+&+/,/&ÿ++,1-"ÿ0+-ÿ'+ÿ57+,ÿ 
sÿ010ÿ1,70ÿÿ,+s+&ÿ+/,ÿ++,1-ÿ/'65ÿÿ
/&-ÿs',1ÿÿs-"ÿ+$+ÿ70+ÿ0+-ÿ,+ÿÿÿ'+ÿ,ÿ 
5
(>ÿw+'&ÿs/+ÿ0ÿst-ÿsÿ6/+&&|
,+ÿ',+sÿ..ÿ(>ÿ)0ÿ/'6+sÿ++,1-ÿ70/0ÿs+ÿÿ +,+s'/ÿ+5sÿ7+
'65ÿÿ0+ÿ,+s+&ÿ+/,ÿÿ|
+,$+ÿ5,6,-ÿ5',5+ÿ.ÿs+$/+ÿÿ/&&+sÿst-ÿ++,1-ÿ,ÿ /,+1ÿÿ,5ÿ5/,6
5+,ÿ'6ÿ<>ÿÿ
&+1ÿ++,1-ÿA>ÿ+/'+ÿ0+ÿ/,++ÿ.ÿ0ÿ's+,t&+ÿ )0+ÿ.,6ÿ+$&-&ÿ<tÿ
&
+
ÿ'../+ÿÿs++,6+ÿ
'1+ÿ.ÿ++,1-ÿ,+5,++ÿÿ/+t&+ÿ/65+ÿ.ÿ,+| ,+s"ÿt'ÿ&&ÿ+$s+/+ÿ5ÿÿ
ÿ1&t&ÿ/,++ÿÿ
s+&ÿ+&+/,/-ÿ/'65"ÿÿ0ÿt+/6+ÿÿ1,71ÿ st-ÿ57+,ÿ/'65ÿt+/'ÿ
+ÿ+../+/-ÿ65,$+|
//+,>ÿÿ
ÿÿ6+ÿ+~'56+ÿ+>1>"ÿ)!ÿ,+ÿ'7+10+sÿt-ÿ0+ÿ
u's+ÿC|;ÿ0$+ÿt++ÿ's+,+ÿÿ6+',+ÿ5,| 6+


/
0+ÿ'6t+,ÿ.ÿ55&/+ÿ0ÿ/'6+ÿ57+,ÿ
/ÿ/'65ÿ.,ÿs..+,+ÿ-5+ÿ.ÿ+&+/,/&ÿ55&/+ÿÿ ÿ,+s+tÿ-ÿÿ6
+ÿ*"ÿ+|5ÿs+/s+,ÿt+ÿ.,ÿ
s..+,+ÿ/',+>ÿ2/'ÿ0ÿt++ÿÿ6+',1ÿ/$+ÿ s1&ÿ+&+$s+ÿ"ÿC&>ÿ#+ÿ"ÿ07
'6+ÿ0+ÿ+&+/,/-ÿ5,|
57+,ÿ70'ÿ/s+,1ÿ//65-1ÿ57+,ÿ~'&-ÿ s'/+sÿt-ÿÿ$+,1+ÿ+sÿ&&5ÿ/7+
ÿ./ÿÿ
'+>ÿuÿ.,ÿ0+ÿ.&'+/+ÿÿ0+ÿ1,sÿÿ1,+sÿt+/'+ÿ0+ÿ s/$+ÿ.ÿ0+ÿ&,61ÿ1,70ÿ,ÿ5ÿ+&&+/ÿ,;/>ÿ)0
>ÿ
6,1&ÿ57+,ÿ/'65ÿ.ÿ+ÿ+6>ÿ#ÿ1,+ÿ'6t+,ÿ +s+ÿ.ÿ0ÿÿ0ÿ&ÿt++ÿ,+5,+sÿ0ÿ6+ÿÿ+~5'5&56+

/
0+,ÿs,+sÿ/',,+ÿ/',$+ÿ6-ÿt+ÿs+,6+&ÿ.,ÿ57+,ÿ 6-ÿ'+ÿ6,+ÿ++,1-ÿÿst-ÿ0ÿÿ6ÿ5+,+&ÿÿ
~'&-ÿsÿ,+/$+ÿ57+,ÿ0'&sÿt+ÿ/s+,+sÿ.',0+,>ÿ 6s+ÿ:>ÿ
v,6/ÿ/',,+ÿ5,s'/+sÿt-ÿ&+,ÿ&sÿ,+ÿ|
+,&ÿ's+ÿt+sÿÿ+5+,6+&ÿ/651ÿ
8+/+sÿt/ÿÿ0+ÿ'55&-ÿ-+6>ÿ)0++ÿ/',,+ÿ/ÿ 5+,.#,6+
sÿÿ,+s+&ÿ0'+ÿ0$+ÿs/+sÿÿst-ÿ
+,/ÿs$+,+&-ÿ70ÿÿ7s+ÿ,1+ÿ.ÿ57+,ÿ-+6ÿ
ÿ
ÿ

ÿÿ

PAPER - III

75

ÿ23245674ÿ9 26ÿ2 72267 ÿÿ

ÿÿÿÿ ÿ!ÿ
"##$ÿ%&&'())*+,ÿ-.)ÿ/#012+ÿÿ

3#00&$$ÿ4$&.56(&'7ÿ)8ÿ359:$)0*)+;7,ÿ<5=#6'>5$'ÿ)8ÿ5059'6&9#0ÿ=)?56ÿ5$;&$556&$;,ÿ@:&'#A#'5ÿ'55ÿB,ÿ*CDEFÿ3#00&$$Gÿ
ÿ'25+0HÿIJK2ÿF2DÿJKBJÿ,ÿ5>#&0HÿA##$G$&&'())L''1G55ÿ,ÿÿ
ÿ'50HÿIJK2ÿF2DÿJKFC,ÿ5>#&0Hÿ&.)G=#01L''1G55ÿÿ

ÿ
ÿ
ÿ>#A)6ÿ9)$956$,ÿ5(=59&#007ÿ8)6ÿ9)>>569&#0ÿ1&0<&$;(,ÿ&(ÿ
MNO56M45ÿ
:#'ÿ=)?56ÿ(1==0&5(ÿ8)6ÿ(&$;05=:#(5ÿ5059'6)$&9ÿ51&=>5$'ÿ
PQRSTUVSWQÿYRZVSR[ÿWURÿ\RS]^V_`ÿ^]URÿW_Yÿ^]URÿS]^a '
00ÿ=6)<195ÿ'))ÿ>19:ÿ:#6>)$&9ÿ91665$'ÿ8)6ÿ':5ÿ?&6&$;Gÿ3:5ÿ
bQRcdÿ\eTÿTfRVUÿbRUg]U^W_SRÿUR`WUYV_`ÿb]hRUÿieWQVTjÿV[ÿ[TVQQÿ ?&
5695$'#;5ÿ)8ÿ0)#<ÿ':#'ÿ9)$'#&$(ÿ5059'6)$&9ÿ=)?56ÿ(1==0&5(ÿ&(ÿ
UWTfRUÿV^bU]bRUkÿl_Rÿ]gÿTf][RÿYRZVSR[ÿV[ÿS]^bWSTÿgQe]UR[a =
$965#(&$;ÿ#'ÿ#ÿ<6#>#'&9ÿ=#95,ÿ?&':ÿ':5ÿ&$965#(5<ÿ1'&0&¥#'&)$ÿ)8ÿ
SR_TÿQW^bÿmnopqkÿrRSR_TÿPeU]bRW_ÿs_V]_ÿmPsqÿWSTVZVTVR[ÿ &
V_gQeR_SRÿe[ÿWQQdÿW[ÿTfRÿbeUb][Rÿ]gÿ_RhÿQR`V[QWTV]_ÿV[ÿT]ÿQV^VTÿ =56()$#0ÿ9)>=1'56(ÿ&$ÿ5.567ÿ9)>>569&#0ÿ(59')6Gÿ2ÿ
TfRÿe[Rÿ]gÿTUWYVTV]_WQÿV_SW_YR[SR_TÿQW^b[ÿ\jÿURbQWSV_`ÿTfR^ÿ
ÿ5¦2 62574M3ÿNM4§ 6  ÿ
`UWYeWQQjÿhVTfÿS]^bWSTÿgQe]UR[SR_TÿQW^bkÿn]_[VYRUV_`ÿTfRÿ
R_RU`jÿRggVSVR_SjÿTfRÿbeUb][Rÿ[RW^[ÿT]ÿgeQgVQQÿTfRÿTWU`RTkÿl_ÿ ¨ÿ¦ÿÿ
W_]TfRUÿfW_YÿVTÿUWV[R[ÿ_RhÿieR[TV]_[ÿ[]ÿgWUÿ_]TÿW[[]SVWTRYÿ #6>)$&9ÿ<&(')6'&)$ÿ&(ÿ9#1(5<ÿ7ÿ$)$0&$5#6ÿ<5.&95(ÿ&$ÿ':5ÿ
hVTfÿQV̀fTV_`kÿtfR[RÿV[[eR[ÿWURÿURQWTRYÿT]ÿfV̀fRUÿfWU^]_VS[dÿ =)?56ÿ(7('5>Gÿÿ$)$0&$5#6ÿ<5.&95ÿ&(ÿ)$5ÿ&$ÿ?:&9:ÿ':5ÿ91665$'ÿ
URWSTVZRÿb]hRUÿS]_[e^bTV]_ÿW_YÿfV̀fRUÿSeUUR_T[ÿV_ÿ_ReTUWQÿ &(ÿ$)'ÿ=6)=)6'&)$#0ÿ')ÿ':5ÿ#==0&5<ÿ.)0'#;5Gÿ37=&9#0ÿ91665$'ÿ
S]_YeST]Ukÿÿ
16.5ÿ)8ÿÿ&(ÿ(:)?$ÿ#'ÿ&;Gÿ*Gÿ©:&05ÿ':5ÿ#==0&5<ÿ.)0'#;5ÿ&(ÿ
o]Se[ÿhVTfV_ÿTfV[ÿbWbRUÿV[ÿb]V_TRYÿ]_ÿnop[kÿtfRURÿWURÿ 9
=
65(10'&$;ÿ91665$'ÿ&(ÿ<&(')6'5<Gÿ-$965#(
]TfRUÿYRZVSR[ÿV_gQeR_SV_`ÿb]hRUÿieWQVTjdÿ\eTÿ_]_Rÿ]gÿTfR^ÿ &$5;6ÿ85':95'0ÿ7.ÿ()&0$'#1;(5)ÿ&<#70ÿ,ÿ#'ÿ:855ÿ?ÿ
95$'ÿ>#7ÿ9#1(5ÿ':5ÿ91665$'ÿ')ÿ
WURÿg]USRYÿT]ÿ\RÿWbbQVRYÿ\jÿQ]h[ÿW_YÿUeQR[kÿu^bWST[ÿ]gÿnop[ÿ <)105ÿ#$<ÿ'#¤5ÿ)$ÿ#ÿ<&88565=$5'6ÿ?#
.5(:#=5Gÿ2ÿ
WURÿYR[SUV\RYÿTfR]URTVSWQQjÿ\W[RYÿ]_ÿWZWVQW\QRÿQVTRUWTeURÿ
W_YÿS]^bQR^R_TRYÿhVTfÿQW\]UWT]UjÿTR[Tkÿ
vwxyz{|}~ÿ,ÿ:&;:56ÿ:#6>)$&9(,ÿ65#9'&.5ÿ=)?56,ÿ$51'6#0ÿ
91665$'ÿ
ÿ756 457 ÿ
-$ÿ0)$;ÿ'56>ÿ':5ÿ5$56;7ÿ9)$(1>='&)$ÿ&(ÿ;6)?&$;ÿ#$<ÿ#(ÿ
)0<ÿ;5$56#'&$;ÿ1$&'(ÿ<6)=ÿ)88ÿ':5ÿ;#=ÿ>1('ÿ5ÿ8108&005<ÿ?&':ÿ
$5?ÿ1$&'(ÿ)6ÿ65<195ÿ':5ÿ9)$(1>='&)$Gÿÿ(ÿ9)$(1>5ÿ05((ÿ
ÿ
5$56;7ÿ?&':ÿ(#>5ÿ01>&$)1(ÿ588&9&5$97ÿ#$<ÿ0#('ÿ0)$;56ÿ':#$ÿ
1(1#0ÿ10(ÿ#$<ÿ&'ÿ&(ÿ(55$ÿ#(ÿ)$5ÿ=)((&05ÿ()01'&)$ÿ')ÿ65<195ÿ oV̀kÿªÿtjbVSWQÿnopÿSeUUR_TÿZRU[e[ÿZ]QTW`RÿSeUZRÿ
).56#00ÿ9)$(1>='&)$Gÿ3:565ÿ&(ÿ#0()ÿ#$)':56ÿ=)&$'ÿ&$ÿ':5ÿ1(5ÿ)8ÿ ©:&05ÿ':5ÿ0)#<ÿ91665$'ÿ:#6>)$&9(ÿ10'&>#'507ÿ9#1(5ÿ':5ÿ
(,ÿ1'ÿ&'ÿ&(ÿ$)'ÿ()ÿ=)=10#6ÿ#$<ÿ&(ÿ$)'ÿ9)>>)$07ÿ<&('6&1' .)0'#;5ÿ<&(')6'&)$,ÿ':5ÿ0)#<ÿ:#(ÿ$)ÿ9)$'6)0ÿ).56ÿ':5ÿ.)0'#;5ÿ
5<Gÿ3:5ÿ=6)05>ÿ&(ÿ':#'ÿ':5&6ÿ91665$'ÿ916.5ÿ&(ÿ$)'ÿ=56859'ÿ(& <&(')6'&)$Gÿ3:5ÿ(#>5ÿ0)#<ÿ=1'ÿ&$ÿ'?)ÿ<&88565$'ÿ0)9#'&)$(ÿ)$ÿ':5ÿ
$1()&<ÿ#$<ÿ&'ÿ>#7ÿ5ÿ<5'6&>5$'#0ÿ8)6ÿ=)?56ÿ1#0&'7ÿ&8ÿ':57ÿ#65ÿ =)?56ÿ(7('5>ÿ?&00ÿ65(10'ÿ&$ÿ'?)ÿ<&88565$'ÿ.)0'#;5ÿ<&(')6'&)$ÿ
1(5<ÿ');5':56ÿ&$ÿ;65#'ÿ$1>56(Gÿ)ÿ8#6ÿ':5ÿ&$8015$95ÿ')ÿ':5ÿ .#015(Gÿ2ÿ
;6&<ÿ&(ÿ&;$)65<ÿ59#1(5ÿ':5ÿ=)?56ÿ)8ÿ)$5ÿ0#>=ÿ&(ÿ>#6;&$#0Gÿ «$ÿ6#<&#0ÿ1'&0&'7ÿ<&('6&1'&)$ÿ855<56(ÿ#$<ÿ&$<1('6&#0ÿ=0#$'ÿ
0()ÿ':5ÿ?&<5(=65#<ÿ1(5ÿ)8ÿ(ÿ>#7ÿ&>=0&9#'5ÿ(&;$&8&9#$'ÿ =)?56ÿ(7('5>(,ÿ':5ÿ>#&$ÿ'5$<5$97ÿ&(ÿ8)6ÿ':5ÿ:#6>)$&9ÿ916
65#9'&.5ÿ=)?56ÿ#$<ÿ=6)05>(ÿ?&':ÿ:&;:56ÿ:#6>)$&9(ÿ&$ÿ#ÿ 65$'(ÿ')ÿ80)?ÿ86)>ÿ':5ÿ:#6>)$&9=6)<19&$;ÿ0)#<ÿ')ÿ':5ÿ=)?56ÿ
;6&<Gÿ*ÿ
&;:56ÿ:#6>)$&9(,ÿ?:&9:ÿ(ÿ;5$56#'5ÿ')ÿ#ÿ;6&<ÿ#$<ÿ (7('5>ÿ()1695Gÿ
':5657ÿ#8859'ÿ':5ÿ=)?56ÿ1#0&'7,ÿ#65ÿ':5ÿ>#&$ÿ&((15ÿ1(&$;ÿ ¨ÿ6¬ ÿÿ®!®ÿ®ÿ
ÿÿÿ ¡ÿÿÿ¢¡ÿ¡£ÿ 3:5ÿ'?)ÿ>)('ÿ9)>>)$07ÿ1(5<ÿ&$<&95(ÿ8)6ÿ>5#(16&$;ÿ':5ÿ
=)?56ÿ':#'ÿ$55<(ÿ#''5$'&)$Gÿ
$&9ÿ9)$'5$'ÿ)8ÿ':5ÿ?#.58)6>ÿ#65ÿ':5ÿ')'#0ÿ:#6>)$&9ÿ
#6>)$&9ÿ91665$'(ÿ=6)<195<ÿ7ÿ$)$0&$5#6ÿ0)#<(ÿ#65ÿ&$ :#&(6'>)
)6'&)$ÿ#$<ÿ':5ÿ')'#0ÿ<5>#$<ÿ<&(')6'&)$Gÿ̄)':ÿ#65ÿ>5#(165(ÿ
A59'5<ÿ#9¤ÿ&$')ÿ':5ÿ(1==07ÿ(7('5>(Gÿ3:5(5ÿ91665$'(ÿ9#$ÿ&$'56 <
8ÿ':5ÿ58859'&.5ÿ.#015ÿ)8ÿ#ÿ?#.58)6>ÿ#$<ÿ>#7ÿ5ÿ#==0&5<ÿ')ÿ
#9'ÿ#<.56(507ÿ?&':ÿ#ÿ?&<5ÿ6#$;5ÿ)8ÿ=)?56ÿ(7('5>(ÿ51&=>5$',ÿ )
5
&
56ÿ.)0'#;5ÿ)6ÿ91665$'Gÿ2ÿ
>)('ÿ$)'#07ÿ9#=#9&')6(,ÿ'6#$(8)6>56(ÿ#$<ÿ>)')6(,ÿ9#1(&$;ÿ ':3)
$&9ÿ<&(')6'&)$ÿ°3±+ÿ)8ÿ#ÿ(&;$#0ÿ&(ÿ#ÿ>5#(
#<<&'&)$#0ÿ0)((5(,ÿ).56:5#'&$;ÿ#$<ÿ).560)#<&$;Gÿ3:5(5ÿ:#6 165>5$'#'ÿ0ÿ):8ÿ#'6:>)
>)$&9ÿ<&(')6'&)$ÿ=65(5$'ÿ#$<ÿ&(ÿ<58&$5<ÿ#(ÿ
>)$&9ÿ91665$'(ÿ9#$ÿ#0()ÿ9#1(5ÿ&$'568565$95ÿ?&':ÿ'5059)>>1 ':5ÿ6#'&)ÿ)8ÿ':55ÿÿ:(#16>ÿ
)8ÿ#00ÿ:#6>)$&9ÿ9)>=)$5$'(ÿ²:ÿ')ÿ':5ÿ
$&9#'&)$ÿ0&$5(ÿ#$<ÿ566)6(ÿ&$ÿ=)?56ÿ>5'56&$;Gÿ
81$<#>5$'#0ÿ86515$97ÿ9)>=)$5$'ÿ²*Gÿ-'ÿ&(ÿ':5ÿ=)'5$'&#0ÿ
ÿ
ÿ

ÿÿ

PAPER - IV

81

ÿÿÿÿ ÿ¡¢£ÿ ÿ¤¥¦ÿ§¡¤¨

0122345ÿ7829 4 ÿÿÿ08232ÿ84ÿÿ
35ÿÿ325ÿ5ÿ0824ÿ 8ÿ0122345ÿÿ
 5254ÿ4ÿ 52154ÿ35 2ÿ
73ÿ"*$32ÿ+884ÿ 5 ÿ

812ÿ55ÿ32ÿ882!2ÿ"855ÿ35434ÿ

3#8259345ÿÿ$3528$ÿ443324ÿ
,8$$44ÿ&4325ÿÿ,34$ÿ
,8$$44ÿ548ÿ

3#8259345ÿÿ$3528$ÿ443324ÿ
%8$5ÿ&4325ÿ $ÿÿ$3528$ÿ443324ÿ
# ÿ'4$84ÿ
$812(155)88$5(ÿ9855($35434)88$5(ÿ

ÿ
ÿ
-./01230456789:;9ÿ=>ÿ?@?AB8:AÿC?6:A@?DÿEFGDHÿ:Dÿ?IJ?AB?KÿB=ÿL8:;9ÿ7ÿ #32ÿ8ÿ5ÿ3ÿ28532ÿ(ÿ, ÿ8 9#$ÿ5 ÿ3#353ÿ#32ÿ
6?7@B6Mÿ7KK:B:=;ÿ=>ÿ@=7Kÿ>=8ÿB6?ÿK:DB8:LNB:=;ÿ;?BO=8PDQÿR6?ÿ ÿ53ÿ8232ÿÿ58254ÿ29ÿ(ÿÿ2ÿ4$3ÿ#83ÿ482ÿ
8?D:K?;B:7@ÿ;?BO=8PDÿO6?8?ÿB6?ÿFGÿ=O;?8DÿO=N@KÿA6789?ÿB6?:8ÿ 8232ÿ2ÿ93ÿ13ÿÿ2384ÿ45ÿ1423ÿÿÿ2ÿ
C?6:A@?Dÿ7>B?8ÿ8?BN8;:;9ÿ>8=SÿK7:@Mÿ7AB:C:B:?DÿO=N@Kÿ?DJ?A:7@@MÿL?ÿ 1$52885ÿ824ÿ(ÿ,3ÿ8232ÿÿ9 324ÿ53ÿ ÿ585ÿ823ÿ
DNLT?AB?KÿB=ÿ6:96ÿ@=7Kÿ:;A8?7D?QÿUDÿFGÿA6789?8ÿ:Dÿ7ÿJ=O?8>N@ÿ;=;V 45343ÿ2ÿ824ÿ85ÿ93ÿ823ÿ8518$$ÿ#32854ÿ32ÿ$ 3ÿ5ÿ
@:;?78ÿ@=7Kÿ87B6?8ÿ@789?ÿ678S=;:AÿAN88?;BDÿA7;ÿL?ÿJ8?D?;BÿKN8:;9ÿ 53ÿ$33$ÿÿ53ÿ118$ÿ23 3458$ÿ15932ÿ84ÿ284ÿÿÿÿ
B6?ÿFGÿA6789:;9QÿR6:DÿS?7;Dÿ7ÿD:9;:>:A7;Bÿ:;A8?7D?ÿ7@D=ÿB=ÿB6?ÿ %ÿÿ122345ÿ(ÿÿ
AN88?;Bÿ678S=;:ADQÿU;7@MD:Dÿ=>ÿB6?ÿWN7;B:B:?Dÿ=>ÿB6?ÿ678S=;:Aÿ
AN88?;BDÿ:Dÿ;?A?DD78Mÿ>=8ÿ9N787;B??:;9ÿB6?ÿK:DB8:LNB:=;ÿ;?BO=8Pÿ ÿ85532ÿ23123ÿ0ÿ2ÿ824ÿ84ÿ53ÿ 432 4ÿ29ÿ
=J?87B:=;ÿB67BÿO=N@KÿS??BÿB6?ÿJ=O?8ÿDNJJ@MÿDB7;K78KDQÿX;ÿB6:Dÿ %0ÿ8ÿ3$$ÿ8ÿ 824ÿ 452$ÿ ÿ#23ÿÿ53ÿ#32ÿ
J7J?8YÿB6?ÿFGÿA6789:;9ÿS?7DN8?S?;Bÿ8?DN@BDÿ78?ÿJ8?D?;B?Kÿ7;Kÿ 3$3524 ÿ 432532ÿ ÿ823ÿ44z$4382ÿ$8(ÿ,3ÿ44z
7;7@MZ?KÿO:B6ÿ>=ANDÿ=;ÿB6?ÿAN88?;BÿO7C?>=8SÿK:DB=8B:=;DQÿ[:>>?8?;Bÿ $43825ÿ ÿ53ÿ 122345ÿ 4193ÿ8 853ÿ5ÿ53ÿÿ
FGDÿ78?ÿ7;7@MZ?Kÿ>=8ÿB6?ÿAN88?;Bÿ678S=;:ADÿJ8?D?;BÿKN8:;9ÿB6?ÿ 824ÿÿ$ 3$ÿ23$853ÿ5ÿ53ÿ8232ÿ215ÿ5#$ÿ585ÿÿ
D@=Oÿ87B?ÿ6=S?ÿA6789:;9Qÿ\=8ÿB6?ÿS=K?@:;9ÿ=>ÿB6?ÿFGÿA6789:;9ÿ #24ÿ84ÿ453283ÿ582ÿ53ÿ%0ÿ435 2(ÿ,3ÿ3$154ÿÿ
@=7KDÿ:;ÿB6?ÿ;?BO=8PDYÿK:DANDD:=;ÿ:DÿJ8?D?;B?Kÿ=;ÿB6?ÿ678S=;:Aÿ 53ÿÿ8232ÿ58253ÿ5ÿ53ÿ 9#$35ÿ14 452$$3ÿ 4$3z
AN88?;BDÿDNSS:;9ÿ7;KÿA7;A?@@7B:=;ÿ?>>?ABDQÿR6?ÿ8?DN@BDÿJ8?D?;B?Kÿ:;ÿ #83ÿ1$$z23ÿ23532ÿ84ÿÿ$33$ÿ ÿ 122345ÿ
B6?ÿJ7J?8ÿA7;ÿL?ÿ>N8B6?8ÿND?Kÿ>=8ÿS=K?@:;9ÿ=>ÿB6?ÿ7ABN7@ÿ678S=;:Aÿ 829 4 ÿ 5254ÿ84ÿ$ÿ#32ÿ852(ÿ,3ÿ 215ÿ84ÿ
@=7KDÿ=>ÿB6?ÿFGDÿ:;ÿB6?ÿK:DB8:LNB:=;ÿ;?BO=8PDQÿ
452$ÿ528533ÿ83ÿ3$3ÿ28#$ÿ5ÿ4$13ÿ9 23ÿ435 2ÿ
4$ÿ385123ÿÿ1ÿ8ÿ#32ÿ852ÿ 22354ÿ{~'0}ÿ84ÿ
]^_`abcdefg^hibjhÿl^mjhg^dnÿoa`^bÿd_di^pÿmqbparjhdnÿ^r^bs_ÿ 213
22345ÿ8329ÿ 8#4(ÿ, 8ÿ53ÿ8843ÿ 8232ÿ
diabqs^nÿhtbb^riÿp^qdtb^p^riduÿ
5#$3ÿ823ÿ39#$4ÿ 54ÿ9 3ÿ #32854ÿ84ÿ
452$$8$3ÿ#32ÿ39 4152ÿ4ÿ38$ÿ83ÿ53ÿ122345ÿ
v(ÿ ÿv,xy&0,vyÿÿ
829 4 ÿ 5254ÿ$33$ÿ 1$ÿ3ÿ3$$ÿ3$ÿÿ85ÿ$8ÿ$33$ÿ
$3528$ÿ3 $3ÿ823ÿ 4 323ÿ3328ÿ13ÿ 991532ÿ 29ÿÿÿ2853ÿ#32(ÿ,33ÿ1454ÿ823ÿ23123ÿ5ÿ
3 $3ÿ5ÿ4845ÿ4z82ÿ3432ÿ5283ÿ84ÿ8$5ÿ5ÿ 9335ÿ53ÿ25328ÿ5853ÿ4ÿ53ÿ58482ÿ585ÿ35ÿ53ÿ#32854ÿ
13ÿ53ÿ984ÿ#32ÿ1##$ÿ2ÿ824ÿ53ÿ3432ÿ5283(ÿ 454ÿ2ÿ#1$ÿ 52154ÿ435 2ÿ1ÿ8ÿ53ÿv0 ÿ
,# 8$ÿ1ÿ3 $3ÿ823ÿ85532ÿ3$352 ÿ3 $3ÿ{| }ÿ84ÿ 323ÿ(ÿ,3ÿ%0ÿ984ÿ1##$ÿ5ÿ53ÿ15932ÿ8ÿ5ÿ1$$$ÿ
#$1z4ÿ2ÿ3 $3ÿ{~7 }(ÿ13ÿ5ÿ9$825ÿÿ53ÿ#2 3 ÿ 8$ ÿ231239345ÿ ÿ$ÿ 4383ÿ$583ÿ 5254ÿ{2ÿ
ÿ53ÿ4z82ÿ85532ÿ824ÿ5323ÿ 1$ÿ3ÿ4$ÿ$5ÿ 389#$3ÿ35ÿÿv0ÿ}(ÿ34ÿ 454ÿ5853ÿ4ÿ
32343ÿ4ÿ53ÿ9#85ÿ2ÿ53ÿ#32ÿ435 2ÿ3#344ÿ4ÿ 533ÿ58482ÿ823ÿ935ÿ3 3ÿ 44353ÿ5ÿ984ÿ1##$ÿ823ÿ
53ÿ3 $3ÿ5#3(ÿ,32323ÿ54ÿ5 ÿ#8#32ÿ8$$ÿ1ÿ3 $3ÿ 3#353ÿ5ÿ #32853ÿ5ÿ1$$ÿ14548$5(ÿ0 4 324ÿ53ÿ
#32ÿÿÿ8232ÿ84ÿ53ÿ8285325 ÿÿ53ÿÿ824ÿ
823ÿ233223ÿ5ÿ4$ÿ8ÿ3$352ÿ3 $3ÿ{ }(ÿÿ
8$ ÿÿ23123ÿÿ53ÿ#1$ÿ984ÿ435 2ÿ58482ÿ
,# 8$ÿ ÿ823ÿ#23ÿ5ÿ855323ÿ84ÿ3432ÿ $8238ÿ5ÿ8$$4ÿ93
5ÿÿ419321ÿ ÿ823ÿ823ÿ91$58431$(ÿÿ
5283ÿ8#8 53ÿ29ÿ 93ÿÿ1#ÿ5ÿ3328$ÿ534ÿÿÿ(ÿ
7z8#8 5ÿ855323ÿ823ÿ23123ÿ2ÿ#24ÿ53ÿ3$352 ÿ , ÿ#8#32ÿ$$ÿ 1ÿ4ÿ53ÿ345854ÿÿ#2#3253ÿÿ
24ÿ2843ÿ8 3#58$3ÿ2ÿ53ÿ15932(ÿ,3ÿ231239345ÿ5ÿ 32345ÿÿ8232ÿ84ÿ53ÿ122345ÿ 5254ÿ533ÿÿ
823ÿ53ÿ855323ÿ4ÿ8ÿ593z2893ÿ585ÿ3ÿ45ÿ#23ÿ32 1ÿ 8232ÿ84ÿ#23ÿ2ÿ53ÿ 52154ÿ435 2(ÿ'2ÿ38$1854ÿ
9#29 3ÿ2ÿ53ÿ15932ÿ85854ÿ9384ÿ585ÿ53ÿ824ÿ 5 ÿ 824ÿ9381239345ÿ231$5ÿ ÿ3328$ÿ 9932 8$$ÿ

©ª«¬¬ª©©¬©¬®®¯°ÿ±ÿ¤¤¤

ª´

²³ÿ°©®¡¤°°

PAPER - V

89

]SSbººYhY[W[TZº»ºjQQQ¼ÿ

01023456728ÿ74ÿ010234530 6728ÿ7 6ÿÿ51ÿÿ65ÿÿÿ

[^QTÿaUVWS_ÿ7\\aQ\ÿWRÿMW\bQT\QYÿmQRQTUSW[Rÿ
URYÿ`UTSÿmTWY\ÿ
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OVahÿ7SÿW\ÿẀb[TSURSÿS[ÿQcUVaUSQÿS]QÿQhW\SWRZÿZTWYÿPUbUPWS_ÿ
URYÿV[UY\ÿWRÿS]W\ÿPQTSUWRÿUTQUÿ[OÿS]QÿYW\STWdaSW[RÿRQS^[Teÿfgÿ MW\bQT\QYÿZQRQTUSW[RÿW\ÿS]QÿbT[YaPSW[Rÿ[OÿQVQPSTWPWS_ÿUSÿ[Tÿ
MW\bQT\QYÿaRWS\ÿUOOQPSÿS]QÿPaTTQRSÿiaUVWS_ÿURYÿS]T[aZ]ÿS]Qÿ RQUTÿS]Qÿb[WRSÿ[Oÿa\Qÿk[\Sÿ[TÿbUTSÿ[OÿP[R\a`QYÿQRQTZ_ÿW\ÿ
ZTWYÿUV\[ÿS]Qÿc[VSUZQÿiaUVWS_ÿU\ÿQhbQTWQRPQYÿd_ÿ[S]QTÿ bT[YaPQYÿUSÿb[WRSÿ[Oÿa\QÿURYÿTQ\Sÿ[OÿS]QÿQVQPSTWPWS_ÿZ[Q\ÿWRS[ÿ
S]QÿYW\STWdaSW[RÿZTWYÿfgÿ
ÿ
7Rÿ`[\SÿPU\Q\ÿWSÿW\ÿU\\a`QYÿS]USÿS]QÿQVQPSTWPUVÿPaTTQRSÿURYÿ
kURa\PTWbSÿTQPQWcQYÿkUTP]ÿÿlÿUPPQbSQYÿkU_ÿÿÿÿ
3]W\ÿbUbQTÿW\ÿ\abb[TSQYÿd_ÿ`UTSmTWY\ÿ048nopÿrstuovpÿwxtyosÿz{|}~pÿ c[VSUZQÿ]UcQÿUÿ\WRa\[WYUVÿ^UcQÿ\]UbQÿaSÿWOÿ]aRYTQY\ÿ[Tÿ
URYÿUOQS_ÿ4QiaWTQ`QRS\ÿO[TÿQ[bVQÿURYÿ0VQPSTWPUVÿ0iaWb`QRSÿWRÿ`UTSÿ S][a\URY\ÿ[Oÿ\`UVVÿb[^QTÿbT[YaPSW[RÿbVURS\ÿUTQÿP[RRQPSQYÿS[ÿ
s~ÿ{pt osÿt |~ÿ
ÿÿ

½¾

PAPER - VI

95

23245674ÿ9 26ÿ2 72267 ÿÿ

ÿ

4ÿÿÿÿÿ9!ÿ" #$ÿ
%&&'ÿ())*+,,-./ÿ01234ÿ67889./ÿ:&;<ÿ=&><&?&-.ÿ

-.=&<
<)''ÿ@')ABC+)*Dÿ,Eÿ=BFG',<,HD/ÿIBJ&C*KB'*ÿ,EÿL<BF*C)F&<ÿ:,MBCÿL'H)'BBC)'H/ÿ

=&<<)''/ÿL+*,')&/ÿMMMN*;*NBB/ÿBK&)<Oÿ?&&'N'))*+,,P**;NBB/ÿJ&;<N*&><&?&P**;NBBÿÿ
L+J,,/ÿS)'<&'T/ÿMMMN&&<*,NE)/ÿBK&)<Oÿ<&;C)N>;**P&&<*,NE)ÿ

9.Q&<
*,ÿ@')ABC+)*DÿRFG,,<ÿ,EÿL<BF*C)F&<ÿL'H)'BBC)'H/ÿIBJ&C*KB'*ÿ,EÿL<BF*C)F&<ÿL'H)'BBC)'H/ÿ

ÿ
ÿ
<BK+ÿECB;B'*<DÿT)+F;++BTÿ)'ÿ*GB,CDÿ)'ÿF&+Bÿ,EÿT)+*C);*),'ÿ
UVW56U45ÿ
B'BC&*),'ÿ;')*+ÿF,''BF*BTÿ*,ÿHC)Tÿ*GC,;HGÿJ,MBCÿB<BF*C,')Fÿ
XYZÿ\]^__`abcZdÿef\gdfhigZeÿjZkZd^gfbkÿikfg\ÿ^dZÿblgZkÿ H
'ABC*BC+Nÿ)HGÿG&CK,')FÿT)+*,C*),'ÿ)+ÿ,+BCABTÿB+JBF)&<<Dÿ)'ÿ
^mmb]a^kfZeÿhnÿYfjY`abcZdÿabcZdÿZ_ZmgdbkfmÿmbkoZdgZd\pÿ )
&*),'+ÿMGBCBÿ<,&T)'Hÿ,Eÿ*GBÿ)'ABC*BCÿ)+ÿ+K&<<Nÿ
XYZÿbigaigÿblÿ\imYÿmbkoZdgZd\ÿf\ÿef\gbdgZeÿ\fkZc^oZÿcYfmYÿ +)*;,
MGBCBÿ&ÿ';KBCÿ,EÿHB'BC&
m^kÿm^i\ZÿY^d]li_ÿZllZmg\ÿgbÿgYZÿef\gdfhigfbkÿkZgcbdqÿfgÿf\ÿ *),'ÿ;')C*B+ÿÿ+&BCABÿBFC,B'ÿ&'CBBFÿ**GBBTÿÿ+*,)*ÿ;*G&*B)ÿ,''B+*ÿM,
+&KBÿ*)KBNÿ=G)+ÿ
mbkkZmgZeÿgbpÿXYZÿjb^_ÿblÿgYf\ÿa^aZdÿf\ÿgbÿjfoZÿ^kÿboZdofZcÿ )+ÿT;Bÿ*,ÿ*G&*ÿ)'T)A)T;&<ÿF,KJ,'B'*C+>ÿÿ&&C*Bÿÿ*GFB,ÿKJ
*Gÿ*GBÿ
blÿadbh_Z]\ÿgY^gÿ]^nÿbmmidÿcYZkÿfkmdZ^\fkjÿki]hZd\ÿblÿ +*&'T&CT+/ÿ;*ÿ)'ÿJC&F*)FBÿ)'ÿHC)TÿM)*Gÿ,*GBCÿ<,&T+<ÿ)*BGTBÿDM)
ef\gdfhigZeÿjZkZd^gfbkÿrstuÿikfg\ÿ^dZÿ^mmb]]be^gZeÿfkgbÿ R)*;&*),'+ÿ<)>Bÿ*G&*ÿ&CBÿ&<+,ÿ',*ÿ+*&'T&CT)BTNÿ ÿT,ÿ',*Nÿ
ef\gdfhigfbkÿjdfepÿXYZÿfkoZ\gfj^gfbkÿf\ÿh^\Zeÿbkÿlfkefkj\ÿ
ldb]ÿgYZbdnÿ^keÿab\\fh_ZÿmY^__ZkjZ\ÿ^dZÿ_f\gZeÿ^keÿ\Ybdg_nÿ
ÿU63ÿ2245Wÿÿ52ÿ ÿ
eZ\mdfhZepÿvbdZÿf]abdg^kgÿbkZ\ÿ^dZÿZwa_^fkZeÿfkÿeZg^f_\pÿ
xbmi\ÿf\ÿaigÿbkÿf\\iZ\ÿblÿob_g^jZÿef\gbdgfbkÿeiZÿgbÿYfjYZdÿ ,''BF*),'ÿ,Eÿ*GBÿT)+*C);*BTÿHB'BC&*),'ÿ;')*+ÿ*,ÿT)+*C);
Y^d]bkfm\ÿadbeimZeÿhnÿabcZdÿZ_Zmgdbkfm\ÿi\Zeÿfkÿstÿikfg\pÿ *),'ÿ'B*M,C>+ÿ+G,;<TÿBÿ,+BCABTÿ)'ÿ*BCK+ÿ,EÿJ,MBCÿ;&<)*D/ÿ
y__ÿef\gdfhigfbkÿkZgcbdqÿbaZd^gbd\ÿ\Ybi_eÿhZÿ^c^dZÿblÿgYZÿ CB<)&)<)*D/ÿ'B*M,C>ÿF,'*C,<ÿ&'Tÿ+*&)<)*DNÿS,Cÿ+;FGÿ,JBC&
_fqZ_nÿadbh_Z]\ÿ^keÿhZÿdZ^enÿlbdÿgYZÿ^aadbadf^gZÿ]Z^\idZ\ÿ *),'&<ÿ&+JBF*+ÿ&ÿ';KBCÿ,EÿJC,<BK+ÿF,;<Tÿ&C)+BNÿBCBDÿ&ÿ
gbÿ_ZoZd^jZÿgYZ\Zÿ^\ÿgYZÿ^]bikgÿblÿstÿfk\g^__^gfbk\ÿf\ÿfk` +G,C*ÿ<)+*ÿ,EÿJ,++)<Bÿ)++;B+ÿ)'ÿ)CCB<BA&'*ÿ,CTBCÿF,;<TÿBÿJCB
mdZ^\fkjÿd^afe_npÿ
+B'*BTÿ&+ÿ/Oÿ
z{|}~ÿ I)+*C);*BTÿJ,MBCÿHB'BC&*),'/ÿJ,MBCÿB<BF ÿ K&<E;'F*),'ÿ,EÿG&CK,')F+B'+)*)ABÿB;)JKB'*ÿ/ÿ
*C,')Fÿ)'ABC*BC+/ÿJ,MBCÿ;&<)*D/ÿJ,MBCÿ+D+*BKÿG&CK,')F+ÿ ÿ BFBBT)'Hÿ*GBÿ*GBCK&<ÿ<)K)*+ÿ,EÿF,'T;F*,C+/ÿÿ
ÿ C&)+Bÿ,Eÿ*GBÿA,<*&HBÿG&CK,')F+ÿT)+*,C*),'/ÿ
ÿ TBFCB&+Bÿ)'ÿ<)EB*)KBÿ,EÿF,KJ,'B'*+ÿ-/ÿ
ÿ756 457 ÿ
<E;'F*),'ÿ,Eÿ*GBÿJC,*BF*),'ÿ+D+*BK/ÿÿ
R)'FBÿ*GBÿJB'B*C&*),'ÿ,EÿIÿ+D+*BK+ÿ)'ÿ*GBÿT)+*C);*),'ÿ ÿÿ K&
C>/ÿÿ
'B*M,C>ÿ)+ÿ)'FCB&+)'H/ÿ*GBÿ'BBTÿ*,ÿK,')*,Cÿ&'TÿK,TB<ÿ*GBÿ ÿ ';,'T'ÿBCCBFÿ,BCJÿ*,)A,B'Cÿ,AEÿ,*<G*B&ÿH*&BCÿ,)EEEÿÿ*+G)BHÿ''&B<*/M,
F,'*C);*),'ÿ,Eÿ*GB+Bÿ+D+*BK+ÿ*,ÿ*GBÿG&CK,')FÿT)+*,C*),'ÿ,Eÿ ÿ )'FCB&+Bÿ,Eÿ*GBÿ'B*M,C>ÿ,;*&HB+/ÿÿ
F;CCB'*ÿ&'TÿA,<*&HBÿM&ABE,CK+ÿ)+ÿBF,K)'Hÿ&'ÿ;J*,T&*Bÿ ÿ CB&F*)ABÿJ,MBCÿHB'BC&*),'ÿ-/ÿÿ
)++;Bÿ-NÿGB'ÿ&ÿ<&CHBÿ';KBCÿ,EÿI+ÿ&CBÿF,''BF*BTÿ*,ÿ ÿ TBFCB&+Bÿ,EÿJ,MBCÿE&F*,C/ÿ
T)+*C);*),'ÿ'B*M,C>/ÿJ,MBCÿB<BF*C,')F+ÿBF,KBÿ,'Bÿ,Eÿ*GBÿ ÿ A,<*&HBÿE<)F>BCÿ9/ÿ
K&)'ÿG&CK,')Fÿ+,;CFB+ÿ9NÿEÿJ,++)<B/ÿ*G)+ÿ+G,;<TÿBÿ*&>B'ÿ ÿ CB+,'&'FBÿ/ÿÿ
)'*,ÿ&FF,;'*ÿ&<,'HÿM)*Gÿ*GBÿ'BMÿJ,MBCÿE<,Mÿ+)*;&*),'ÿÿ)'ÿ ÿ J,MBCÿ<,++B+/ÿ
J<&'')'Hÿ&'Tÿ&'&<D+)+ÿ+*&HB+Nÿ
TFÿ)'?BF*),'/ÿ
S;C*GBCK,CBÿ)'*BC'&*),'&<ÿ+*&'T&CT+ÿ&CBÿ)'F,KJ<B*Bÿ&'Tÿ ÿ
ÿ )+<&'T)'HNÿ
F,'*C,ABC+)&<ÿE,CÿJG,*,A,<*&)Fÿ:.ÿ&JJ<)F&*),'+/ÿ&<<,M)'Hÿ 
*GBÿHB'BC&*),'ÿ,EÿG&CK,')F+ÿ)'ÿ*GBÿC&'HBÿ,EÿEBMÿ>ÿM)*G,;*ÿ ÿ=GBÿK&)'ÿ)++;B+ÿ&CBÿTC&M'ÿ,;*ÿ&'Tÿ*GB)CÿJ,++)<BÿF&;+B+ÿ
F<B&Cÿ<)K)*&*),'+ÿ/Nÿ'ÿ*GBÿF,'*C&CDÿ)'ÿ*GBÿ<,MÿECB;B'FDÿ &CBÿBJ<&)'BTÿ)'ÿE,<<,M)'HÿJ&C&HC&JG+Nÿ'E<;B'FBÿ,Eÿ)'ABC*BCÿ
C&'HBÿ*GBÿ<)K)*+ÿ&CBÿK,CBÿ+*C)'HB'*ÿ*G&'ÿ*G,+BÿE,CÿG,KBÿ *BFG',<,HDÿ&'Tÿ+*CB'H*Gÿ,EÿHC)Tÿ&'TÿCB+,'&'FBÿF&+Bÿ&CBÿ
&JJ<)F&*),'+ÿT;Bÿ*,ÿ*GBÿE&F*ÿ*G&*ÿ:ÿ+D+*BK+ÿ&CBÿA)BMBTÿ&+ÿ BKJG&+)BTNÿ
HB'BC&*),'ÿ+,;CFB+ÿNÿ=GBCBÿ)+ÿ&<+,ÿ',ÿ+*&'T&CTÿ,'ÿ:ÿ
)'ABC*BCÿ*,J,<,HDÿNÿ
ÿ4 ÿÿ¢ÿÿ
Q'ÿ,ABCA)BMÿ,Eÿ<)>B<DÿF,'FBC'+ÿ*G&*ÿF&'ÿ,FF;CÿMGB'ÿHCB&*ÿ ¡=G
'FBÿ,Eÿ:ÿJ<&'*+ÿ)'ÿ*BCK+ÿ,EÿJ,MBCÿ;&<)*Dÿ
&K,;'*ÿ,EÿT)+*C);*BTÿHB'BC&*),'ÿ;')*+ÿM,;<TÿBÿ)'+*&<<BTÿ TBJB'BTÿ+JÿB,C'E,ÿC*GK&
B
ÿ
+*C;F*;CB/ÿB*BC'&<ÿF,'T)*),'+ÿ+;FGÿ
)'*,ÿ*GBÿT)+*C);*),'ÿ'B*M,C>ÿ)+ÿJCB+B'*BTÿ)'ÿ*G)+ÿJ&JBCNÿB &+ÿ+,<&Cÿ)CC&T)&'F)B'ÿA&B'CT*ÿB*CBÿKJ
JBÿ&'Tÿ&K,;'*ÿ,Eÿ<,&Tÿ
+;<*+ÿEC,Kÿ';KBCÿ,EÿT)EEBCB'*ÿ+*;T)B+ÿ&<,'HÿM)*Gÿ&ÿ+G,C*ÿ &'TÿFG&C&F*BC)+*)F+ÿ,Eÿ*GBÿ+;JBJC&<D*;ÿ+CDB/+ÿ**BDKÿ
,ABCA)BMÿ,Eÿ*GBÿJ,*B'*)&<ÿ)++;B+ÿ&CBÿJCB+B'*BTÿ)'F<;T)'Hÿ =GBÿG&CK,')F+ÿJC,T;FBTÿDÿIÿ)'ÿ*G-B-ÿ/T-)9+/*-C)/;-*),N'ÿÿÿ'B*
K,CBÿJCBF)+BÿT)+F;++),'ÿ,EÿK,CBÿ+BABCBÿ,'B+Nÿÿ
C>ÿ)+ÿK&)'<Dÿ)'E<;B'FBTÿDÿ*GBÿE&F*,Cÿ,EÿB;)A&<B'*ÿ)K
&CK,')FÿT)+*,C*),'ÿ&JJB&C+ÿ*,ÿBÿ*GBÿ,'Bÿ,Eÿ*GBÿJC, M,
JBT&'FBÿ)'ÿ*GBÿJ<&FBÿ,EÿF,KK,'ÿF,;J<)'Hÿ:.ÿ-ÿMG)FGÿ
ÿ
ÿ

ÿÿ

PAPER - VII

103

ÿÿÿÿÿÿ!"ÿ
"ÿÿÿ
#ÿ$%ÿ&ÿ'%ÿ%ÿ(ÿ)*+%ÿ'%ÿ%ÿÿ(%ÿÿ,'ÿ

-.'ÿ/ÿ00ÿ(!ÿÿ
)ÿ123ÿ/ÿ)0"3ÿ
)%ÿÿ
+45ÿ.*+45ÿ2.45ÿ2*'4ÿ
ÿ
ÿ
6789:;<9=>?@ABCDEFAGÿIJE@BK?BÿLMÿADAIF@KIÿNAJKIDAOÿPQROSÿ {"ÿ/ÿ"ÿ'ÿÿ"ÿÿÿ/ÿ0"ÿ
ILCDGÿKTUEIFÿDLEGÿIJE@EIFA@KOFKIOÿK?ÿGKOF@KVCFKL?ÿ?AFWL@XOYÿ ÿ"'ÿÿ03ÿ.ÿ23ÿ0ÿÿ"ÿ2ÿ/ÿ"ÿ
ZKMMKICDFKAOÿWKFJÿULWA@ÿ[CEDKF\ÿTE\ÿEUUAE@ÿK?ÿ@AOKGA?FKEDÿ ÿÿ0'ÿÿ!ÿ4ÿÿ49ÿÿ/ÿ0ÿ
?AFWL@XOÿWJA@AÿFJAÿB@KGÿKOÿWAEXYÿ]L@ÿU@LNKGK?BÿB@AEFA@ÿ 6 ÿ)"ÿ0"ÿ/ÿÿ0ÿÿ2ÿÿ/ÿ.!ÿ
IEUEVKDKFKAOÿFLÿQRÿIJE@BK?B^ÿFJAÿULWA@ÿ[CEDKF\ÿEOUAIFOÿJENAÿFLÿVAÿ 00ÿÿ!"0"ÿÿ"'0ÿÿ0ÿ
IL?OKGA@AGÿK?ÿEGGKFKL?ÿFLÿFJAÿDLEGÿK?I@AEOAÿE?ED\OKOYÿ_JKOÿUEUA@ÿ .!ÿ3ÿÿÿÿ!*ÿ
GKOICOOAOÿFJAÿJE@TL?KIÿIL?FA?FÿLMÿFJAÿQRÿIJE@BK?BÿDLEGÿE?GÿFJAÿ
IJE?BK?BÿULWA@ÿ[CEDKF\ÿK?GKIEFL@OÿK?ÿFJAÿ@AOKGA?FKEDÿGKOF@KVCFKL?ÿ )"ÿÿ'.0ÿ.ÿÿ"ÿ'ÿ/ÿ..0%ÿ"ÿ
?AFWL@XYÿ̀IFCEDÿQRÿIJE@BK?BÿTAEOC@ATA?Fÿ@AOCDFOÿE@AÿU@AOA?FAGÿ .!ÿ%ÿÿ"ÿ"'0ÿ23ÿ|'0ÿÿ
E?GÿENA@EBAGÿIC@@A?FÿJE@TL?KIÿETUDKFCGAÿE?GÿUJEOAÿE?BDAOÿ 23ÿÿÿ2ÿ!"ÿ' .ÿ..0ÿÿ
NEDCAOÿML@ÿQRÿIJE@BK?BÿDLEGÿTLGADDK?BÿE@AÿU@LULOAGYÿaAOCDFOÿLMÿ .ÿ' 3%ÿ0ÿ"ÿ/0'ÿÿ
GKMMA@A?FÿTLGADDK?BÿOIA?E@KLOÿE@AÿU@AOA?FAGÿE?GÿE?ED\bAGYÿ_JAÿ 00ÿ/ÿ"'0ÿ'ÿ5 ÿ)"ÿÿ//0ÿ
@AOCDFOÿLMÿFJAÿOFCG\ÿOJLWAGÿE?ÿAcFA?OKNAÿJE@TL?KIÿGKOFL@FKL?ÿK?ÿ ÿ.ÿ3ÿÿ"ÿ."ÿ%ÿÿ"ÿ//0ÿ23ÿ
@AOKGA?FKEDÿDLEGÿIC@@A?FÿE?GÿNLDFEBAÿGKOFL@FKL?ÿEFÿFJAÿOCVOFEFKL?dOÿ ÿ.ÿÿ"ÿ'ÿ/ÿ"ÿ"'0ÿ2ÿ9 ÿ
VCOVE@Yÿ_JAÿ@AOCDFOÿULK?FAGÿLCFÿK?ÿFJAÿUEUA@ÿIE?ÿVAÿMC@FJA@ÿCOAGÿ
ML@ÿTLGADDK?BÿFJAÿEIFCEDÿJE@TL?KIÿDLEGOÿLMÿFJAÿQROÿK?ÿ $ÿÿÿÿ0ÿ!"0"ÿ!ÿ
""ÿ"ÿ'.0ÿ/ÿ"ÿ.!ÿÿ3'ÿÿ
GKOF@KVCFKL?ÿ?AFWL@XOYÿ
ÿÿÿ/ÿ3'ÿÿ2ÿ7 ÿ|'0ÿ2ÿ
efghi:j8k<l::fm9ÿof;8l:fofm9pÿfqf<9:r<ÿsftr<qf8pÿqi;jÿ .!ÿ!"ÿ"ÿ!*ÿÿ//0ÿ"ÿ2ÿ!2/'%ÿ
oijfqqrmupÿvihf:ÿwl;qr9gpÿvihf:ÿ8g89foÿt;:oimr<8ÿ
!"0"ÿ'3ÿ0'ÿ3ÿ%ÿ2ÿ23ÿ
/'ÿÿ..ÿÿÿ
ÿÿ$)yz-1{)z$ÿ
-ÿ2ÿÿ0ÿÿ"ÿÿ3'ÿ'3ÿ
)"ÿ..0ÿÿ00ÿ20ÿ00ÿÿ"ÿ.0ÿ ÿÿ!ÿ//0%ÿÿ2%ÿ232%ÿ
'ÿ!*ÿÿÿÿ.ÿ!"ÿÿÿ '0"0ÿ%ÿ'/0ÿ/ÿ00ÿ0ÿÿ
2ÿÿÿ.!ÿ|!2%ÿ'3ÿ/ÿ"ÿ00ÿÿ .0ÿ.'ÿÿ!ÿ"ÿ//003ÿ/ÿ..0ÿ
ÿ/ÿÿ3.%ÿ'ÿ"ÿ"3ÿ!ÿ0ÿ!"ÿÿ -ÿ//0ÿÿ0'ÿ/ÿ""ÿ"ÿ.ÿ/ÿ
ÿÿ!2/'ÿ)"ÿ0ÿÿÿ2ÿ 0''ÿ0.ÿ}({{~ÿ
.%ÿ"ÿÿÿÿ!*ÿ2ÿ!2/'ÿ )"ÿ"ÿ/ÿÿÿÿ!ÿ.3ÿ!!ÿ
)"ÿ2ÿÿ2ÿÿ0ÿ3ÿÿ"'0ÿ ÿ"ÿÿ'ÿ"ÿÿ4%ÿ7ÿ/ÿ"ÿ.!ÿ3'ÿ
ÿ})|-~ÿ
ÿÿ1&ÿ!ÿÿÿ5 ÿ)"/%ÿÿÿ
ÿ"ÿÿÿ.ÿÿ"ÿ"ÿ)|-ÿ}ÿ"'0ÿ 0ÿÿ"ÿ'ÿÿÿ/ÿ%ÿ"ÿ.!ÿ3ÿ
ÿ/ÿ0~ÿÿÿ2ÿ"ÿ2ÿ/ÿ"ÿ2ÿ 0"ÿ2ÿ"ÿ0.ÿ0"ÿÿ0'ÿ
"'0%ÿ!"0"ÿ0ÿÿ0ÿ"ÿ'ÿ/ÿ.0/0ÿ 'ÿ'.ÿ"ÿ2ÿ/ÿ
"'0ÿÿ/ÿ)|-ÿ2ÿÿ"ÿ00ÿ )"ÿ..ÿ/ÿ"ÿ.ÿ3ÿÿÿ'ÿÿ
'ÿ/ÿ"ÿ"'0ÿ2%ÿ."ÿÿ2ÿ/ÿ 3ÿ.ÿ.!ÿ3ÿÿÿ"ÿ2ÿ
2ÿ"'0ÿÿÿÿÿÿÿ ÿÿ!*ÿ)"ÿ..ÿ'ÿ"ÿ
'ÿÿÿ.ÿ"ÿ4ÿ'ÿ"'0ÿ0ÿ '.0ÿ/ÿÿ'0ÿÿÿÿÿÿ
'ÿ0ÿÿÿ0'.ÿÿ"ÿ'.ÿ''ÿ/ÿ ÿÿ"ÿ3%ÿ'ÿ.!ÿ0'.ÿÿ
'ÿ4 ÿÿ
0ÿ!2/'ÿ/ÿ//ÿ"'ÿ..0ÿÿÿ"2ÿ
&'ÿÿ!ÿ0ÿ!"ÿÿ"'0ÿÿ ÿÿÿÿ."ÿÿ/ÿ0"ÿ"'0ÿ.ÿ
2ÿ4 %ÿÿ"ÿ02ÿ.!ÿ0'.ÿÿÿÿ ÿ"ÿ9"ÿÿ!ÿ..ÿ/ÿÿ'ÿÿ)"ÿ'ÿ
/0ÿ!"ÿ0'.ÿÿ"ÿ"'0ÿÿ ..ÿ/ÿ"ÿ..ÿÿ"ÿÿ/ÿ0ÿ''ÿÿ/ÿ
..ÿ ÿÿ"ÿ0%ÿ"'0ÿÿ'3ÿ0ÿ //ÿ20ÿ/ÿ'ÿ"ÿ//0ÿÿ"ÿÿ
/03ÿ!"ÿ'ÿ"'0ÿ'ÿ20ÿÿ ÿ!*ÿÿ2ÿÿ'ÿ/ÿ"ÿ'.ÿ
ÿÿ*ÿ
2ÿ/ÿ/"ÿ'ÿ/ÿÿ

01234351003100637849864 ÿ49ÿÿ

PAPER - VIII

111

01234ÿ6378ÿ298ÿ 9 2ÿ93ÿÿÿÿ
!"#$ÿ&''#ÿ('#ÿ)*+,ÿ'ÿ-./#!0ÿ"1123445550!.6207684976':4!86#ÿ
"112344$;0$707684+*0<)=>4!86#0)*+,0>>*+<ÿÿ

ÿ
ÿ

klmnoÿqrstuvwÿxyyrnyÿzl{|no{u{}ÿÿ
k~lvlltvsu|ÿn{nosvul{ÿu{ÿÿ
uyvourvul{ÿouyÿ
ss{ÿuuvyllÿsonÿsolluÿksrtÿstssÿl{uÿtyyÿxlÿkstrÿ

+U#2:6
1#'1ÿ7ÿ#.16.:ÿ75#6ÿ'8'##6'8GÿK:''ÿ'I#6!1Rÿ7ÿK#."'778RGÿK:''Gÿ!17':ÿ
)U#2:6
1#'1ÿ7ÿ#.16.:ÿ'8'##6'8GÿK:''ÿ'I#6!1Rÿ7ÿK#."'778RGÿK:''Gÿ!17':ÿ
=U#2:6
1#'1ÿ7ÿ#.16.:ÿ'8'##6'8ÿ:'$ÿ17:17'Gÿ:17ÿ'I#6!1RGÿ#!'HGÿ':'$ÿÿ

:3ÿ9::'0'1!77110##ÿÿ
ÿ
/#.#I#$ÿhÿJ:Rÿ)*+,ÿ:..#21#$ÿ+>ÿ('#ÿ)*+,ÿ2!"#$ÿ+ÿ('#ÿ)*+,ÿ
S72R68"1ÿÿ)*+,ÿRÿ:1"76!ÿ:'$ÿ-.#'1.ÿ/#!#:6."ÿ!"'8ÿN'.0ÿ
K"!ÿ576Hÿ!ÿ.#'!#$ÿ'$#6ÿ1"#ÿS6#:1I#ÿS77'!ÿ11617'ÿN'1#6':17':ÿ.#'!#ÿOSSÿP0ÿ
"112344.6#:1I#.77'!07684.#'!#!4R4<0*4ÿ
ÿ
ÿ

ÿ
ÿ
ÿ

yvos|vÿ

ÿ

{on}rtsvnÿrvutu¡svul{ÿl¢ÿon{nmstnÿ}n{nosvul{ÿu{|tru{}ÿonyun{vustÿ£~lvlltvsu|ÿ¤k¥¦ÿywyvn§yÿ
|s{ÿ~snÿsÿyu}{u¢u|s{vÿu§£s|vÿl{ÿtlsÿ|~sos|vnouyvu|yÿu{ÿuyvourvul{ÿ{nvmloyÿ̈©loÿu§£olu{}ÿk¥ÿ
}n{nosvul{ÿ|s£sutuvunyÿ£lmnoÿªrstuvwÿsy£n|vyÿ~snÿvlÿnÿ|llou{svnÿmuv~ÿ£onyn{vÿtlsÿ|~sos|«
vnouyvu|yÿ̈~uyÿ£s£noÿuy|ryynyÿv~nÿ~so§l{u|ÿ|l{vn{vÿl¢ÿk¥ÿ}n{nosvul{ÿs{ÿv~nÿu{¢trn{|nÿvlÿ£lmnoÿ
ªrstuvwÿu{u|svloyÿu{ÿonyun{vustÿuyvourvul{ÿ{nvmloyÿ̈k¥ÿ}n{nosvul{ÿ§nsyron§n{vÿonyrtvyÿu{«
|tru{}ÿ|roon{vÿ~so§l{u|ÿs§£tuvrnÿs{ÿ£~synÿs{}tnÿstrnyÿsonÿ£onyn{vnÿ̈¬nyrtvyÿl¢ÿu¢¢non{vÿ
§lnttu{}ÿy|n{soulyÿsonÿs{stwynÿs{ÿsÿyu§£tu¢unÿ§lntÿl¢ÿ~so§l{u|yÿu{ÿk¥yÿuyÿl¢¢nonÿ̈~nÿon«
yrtvyÿl¢ÿv~nÿyvrwÿy~lmnÿsÿ§lnosvnÿsuvul{stÿ~so§l{u|ÿuyvlovul{ÿu{ÿonyun{vustÿtlsÿ|roon{vÿ
s{ÿltvs}nÿuyvlovul{ÿsvÿv~nÿyryvsvul{yÿrysoÿm~n{ÿk¥yÿmnonÿsnÿ̈lntvwÿl¢ÿv~nÿ£s£noÿuyÿ
v~svÿ~so§l{u|ÿ|roon{vÿstrnyÿsvÿ~u}~noÿlonoyÿsonÿ£onyn{vnÿs{ÿs{stwynÿ̈~nÿonyrtvyÿ£lu{vnÿlrvÿ
u{ÿv~uyÿ£s£noÿ|lrtÿnÿ¢rov~noÿrynÿ¢loÿ§lnttu{}ÿv~nÿs|vrstÿ~so§l{u|ÿtlsyÿl¢ÿv~nÿk¥yÿu{ÿuyvour«
vul{ÿ{nvmloyÿ̈

nwmloyÿ

zroon{vÿnsyron§n{vÿ®lsÿlnttu{}ÿk~lvlÿ¥ltvsu|ÿklmnoÿqrstuvwÿklmnoÿ̄wyvn§ÿ°so§l{u|yÿ
ÿ

ÿ

ÿ̈x{volr|vul{ÿ

ÿ

²³´µ¶·¹̧ÿº¶»¼³½¾ÿ»¾º¾»¿ÿ̧·ÿ»¶ÀÁº¶»¼³½¾ÿ·¾¼À¶´Â¿ÿ́¾Ã´¾¿¾·¼ÿ³·ÿ̧µÃ¶´¼³·¼ÿ³¿Ã¾¹¼ÿ¶ÄÿÃ¶À¾´ÿÅÆ³»¸¼ÇÈÿÉ´¶µÿ¼Ê¾ÿÃ¶¸·¼ÿ
¶Äÿº¸¾Àÿ¶Äÿ¾»¾¹¼´¶µ³½·¾¼¹̧ÿ¹¶µÃ³¼Ȩ̈¸»¸¼ÇÌÿ¼Ê¾ÇÿµÆ¿¼ÿË¾ÿÂ¾Ã¼ÿÀ¸¼Ê¸·ÿ¼Ê¾ÿ¹¶µÃ³¼Ȩ̈¸»¸¼Çÿ»¾º¾»¿ÿ¼¶ÿ¾·³Ë»¾ÿ¿³¼¸¿Ä³¹¼¶´Çÿ

?@ ÿ4@ÿA74ÿ4B7CÿD2D3EÿF 1!77Gÿ(0Gÿ(:6H7I7GÿJ0GÿK:H:9:Gÿ0GÿLM!!Gÿ(0ÿ:'$ÿ:GÿN0ÿO)*+,Pÿ75#6ÿQ:1RÿN!!#!ÿS7'.#6''8ÿ
"717I71:.ÿT#'#6:17'ÿ'ÿU!1617'ÿT6$!0ÿVWXYZÿ\Y]^ÿX_^ÿ̀a_abXcdaÿe_aYfgGÿGÿ+<hi+>=0ÿÿ
"112344$;0$707684+*0<)=>4!86#0)*+,0>>*+<ÿÿ

PAPER - IX

129

01234ÿ6378ÿ298ÿ 9 2ÿ93ÿÿÿÿ
!"#ÿ%&&"ÿ'&"ÿ()*+ÿ&ÿ,-."/ÿ!001233444/-51/6573865&9375"ÿ
!001233#:/#6/6573*)/;(<=375"/()*+/==)*+ÿÿ

ÿ
ÿ

lmnopÿrstuvwxÿyzzsozÿ{m|}op|v|~ÿÿ
lmwmmuwtv}ÿo|optwvm|ÿt|ÿuo}wpv}tuÿÿ
ov}uoÿmtzÿv|ÿvzwpvswvm|ÿpvzÿ
tt|ÿvvwzmmÿltsuÿtuttÿymÿltusÿm|vÿuzzÿ

*V"195
0"&0ÿ6ÿS"-05-9ÿ64"5ÿS&7&""5&7FÿG9&&ÿ&Q"50Oÿ6ÿG"-!&667OFÿG9&&FÿS06&9ÿ
(V"195
0"&0ÿ6ÿS"-05-9ÿS&7&""5&7ÿ9&#ÿ06906&Fÿ906ÿ&Q"50OFÿ"&HFÿ&9&#ÿ

S92ÿ899&/&06600/""ÿÿ
ÿ
."-"Q"#ÿÿ9Oÿ()*+ÿ9--"10"#ÿ(=ÿ'&"ÿ()*+ÿ1!"#ÿ(ÿ'&"ÿ()*+ÿ
P61O57!0ÿÿ()*+ÿOÿ90!65ÿ9&#ÿ,-"&0-ÿ.""95-!ÿ!&7ÿI&-/ÿ
G!ÿ465Hÿÿ-"&"#ÿ&#"5ÿ0!"ÿP5"90Q"ÿP66&ÿ00506&ÿI&0"5&906&9ÿU-"&"ÿLPPÿM/ÿ
!001233-5"90Q"-66&/6573-"&"3O3;/)3ÿ
ÿ
ÿ

ÿ
ÿ
ÿ

¡zwpt}wÿ

ÿ

oÿv~ÿswvuv¢twvm|ÿuoouÿm£ÿpo|ontuoÿ~o|optwvm|ÿv|}usv|~ÿpozvo|wvtuÿ¤mwmmuwtv}ÿ¥l¦ÿzxzwo§zÿ
wm~owopÿnvwÿwoÿs|}m|wpmuuoÿ}tp~v|~ÿm£ÿouo}wpv}ÿov}uozÿ¥z¦ÿ}t|ÿtoÿtÿzv~|v£v}t|wÿv§¤t}wÿm|ÿ
umtÿ}tpt}wopvzwv}zÿv|ÿvzwpvswvm|ÿ|ownmpzÿ̈©tp§m|v}ÿ}m|wo|wÿm£ÿlÿ~o|optwvm|ÿÿ}tp~v|~ÿ
umtzÿt|ÿwovpÿv|£uso|}oÿm|ÿ¤mnopÿªstuvwxÿv|v}twmpzÿv|ÿpozvo|wvtuÿvzwpvswvm|ÿ|ownmpzÿtpoÿ
vz}szzoÿv|ÿwvzÿ¤t¤opÿ̈«mpÿv|ozwv~twv|~ÿuvouxÿ¤mnopÿªstuvwxÿz}o|tpvmzÿlÿ~o|optwvm|ÿt|ÿÿ
}tp~v|~ÿ§otzspo§o|wÿpozsuwzÿv|}usv|~ÿ}sppo|wÿtp§m|v}ÿt§¤uvwsoÿt|ÿ¤tzoÿt|~uoÿtusozÿtpoÿ
szoÿt|ÿ}m§¤tpoÿnvwÿ¤pozo|wÿumtÿ}tpt}wopvzwv}zÿ̈v££opo|wÿ§mouuv|~ÿz}o|tpvmzÿtpoÿt|tuxzoÿ
t|ÿtÿzv§¤uv£voÿ§mouÿm£ÿtp§m|v}zÿv|ÿlzÿt|ÿzÿvzÿm££opoÿ̈oÿpozsuwzÿm£ÿwoÿzwsxÿzmnÿ§m¬
optwoÿtvwvm|tuÿtp§m|v}ÿvzwmpwvm|ÿv|ÿpozvo|wvtuÿumtÿ}sppo|wÿt|ÿmuwt~oÿvzwmpwvm|ÿtwÿwoÿzs¬
zwtwvm|zÿsztpÿno|ÿlÿ~o|optwvm|ÿt|ÿÿumtv|~ÿtpoÿtoÿ̈oÿz}o|tpvmzÿ¤pozo|woÿv|ÿwvzÿ
¤t¤opÿ}t|ÿoÿ£spwopÿszoÿ£mpÿ§mouuv|~ÿwoÿt}wstuÿtp§m|v}ÿumtzÿm£ÿwoÿlzÿt|ÿzÿv|ÿvzwpvs¬
wvm|ÿ|ownmpzÿ̈

oxnmpzÿ

{sppo|wÿ®otzspo§o|wÿvzwpvswoÿo|optwvm|ÿuo}wpv}ÿov}uozÿmtÿ®mouuv|~ÿlmwmÿmuwtv}ÿ
lmnopÿrstuvwxÿlmnopÿ̄xzwo§ÿ©tp§m|v}zÿ
ÿ

ÿ

ÿ̈y|wpms}wvm|ÿ

ÿ

±²³´µÿ¶·¸¹µ·º»¹·²¼ÿ¼´¹³²µ½¸ÿ¾µ´ÿ¶´¸·¿¼´¶ÿ¹²ÿ²À´µ¾¹́ÿ³·¹Áÿ̧·¼»¸²·¶¾ÂÿÃ²Â¹¾¿´ÄÿÅÁ´ÿ¶´Ã·¾¹·²¼ÿ²Æÿ¹Á´ÿ¾Ç¹»¾ÂÿÃ²Â¹¾¿´ÿ
³¾Ã´Æ²µÈÿÆµ²Èÿ¾¼ÿ·¶´¾Âÿ¸·¼´ÿ³¾Ã´ÿ·¸ÿ¾ÿÆ»¼¶¾È´¼¹¾Âÿ¾¸À´Ç¹ÿµ´Â¾¹́¶ÿ¹²ÿÀ²³´µÿÉ»¾Â·¹ÊÄÿÅÁ·¸ÿ¶´Ã·¾¹·²¼ÿÇ¾¼ÿº´ÿ¶´Ë
>? ÿ4?ÿ@74ÿ4A7BÿC2C3DÿE066Fÿ'/FÿG9H989Fÿ/Fÿ9FÿI/ÿ9&#ÿJK Fÿ'/ÿL()*+Mÿ64"5ÿN90OÿI"ÿP6&-"5&&7ÿ!606Q609-ÿ
R"&"5906&ÿ9&#ÿS"-05-9ÿT"!-"ÿU69#ÿ&ÿV0506&ÿR5#/ÿWXYZ[ÿ]Z^_ÿY`_ÿab`bcYdebÿf`bZghFÿFÿ*=;i*jj/ÿÿ
!001233#:/#6/6573*)/;(<=375"/()*+/==)*+ÿÿ

DISSERTATIONS DEFENDED AT
TALLINN UNIVERSITY OF TECHNOLOGY ON
POWER ENGINEERING, ELECTRICAL ENGINEERING,
MINING ENGINEERING
1. Jaan Tehver. Boiling on Porous Surface. 1992.
2. Aleksandrs Cars. Woodhips Combustion Technology. 1992.
3. Endel Risthein. Electricity Supply of Industrial Plants. 1993.
4. Tõnu Trump. Some New Aspects of Digital Filtering. 1993.
5. Vello Sarv. Synthesis and Design of Power Converters with Reduced
Distortions Using Optimal Energy Exchange Control. 1994.
6. Ivan Klevtsov. Strained Condition Diagnosis and Fatigue Life Prediction for
Metals under Cyclic Temperature Oscillations. 1994.
7. Ants Meister. Some Phase-Sensitive and Spectral Methods in Biomedical
Engineering. 1994.
8. Mati Meldorf. Steady-State Monitoring of Power System. 1995.
9. Jüri-Rivaldo Pastarus. Large Cavern Stability in the Maardu Granite
Deposit. 1996.
10. Enn Velmre. Modeling and Simulation of Bipolar Semiconductor Devices.
1996.
11. Kalju Meigas. Coherent Photodetection with a Laser. 1997.
12. Andres Udal. Development of Numerical Semiconductor Device Models
and Their Application in Device Theory and Design. 1998.
13. Kuno Janson. Paralleel- ja järjestikresonantsi parameetrilise vaheldumisega
võrgusageduslik resonantsmuundur ja tema rakendamine. 2001.
14. Jüri Joller. Research and Development of Energy Saving Traction Drives
for Trams. 2001.
15. Ingo Valgma. Geographical Information System for Oil Shale Mining –
MGIS. 2002.
16.
Raik
Jansikene.
Research,
Design
and
Application
of
Magnetohydrodynamical (MHD) Devices for Automation of Casting Industry.
2003.
17. Oleg Nikitin. Optimization of the Room-and-Pillar Mining Technology for
Oil-Shale Mines. 2003.
18. Viktor Bolgov. Load Current Stabilization and Suppression of Flicker in AC
Arc Furnace Power Supply by Series-Connected Saturable Reactor. 2004.

145

19. Raine Pajo. Power System Stability Monitoring – an Approach of Electrical
Load Modelling. 2004.
20. Jelena Shuvalova. Optimal Approximation of Input-Output Characteristics
of Power Units and Plants. 2004.
21. Nikolai Dorovatovski. Thermographic Diagnostics of Electrical Equipment
of Eesti Energia Ltd. 2004.
22. Katrin Erg. Groundwater Sulphate Content Changes in Estonian
Underground Oil Shale Mines. 2005.
23. Argo Rosin. Control, Supervision and Operation Diagnostics of Light Rail
Electric Transport. 2005.
24. Dmitri Vinnikov. Research, Design and Implementation of Auxiliary Power
Supplies for the Light Rail Vehicles. 2005.
25. Madis Lehtla. Microprocessor Control Systems of Light Rail Vehicle
Traction Drives. 2006.
26. Jevgeni Šklovski. LC Circuit with Parallel and Series Resonance
Alternation in Switch-Mode Converters. 2007.
27. Sten Suuroja. Comparative Morphological Analysis of the Early Paleozoic
Marine Impact Structures Kärdla and Neugrund, Estonia. 2007.
28. Sergei Sabanov. Risk Assessment Methods in Estonian Oil Shale Mining
Industry. 2008.
29. Vitali Boiko. Development and Research of the Traction Asynchronous
Multimotor Drive. 2008.
30. Tauno Tammeoja. Economic Model of Oil Shale Flows and Cost. 2008.
31. Jelena Armas. Quality Criterion of road Lighting Measurement and
Exploring. 2008.
32. Olavi Tammemäe. Basics for Geotechnical Engineering Explorations
Considering Needed Legal Changes. 2008.
33. Mart Landsberg. Long-Term Capacity Planning and Feasibility of Nuclear
Power in Estonia under Certain Conditions. 2008.
34. Hardi Torn. Engineering-Geological Modelling of the Sillamäe Radioactive
Tailings Pond Area. 2008.
35. Aleksander Kilk. Paljupooluseline püsimagnetitega sünkroongeneraator
tuuleagregaatidele. 2008.
36. Olga Ruban. Analysis and Development of the PLC Control System with
the Distributed I/Os. 2008.
37. Jako Kilter. Monitoring of Electrical Distribution Network Operation. 2009.
38. Ivo Palu. Impact of Wind Parks on Power System Containing Thermal
Power Plants. 2009.

146

39. Hannes Agabus. Large-Scale Integration of Wind Energy into the Power
System Considering the Uncertainty Information. 2009.
40. Kalle Kilk. Variations of Power Demand and Wind Power Generation and
Their Influence to the Operation of Power Systems. 2009.
41. Indrek Roasto. Research and Development of Digital Control Systems and
Algorithms for High Power, High Voltage Isolated DC/DC Converters. 2009.
42. Hardi Hõimoja. Energiatõhususe hindamise ja energiasalvestite arvutuse
metoodika linna elektertranspordile. 2009.
43. Tanel Jalakas. Research and Development of High-Power High-Voltage
DC/DC Converters. 2010.
44. Helena Lind. Groundwater Flow Model of the Western Part of the Estonian
Oil Shale Deposit. 2010.
45. Arvi Hamburg. Analysis of Energy Development Perspectives. 2010.
46. Mall Orru. Dependence of Estonian Peat Deposit Properties on Landscape
Types and Feeding Conditions. 2010.
47. Erik Väli. Best Available Technology for the Environmentally Friendly
Mining with Surface Miner. 2011.
48. Tarmo Tohver. Utilization of Waste Rock from Oil Shale Mining. 2011.
49. Mikhail Egorov. Research and Development of Control Methods for LowLoss IGBT Inverter-Fed Induction Motor Drives. 2011.
50. Toomas Vinnal. Eesti ettevõtete elektritarbimise uurimine ja soovituste
väljatöötamine tarbimise optimeerimiseks. 2011.
51. Veiko Karu. Potential Usage of Underground Mined Areas in Estonian Oil
Shale Deposit. 2012.
52. Zoja Raud. Research and Development of an Active Learning Technology
for University-Level Education in the Field of Electronics and Power
Electronics. 2012.
53. Andrei Blinov. Research of Switching Properties and Performance
Improvement Methods of High-Voltage IGBT based DC/DC Converters. 2012.
54. Paul Taklaja. 110 kV õhuliinide isolatsiooni töökindluse analüüs ja
töökindluse tõstmise meetodid. 2012.
55. Lauri Kütt. Analysis and Development of Inductive Current Sensor for
Power Line On-Line Measurements of Fast Transients. 2012.
56. Heigo Mõlder. Vedelmetalli
alalisvoolu kaarleekahjus. 2012.

juhitava segamisvõimaluse

uurimine

57. Reeli Kuhi-Thalfeldt. Distributed Electricity Generation and its Possibilities
for Meeting the Targets of Energy and Climate Policies. 2012.

147

58. Irena Milaševski. Research and Development of Electronic Ballasts for
Smart Lighting Systems with Light Emitting Diodes. 2012.
59. Anna Andrijanovitš. New Converter Topologies for Integration of
Hydrogen Based Long-Term Energy Storages to Renewable Energy Systems.
2013.
60 Viktor Beldjajev. Research and Development of the New Topologies for
the Isolation Stage of the Power Electronic Transformer. 2013.
61. Eduard Brindfeldt. Visually Structured Methods and Tools for Industry
Automation. 2013.
62. Marek Mägi. Development and Control of Energy Exchange Processes
Between Electric Vehicle and Utility Network. 2013.
63. Ants Kallaste. Low Speed Permanent Magnet Slotless Generator
Development and Implementation for Windmills. 2013.
64. Igor Mets. Measurement and Data Communication Technology for the
Implementation in Estonian Transmission Network. 2013.
65. Julija Šommet. Analysis of Sustainability Assessment in Carbonate Rock
Quarries. 2014.
66. Tanel Kivipõld. Real-Time Electricity Tariff System for Retail Market.
2014.
67. Priit Uuemaa. Industrial CHP Optimal Management Model in the Energy
Market under Incomplete Information. 2014.
68. Anton Rassõlkin. Research and Development of Trial Instrumentation for
Electric Propulsion Motor Drives. 2014.
69. Toomas Vaimann. Diagnostics of Induction Machine Rotor Faults Using
Analysis of Stator Signals. 2014.
70. Aivar Auväärt. Development of Energy Reserve Optimization
Methodology for Households with Renewable Power Systems. 2014.
71. Raivo Attikas. Modelling of Control Systems and Optimal Operation of
Power Units in Thermal Power Plants. 2014.
72. Liisa Liivik. Semiconductor Power Loss Reduction and Efficiency
Improvement Techniques for the Galvanically Isolated Quasi-Z-Source DC-DC
Converters. 2015.
73. Victor Astapov. Technical-Economic Analysis of Distributed Generation
Units in Power Systems. 2015.
74. Tiit Hõbejõgi. Possibilities to Optimize Low Voltage Network Investments
in Rural Areas. 2016.
75. Märt Ots. Practical Implementation of Price Regulation in Energy Sector.
2016.

148

76. Ilja Bakman. High-Efficiency Predictive Control of Centrifugal MultiPump Stations with Variable-Speed Drives. 2016.
77. René Nukki. Research and Development of Exterior-Rotor Permanent
Magnet Synchronous Machines for Light Aerial Vehicles. 2016.
78. Imre Drovtar. Demand Side Management Possibilities and Viability for
Voltage Support Services in Estonia. 2016.
79. Andrii Chub. Research, Design and Implementation of Galvanically
Isolated Impedance-Source DC-DC Converters. 2016.

149

