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ABSTRACT

The general trend in the past 10 years of increasing PV system efficiency, low
PV system prices, attractive government motivation programs, and other interesting
factors have joined synergistically to reduce the block of access for PV systems to have
an influence in the market and to develop their commitment to the worldwide vitality
portfolio. In the same way, the abnormal situations of power quality which link the PV
systems to the distribution network are becoming an important problem as the PV
penetration level is increasing continually.

This thesis proposes an impact analysis of power quality from PV rooftop systems
integrated with a very small power producer (VSPP) installed capacity of 1 MW, which
was associated with the Provincial Electricity Authority (PEA's) distribution network. The
power quality information is collected by the power quality analyzer at the Point Common
Coupling (PCC) of PEA distribution line 22 kV by 7 days then the design, modeling, and
analysis of PV rooftop system connected to the distribution system based on real data from
measurement were performed in the PSCAD/EMTDC software simulation. In addition, the
simulations in ferroresonance abnormal cases were also implemented. The simulation
system comprises of the PV rooftop system, capacitance in long line, nonlinear saturated
distribution transformer core, and a single phase switching breaker connected to the grid
distribution system.

From the monitored data, it was found that the highest power yield was 778.125
kW while the simulation result was 815 kW. Moreover, based on the PEA standard EN
50160 with the cumulative percentile at 95% of power quality measurement for PV rooftop
system, the measured data showed that the power quality of the PV rooftop system passed the
PEA regulations for its distribution network connecting system. From the simulation result, it
showed that the ferroresonance phenomenon will occur if a single phase switching breaker
was switched one by one and the transformer core was saturated causing the overvoltage,
overcurrent, and the destruction of the distribution transformer and other apparatus in the
distribution network. This important phenomenon can help the operators for future
maintenance and operations to protect the disrupted distribution network.

Keywords: power quality, PV rooftop systems, ferroresonance, PSCAD/EMTDC
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CHAPTER 1
INTRODUCTION

1.1 Background and Statement of the Problems

In 20 Century, the power system is look like Traditional industrial conception
of the electrical energy supply. The large power plant generates the electricity, normally
located near to the primary energy source (for example: coal mines) and distantly from
the end user centers. The electrical energy is transferred to the end user using a large
transmission line infrastructure, which ties high voltage (HV), medium voltage (MV)
and low voltage (LV) networks. These networks are designed to operate radially. The
power can flow in one direction: from high voltage levels down-to low voltage to the
end users situated along the radial lines. In this process, there are three stages to be sent
over before the power reaching the final user, that call "generation, transmission and
distribution" as show in Figure 1.1. The distribution is the final stage which is the most
important part of the power system, as the final power quality depends on its reliability

[1].

POWER TRAMNSMISSION DISTRIBUTION

STATION NETWORKS LIMES

Generates alectricity. Transports electricity Transports elactncity to

ovar long distances. its final dastinatiomn.
) ' P il
SUBSTATION SUBSTATION HOMES AND
TRAMSFORMER TRANSFORMER HUSINESSES
Raises the yvoltage of the Lovwwars the voltage of the Electricity 15 us_ed-_tl} o
alectricity for efficient electricity ready to defver our i_?\'EFyI:Ia!' |IFE: including
transpartation for evenyday usa. appliances, lighting
and heating.

Figure 1.1 Traditional industrial conception of the electrical energy supply [2].

In present, power system is decentralization generation. A lot of small power
plant with used renewable energy source such as photovoltaic (PV) Farm, Wind Farm
are installed in the distribution system [3]. In the new conception, the generation
electrical energy is not specific to large power station. Therefore, some of the electrical
energy demand is supplied by the centralized generation and another part is produced by
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decentralization generation as show in Figure 1.2. The electrical energy is going to be
produced near to the customers or produced by the customers [4], [5].
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Coal Plant :
=200 MWy dro-Electric Plant

=150 MW E
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eees -5
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—|@ @ @ @ substations 2 ¢ -.‘Indumal

YYT R an
el

Farm = 400 kW | |
S /thf T
@

Wind Farm

i
Power Plant

Figure 1.2 New industrial conception of the electrical energy supply [3]

In Thailand, the power system of the Provincial Electricity Authority (PEA) is
stable in the distribution system. The government is encouraging people to play a role
and invest in electrical energy generation [6]. The decentralization generation in the
form of PV rooftop system (PVRS), which are connected to the distribution network of
PEA in the low voltage distribution system 380/220 V. The result of PVRS connected to

the distribution system of PEA has contributed to the power quality (PQ) in the system
that is likely to change in the direction of better or worse. The PQ is very important in
distribution network. It is defined as the characteristic of the voltage, current and
frequency of the power supply in normal conditions. Poor PQ can cause damage to
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electrical equipment and distribution component. Therefore, it is essential to study,
analysis, and review from research paper and academic paper that relates both positive
and negative impacts, as well as solutions to potential problems of electrical energy
generation [7] - [9]. These are for technical information for planning purposes, promote
and use as design information and configure system. This thesis addresses the issues
incurred impact of PQ, in case that a number of PVRS are connected to a radial system.

1.2 Purpose of the dissertation
The objectives of the dissertation are as follows:

1.2.1 To measured PQ from real PVRS under PEA’s grid code condition.

1.2.2 To study the PQ issues such as voltage, current, frequency, active power,
reactive power, voltage and current fluctuations, and harmonic distortion of voltage and
current from real PVRS.

1.2.3 To study an impact PV rooftop connected to the distribution system with
simulation under normal and abnormal case condition.

1.3 Scope and Limitations
The scope and limitations of this research are as follows:

1.3.1 Measure PQ from real PV rooftop system under PEA’s grid code
condition.

1.3.2 Analyze the PQ issues such as voltage, current, frequency, active power,
reactive power, voltage and current fluctuations, and harmonic distortion of voltage and
current from real PVRS.

1.3.3 The PQ impact of PV rooftop connected to the distribution system with
simulation by PSCAD/EMTDC will be investigate under normal and abnormal case
condition.

1.4 Outline of the dissertation
This thesis contains 5 chapters and one appendix. It is organized as follows:
CHAPTER 1: INTRODUCTION

This chapter is a brief introduction of the background and general statement of
the problem, purpose, scope, and utilization of the thesis.

14



CHAPTER 2: THEORETICAL AND LITERATURE REVIEW

This chapter will include a summary of the theoretical relevant to this thesis
and previous research that needed to explain the parameters to gain more understanding
of PVRS, PQ standard and PEA grid code.

CHAPTER 3: IMPLEMENTATION

This chapter describes the overall methodology, techniques, and simulation for
analysis of the PQ impact from the PV rooftop on Distribution Networks.

CHAPTER 4: THE MEASUREMENT AND SIMULATION RESULTS

This chapter describes the measurement results of the evaluation of the power
quality measurements of the large PV Rooftop capacity 1 MW and the simulation
results of the effect of PVRS grid connected that will investigate under abnormal
situation using PSCAD/EMTDC.

CHAPTER 5: CONCLUSIONS AND FURTURE WORK

The conclusions are presented in this chapter. The chapter ends naming some
of the works that can be done in the future with reference to the work presented in this
thesis.

Appendix

It presents Data sheet of solar cell, PSCAD application note and list of
Publications.

1.5 Utilization of the dissertation

1.5.1 To obtain the information and insight about the PQ from the PVRS, that
are connected to the distribution system of PEA.

1.5.2 To have a better understanding the impact of the potential quality
problems and to be able to solve them.

1.5.3 To obtain improving PVRS that could increase the penetration level of
PV rooftop system in the distribution system.

15



CHAPTER 2
THEORITICAL AND LITERATURE REVIEW

This chapter describes the basic theories for Photovoltaic Rooftop System
(PVRS), the Power Quality (PQ) and the simulation software PSCAD. Firstly, each
major equipment is explained as well as the details of PV rooftop fundamental
component and their functions. Secondly, the PQ affecting the operation and efficiency
of based power systems are also given. Thirdly, impacts of grid-connected PV system
on grid networks are explained. Fourthly, commercial simulation software tool is
explained. And finally, literature reviews are fully given.

2.1 Overview of PV system

The free energy resource to generate electrical energy is one of the essential
works for research. Conversion of energy from radiation of sunlight to direct current
through a solar cell has become an extensive. Advantage of solar cell applications
because of free, reliable and efficient energy source is forecasted to increase in coming
year [10]. In addition, the number of PVRS on the residential homes connected to the
distribution network has increased very interesting.

In a grid connected PVS, also known as a “on-grid”, or “grid-tied” PVS, the
solar panels or PV array are electrically connected or “tied” to the main distribution
network which transfers electrical energy back into the grid system. The PV system
Grid connected always have a connection to the distribution network by a suitable
inverter because the solar panel or PV array only transfer DC power. The system is
shown in Figure 2.1.
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’; %

High Quality DC to
AC Inverter and
Filter

Figure 2.1 The simplified grid connected PV System [11].

2.2 The main of Grid connected Photovoltaic Rooftop system

The main of PV rooftop system, as seen in Figure 2.1, comprises of solar cell
converting sunlight into direct current and its control system, the PV inverter are AC
converters used to convert the DC input into a sinusoidal AC output with variable
frequency and amplitude, and the filter mechanism which is an imperative
implementation block to keep the harmonic of voltage and current within joint standard.
This section describes about them.

2.2.1 Solar Cell or PV module

The PV array, made up of single solar modules, is the main component in
PVS. The photons in the sunlight energize electrons in the semiconductor material after
a solar cell is exposed to light. Since material properties of the semiconductor, the
positively charged “holes” and the negatively charged electrons which they leave
behind are separated. These consigns a voltage across the solar module, which creates it
possible to obtain a current flowing through a connected load [12]. The function of a
solar cell is shown in Figure 2.2
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Figure 2.2 The function of a solar cell [12].

When the energy is high enough, both electrons and holes will run to match
together. The electrons run to the n-type layer and the holes run to the p-type layer. All
electrons run together at the Front Electrode and all holes run together at the Back
Electrode. The electrical circuit from the Front Electrode and Back Electrode is
complete, it will generate electricity because both electrons and holes run to match. The
intensity of light and temperature are important variables that contribute to solar cell
efficiency.

2.2.2 Types of solar cells

The crystalline silicon and amorphous silicon (thin film) are the two major
types of solar cell materials used. There are three general types of solar cell, that made
from silicon. First, monocrystalline silicon, second, polycrystalline silicon, and the last,
thin film silicon [13].

2.2.2.1 Monocrystalline silicon

It is a single crystalline type with higher purity of silicon than poly
crystalline. The monocrystalline is more expensive than polycrystalline and high
efficiency about 18%. The monocrystalline solar cells have been improved and
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developed by reduce reflecting solar radiation inside of the cell and is exposed to light
most at n-layer. That mean, solar cell can increase the efficiency up to 25%.

2.2.2.2 Polycrystalline silicon

The polycrystalline silicon has less purity of silicon than the
monocrystalline silicon. The performance of polycrystalline silicon is lower than the
monocrystalline silicon but higher than amorphous silicon. The efficiency is between
12% and 15%. The polycrystalline silicon Solar cell is silver mixed with other minerals
that are attached.

2.2.2.3 Amorphous silicon (thin film)

Due to their non-single crystal structure, requiring larger sized cells. The
thin film solar cells suffer from poor cell conversion efficiency and has been
implemented efficiency about 6-10%.

2.2.3 The solar irradiance and temperature that affects solar cells

The solar cells have more efficient in converting solar energy into electricity
in  Cold temperature and it works better than in high temperature. Solar cells are
electronic devices that produce electricity from the sun. Some mechanisms are not
conducive to working in high temperature conditions. But in winter, solar cells can
generate electricity less than in summer, because the daylight in winter is shorter than in
summer. Moreover, there are a lot of cloud motion in winter.

2.2.4 Characteristics of a solar cell

A circuit equivalent one-diode model display normally a solar cell, that shown
in Figure 2.3. This circuit can be applyed for a single solar cell, a PV module comprise
of a number of cells, or an PV array comprise of several modules [13].
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Figure 2.3 A ciruit equivalent of solar cell [13].

This circuit that shown in Figure 2.3 comprise of a current source or
photocurrent, Ipny, one diode, and a series resistance Rs, which shows the resistance
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inside each cell. The diode has also an internal shunt resistance. The net current, I, is the
difference between the photocurrent Ipy, and the normal diode current Ip, given by [13]:

V+IR;

_IPH -

IZIPH _ID

I{exp(e(V”Rs))—l}—ﬂ @.1)

kT, Ry

SH

It should be noticed, in the event that the shunt resistance is normally much
bigger than a load resistance, and the series resistance is much smaller than a load
resistance. Therefore, it can be ignoring these two resistances. Then the net current, I,
given by

I=1,,,-1,=1,, —Io[exp(%)—l} (2.2)
where

k is Boltzmann’s gas constant, 1381 x1072* J/K;

Tc is absolute temperature of the cell (K);

e is electronic charge, 1602 x107° J/E;

V is voltage imposed across the cell (V);

Io is dark saturation current, which depends strongly on temperature (A).

Another main equation is for open circuit voltage Voc equation, that given by

KTy Loy g KT

+D) =~ —1n(1[ﬂ) (2.3)

0 q 0

Voc 7

The amount of solar irradiance and temperature of the solar cell influence the
output power of the solar cells. Its I-V and P-V curve characteristic can describe the
electrical characteristic of the solar cell. Figure 2.4, shows the behavior of the output
current, voltage, and power for constant solar irradiance and temperature.
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Figure 2.4 I-V curve of solar cell with the variation of power [14].
2.2.5 A Photovoltaic Array (PV Array)

A perfect PV system uses a PV array as the main voltage source for the
generated electricity. The amount of output power produced by a single solar panel or
module is not enough for use. The PV array can produce the required power output by
connecting many single solar panels in series (for a higher voltage demand) and in
parallel (for a higher current demand). The structure of PV array is shown in Figure 2.5.

{;E— PV Cell - a single Solar Cell

a collection of
PV Panel - single sular cells
connected together

a number of individual
PV Array - PV panels electically
connected together

Figure 2.5 The structure of PV array [11].
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2.2.6 The PV Inverter for Grid Connected

The PV Inverter is a major power electronic device that are AC converters
used to convert the DC input into a sinusoidal AC output with variable frequency and
amplitude for feeding directly into the distribution grid. In addition, the PV inverter is
one of important PV system that requires attention in harmonic analysis. Because it is
considered as contributor to network harmonic distortion of voltage. Due to its
substitution mechanism causing harmonics in line current.

The PV inverter from any manufacture must be in accordance with IEC 61727
and IEC 62116. The PV inverter's electrical specification in Thailand must be in
accordance with the regulations of the Provincial Electricity Authority of Thailand or
other with the results of test are reported.

2.2.7 Filters

The major normal types of filters were found to be the LC and the LCL filters,
in studying the available filters implemented within PV inverter [15], [16], [17] as
shown in Figure 2.6. the filters are necessary to implement by standards [18], [19], [20]
specially where the harmonic in line currents are important.

L L L
IO s o0 AL R S —— I i o g o i A i !
Inverter Side C = Grid Side Inverter Side o == Grid Side
(@) {b)

Figure 2.6 (a) A LC filter and (b) a LCL filter, as required for PV inverter harmonic
filtering in line currents. [21]

2.3 The distribution network or grid

In the power system, the electrical energy is generated in power plant and then
it is transferred through the transmission line. In the final stage, the distribution network
is designed to deliver the electrical energy to the end users or the customers. The
electrical energy can be transmitted by overhead lines or underground cables. A
distribution line is designed by a 3x3 series impedance matrix which is shown in per
unit based on the nominal line-to-ground voltages [22]. In most of the cases in Thailand,
distribution lines are placed overhead line due to maintenance take to easy. Depending
on the feeder performance, a distribution system can be divided into two basic ways:
radial and loop systems [23].
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2.4 Power quality issue relate to PV Rooftop system

Power quality is the characteristic of the current, voltage and frequency of the
power supply in normal conditions, not to cause electrical equipment to malfunction or
to damage [24] — [28]. The abnormal effect on PVRS is caused by dependence of PVRS
on some of power supply model, which are also categorized in power disruptions. From
the PQ disturbance in the IEC 61000 series can be classified as follows.

2.4.1 Voltage sag or Voltage dip

Voltage sag is the phenomena that cause the voltage to fall to 10% to 90% of
the normal voltage [30]. The duration of this event is less than 1 minute. Under
IEEE1159 standard, voltage drop is referred to as "Voltage Sag", referring to the
voltage remaining in the system. According to EN50160 and IEC61000 standard,
"Voltage Dip" refers to the voltage that is lost from normal operation [31]. Voltage sag
or voltage dip is shown in Figure 2.7.

Magnitude Voltage (%) Magnitude Voltage (%)
4
100 e Normal Voltage (100%() 0 Normal Voltage (100%)
I U AN - N -
90% 90% |-

Voltage Dip 80%
Sag to 30%

30% 3 - 20%

= Time - » Time
l— < 1 min —»] < 1 min —»

Figure 2.7 The charateristic of votage sag or voltage dip.
2.4.2 Voltage Swell

Voltage Swell, that is shown in Figure 2.8, is a phenomenon that results of
voltage increase more than 110% over the normal voltage. The duration of the event is
less than 1 minute [32] —[35].
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Figure 2.8 The charateristic of voltage swell.

2.4.3 Short interruption

Short Interruption, that is shown in Figure 2.9, is the phenomenon that results
in a voltage drop below 10% of the normal voltage. The duration of the event is less

than 1 minute [36].
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Figure 2.9 The charateristic of short interruption.

2.4.4 Under Voltage

Under voltage is the phenomenon that results in a decrease voltage to only
10% to 90% of the normal voltage. The duration of the event is more than 1 minute. The
under voltage in the power system may be due to the disconnection of the power supply
by clearing of a fault or intentional utility regulation [37] — [40]. The characteristic of
under voltage is shown in Figure 2.10
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Figure 2.10 The characteristic of under voltage.
2.4.5 Over voltage

Over voltage, that is shown in Figure 2.11, is a phenomenon that results of
voltage increase more than 110% over the normal voltage. The duration of the event is
more than 1 minute. Often caused by disconnecting heavy load from the power system
or connecting the capacitor bank to the power system [37] — [40].

IRARARIARAR!

> 1 min

Vottage (V)

Time (s)
Figure 2.11 The characteristic of over voltage.
2.4.6 Long interruption

Long interruption is a complete loss of power lasting from a few milliseconds
to several hours as show in Figure 2.12. Due to power system failure or due to damage
to transmission lines or equipment failure [37] — [40].
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Figure 2.12 The characteristic of long interruption.
2.4.7 Voltage unbalance

Voltage unbalance is a phenomenon that the voltage of three-phase system is
unequal line voltage magnitudes, or the angle of deviation is from 120 degrees, or both
occur simultaneously [41]. Voltage unbalance makes negative effects on the distribution
system which cause overheating of equipment. The maximum voltage unbalance in a
three phase distribution system is limited to 3% [42] under IEEE/ANSI C84.1-1995
standard.

2.4.8 Harmonic

The Harmonics is a component in the sine wave of the voltage and current
signals. A fundamental frequency is 50 cycles per second (Hz) in Thailand, such as
harmonic second order is 100 cycles per second (Hz) and harmonic third order is 150
cycles per second (Hz) [43] — [54].

2.4.9 Harmonic distortion

Harmonic Distortion is the change of the power waveform from the sinusoidal
waveform [55] — [56] by the combination of the fundamental frequency and other
harmonic frequency. According to the requirements of the PEA, the total harmonic
distortion of voltage (THDv) shall be controlled not exceeding 1.5% (115 kV system),
which can be calculated according to equations [57] — [59]

>
%THD, = ;— x100% (2.4)

1
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%THD, = I;X 100% (2.5)
1
where, Vi and [; represent the individual voltage and current harmonic component.

2.4.10 Voltage fluctuation

The voltage fluctuation is a phenomenon where the voltage rises over time in
the size of the scope of the normal power supply. But this voltage fluctuation will affect
human vision systems, such as the illumination of light in electrical Welding. The
electrical welding is a phenomenon directly related to the ever-changing load [60] —
[61].

2.4.11 Frequency variation

The frequency variation is the frequency of the voltage or current varies from
the standard, in Thailand frequency is to 50 Hz. Typically, the frequency variation is in
the shortest time and not more than 1 Hz. The most of causes are the faults in the power
system.

2.5 The standard assessment of power quality by PEA

The electrical energy is transmitted by the PV system connected to the PEA
distribution system. If the PV inverter does not good perform, then it transmitted the
poor power quality into the distribution system. Therefore, it is necessary to issue the
criterion of power quality of the PV system.

2.5.1 Voltage RMS

Voltage regulation is to meet the power quality standards. The maximum and
minimum voltage levels are determined in accordance with Table 2.1.

Table 2.1 The maximum and minimum Voltage Level Standards of Provincial

Electricity Authority
Voltage Level Steady state Emergency
kV) Max. (kV) Min. (kV) Max. (kV) Min. (kV)
115 120.7 109.2 126.5 103.5
69 72.4 65.5 75.9 62.1
33 34.7 313 36.3 29.7
22 23.1 20.9 242 19.8
0.380 0.418 0.342 0.418 0.342
0.220 0.240 0.200 0.240 0.200
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2.5.2 Power frequency

The frequency control of power system is 50+0.5 Hz. If the frequency is not in
the range of 48.00 - 51.00 Hz more than 0.1 second, then the PV system must be
disconnected from the distribution network by the small power produce.

2.5.3 Voltage Fluctuation

The voltage fluctuation is the constant change of voltage RMS that can be
observed by flashing the lamp or electrical sensitive Equipment. The voltage
fluctuation can be classified as follows:

1) Short-Term Severity Values, Py is the assessment values intensity of
the voltage fluctuation in a short time. (10 min.)

2) Long-Term Severity Values, Py is the assessment values intensity of
the voltage fluctuation in the long time. (2-3 hours)

The criterion of Short-Term Severity Values and Long-Term Severity Values
is shown in Table 2.2.

Table 2.2 The criterion of Short-Term Severity Values, Pst and Long-Term Severity

Values, Py

Voltage at PCC Pst Plt
<115kV 1.0 0.8
>115kV 0.8 0.6

2.5.4 Harmonic

The harmonic is caused by equipment that has a relationship between current
and voltage in nonlinear. The total harmonic distortion (THD) is used in measurement
power quality. The limit of THD of voltage is shown in Table 2.3.

Table 2.3 The limit of total harmonic distortion of voltage

Voltage at PCC (kV) % THDv %THDv of each rank
0Odd Even
0.400 5 4 2
11, 12,22 and 24 4 3 1.75
33 3 2 1
69 2.45 1.63 0.82
115 and above 1.5 1 0.5
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2.6 The ferroresonance phenomenon

A nonlinear resonance phenomenon can affect power system that call
Ferroresonance phenomenon. The impact of Ferroresonance can create the abnormal
rates of harmonics and steady state or transient overvoltage and overcurrent that it
causes are often malfunction or damage for electrical equipment [62] — [72].

The Ferroresonance phenomenon will occur, when the system comprises of
power supply, the resonance between line capacitance and the saturated magnetizing
inductance of transformer core, and one or two of the lost source phase [73].

The classification of ferroresonance phenomenon can enable into four
different types, which can occur in electrical power system as shown in Figure 2.13-
2.16 [74].

2.6.1 Fundamental mode

The waveform has the similar period as the power system (T). The frequency
spectrums comprise of the fundamental frequency component that is pursued by the
decreasing magnitude of the n-th odd harmonic, as shown in Figure 2.13

V(D) [vay,

v
.

Figure 2.13 Ferroresonance in fundamental mode.
2.6.2 Subharmonic

The waveform has a period which is a multiple of the source period (nT). The
frequency spectrums comprise of the fundamental frequency component that is pursued
by the decreasing contents of the n-th subharmonic, as shown in Figure 2.14
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Figure 2.14 Ferroresonance in subharmonic.
2.6.3 Quasi-periodic

The waveform is not periodic but has the duplicate platform. The frequency
spectrums are intermittent and determined as nfi+mf>, where n and m are integers,
shown in Figure 2.15
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Figure 2.15 Ferroresonance in Quasi-periodic.
2.6.4 Chaotic

The waveform is not sinusoidal and the frequency spectrums are
uninterrupted, shown in Figure 2.16
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Figure 2.16 Ferroresonance in Chaotic.

2.7 PSCAD/EMTDC

Power System Computer Aided Design and Electromagnetics Transients
including DC represent PSCAD/EMTDC. In this thesis, PSCAD/EMTDC is selected to
use to model and analyze the PV rooftop system. A default master library of
PSCAD/EMTDC covers standard circuit components of a Spice library. Moreover, goes
one step further complexity by also including advanced power electronic devices and
photovoltaic source. The benefit and exclusiveness of this program is the efficacy to
integrate complicated power electronic circuits with large power systems and
investigate the system response in the time and frequency domains [75] — [78].

2.8 Literature Review

The main aim of this research is to study impact power quality in 0.4/22 kV
distribution network of PEA with a large share of PV system source. Integration of PV
system source into the power system has been under extensive research and
development mostly focusing on the issues like voltage, current, frequency and
harmonic of the distribution network. A review was conducted into the existing
literature that has been published on the inclusion of PV Systems on the distribution
networks. The specific fields were considered when searching for literature relevant to
this research dissertation and these were:

In 2009 Qiuye Sun, and et al. [79], in 2010 Masato Oshiro and et al. [80], and
in 2012 S. A. Pourmousavi, and et al. [81] study about “Grid tied PV systems at the
distribution level” and the results shown that it can have a large impact on the power
systems voltage, frequency, power flow, and reliability.
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Edward J Coster, and et al. [82] study about “Integration Issues of Distributed
Generation in Distribution Grids," the results shown that when PV system injected
power into the grid tied, the voltage profile is most impacted in the feeders.

Yun Tiam Tan and Kirschen, D.S. [83] study about “Impact on the Power
System of a Large Penetration of Photovoltaic Generation”. The results of analysis
shown that the voltage fluctuates during periods when there is large change in solar
irradiance.

Yun Seng Lim, and Jun Huat Tang [84] state that “Experimental study on
flicker emissions by photovoltaic systems on highly cloudy region: A case study in
Malaysia.” The results reported that the passing clouds have the impact in the frequent
and rapid fluctuations of PV power outputs, and created large amount of flickers to the
distribution networks.

Y. Liu and et al. [85] study about “Distribution System Voltage Performance
Analysis for High-Penetration PV.” The results show that High-Penetration PV do not
affect to the grid.

Srisaen, N. and Sangswang, A. [86] study about “Effects of PV Grid-
Connected System Location on a Distribution System.” The simulation results shown
that the distribution system was affected by the PV system in positive impact and power
quality including voltage profiles and system were being loss reduction.

Mitra, P and et al. [87] study about “The impact of distributed photovoltaic
generation on residential distribution systems.” The analysis results shown that the PV
system can helpful and better voltage regulation and reduced line losses during both
heavy load.

Shayani, R.A. and et al. [88] study about “Photovoltaic Generation Penetration
Limits in Radial Distribution Systems.” The results shown that the power of PV system
is injected in the feeder, the voltage starting obtain place at the load bus, with a possible
overload impact at the feeder.

Qiuye Sun and et al. [89] study about “Impact of Distributed Generation on
Voltage Profile in Distribution System.” The simulation results shown that the PQ of
distribution system was affected by the DG in positive impact.

Danling Cheng and et al. [90] study about “Photovoltaic (PV) Impact
Assessment for Very High Penetration Levels.” The simulation results shown that the
effects of solar variability can be affected the PV system. The simulation can forecast
the impact of increasing levels of PV system connected to the grid.

Papaioannou, I.T and et al. [91] study about “Harmonic impact of small
photovoltaic systems connected to the LV distribution network.” The simulation results
shown that the LV distribution network was affected by the harmonic impact from the
small PV system.
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Batrinu, F. and et al. [92] study about “Impacts of grid-connected photovoltaic
plant operation on the harmonic distortion.” The simulation and experimental results
shown that the harmonic distortion from the grid-connected photovoltaic plant operation
will be occurred by the consequences of the shading effect.

Menti A. and et al. [93] study about “Harmonic distortion assessment for a
single-phase grid-connected photovoltaic system.” The simulation results shown that
the harmonic distortion is sensitive to the values of critical parameters.

Schlabbach, J. [94] study about “Harmonic current emission of photovoltaic
installations under system conditions.” The experimental results shown that PV-
inverters without transformer produced operative lower harmonic currents than inverters
with coupling transformer.

M.Kesraoui and et al. [95] study about “Grid connected solar PV system:
modeling, simulation, and experimental tests.” The results describe mathematical and
models of PV system and then perform simulation work of the current voltage (I-V)
characteristics by Matlab/Simulink.

Chen Qi and Zhu Ming [96] study about Photovoltaic Module Simulink Model
for a Stand-alone PV System. The simulation results estimate behavior of PV module

with respect changes on irradiance intensity, ambient temperature and parameters of the
PV module.

In 2003 Miller N. [97], in 2006 V. H. M. Quezada [98], in 2007 Thomson M.
[99], in 2008 S. Cobben, B. [100], and in 2009 F. Katiraei [101] study about “Impact of
photovoltaic generation on power quality in Distribution system” and the results shown
that there are impact on the power systems voltage, frequency, power flow, and
reliability.

In the point of view of the literature review, there was very little published on
the PQ impact from PV rooftop system to distribution network. Some research is
simulated in Matlab/Simulink of the current voltage (I-V) characteristics. Moreover, a
little research simulated Grid-Tied Photovoltaic Systems that also investigates the effect
of variable atmospheric conditions in PSCAD/EMTDC.
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CHAPTER 3
IMPLEMENTATION

The purpose of this chapter is to presents a measurement PQ from selected real
PV rooftop power plant and investigate PQ in normal and abnormal cases base on
criterion PQ assessment of PEA by simulation using PSCAD/EMTDC.

3.1 The selected real PV rooftop power plant

The selected real PV rooftop power plant is located in Samut Songkhram
province, Thailand at latitude 13° 22 minutes North and 99° 58 minutes East as show in
Figure 3.1-3.2. The installed capacity of this site is about 1 MW. The PV rooftop system
comprise of solar panels Poly Crystalline Module Size 245 Wp, 4032 panels, and 2
inverters 500 kW per each, that are connected via Main Distribution Board (MDB) to
the distribution transformer and 22 kV, 50 Hz distribution grid of PEA.

Figure 3.1 The location of selected real PV Rooftop power plant.
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Figure 3.2 The location of PV rooftop system installations used in this thesis.
3.2 The Measurement and assessment power quality of PV rooftop system

The PQ data from PV rooftop system was proceeded to collect by PQ
analyzer. The PQ data was measured at PCC as shown in Figure 3.3-3.5.

PEA 22 kV

TR 1250 kY
22KV YV

7
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Figure 3.3 The single line diagram of the power quality analyzer installation.
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Figure 3.4 The single line diagram of the PQ analyzer connected to the grid in 3 phase
3 line.

Figure 3.5 The connecting of the power quality analyzer at PCC.

The PQ measurement is determined according to EN 50160 and PEA grid

code and recorded PQ data every 10 minutes. The criterion of PQ assessment can
follow:
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3.3 PV Rooftop system modeling by PSCAD/EMTDC

The PV rooftop system modeling in this thesis base on the one located at the
end of the branches of the PEA distribution network. The power output of PV rooftop
system is about 1 MW. The parameter of distribution line is based on PEA' standard and
the line voltage is about 22 kV, 50 Hz. The other system parameter will be estimated in
system modeling. The PV rooftop system consist of PV array, Voltage source inverter,
and distribution transformer.

3.3.1 PV array implementation by PSCAD

The PV module was developed by Manitoba HVDC Research Centre. The
characteristic of this PV module is based on equation (1) in chapter 2 and depend on
solar irradiance and temperature inputs. The PV module that illustrates in Figure 3.6 is
in the library master component of PSCAD. The PV parameters are shown in Figure 3.7
that were used in this simulation. The PV array configuration is shown in Figure 3.8 that
can change the number of cells in a module in parallel or series as well as possible can
edit the PV array with parallel or series connect PV modules.

OO0
o8 s
—IﬁOQO =

Figure 3.6 The PV module in library master of PSCAD.
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95l [masterphotovoltaic_source] id="1184090826'

v General
Effective area per cell
Series resistance per cell
Shunt resistance per cell
Diodeidealityfactor
Band gap energy
Saturation current at reference conditions per cell

Temperature coefficient of photo current

Short circuit current at reference conditions per cell

0.01
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1e-12[kA]
0.0025[kA]
0.001
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Cancel
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Figure 3.7 The default parameters of PV cell.

! [masterphotovoltaic_source] id="118409032¢6" >
PV array parameters hd
R} e
e e X
w General

PV array name {optional) PVarrayl
Mumber of modules connected in series per array 1
Mumber of module strings in parallel per array 1
Mumber of cells connected in series per module 70
Mumber of cell strings in parallel per module 2
Reference irradiation 1000
Reference cell temperature 25
Graphics Display industry
General
Ok Cancel Help...

Figure 3.8 The PV array parameter in PSCAD.
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3.3.2 PV inverter implementation by PSCAD

Figure 3.9 illustrates the Voltage Source Inverter (VSI) model that is used to
the simulation system in this thesis. The detail of this VSI is explained in Appendix B.

JL

+

Grid-connected VSI with
DC votlgge_ control

Figure 3.9 The grid connected VSI inverter.
3.3.3 The distribution transformer modeling implementation by PSCAD

Figure 3.10 illustrates the distribution transformer modeling, available in
library master component of PSCAD. Due to the distribution transformer is supposed to
be ideal transformer. The basic parameters required to be entered, these parameters are
shown in Figure 3.11

Figure 3.10 Three phase Wye-Delta distribution transformer model in PSCAD.
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IQ 3 Phase 2 Winding Transformer e
 General
Transformer Mame
3 Phase Transformer MYA 0.5 [MVA]
Base operation frequency 50.0 [Hz]
Winding #1 Type ¥
Winding #2 Type Delta
Delta Lags or Leads ¥ Leads
Positive sequence leakage reactance 0.1 [pu]
Ideal Transformer Model Mo
Mo load losses 0.0 [pu]
Copper losses 0.0 [pu]
Tap changer on winding Mone
Graphics Display Single line {drdes]
Display Details? Mo
General
Dk_| | Cancel | | Help... |

Figure 3.11 The configuration parameter of distribution transformer

3.4 Complete system

The approach in selecting using power system model for simulation study was
based on using selected real PV rooftop power plant system in chapter 3 section 3.1.
The complete system to be used in this simulation is illustrated in Figure 3.12
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Figure 3.12 Complete PV rooftop system connected distribution network PEA modeled in PSCAD
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3.5 The investigation PQ impact from PV rooftop system connected to the grid
under normal and abnormal case base on criterion of PEA grid code by
PSCAD/EMTDC

The simulation of the investigation PQ impact from PV rooftop system
connected to the grid under normal and abnormal case can be divided into 7 cases.

l.
2.

The investigation of I-V and P-V curve characteristic of PV module

The simulation under steady state operation under Standard Test
Condition (STC)

The simulation in normal day condition

The simulation in raining day condition

The simulation in short time of solar irradiance fluctuation
The simulation under VSI inverter defect

The simulation under ferroresonance phenomenon
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CHAPTER 4
THE MEASUREMENT AND SIMULATION RESULTS

This chapter aims to show the measurement results of PQ from the selected
real PV rooftop plant and also investigates the power quality and assessment of
electrical power measurement. In addition, show the simulation results of the PQ impact
of PV rooftop connected to the distribution system with simulation by PSCAD/EMTDC
that will be investigate under normal and abnormal case condition.

4.1 The Measurement Results

The power quality analyzer is set to record data every 10 minutes in 1 week
from PV rooftop system at the Point of Common Coupling, PCC of the 22 kV PEA
distribution network. All measurement data were assessed base on EN 50160. The
Cumulative percentage with 95% of the data were used by the data assessment and is
compared with PEA grid code. Only the frequency used the Cumulative percentage with
99% of the data. The results of the measurement and assessment of power quality are as
follows.

4.1.1 RMS voltage

800 Bvglv RMG A 10V gV RS C V)

22600

22400

22200

22000

| | | | | | |
I I I I I I I
Wed 20 Thu 21 Fri 22 Sat 23 Sun 4 Mon 25 Tue 26
Time

21800 -

Figure 4.1 The RMS voltage measured at the PCC.
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Figure 4.2 The graphic of the evaluated voltage at phase A.
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Figure 4.3 The graphic of the evaluated voltage at phase C.

Figure 4.1 shows the RMS voltage that record every 10 minutes in 1 week.
Figure 4.2 and 4.3 show the evaluated voltage at phase A and C and were assessed base
on EN 50160. All data of the RMS voltage were summarized in Table 4.1.
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Table 4.1 The assessment of the RMS voltage from the selected real PV rooftop power

plant.
Parameter Min. Average Max. CP %95
RMS Phasc A 21.84 2231 22.76 22.613
Voltage Phase B - - - -
(kV) Phase C  22.01 22.5 22.93 22.793

4.1.2 The Frequency
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Figure 4.4 The result of measured Frequency at PCC.
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Figure 4.5 The graphic of the evaluated frequency.

45



Figure 4.4 shows the frequency at PCC that record every 10 minutes in 1
week. 4.5 show the evaluated frequency of the system and were assessed base on EN
50160. The data of the frequency were summarized in Table 4.2.

Table 4.2 The assessment Frequency on PEA distribution 22 kV at PCC.

Parameter Min. Average Max. CP %99

Power frequency

(Hz)

49.94 50.01 50.07 50.05

4.1.3 Voltage fluctuation in Short Term Flicker: P

Pet A Pst C

ki,

I I I I I I [
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Figure 4.6 Short Term Flicker: Ps at PCC
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Figure 4.7 The graphic of the evaluated voltage fluctuation in Short Term Flicker: Py at
phase A.
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Figure 4.8 The graphic of the evaluated voltage fluctuation in Short Term Flicker: Py at

phase C.

Figure 4.6 shows the voltage fluctuation in Short Term Flicker: Py that record
every 10 minutes in 1 week. Figure 4.7 and 4.8 show the evaluated voltage fluctuation
in Short Term Flicker at phase A and C and were assessed base on EN 50160. All data
of the voltage fluctuation in Short Term Flicker were summarized in Table 4.3.

Table 4.3 The assessment voltage fluctuation in Short Term Flicker on PEA distribution

22 kV at PCC.
Parameter Min. Average Max. CP %95
Voltage Phase A 0.053 0.129 3.339 0.266
fluctuation in
Short Term {hage B % - i i
Flicker: (Ps) Phase C 0.05 0.13 5.557 0.310
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4.1.4 Voltage fluctuation in Long Term Flicker: Py
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Figure 4.9 Long Term Flicker: Py at PCC.
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Figure 4.10 The graphic of the evaluated voltage fluctuation in Long Term Flicker: Py
at phase A.
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Figure 4.11 The graphic of the evaluated voltage fluctuation in Long Term Flicker: Py
at phase C.

Figure 4.9 shows the voltage fluctuation in Long Term Flicker: Py that record
every 10 minutes in 1 week. Figure 4.10 and 4.11 show the evaluated voltage
fluctuation in Long Term Flicker at phase A and C and were assessed base on EN
50160. All data of the voltage fluctuation in Long Term Flicker were summarized in
Table 4.4.

Table 4.4 The assessment voltage fluctuation in Long Term Flicker on PEA distribution

22 kV at PCC.
Parameter Min. Average Max. CP %95
Voltage Phase A 0.074 0.204 1.561 0.467
fluctuation in
Long Term o7 § \ - ; i
Flicker: (Ps) Phase C 0.068 0.211 2.783 0.657
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4.1.5 Total Harmonic Distortion of Voltage (THDyv)
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Figure 4.12 Total Harmonic Distortion of Voltage at PCC.
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Figure 4.13 The graphic of the evaluated Total Harmonic Distortion of Voltage at phase
A.
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Figure 4.14 The graphic of the evaluated Total Harmonic Distortion of Voltage at phase
C.

Figure 4.12 shows the Total Harmonic Distortion of Voltage that record every
10 minutes in 1 week. Figure 4.13 and 4.14 show the evaluated Total Harmonic
Distortion of Voltage at phase A and C and were assessed base on EN 50160. All data
of the Total Harmonic Distortion of Voltage were summarized in Table 4.5.

Table 4.5 The assessment Total Harmonic Distortion of Voltage on PEA distribution 22

kV at PCC.
Parameter Min. Average Max. CP %95
Total Phase A 0.743 1.165 2.032 1.631
o mgaa N TBAG]
EITOPIItgg)e Phase C  0.47 0.929 2231 1.347
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4.1.6 Total Harmonic Distortion of Current (THD;)
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Figure 4.15 The evaluated Total Harmonic Distortion of Current at PCC.

Figure 4.15 show the evaluated Total Harmonic Distortion of Current at PCC
and were assessed base on EN 50160. All data of the Total Harmonic Distortion of
Current were summarized in Table 4.6.

Table 4.6 The assessment Total Harmonic Distortion of Current on PEA distribution 22
kV at PCC.

Harmonic sequence 2 3 4 5 6 7

Assessment CP 95 0.155 0.107 0.094 0.355 0.076 0.187

Harmonic sequence 8 9 10 11 12 13

Assessment CP 95 0.031 0.031 0.015 0.085 0.011 0.045

Harmonic sequence 14 15 16 17 18 19

Assessment CP 95 0.007 0.015 0.005 0.041 0.006 0.035

The measured PQ assessment results shown that RMS voltage, power
frequency, voltage fluctuation and total harmonic distortion of voltage and current were
also investigated to pass the criteria base on PEA grid code as shown in Table 4.7 and

4.8

52



Table 4.7 The evaluated PQ results of PV rooftop system at PCC.

No. Power Quality Benchmark CP 95% Assessment

1  RMS Voltage

- Phase A (21.9-23.1)kV 22.613 kV pass

- Phase B (21.9-23.1)kV - -

- Phase C (21.9-23.1)kV 22.793 kV pass
2 Power Frequency (49.5-50.5)Hz 50.05 Hz pass
3 Voltage fluctuation (Pst)

- Phase A <1.0 0.266 pass

- Phase B <1.0 - -

- Phase C <1.0 0.310 pass
4  Voltage fluctuation (Plt)

- Phase A <0.8 0.467 pass

- Phase B <0.8 - -

- Phase C <0.8 0.657 pass
5 %THDy

- Phase A <4% 1.631% pass

- Phase B <4% - -

- Phase C <4% 1.347% pass
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Table 4.8 The evaluated Total Harmonic Distortion of Current results of PV rooftop

system at PCC.
Harmonic sequence 2 3 4 5 6 7
Benchmark of PEA (A) 11 7 5 9 4 6
CP 95% 0.155 0.107 0.094 0.355 0.076 0.187
Assessment pass pass pass pass pass pass
Harmonic sequence 8 9 10 11 12 13
Benchmark of PEA (A) 3 2 2 6 2 5
CP 95% 0.031 0.031 0.015 0.085 0.011 0.045
Assessment pass pass pass pass pass pass
Harmonic sequence 14 15 16 17 18 19
Benchmark of PEA (A) 2 1 1 2 1 1
CP 95% 0.007 0.015 0.005 0.041 0.006 0.035
Assessment pass pass pass pass pass pass

4.2 The evaluated electrical Power Measurement Result

Figure 4.16 illustrated the average power output of measurement in one-week
from the selected real PV rooftop power plant. The maximum power was delivered to
distribution system up to 780 kW at the noon.
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Figure 4.16 The average power output in 1 week from the selected real PV rooftop
power plant.

4.3 The Simulation Results by PSCAD/EMTDC

This section aims to investigate the PQ impact of PV rooftop connected to the
distribution system with simulation by PSCAD/EMTDC under normal and abnormal
case condition base on criteria of PEA's grid code.

4.3.1 The investigation of I-V and P-V curve characteristic of PV module and
array

This section aims to simulate I-V and P-V output characteristic curve of solar
module that use in this simulation near manufacture standard. So, this simulation
considers the effect under Standard Test Conditions (STC) and investigates the effect of
difference solar irradiance and temperature on the performance of the components in the
model.

Figure 4.17 illustrated The simulation model that simulate I-V and P-V output
characteristic curve of solar module under Standard Test Conditions (STC) and
difference solar irradiance and temperature. The simulation results are shown in Figure
4.18 and 4.19.
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Figure 4.17 The simulation model of the studied I-V and P-V characteristic curve.
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Figure 4.18 The resulting I-V curve of solar module.
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@ Main : P-V Curve
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Figure 4.19 The resulting P-V curve of solar module.

The output power of solar module is affected by vary the radiation and
temperature. The decreasing voltage of solar module depend on the increasing
temperature. The current of solar module is directly relative to illumination intensity
while voltage is logarithmically proportional with light intensity. Partial shading due to
passing clouds and radiation random variations are all factors that will affect
photovoltaic system production, resulting in rapid fluctuations in its output power.
Figure 4.20, 4.21, 4.22, 4.23 show the characteristics of PV system with 1 MW
installation capacity at different temperature and sun radiation.
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| Main : IV Curve For 1 MW
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Figure 4.20 The I-V characteristic curve for PV array 1 MW with different solar

irradiance.
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Figure 4.21 The P-V characteristic curve for PV array 1 MW with different solar
irradiance.
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Figure 4.22 The I-V characteristic curve for PV array 1 MW with different temperature.
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Figure 4.23 The P-V characteristic curve for PV array 1 MW with different temperature
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Figure 4.17 show that The simulation model is validated and compared the
data results from the manufacture in appendix A. The simulation results in Figure 4.18-
4.23 show that the simulation model can simulate the I-V and P-V characteristic curve
of solar module and PV array in any solar irradiance and temperature condition when
the parameters were changed. This simulation model is of great importance for the study
of PV system.

4.3.2 The simulation under steady state operation under Standard Test
Condition (STC)

In the first time, the simulation PV rooftop system model in chapter 3 will be
validated in response to normal operation. The potential for the PV rooftop system
model can track the MPP, perform within THDv and THD; limits, and transfer electrical
power to the simulated distribution system successfully. The system model will be
evaluated under Standard Test Conditions (STC). The simulation results were illustrated
in Figure 4.24-4.31.

Voltage and current waveforms
= DChus . =iverterVokage | P

y (kV)

y (kA)

3125 3150 3175 3200

X 3000 3025 3050 3075 3100

Figure 4.24 The output voltage and current waveforms from PV inverter under STC.

60



Active and reactive power levels

= |nverter P
e B R R e D O A DAL DN DR DL SAITA
¥ 4
f |

3
s J

-0.25

160 = |nverter Q
<
=
-40
X 000 025 0.50 0.75 1.00 125 150 175 200
Figure 4.25 The active and reactive power from PV inverter under STC.
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Figure 4.26 The inverters frequency under STC.
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Figure 4.27 The RMS voltage at PCC under STC.
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Figure 4.28 The active power of PCC under STC.
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Figure 4.29 The total harmonic distortion of voltage under STC
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Figure 4.30 The total harmonic distortion of current under STC.

The simulated PQ assessment results shown that RMS voltage, power
frequency, active power and total harmonic distortion of voltage and current were also
investigated to pass the criteria base on PEA grid code.
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4.3.3 The simulation in normal day condition

In this section, the operation of PV rooftop system model will be investigated
under different solar irradiance and temperature that will be provided into the PV array
and are used to test the effect of PV rooftop system to the distribution network. Figure
4.31 and 4.32 show the different solar irradiance and temperature in normal day. The

simulation results are shown in Figure 4.33-4.37.
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Figure 4.31 The solar irradiance in normal day.
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Figure 4.32 The temperature in normal day.
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Figure 4.33 The RMS Voltage at PCC in normal day.
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Figure 4.34 The active power at PCC in normal day.

65



Main : Grid Frequency
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Figure 4.35 The frequency at PCC in normal day.

MBin : Total Harmonic Distortion of Voltage
= Harmonic order of Voltag... \ = Harmonic order of Voltage..|™ Harnmonic order of Voltage. .. —

4.0
30
20
1.0
0.0
-1.0

(%)

-2.0
-3.0
-4.0 -

Figure 4.36 The total harmonic distortion of voltage in normal day.
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Figure 4.37 The total harmonic distortion of current in normal day.

The simulated PQ assessment results shown that RMS voltage, power
frequency, active power and total harmonic distortion of voltage and current in normal
day were also investigated to pass the criteria base on PEA grid code.

4.3.4 The simulation in raining day condition

In this section, the operation of PV rooftop system model will be investigated
under immediately solar irradiance and temperature that will be provided into the PV
array and are used to test the effect of PV rooftop system to the distribution network.
Figure 4.38 and 4.39 show the immediately solar irradiance and temperature in raining
day in the afternoon. The simulation results are shown in Figure 4.40-4.44.
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Figure 4.38 The immediately solar irradiance in raining day.

67



Main : Tenperature
= Tenperature
34.0 4
32.0 1
30.0
28.0 1
26.0
24.0
220+
20.0-

©)

X 0.0 20 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0

Figure 4.39 The immediately temperature in raining day.
Main : Voltage at POC

250 R

20.0

15.0

10.0 4

RMS Voltage (kV)

5.0 1 w

00

Figure 4.40 The RMS Voltage at PCC in raining day.
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Figure 4.41 The active power at PCC in raining day.
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Figure 4.42 The frequency at PCC in raining day.
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Figure 4.43 The total harmonic distortion of voltage in raining day.
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Figure 4.44 The total harmonic distortion of current in normal day.

The simulated PQ assessment results shown that RMS voltage, power
frequency, active power and total harmonic distortion of voltage and current in raining
day were also investigated to pass the criteria base on PEA grid code.
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4.3.5 The simulation in short time of solar irradiance fluctuation

In this section, the operation of PV rooftop system model will be investigated
under fluctuated solar irradiance in short time that will be provided into the PV array
and are used to test the effect of PV rooftop system to the distribution network. Figure
4.45 shows the fluctuated solar irradiance in short time. The simulation results are
shown in Figure 4.46-4.42.
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Figure 4.45 The fluctuated solar irradiance in short time.
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Figure 4.46 The RMS Voltage at PCC under the fluctuated solar irradiance in short
time.
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Main : Active and reactive power at PCC
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Figure 4.47 The active power at PCC under the fluctuated solar irradiance in short time.

Main : Grid Frequency

-
50.100 -2
50,050 - i o) | Vs
50.000 .
g )
49.950 - b
[ [ ‘
49.900 zarZedlionY/ == lF | N
\ \

Figure 4.48 The frequency at PCC under the fluctuated solar irradiance in short time.
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Main : Total Harnonic Distortion of Voltage
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Figure 4.49 The total harmonic distortion of voltage under the fluctuated solar
irradiance in short time.
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Figure 4.50 The total harmonic distortion of current under the fluctuated solar
irradiance in short time.

The simulated PQ assessment results shown that RMS voltage, power
frequency, active power and total harmonic distortion of voltage and current under the
fluctuated solar irradiance in short time were also investigated to pass the criteria base
on PEA grid code.
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4.3.6 The simulation under VSI inverter defect

In this section, the operation of PV rooftop system model will be investigated
under VSI inverter defect that will be provided into the PV array and are used to test the
effect of PV rooftop system to the distribution network. The simulation results are
shown in Figure 4.51-4.56.
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Figure 4.51 The output voltage and current waveforms from PV inverter.
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Figure 4.52 The active and reactive power from PV inverter.
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Main : Voltage at PCC
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Figure 4.53 The RMS voltage at PCC.
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Figure 4.54 The power frequency at PCC.
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Mein : Total Harmonic Distortion of Voltage
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Figure 4.55 The total harmonic distortion of voltage at PCC.
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Figure 4.56 The total harmonic distortion of current at PCC.

The simulated PQ assessment results shown that The output voltage and
current from PV inverter are fluctuation in short time and recovery to normality, the
output power from inverter cannot inject the power into the distribution system in short
time, RMS voltage at PCC is normality, power frequency is fluctuation in short time
and recovery to normality, and total harmonic distortion of voltage was investigated to
pass the criteria and total harmonic distortion of current is fluctuation in short time and
recovery to normality. After the recovery, all parameters were also investigated to pass
the criteria base on PEA grid code.
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4.3.7 The simulation under ferroresonance phenomenon

The main purpose of this section is to remind the Provincial Electricity
Authority of Thailand (PEA) about the possible occurrence of ferroresonance in the low
voltage side of the distribution transformer that is connected to PV rooftop system.
Various situations have been introduced and simulated together with the analysis the
effect of the system parameters for instances, line capacitance, transformer’s core
inductance and PV source. It is known that testing of ferroresonance in the transformer
could lead the damage to the transformer or even completely destroy it if the resonance
is in the unstable region. For this reason, the PSCAD/EMTDC software for
investigating this phenomenon was decided to use, which is flexible for arranging the
experiment and collecting the data. The single line diagram for specific this case is
shown in Figure 4.57. In addition, the parameters and data are concluded in Table 4.9.

PV-Arrayand Output DC-DC Converter for MPP Tracking
Capacitor

110e-5 [H]
Vpv T,
m Underground Cable
ad .
2 P=-04315 _
‘H. loJe) - Q=-1.981e-005 Q=0.2887 SRA COUPLED A AL 455 vay A.
Irradiati ——o o 88 sl " \/\ V=0.9809 V=09795 SEoN
it 2 ¥ & > > BRKB =
B ‘ 3 = T L
S & e # 2
1 ool 5T A 5T =
Temperature - = = RKC 2 ¢ =% [cc|osm
- L 220k

cted VSI with Main Distribution Board

¢
fradation Tenperature DC atlage control
=1500 =55

So Fo DC-bus Capacitor and
1000 8 Start-up Charging

Figure 4.57 The single line diagram of PV rooftop system connected to the grid and
light load through 1.25 MVA transformer.

Table 4.9 The parameter model system for ferroresonance simulation.

Name Parameter Value
PV module Ref. Solar irradiance 800 W/m?
data
Ref. Temperature 30°C
Coupled PI Feeder Rated Frequency 50 Hz
Model
Feeder Length 0.2 km
Transformer Distribution Transformer MVA 1.25 MVA
Primary voltage 0.4 kV
Secondary voltage 22 kV

Type: Wye ground — Delta
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Base operation frequency 50 Hz

Load Customer Load 0.1 MW per phase

The three single phase circuit breaker (BRKA, BRKB, and BRKC) in main
distribution board are connected to distribution transformer through underground
feeder. Each circuit breakers are correspondingly switched from phase B, C and A for

disconnecting and then they are correspondingly switched from phase A, C and B for
connecting.

Figure 4.58 (a) and (b) illustrated the overall ferroresonance that happen in the
system at low voltage side of distribution transformer connected PV rooftop system.
The voltage and current waveform are fluctuation.
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Figure 4.58 The fluctuated voltage and current waveform at the distribution transformer
connected PV rooftop system.
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By the way, the simulation results of the disconnecting of single circuit
breaker in the step by step are illustrated. Firstly, phase B is disconnected at 0.3 sec.as
shown in Figure 4.59, the voltage and current waveform are shown in Figure 4.60.
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Figure 4.59 The LC ferroresonance circuit with disconnecting CB2 phase B.
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PV Rooftop 01 : Voltage at LV side of transformer 1.25 WA

080 =2 L= L= |
0.60 Y — —
VN ~\ A\ ~\ ~\
00T N SN NN
R [N\ N\
-0.60
-0.80

Voltage [kV]

lsecl 0300 0310 0320 0330 0340 0350 0360 0370 0380 039 0400

PV Rooftop 01 : Line current at LV side of transformer 1.25 MVA

302 =6 L |
g 21 A N n N A
T o0 AV AVAFIWARA R\ WAVAI N VAV S
= \/V\/\[\V \/\]V X \/
5 o0l \% \ -\ v \
3 30

lsecl 0300 0310 0320 0330 0340 0350 0360 0370 0380 039 0400

(a) Phase A
PV Rooftop 01 : Voltage at LV side of transformer 1.25 WA

0801 2 2B |=Ec |

0.60
S oo 7T 2N 7™\ 7\
2 T/ TN T A N[ /TN T /TN 1 71\
® o0l / = /i By B N[/ N |/ \
S 40 \
S 060

-0.80

lsecl 0300 0310 0320 0330 0340 0350 0360 0370 0380 039 0.400

PV Rooftop 01 : Line current at LV side of transformer 1.25 \WA

302 =b =
— 20
S 10
i 0.0
= -1.0
g 2.0
3 30

lsecl 0300 0310 0320 0330 0340 0350 0360 0370 0380 039 0400

(b) Phase B

80




PV Rooftop 01 : Voltage at LV side of transformer 1.25 MVA
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Figure 4.60 The Voltage and current waveform at LV side of transformer 1.25 MVA
when BRKB disconnecting at 0.3 sec.

The simulation results in Figure 4.60 are definitely sighted that the
ferroresonance affected to phase A and C. The voltage comprises of the fundamental

mode ferroresonance and the current comprise of the cohesion of fundamental mode and
quasi-periodic mode ferroresonance.

By the way, secondly, phase C is disconnected at 0.4 sec. as shown in Figure
4.61, the voltage and current waveform are shown in Figure 4.62.

81



PV Rooftop source

— — —

4+ 338

[ [
Lo

Figure 4.61 The LC ferroresonance circuit with disconnecting CB3 phase C.
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PV _Rooftop 01 : Voltage at LV side of transformer 1.25 WA
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PV Rooftop 01 : Voltage at LV side of transformer 1.25 WA
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Figure 4.62 The Voltage and current waveform at LV side of transformer 1.25 MVA
when BRKC disconnecting at 0.4 sec.

The simulation results in Figure 4.62 are definitely sighted that the
ferroresonance affected to phase A. The voltage comprises of the fundamental mode
ferroresonance and the current comprise of the cohesion of fundamental mode and
quasi-periodic mode ferroresonance.

By the way, thirdly, phase A is disconnected at 0.5 sec. as a shown in Figure
4.63, the voltage and current waveform are shown in Figure 4.64.
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Figure 4.63 The LC ferroresonance circuit with disconnecting CB1 phase A.
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PV Rooftop 01 : Voltage at LV side of transformer 1.25 MVA
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PV Rooftop 01 : Voltage at LV side of transformer 1.25 WA
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Figure 4.64 The Voltage and current waveform at LV side of transformer 1.25 MVA
when BRKA disconnecting at 0.5 sec.

The simulation results in Figure 4.64 are definitely sighted that the
ferroresonance has no effect all phase.

Moreover, the connecting characteristics of each single phase circuit breaker
are analyzed after all are disconnected. Firstly, phase A is disconnected at 0.6 sec. as
shown in Figure 4.65, the voltage and current waveform are shown in Figure 4.66.
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Figure 4.65 The LC ferroresonance circuit with connecting CB1 phase A.
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PV Rooftop 01 : Voltage at LV side of transformer 1.25 WA
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PV Rooftop 01 : Voltage at LV side of transformer 1.25 WA

0.80--EEl =B "k -

0.60

S 2 N2 720 N2 72
E NS NSNS NSNS

lsecl 0600 0610 0620 0630 0640 0650 0660 0670 0680 0690 0.700

PV Rooftop 01 : Line current at LV side of transformer 1.25 MWA
= [ = -
40- la b 7 Ic
3.0 1
2.0 1
1.0 1 va's
0.0 4
-1.0 1 oy
-2.0+
S0+ 7
-4.0- ———-
[secl 0600 0610 0620 0630 0640 0650 0660 0670 0680 0690 0.700

Current [KA] (kA)

(c) Phase C

Figure 4.66 The Voltage and current waveform at LV side of transformer 1.25 MVA
when BRKA connecting at 0.6 sec.

The simulation results in Figure 4.66 are definitely sighted that the
ferroresonance affected to phase A. The voltage comprises of the fundamental mode
ferroresonance and the current comprise of the cohesion of fundamental mode and
quasi-periodic mode ferroresonance.

By the way, secondly, phase C is connected at 0.7 sec. as shown in Figure
4.67, the voltage and current waveform are shown in Figure 4.68.
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Figure 4.67 The LC ferroresonance circuit with connecting CB3 phase C.
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PV Rooftop 01 : Voltage at LV side of transformer 1.25 MVA
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PV Rooftop 01: Voltage at LV side of transformer 1.25 WA
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Figure 4.68 The Voltage and current waveform at LV side of transformer 1.25 MVA
when BRKC connecting at 0.7 sec.

The simulation results in Figure 4.68 are definitely sighted that the
ferroresonance affected to phase A and C. The voltage comprises of the fundamental
mode ferroresonance and the current comprise of the cohesion of fundamental mode and
quasi-periodic mode ferroresonance.

Finally, phase B is connected at 0.8 sec. as shown in Figure 4.69, the voltage
and current waveform are shown in Figure 4.7.
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Figure 4.69 The LC ferroresonance circuit with connecting CB2 phase B.
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PV _Rooftop 01 : Voltage at LV side of transformer 1.25 WA
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PV Rooftop 01: Voltage at LV side of transformer 1.25 WA
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Figure 4.70 The Voltage and current waveform at LV side of transformer 1.25 MVA
when BRKB connecting at 0.8 sec.

The simulation results in Figure 4.70 are definitely sighted that the
ferroresonance affected to phase A, B and C. The voltage comprises of the fundamental
mode ferroresonance and the current comprise of the cohesion of fundamental mode and

quasi-periodic mode ferroresonance. However, this effect of ferroresonance goes out for
a short time.
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CHAPTER 5
CONCLUSION AND FURTURE WORK

5.1 Research Conclusion

The overall trends in the renewable energy, the PV rooftop system will be
increasing, because it is clean energy and does not affect the environmental conditions.
The government will encourage the integration of PV rooftop system into the
distribution network of the Provincial Electricity Authority. However, its unstable
nature condition and the problems discovered when systematizing the PV rooftop
system into the distribution network system, these problems could continue to increase
the power quality concern that could be the main concern in distribution systems. The
poor power quality could incur disruption in the power system. Also it may cause
interrupt in the protection system and will be damage. Therefore, the assessment power
quality from the PV rooftop system is very important.

This thesis presents the assessment of power quality impact from the selected
real PV rooftop power plant connected to the grid distribution PEA. In addition, this
system was simulated by PSCAD/EMTDC and investigated under normal and abnormal
case condition and can be summarized as follows.

The measurement results showed that the PV rooftop system can supply the
electrical energy during the period of 6.30-18.30. The maximum output power is about
780 kW at the noon. The assessment power quality such as the voltage, current,
frequency, voltage fluctuation in short term flicker and long term flicker, active power,
and the total harmonic distortion of voltage and current meet the requirements of the
electrical grid connection of PEA grid code and was also considered to pass the
benchmark.

The Simulation Results by PSCAD/EMTDC. Firstly, the simulation model is
validated and compared the data results from the manufacture in appendix A and
confirm that the simulation model can simulate the [-V and P-V characteristic curve of
solar module and PV array in any solar irradiance and temperature condition when the
parameters were changed. Secondly, the simulation under steady state and vary
temperature and solar irradiance is validated and confirm that all parameters of power
quality meet the requirements of the electrical grid connection of PEA grid code and
was also considered to pass the benchmark. Finally, the ferroresonance phenomenon
simulation result explains that this simulation is to remind the Provincial Electricity
Authority of Thailand (PEA) about the possible occurrence of ferroresonance in the low
voltage side of the distribution transformer that is connected to PV rooftop system.
Various situations have been introduced and simulated together with the analysis the
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effect of the system parameters for instances, line capacitance, transformer’s core
inductance and PV source It is known that testing of ferroresonance in the transformer
could lead the damage to the transformer or even completely destroy it if the resonance
is in the unstable region. For these reason, in this thesis decided to use the simulation
software for investigating this phenomenon by using the simulation software, which is
flexible for arranging the experiment and collecting the data.

5.2 Suggestion and Future work

For the recommendation and future work, the energy storage system is one of
alternative for reduced irregularity in the generated electricity from renewable energy
especially battery system that could be recommended in parallel with the PV rooftop
system. This investigation may examine a similar experiment as this thesis. In the event
that the battery system can smooth out the electrical power control due sunlight
irregularity in experiment and simulation while the inverter supply the fundamental
active and reactive power as required to help an irregular network condition that mean,
the energy storage system especially battery system can helpful for stabilize power
quality in power system.
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1 Introduction

Bidirectionzl ac-dc conversion is applied when an ac system is linked to a dc system and
needs 1o swap the role of source or load with the dc side; in other words, the direction
of real power flow betwesn the two systemns may switch contirually. Voltage-sourzed
cernwverter (WSC) is one of the power electronics-based topologies employed in such
applications. Wariable-speed ac motor drives with energy-recovery ragenerative
hratingl. VSC-based HVDE transmission, FACTS devices such 2s STATCOM 52, UPFCs, atc.
are common examples of bidirectional ac-dc conversion. |his 2pplication nota explains
this scheme through an example implemented in PSCAD /EMTOC.

The converter links a 3-phase ac source to a dc load/source through a voltage-sourced
coerwverter (VSC). The VSC employs a voltoge sourced converter and

2 System Description

2.1 Power Circuit

Figura 2 1 illustrates the layout of the model in PSCAD . The ac side of the converter is
supplied by a voitage source 3-phasa 208V 60Hz. Tha V5C camprises € IGBT-diode pzirs,
which form a 2-level 3-pole bridge, as shown in Figure -1 The electrical characteristics

e rua

[ ™ ¥ pimw as -

P = Ldd3a-000 F = -p002e B “'r'“._f.,ff::,
Q=2 14cpar = I
V=1 |

= |

Lhee Qi zivesctsd WELwih
- 2L siege taskiy!

Figure 2-1. VSC-based ac-do converler

1- In this type of regenerative braking. power is returned to the ac source through the braking period.

2-In a STATCOM, real power is exchanged betweszr the ac ard dc sides to regulate the de-link voltage.
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Fipure 2-7: ) 3-pole IGBT-diade bridze: b) The electrica’ characteristics of the switching companents.

The dependent current source at the dc side
represents the de system, which can either absarb or
preduce power, depending on the sign of the sigral
l.

Sinusoidal  pulse-width  modulation  (SPWM)
switching technigua was chosen in this example. The
carrier frequency has bzen set to 7kHz. Designed for
a cutoff frequency of 1.55kHz, the low-pass LCL filter
unit at the ac side of the VSC eliminates high-
frequency switching disturbances from the 60-Hz
current and voltage waveforms. Figure 2-3 displays
the 3-line layout of the filter.
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2.2 Control Algorithm

Vector control strategy is used in this example. In this technique, the ac current of the
WSC is controlled to adjust active power exchange between the ac and dc sides, as well
as the reactive power level at the ac terminals of the VSC [1]. The control system block
diagram of the model can be found in the Rectifier Contral function block in Figure 2-1.

The block diagram of the control strategy is presented in Figure 2-4-b. The ac current
phasor of the WVSC (/_C signal in Figure 2-1) is decomposed into direct {d) and quadrature
(g} components, which are in-phase with, and perpendicular to, the ac phase voltage E,
respectively. The dirsct component of the ac current iy regulates the active power
transfer between the ac and dc sides. Hence, the dclink voltage can be adjusted by
controlling 4. The reactive power leval at the ac tarminals of the VSC can be regulated
by contralling of the quadrature companent i,

Famd
't] mwttehing | B
puse 7
gensraion

ie
(14
(=l (b}
Figire 7-4: The rurrent contrnl strategy for the ?-guadran- V&

a) The converter and the measured guantities; b) The control algorithm.

Decomposition of the ac current vector d and g components is carried cut by applying
the Park transtorm. The Park transform
requires a reference phase angle ¢ map 3-

phase gquantities onto the d-q coordinates. In &

; ; o, PLL bheta . )
this application, the ac phase voltage is chosen = [ el gy
as the reference vector, whose phase angle Ve

Ec Relerence angle

information can be obtained using a phaze
locked lbop (PLL) Figure 2.5 shows thes PLL 7 il s Wik e BRRS

. i . . o . igure I-3: The ok [n by
binck m_PSCAD This bleck is avzilable in Cr@as 1 phase: pgite: frifcrmmtian.of
Mastar Library\CSMF the phase voltage vector.

The output of the PLL {ie. £E ) is applied to
the Park transform blocks. Ihe 3-phase ac currants are mapped onto the d-g reference
frame as depicted in Figure 2-6. The function blocks shown in this figure are user-

deflined components and are provided in Llhe attached library [file
ABC DO _Transforms.psl'.
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The three regulators in the control algorichm

are implamented using P3CAD™ standard gdmg.g?u&gm

Master Library components, =uch as o3 i )

; . r a_a eifa| & mis O el
summation, Pl controller, gain, etc  (ses P i alnha Mo | &g
Figure 2-7). The Optimum Run feature cof o %  Foedan A B 7Y
PSCAD/EMTDC can be employed to tune the o~ =% | el

pargmeters of the mgmamm' Figure 2-6: Park transform, applied to the

VST 3-phase currents.

g |
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w:mr
F-l'|__
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ﬁ_ et
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g
A il
- Vo

(bl ()
Figure 2-7: Three contro! loops of Figure 2-4, modeled in FSCAD,

The regulatcrs provide the set ooints v, and vq‘l Modulation waveforms Ref_a, Ref_b
and Ref ¢ are obtaired by applying Inverse Park transform tc vg which are
subsequently applied to inverse Park trarsform blocks to vd‘ and v, , as deoicted in
Figure 2-8.
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Figure 2-8: Generation o modulation wavelorms

PWvivi SWILCTINE puUises are progucen oy COmpanng tne moguiauon waverorms (nef_a,
Ref b and Ref ¢ in Figure 2-B) with 3 trianguiar carrier signal, through six 'Interpolated
Firing Pulses’ blacks, found in Master Library/HVDC_FAZTS PE.

The ‘Variable-Frequency Saw-tooth Generator' block (in Master Library/CSMF) produces
the carrier signal.
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Figur= 2-9; PWM switching pulse peneration

Responses of the system to a few dc lcad disturbances are shown in Figure 2-10. In this
simulation, the dc-link voltage has been set to 370V.

In Figure 2-10-a, the V5C starts and raises the dc voltage to 370V, In Figure 2-10-b, a 28A
Inad is applied to the dc link, I can be ohserved that the converter's control system
restores the de-link voltage. Similar response is presentad in Figure 2-10-c, where the

de-side current switches from +.8A to -28A, causing the Y5C to transfer power from the
dc lirk to the ac system. Again, one can notice that the dc-link voltage is maintained at

370V
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Figure 2-10: Respons= of the ac-dc converter to dec load disturbances.
a} Stortup: The de voltage is adjusted to 370V;
b) Response of the V5C to a 4282 dc load;
c) Response of the V5C toa -564 dc load disturbance
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