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[TEPIAHYH

Ta tedkevtaio ypdvia, 1 aLEAVOLEVT] avNoLYIL Y10 TIC KMUOTIKEG dAAAYES KOl 1] LAEAELOEpOTOiN O
MG oyopdg evépyelng £XOLV OMUIOVPYNCEL TIG KOTOAANAEG Tpolmobécelg yioo mpombnon twv
avaveEOCIH®V TNY®V evépyetlas. Eidikotepa oe meployéc pe vynAn nilokn aktivopoiia, n dieicdvon
ootopfortaikdv (OPB) cvotnudtov avapéveTol va eival apketd peydin oto eyyog péAlov, kabmg n
Teyvoroyia Yivetar OA0 Kot o avToy®vioTikn. H vynin dieicdvuon pmtofortaikdv cuotnudtoy Oa
€xel olyovpa coPapéc CLVERELEC Yo TN AELTOLPYIC TOL OIKTLOV MAEKTPIKNG EVEPYELNS Kol VEES
TPOKANGELS EVOEXETAL VO TPOKDYOLV KaOMDC Ta emimeda dieicdvong avédvovtat. H epevvntikn awty
gpyooio omotehel oamotélecpa NG avaykng vy ueAétn g avéavouevng dieicdvong Tov
QOTOPOATUIKOV GUOTNUATOV PE TPAOTIOTO GTOYXO TNV OVEDPEST TV MHOVOV TPOPANUATOV TOL
EVOEYETAL VO TTAPOVGLUCTOVV LE TNV OVEEEALEYKTY] S10GVVIEST] TOVG GTO JIKTLO SLAVOUNG NAEKTPIKNG
EVEPYELOG. ZUYKEKPLUEVA, 1] EPEVVITIKN QLT EPYACIO EMKEVIPMVETAL GTNV aKPPn LovieAhomoinon
TV @B cuoTNUATOV TPOKEWEVOL VA YIVEL EPIKTN 1] LEAETN TN CLUTEPLPOPAS TOL JIKTVOV SUVOUNG
vd ovvOnkeg petaPintdv cvykevipmoewv OB cvotnudtov. Apywkd, ovo véa povtéia OB
cvotnuatov £yovv dnuiovpyndel yio peiéteg otabepn kotdotoong. To poviéda avtd (Ue
gmovopacio amio kot Tponypévo OB poviédho avtiotoya) £xovv xpnoiponomel yio T HEAETN TG
TAOMG KOl TOV OPUOVIK®Y TOV SIKTO®V S10VOUNG VIO GUUUETPIKES GUVONKEG. LTV GUVEXEL, £val
Aemtopepég poviého OB cvotpatog puBpiletal kot eraAnfeveTal YpNCYLOTOIOVTIOS LETPTOELS KOl
oKoAoVBmg a&lomoteital o€ PEAETEG TAGN, OPUOVIKOV, pLOUIONG TAoNS Kol GPUALATOV. EmmAéov,
éva yevikevpévo povtéro OB cuothpotoc Exetl avamtuyel yio pehéTeg oTIyUIniog amoOKpIoNg Kot £YEL
TNV SVvVaTOTNTA VO TPOCOUOIDVEL LE OKPifelo TV SLVOUIKY GUUTEPLPOPE EVOC POTOROATAIKOD
GULOTILOTOG GE CLUUUETPIKEG KOl AGVUUETPES GLUVONKEG TAoNG. To TPOTEWVOUEVO HOVTELO OTIYUIAIOG
amokplong umopel va pvBuiotel pe v Ponbeian peBoddov Kobopiopol TapAUETpOV Yo VL
TPOCOUOIOVEL UE EMOPKN akpifel v otypiaio omdKplon HETOTPOTEMY UE OLUPOPETIKN
nmapapeTponoinon. Emiong, pmopel va ypnoomoindel oe pueréreg, appovikov. H opBotrta g
SUVOIKNG GVUTEPLPOPAS TOV HOVTELD £xEl EMAANDEVTEL e TN ¥P1ON SESOUEVAOV TPOGOUOIMONG ATd
t0 Aemtopuepéc poviého OB ovotiuatog. H ovykpion peta&d Ttov TPOTEWVOUEVOL HOVTEAOV
oTIyaioG amOKPIoTg Kol ToV AemTopepés Loviéhov @B cuotipatog dlekmepaidvetal vid Tig i01eg
dkvpdvoels tdong kot vro Tig id1eg petaforég evepyot/depyov 16x00G.

H avadei&n toyxdv mpofinpdtev moldtnrag 1oyvoc Kot 1 HEAETN TNG CLUTEPLPOPAS TOV SIKTVOV
dtavoung oty mapovoic @B cuotnudtov yivetot pe v fondeta evpémg avayvopioUEVOY SEIKTMOV
TOWTNTOG oYLO¢ AouPavovtog vaoymn to Tpéyovta Oiebvn mpdTLuma Kol TPoKTikéS. EmmAiéov,
TPOEKTOOT TNG daTPIPNG AVTNG amoTeELEL 1] kPP LOVTEAAOTTOINGT] TOV SIKTVOV SLOVOUNG, 1) OTTOTaL
OLVELSPEPEL TNV 0pOT| LeAETN TV TpoPAnudtov motdtnTag 16)vog kot cLUBAAAEL otV chvleon
€VOG OAOKANPOUEVOL €PYOAEIOD TPOCOUOI®ONG Yio TNV UEAETN NG ovumepipopdc twv OB
GUGTNUATOV.

O anwtepoc oT10)0G TNG Mopovoag daTpiPrg eivar 1 Pektioon ¢ duvatodotntag S1acHVOEoNS
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VYNADV GUYKEVIPMOGEMY (QMTOPOATOIKOV GLOTNUATOV OTO OIKTLO OlIVOUNG, TPOTEIVOVTAG
akpIPN/amlovotevpéveg HeBOdoVE LOVTEALOTTOINGTG Y10, TNV UEAETN TNG TOLOTNTOG 1oYDOG, TOV
GQUALATOV KoL TNG AooVUETPiog pdcewv. H avimtuén katddiniov poviélmv tpocouoinong 0€tet
TIG PAGELG Y10 TNV 0vEDPEST)/KOTAVOTON T®V TPOPANUATOV To1dTNTAG 16Y0V0G oV oyetTilovtal pe

TNV SIECTOPUEVT] TOPAYDYN Y10 TNV TEPUUTEP® EMIAVOT TOVG,.
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ABSTRACT

In recent years, increasing concerns about climate change and the liberalisation of the energy market
have provided the necessary impetus for alternative energy sources. Especially in regions with high
solar irradiance, high penetration of photovoltaic (PV) systems is expected to arise in the near future
as the technology becomes more competitive. High penetration of Photovoltaic (PV) systems will
definitely have serious consequences on the operation of the electricity grid and further challenges
will arise as penetration levels increase. The motivation of this work is the aforementioned expected
increased penetration of PV and the potential problems associated with the uncontrolled deployment
of PV technology. In more detail, the current research work focuses on the accurate modelling of PV
systems for assessing the power quality behaviour of the distribution grid while varying the PV
capacity. Initially, two PV system models are developed for steady-state studies. The aforementioned
models, named simple and advanced PV system models, are used for the study of the voltage and
harmonic behaviour of distribution grids under balanced conditions. In the next step, a detailed PV
system model (DPVSM) is tuned and validated using measurements and further utilized in voltage,
harmonic, voltage regulation and fault studies. Furthermore, a generic PV system model is developed
for transient studies capable of representing the response of the PV system during balanced and
unbalanced conditions. The proposed transient PV system model (TPVSM) is tuneable and via a
parameter estimation method it can adapt to represent the transient response of various inverters
found on the market. Also, it can be used for harmonic studies as well. The transient response of the
proposed transient PV system model is validated by using simulation data from the detailed PV
system model. The comparison is achieved by imposing both the DPVSM and the TPVSM under
the same voltage fluctuations and active/reactive power changes.

The evaluation of power quality problems via the study of the distribution grid in the presence of PV
systems is done with the help of widely accepted power quality indices and by taking into account
the latest international standards and practices. Additionally, as an extension of the above work,
accurate distribution grid modelling is undertaken which contributes in formulating a complete
simulation tool for studying the behaviour of PV systems and enables the proper study of power
quality problems.

The ultimate aim/goal of this PhD work is to improve the potential of installing high quantities of
PV systems via the proposed accurate/reduced models of PV generation designed for use in power
quality and fault/unbalanced studies. The development of appropriate models will improve the
understanding of problems relative to distributed generation and will lead to the development of

appropriate solutions.
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Chapter 1
Introduction

1.1 Motivation
During the last years, a significant effort has been devoted to the definition of power

quality and formulation of appropriate standards to guide utilities in revealing and mitigating
power quality problems, in view of the upcoming technological advances and environmental
challenges which started to impose an evolution in the structure and operation of electricity
grids with both positive and negative consequences [1]-[3].

With the liberalization of the energy market, the power quality aspects are becoming a
critical issue for distribution systems, as power quality can be transformed into a source of
financial gain or an incentive for new electricity utilization strategies. For example, smart
inverters and intelligent distribution transformers can be utilized in distribution grids to
provide ancillary services on voltage regulation aiming in maximizing the allowable active
power production from RES [4]. Consequently, the introduction of distributed energy
sources into the electricity grid sets new requirements for utilities and power producers and
creates a new market force that will inevitably change the structure of current distribution
grids and move towards a more intelligent management of produced electrical energy. As a
result, complete and revolutionary restructuring of the electricity network will have to take
place in order to accommodate increased penetration of renewable energy sources (RES) and

1
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distributed generation (DG) which is associated with electricity production from RES [5]-
[10].

On the other hand, the daily activities of contemporary customers rely on
electronic/electrical equipment requiring a reliable/good quality power supply to operate
correctly and this imposes a burden on utilities to supply good quality electrical energy at all
times. Although estimating the economic consequences of poor power quality in different
sectors of daily life is quite difficult, a power quality survey conducted in the USA showed
that the economic losses range roughly between 119 to 188 billion dollars a year. The main
causes of the economic losses are supply outages and power quality related problems across
all business sectors [5], [6]. Power quality costs in Europe are responsible for serious and
avoidable reduction in industrial performance with an economic impact exceeding 150
billion Euros annually [7]. Recently, the Electric Power Research Institute (EPRI) has
developed a detailed vision paper for power quality research for the next years. The target
of the specific vision paper is not only to define the objectives of power quality research for
the next 10-20 years and fill in critical gaps, but also to specify the role of power quality in
enhancing the economic performance of modern electric suppliers and key organizations and
companies [11].

The question arising from the power quality considerations relates to the steps required
for effective and timely preconditioning of the distribution network to enable all the
upcoming technological advances. One way to achieve the above is the establishment of
reference standards for the design of the electrical devices and the proper development of a
distribution network. This contribution is mainly concerned with one of EPRI’s vision
directions [11]: The improvement of power quality and reliability with network design in the
presence of RES and in particular Photovoltaics (PV). Through the procedure adopted in this
work, general conclusions about the impact of high connection densities of PV systems on
the power quality response of the network were extracted through computer simulations. In
particular, results showed that the levels of power quality of buses inside a distribution
network can decrease by installing PV systems if proper planning is not undertaken.
Therefore, this work aims to depict the need for appropriate standard and studies for the
installation of PV systems inside the distribution grid.

More specifically, current trends and standards in PV system design were considered in
order to construct PV system models for steady-state and transient analysis. The proposed
PV system models are built and verified using experimental/simulation data, and further used
to investigate the power quality behaviour of different PV penetration scenarios. Also the

models are used to determine the effect of increased PV capacity on frequency and voltage
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variations and to assess their response during faults. Modification of the models to
incorporate reactive compensation algorithms proposed by standards gives the possibility to
evaluate the distribution grid response during voltage regulation as well. Moreover, an
accurate and simple distribution grid model is formulated to enhance the voltage regulation
and power quality studies. In the final stage, an accurate and generic transient PV system
model for power quality studies is developed. The proposed model is an important task as
the implementation of an accurate transient PV system model gives the opportunity to

analyse more aspects of power quality and voltage stability with higher accuracy.

1.2 Research objectives

This work aims to achieve the following objectives:

e Development of a Simple PV system model (SPVSM) - Three phase current source
configured using measurements.

e Development of an Advanced PV system model (APVSM) - Three phase power sources
configured via the help of regression fit equations - The voltage of fundamental frequency
and voltage harmonics are used as an input to the model.

e Development of a Detailed PV system model (DPVSM) - Complete PV system model
which includes DC/DC converter, AC/DC converter, MPPT , filter and Control Circuit -
Validated and tuned using measurements.

e Power Quality Measurements in different PV installations — Investigation of power
quality response of large PV Parks of 100 and 150 kWy, in order to gather data for the
validation of the new PV models to be developed.

e Development of an accurate PV system model to represent the transient behaviour of the
detailed PV system — Validation of the proposed PV system model via simulations.

e Investigation of power quality behaviour of the electricity grid in the presence of
different concentrations of PV systems, aiming at the development of guidelines for
utilities.

e Reactive power management for assessing the benefits and the compensation level
required.

e Investigation of the impact of PV generation on fault studies in electricity grids with

different PV penetration levels.

1.3 Research Achievements

For the task of configuring the SPVSM, a unique measurement analysis method has been

formulated with which the optimum number of simulation cases is selected. The
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measurement data were analysed using the k-mean clustering algorithm and it was found
that solar irradiance had a strong correlation with power quality indices. From the data
analysis, three solar irradiance cases were extracted in order to render the simulations more
tractable from a computational point of view.

A new PV system model (Advanced PV system model - APVSM) using regression fit
equations, which is computationally efficient has also been developed. With this model both
voltage levels and harmonic distortion of a proposed distribution grid is assessed.

Furthermore, a Detailed PV system model (DPVSM) is tuned and validated using
measurements from a 150 kW, PV system and it is then used in the simulation of different
concentration scenarios. Its response is verified by utilizing measurements obtained before
and after the installation of the 150 kWp PV system. Moreover, the DPVSM is further used
in the evaluation of different voltage regulation algorithms. Finally, the DPVSM is used in
the study of fault response of the distribution grid.

In addition, a generic and accurate PV system model is developed for transient studies,
the parameters of which can be tuned using transient data. The proposed model is a three
phase representation capable of simulating with sufficient accuracy normal/unbalanced
operating conditions and voltage regulation. Harmonics are also considered during the
development of the aforementioned model.

Finally, a novel method for defining the distribution grid dynamics using power
measurements has also been developed and used in improving the accuracy of power quality
simulations. The method is critically essential in the evaluation of different PV penetration

levels and voltage regulation methodologies.

1.4 Outline of the proposal

The PhD thesis is divided and organized into ten chapters. Specifically, chapter 1 is the
introduction and includes the motivation, research objectives and achievements of the
proposed thesis. A general overview for the different PV system modelling techniques and
advances in PV technology and its usage are presented in chapter 2. Based on the literature
findings, the aims and novelty of this work are presented. A description of power quality,
current standards and PV inverter capabilities are given in chapter 3. In chapter 4, the Simple
PV System model (SPVSM) formulated initially for the investigations is presented and
evaluated and its weaknesses are identified. In the same chapter, a detailed overview of
power quality measurements and data acquisition done in the framework of PV system
modelling is provided as well as details for all the instrumentation associated with the

investigations. Chapter 5 presents the Advanced PV system model (APVSM) developed by
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considering both the weaknesses of the SPVSM and the gap in PV system modelling
revealed by the literature findings. In chapter 6, the Detailed PV system model (DPVSM) is
presented along with its tuning and validation procedure. Also, voltage regulation algorithms
are incorporated into the DPVSM in order to assess their performance. Moreover, the
simulation results for the power quality and fault investigations done for different PV
concentration scenarios are presented. Chapter 7 describes and explains the development of
an accurate and generic PV system model for transient power quality studies. The procedure
followed for the formulation of the models is described thoroughly. Details for the
distribution grid topologies/dynamics are presented in Chapter 8. In the same chapter the
methodology followed for the development of an accurate equivalent distribution grid model
is described. Furthermore, applications of the proposed equivalent distribution grid model
are provided in Chapter 9. Finally, in the last chapter, chapter 10, the conclusions and future

work are outlined.
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Chapter 2
Literature Review

2.1 Introduction
The objective of this chapter is to present the need for assessing the effects of high PV

penetrations and provide an overview of the existing PV system models. Based on the
literature search findings, it has been found that the development of accurate and simplified
PV system models is crucial in performing power quality studies in large power networks or
in the context of the whole power network. Furthermore, it is evident from the literature that
the distribution grid dynamics play a significant part in the simulation results.

The task of developing usable/practical models and simulation tools will enable the better
understanding of the effects and impact of high PV penetration and will eventually allow
solutions to be proposed. Until now, there is a lack of universal models or procedures for use
in complete, accurate and computationally efficient power quality studies. This constitutes a
major challenge for researchers which is discussed in detail in this chapter along with the
novel contribution of this PhD work. Finally, the broad spectrum of PV inverter capabilities
is highlighted to manifest the need for further studies using the appropriate simulation
models which provide the required insight into how the future structure and
efficient/reliable/optimum operation of electricity grid will be in the presence of distributed

generation.
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2.2 High PV penetration and Concerns about Uncontrolled
Deployment: Problems and Possible Solutions

The large scale integration of photovoltaic systems and their effect on distribution
networks is of great interest [12]-[14]. In recent years, research efforts have been initiated
aiming to reveal the impact of uncontrolled deployment of photovoltaic systems. Three main
concerns are arising when having a high PV penetration inside the electricity grid. The first
one is the voltage rise beyond the limits proposed by international standards when the PV
production is high and the load demand is low. The second concern is the extensive voltage
distortion caused by distorted PV current or parallel and series resonance phenomena. The
third main concern is actually the islanding operation of PV systems during the loss of utility
supply after the occurrence of a fault. High PV penetrations have already materialised in
different locations around the world and constitute invaluable sources of knowledge. Gunma
village in Japan is one such example, where 553 houses have currently PV systems installed
on their roofs [15]. In this specific case, the first preliminary results for approximately the
first 200 installed residential PV systems indicated that both the PV production and reduced
load increased the occurrence of over-voltages that were causing substantial yield reduction
of the output power of PV systems [16]. No significant voltage distortion has been observed
during the operation of the PV systems in Gunma village. It is reported that each PV system
may cause different distortion levels depending on the inverter manufacturer [17].

Curtailment of PV produced power [18], voltage control strategies, reactive power
control [19]-[22] and means of storage [15] are adopted to minimize the over-voltages
observed and to improve the voltage profile during the variation of PV produced power in a
proposed distribution grid with high PV penetration. The effect of weather conditions on
voltage quality of a distribution grid is investigated in [23], [24] and the limits in installing
high penetration of distributed generation (DG) in urban areas, using as a reference the
ampacity of the cables, is considered in [25]. The electrical impact of PV plants in rural and
urban networks is analysed in the framework of the EU project POLYCITY [26]. It has been
demonstrated in [24] via Monte-Carlo simulations that the installation of PV-DGs may affect
the power quality in the case when some background harmonics are present in a distribution
system. The economical impact of poor power quality in rural and urban feeders due to PV
system integration is also investigated by a group of researchers in [27]. The islanding
behaviour of clustered PV systems is assessed using an experimental setup similar to a
distribution feeder in [28] and by computer simulations using experimental data from one
PV system in [29] and [30]. In [14], it is observed that clustered PV systems are not causing

extensive voltage distortion if linear loads are connected in the distribution network. It is
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also shown that the voltage distortion exceeds the limits proposed by the international
standards if a certain number of nonlinear loads are used for the simulations.

Measurements done in Denmark on 29 houses each having 1 kW, PV installed showed
no detectable impact from the PV installations on the local voltage distortion. The highest
voltage distortion was actually caused by external sources despite the fact that the installed
capacity was reaching 30% of the feeding transformer’s rated capacity [31]. A solar village
located at the Sydney Olympic Site in Australia consists of up to 665 homes each having a
1 kWp PV system. The results of the measurements from the Sydney Olympic Village
showed that harmonic voltages were far below the IEEE 519-1992 limits even when all PV
inverters were in operation on the same feeder [32]. In Bavaria (Germany), a real network is
under development which will be used to conduct analysis and to perform field tests. The
test region counts among those with the highest PV penetration in Germany. Currently, the
ratio of installed PV capacity per household is as high as 3.9 kW, (early 2010) in some low
voltage networks and is expected to increase by 60 % in the coming years [33]. The
simulations in [34] showed that it would take more than 80% saturation by the PV systems
to cause the voltage distortion to exceed the IEEE recommended maximum of 5%. The
capacitance at the interface of many DG units may cause harmonic resonances or shift
resonant frequencies to lower values where the emission is higher. Resonance at frequencies
below 1 kHz seems unlikely to happen and attention should be given to the potential
resonances at higher frequencies [35]. Proper introduction of PV systems inside the
electricity grid can eliminate the need for voltage regulators and phase balancers, reducing
in that way the capital and maintenance costs as mentioned in [36].

Clearly, the impact of high penetration of PV systems is very important and appropriate
modelling is required to reveal all the possible unwanted consequences of large deployment
of PV systems as noted in the 2013 Annual Report of the International Energy Agency (IEA)
[37]. The main goal of Task 14 of IEA is to promote the use of grid-connected PV systems
as an important source in electricity grids at the higher penetration levels that may require
additional efforts. The aim is to reduce the technical barriers to achieving high PV
penetration levels and propose appropriate grid configurations to enhance this effort [9],

[10].

2.3 Existing Photovoltaic System Models

Detailed modelling of PV systems has already been conducted by many researchers in an
attempt to understand their behaviour, to develop new maximum power point tracking

(MPPT) mechanisms for better utilization of solar energy [38] and to incorporate additional
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functionalities like voltage regulation and reactive compensation [39]-[42]. In general,
detailed models (MPV1) are very useful in testing new control algorithms and new circuit
topologies such as for example the z-source inverter [43]. Additionally, detailed modelling
is utilized in fault studies [44], [45], in testing multilevel inverters for their performance in
terms of efficiency and power quality [46], in evaluating frequency/voltage support using
PV systems with storage [47], [48], in active power curtailment studies for distribution grid
feeders [18] and in the assessment of the behaviour of PV generation in microgrids [49],
[50]. Even an embedded technique to determine the utility grid impedance is incorporated
among other advanced robust control strategies into the control circuit of detailed PV system
models [51], [52]. The question arising from complex modelling representations, is how
these models are going to be used efficiently in the simulation of large power networks.

Until recently, the main research interest on PV system modelling has focused on steady-
state models which are easier to use during load flow studies and PV produced power
estimation. The model presented (MPV2) in [53] can simulate steady-state operation of PV
systems when meteorological, PV system and power grid parameters are given. The
simulation error of this model when compared with the actual PV system measurements
indicated very small deviations during noon time and acceptable error during the afternoon.
The model is built based on the principle of instantaneous power balance and it can be
applied easily to a great number of topologies but it cannot perform simulations for transient
analysis/harmonic studies. PV systems were simulated as negative constant power loads [54]
or constant real power generators [26] (MPV3). These methods for model simplification are
appropriate for static analyses but they are not suitable for dynamic studies and control
strategy development.

Performance models (MPV4) which are able to predict the active power produced from
PV systems by using the solar irradiance, temperature, efficiency of the system and/or
measured performance coefficient (applicable to all commercial inverters) are found in the
literature [5S5]-[57] but they cannot be used in transient and power quality studies as they do
not consider the dynamics of the PV inverter [58]. Nevertheless, they have been used for
defining the steady-state voltage levels in a distribution grid with varying PV concentrations
[59], [60]. Additionally, the steady-state behaviour of PV systems has been characterized by
recurrent neural networks (MPVS5) in [61] and compared with the traditional component
based model [62] mentioned previously (found in [55]). In a few cases, for simplification
purposes, the dynamics of the PV array and the MPPT are replaced with a voltage source
which is then connected to a detailed inverter model. The aforementioned simplified model

(MPV6) has been used in power quality studies [63] and stability analysis [64] despite the
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fact that part of the PV inverter dynamics is omitted. Average and phasor models (MPV7)
are developed in [65]. A PV system is firstly simplified by reducing the whole circuit into a
current source and then the high frequency from power electronics is removed. Further
simplification is achieved by implementing a phasor model in which the fundamental
frequency is disregarded for the sake of reducing the simulation effort and time. Moreover
the results are compared with the average model instead of the detailed one. A simplified
phasor model (MPV3) is also described in a National Renewable Energy Laboratory report
[66] according to which the PV system is modelled as a current source and configured using
only the current magnitude and angle of the fundamental frequency. A similar model is
presented (MPV9) in [19] based on which the PV inverter is composed of a current source
with grid synchronization and voltage control strategies under the assumption of fixed PV
power and 100% converter efficiency. In this model representation, the current is defined by
using the voltage RMS and angle at the connection point having as an input the apparent
power needed to be produced by the PV system. As the scope of this work was to study the
voltage rise in distribution grid feeders, the total generation efficiency of the inverters,
harmonics, switching and network transients are neglected.

An analytical model (MPV10) for PV distributed generators is proposed in [67]. The PV
system is initially represented by a voltage source and an inductor which is interfaced with
a power source. The aim was to create a distribution grid equivalent circuit from which the
dynamics of the PV system for the fundamental frequency are extracted and used to
configure a voltage-controlled current source. Consequently, harmonic analysis cannot be
performed when the models in [19], [66], [67] are used. Harmonic analysis is considered in
[23], in which the PV plant is modelled as a set of current sources (MPV11) representing the
generated output current and its harmonic component according to [68], [69]. The amplitude
and harmonics of voltage are not taken into account in the modelling procedure thus
increasing the uncertainty and error of the simulation results. In [70] the PV inverter was
approximated by an averaged model, but the controls for MPPT were represented in detail
(MPV12), including the dynamics of the phase-locked loop from which the sine wave
reference was derived. The approximation for this specific average model is acceptable at
the beginning of the cycle of the sine wave and as long as the hysteresis bandwidth is small.
Also, the use of this model can lead to misleading results concerning the impact of high PV
penetration if it is not configured and handled appropriately [71].

The work in [72] proposes a passive impedance network (current source in parallel and
in series with two complex impedances) as a model (MPV13) that can capture effectively

the PV system behaviour. The values of the complex impedances are calculated with the use
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of experimental data for the fundamental frequency given that in the experimental topology
only a linear load has been used and the harmonics were negligible in that case. With this
modelling approach it has been observed that the PV inverter exhibits negative impedance
characteristics which are commonly found in power electronic switching converters and also
proves that the behaviour of the PV system can be successfully described by a first order
transfer function [73]. In a recent work, a simplified PV system model for transient analysis
is proposed but not validated experimentally [74]. A detailed model is simplified as a
controlled current source having as an advantage that this model (MPV14) captures the
dynamic behaviour of the PV system and at the same time preserves some of the control
signals. This model, having the reactive support capability enabled, has been used further in
voltage stability investigations [75] as it is suitable for fundamental frequency studies. Also,
from this work another simplified approach has been developed which models the PV system
as a voltage source (MPV15) that preserves all the control signals of the PV inverter. It is
worth noting, however, that this can only simulate the fundamental frequency component
with the harmonics being ignored and the controlled voltage source is defined by a signal
that only contains the fundamental frequency component of the corresponding signal and
any higher frequency harmonics observed during the analysis of the detailed model are
ignored.

Verified models for PV generation suitable for transient response and stability analysis
have been developed in [76] and used to assess the fault response of different PV penetration
levels [77]. The dynamic model proposed (MPV16) in [76] was constructed to match
experimental data from a certain PV panel and inverter, and the mathematical equations were
developed regardless of the actual system configuration, which limits the control
development. Moreover, the power quality response of distribution grids with PV systems
under different solar irradiation conditions and with various concentrations of such systems
was investigated by the authors using a steady-state modelling (MPV17) method [78].
Models (MPV18) appropriate for fast and accurate transient and steady-state simulation of
PV systems are developed in [79], [80] but their drawback is that they require the impedance
characteristics of the PV system and the distribution network to be completely defined. A
simple dynamic PV system (MPV19) and a network topology are considered in [81] and
represented using space vector theory. The transient PV system model is developed using d-
q space vector representation to make the simulation simpler and computationally efficient.
Its performance is satisfactory under steady-state conditions but presents a mismatch with
the behaviour of the detailed model during transient conditions. An advanced version of d-q

space vector PV system model (MPV20) with voltage regulation capability is used in [82]
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for voltage stability studies. Impedance models (MPV21) are also becoming popular for their
simplicity [83] but still no work describes how these models can represent accurately the PV
inverters found on the market.

Summarizing, a large number of PV system models do exist in the literature, most of
them do not realistically capture the dynamics introduced by the PV inverter control circuit
and consequently they cannot be used for complete power quality studies. Furthermore, the
majority of the models do not retain the control signals and they are mostly developed on
the concept of full switching representation of the converter that imposes a high
computational burden on power system simulations. On the other hand, a subset of PV
system models requires parameters that are not calculated in a convenient way or are not
readily available by the manufactures. Clearly, the impact of high penetration of PV systems
is very important and appropriate modelling is required to reveal all the possible unwanted
consequences of large deployment of PV systems [37]. A thorough research study conducted
by Sandia National Laboratories states the need for accurate, flexible and standardized
analysis in addressing new and more interactive distribution systems. Modifications to
distribution engineering tools are necessary to take into consideration the transient behaviour

and simplify their use to handle efficiently PV systems and distributed generation [84].

2.4 Equivalent Distribution Grid Models

Simulation studies are a powerful tool for engineers as they can provide significant
insight into the operation of power systems. Quite often, detailed power grid representations
are inserted into simulation software for power quality and stability investigations [85]—[88].
However, simplified simulation models of the power grid are very useful for many reasons
if they can represent correctly a physical process. On one hand, simplified/universal power
grid models can decrease the simulation time or/and scale down the computational power
required for understanding complex systems. On the other hand, such models can be adopted
and used by a wider group of engineers [8§9]. When medium/high voltage networks are quite
large, parts of the network are replaced with Norton equivalent models obtained via
coherency based techniques by grouping parts of the network behaving similarly [90]-[92].
Also, model order reduction methods are applied to replace large scale distribution grids of
low importance with state-space models [93]. The formulation of both Norton equivalent
and state-space models requires explicit knowledge of the power system and the
characteristics of its components which may become a very challenging and difficult task
due to lack of required/accurate data. Thevenin equivalent circuits are used in simulation

studies in order to simplify the majority of the power network [94]-[99]. More specifically,
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a Thevenin equivalent circuit (TEC) can be defined at the busbar of the distribution
transformer or at the point of common coupling (PCC). Detfining the TEC with adequate
accuracy can have multiple benefits especially for integration/planning/stability analysis
[991-[103] and in particular for appropriately sizing the power generators according to the
grid requirements prior their installation. The need stems from the fact that in low voltage
networks the X/R ratios are lower than unity which means that in such a case voltage
regulation via reactive absorption/injection may not be effective [104]. Great variability of
Thevenin equivalent impedance (grid impedance) at PCCs [99] unavoidably leads to
different voltage regulation requirements [105]. So far, an accurate TEC has been used for
the calculation of the short circuit current [106] (at a connection point of interest) and for
control purposes in an attempt to ensure the stability of the power system [107].
Additionally, in integration studies, the TEC is chosen randomly according to the needs of
the investigation or on an empirical basis (taken from survey data [108]) giving useful but
general results, which may differ from real case scenarios. Furthermore, despite the fact that
online methods for defining TEC do exist [109], [110], they can only utilize the capabilities
of an already installed distributed generator (as the aforementioned methods are incorporated
into the inverter control circuit) and cannot contribute in distribution grid expansion and
planning. This work moves one step forward by using a validated/accurate TEC for voltage
quality studies and for evaluating voltage regulation schemes based on the actual distribution
grid dynamics at the PCC. Finally, the work undertaken establishes a methodology which

can be followed to assess the actual grid requirements with considerable precision.

2.5 Power Electronics — PV Inverter Capabilities

Power electronics are widely used for many applications as they can be found wherever
there is a need to modify voltage levels, frequency characteristics or convert the DC energy
into AC and vise versa. The conversion is not always done in a perfect way and depending
on the control characteristics of the converter the absorption or injection of distorted current
into the electricity grid can affect the normal operation of the electricity grid and may cause
problems to utility customers [111]. Currently, the PV inverter manufacturers are obliged to
produce inverters that comply with the standard IEC 61727 [112] limiting partly the injection
of current harmonics into the electricity grid. Fortunately, the power inverters have the
ability to suppress harmonics [113] and regulate the voltage levels if properly designed
[114]. Up to now, different regulation methods have been used depending on the case and
cost. Among them, power curtailment, installation of storage means and regulation of

reactive power [107], [115] are the main methods available to help in maintaining the voltage

13



Chapter: Literature Review

of distribution grids to desirable levels. The choice of the voltage regulation method should
be preferably done based on the characteristics of the PV system installation. Power
curtailment is an attractive option for voltage regulation as it can contribute in frequency
control as well [116]-[118], but a significant waste of valuable energy may occur during
long and often overvoltage events. Reactive power control can be used for effective voltage
regulation but it may result in higher currents, losses in the feeder and lower power factors
at the input of the feeder [119]-[123]. In addition, the apparent power of the inverters and/or
the size of conductors might have to be increased to reduce the line impedances in order to
fulfil the requirements for voltage regulation. Upgrading the conductors can be an expensive
approach, especially for underground feeders [118]. Energy storage units are usually
expensive and the benefit-cost ratio can be quite low if they are sized to store the surplus of
energy produced by high penetration of RES [124].

It is apparent that as generation penetrates into the distribution network, voltage control
is becoming necessary at distribution level hence, decentralized storage is gaining
importance. Consequently, a lot of work is required to introduce such kind of power control
schemes into the low and medium voltage distribution grid and subsequently to incorporate
active control schemes into commercial PV inverters without increasing the cost. Currently
investments in this direction are slow mainly due to cost and regulatory objections than
availability of mature technology.

It is widely accepted that distributed generation and especially PV systems that
incorporate fully functional inverters which can control quality at the connection point can
contribute significantly in improving the levels of power quality of the future electricity grids

[125].

2.6 Novelty of this PhD work

Initially, a unique measurement and analysis method has been formulated to configure
the SPVSM with which the optimum number of cases is selected to assist simulations. Also,
in this work, a novel PV system model using regression fit equations, which is
computationally efficient has been developed. With this model the voltage levels and
harmonic distortion of a proposed distribution grid can be assessed. From the literature
findings it has been observed that such model that is capable of taking into consideration the
voltage harmonics of the grid to perform calculation of the amplitude and phase of the
injected current harmonics has not been proposed yet.

In order to produce simulation results with good accuracy, it is required for the network

grid dynamics to be known. For this purpose, a new/practical method for defining the
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network dynamics has been developed. In more detail, the distribution grid is replaced by an
accurate Thevenin equivalent circuit which can be easily obtained via waveform or phasor
measurements. Until now, researcher were using this equivalent circuit in some studies but
they were not defining accurately its parameters. The accurate parameters of the Thevenin
equivalent circuit has been used until now for the calculation of the short circuit current
[106] (at a connection point of interest) and to track weak grid conditions [107] but not for
building an accurate equivalent circuit for simulation studies. In this PhD thesis, an improved
methodology is developed based on the existing knowledge found in literature in order to
define an accurate distribution grid equivalent for simulation studies.

Furthermore, a Detailed PV system model (DPVSM) is tuned and validated using
measurements from 150 kW, PV systems and it is then used in the simulation of different
concentration scenarios. Its response is verified by utilizing measurements obtained before
and after the installation of the 150 kWj PV system in an industrial area. It is one of the few
attempts made to measure data before and after the installation of a PV system inside the
distribution grid which are utilized for the development of a PV system model. Moreover,
the DPVSM is further used in the evaluation of different voltage regulation algorithms and
in the study of fault response of an industrial grid topology.

Another important novelty of this research work lies in the development of a generic and
accurate PV system model, which is presented in chapter 7 of this thesis. This PV system
model gains the ability to characterize the transient behaviour of PV systems in a generic
way via a parameter estimation process. The proposed model gives the opportunity to
analyse more aspects of power quality and voltage stability with higher accuracy under

balanced and unbalanced conditions.
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Chapter 3
Power Quality

3.1 Introduction
In this chapter, power quality is defined as it is directly related to the operation of PV

systems. The importance of power quality in the operation of current and future power
networks is stated briefly. In addition, common power problems and the main standards
referring to power quality are presented along with the most important power quality indices
and limits. Lastly, the recently adopted standards for voltage regulation are included in this
chapter as they are one of the very early but important steps undertaken towards the smart
grid concept aiming to maintain the voltage variation inside the acceptable range and

contribute in the stability of the power system in the presence of localized energy production.

3.2 Power/Voltage Quality

Power (or Voltage) quality is an area of research that has been under investigation for the
last two decades. A problem that belongs in the category of power quality is actually any
kind of abnormal voltage or current condition that can cause economic or technical damage
to the users of the power network. The changes in the distribution network imposed by the

massive introduction of power electronic devices and distributed generation make power
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quality problems very important nowadays. Normally, the conventional way of transferring
the energy from the power stations to customers does not induce serious problems on the
distribution network when the power supply is strong enough to absorb disturbances.
Sometimes a few customers may experience power quality problems in a local area
depending on the type of the load and the distance from the power generation.

The task of estimating the economic consequences of poor power quality in the daily
activity of different utility users is quite difficult [126]. According to a survey conducted in
the USA, the economic losses due to power quality range roughly between 119 to 188 billion
dollars a year [5], [6]. It is estimated that power quality issues in Europe are causing serious
and avoidable reduction in industrial performance with an economic impact exceeding 150
billion euros annually [127]. The causes of the economic losses are mainly the supply
outages and power quality related problems across all business sectors. With the
liberalization in the electricity market, power quality is becoming a critical matter for the
future electricity grid as it can be transformed into a source of financial gain. Thereafter
research on power quality may play a significant role in enhancing the economic
performance of modern utilities and key companies and organizations [11].

Utility customers are becoming more and more demanding in terms of energy
consumption and they need good supply to operate reliably. At the same time they tend to
disturb the utility supply with the equipment used for their main daily activities. Such kind
of equipment may include variable speed drives, computers, electronic ballasts and power
electronic devices. This is imposing a higher burden on utilities to supply good quality
electrical energy. On the other hand, the European Union has ambitious targets for electricity
generation from RES in the upcoming years. Consequently, renewable energy sources and
distributed generation (DG) will play a significant role in the energy mix in the future and
further investigation is required to optimize the grid development strategies and improve

power quality [8]-[10], [128], [129].

3.3 Power Quality Problems

In order to understand and solve the power quality problems it is important to classify them
into categories. There are different classifications for power quality issues which are
characterised by specific properties. Some of the properties (shown in Table 3.1) classify the
power quality events as "steady-state" and "non-steady-state" phenomena. In some
regulations/standards the most important factor is considered to be the duration of the power
quality event. On the other hand, some standards use the waveform shape or the frequency

range of the event to characterize the power quality problem and classify it into a specific
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category. Table 3.2 shows the classification of electromagnetic phenomena used by the

power quality community. Also, in the following subsections, the main power quality

problems are discussed briefly.

Table 3.1. Properties used for the categorization of power quality events [130]

Steady-state phenomena Non-steady-state phenomena
Amplitude Rate of rise
Frequency Amplitude
Spectrum Duration
Modulation Spectrum
Source impedance Frequency
Notch depth Rate of occurrence
Notch area Energy potential
Source impedance
Table 3.2. Definition of power system disturbances [130]-[132]
. Typical spectral . . Typical voltage
Disturbance Category Sub-category content Typical duration magnitude
Transients Impulsive Nanosecond 5ns rise <50 ns
Microsecond 1ps rise 50 ns—1 ms
Millisecond 0.1ms rise >1 ms
| Oscillatory Low frequency <5 kHz 0.3-50 ms 0-4 pu
Medium frequency 5-500 kHz 20 us 0-8 pu
High frequency 0.5-5 MHz 5us 0-4 pu
Short-'dl.!ration Instantaneous Interruption 0.5-30 cycles <0.1 pu
variations
Sag (dip) 0.5-30 cycles 0.1-0.9 pu
Swell 0.5-30 cycles 1.1-1.8 pu
| Momentary Interruption 30 cycles—3 s <0.1 pu
Sag (dip) 30 cycles—3 s 0.1-0.9 pu
Swell 30 cycles—3 s 1.1-1.4 pu
| Temporary Interruption 3 s—1 min <0.1 pu
Sag (dip) 3 s-1 min 0.1-0.9 pu
Swell 3 s—=1 min 1.1-1.2 pu
Long-‘du‘ratlon Interruptlon, >1 min 0.0 pu
variations sustained
Undervoltages >1 min 0.8-0.9 pu
Overvoltages >1 min 1.1-1.2 pu
Voltage/Current Steady state 0.5-2%
unbalance
M{avef(?rm DC offset Steady state 0-0.1%
distortion
Harmonics 0-100th harmonic Steady state 0-20%
Interharmonics 0-6 kHz Steady state 0-2%
Notching Steady state
Noise Broadband Steady state 0-1%
V°'ta§e <25 Hz Intermittent 0.1-7%
fluctuations
Flicker 0.2-2 Pst
Power frequen
variati?)ns “ <10s

3.3.1 Transients

For a long time, the term “transients” has been used in the analysis of power system
variations to denote events which are undesirable and momentary in nature. Another simple
definition for the word “transient” adopted quite commonly in international standards is “a
phenomenon or quantity which varies between two consecutive steady states during a time

interval which is short compared with the time-scale of interest” [133]. Transients can be
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classified into two categories: impulsive and oscillatory. An impulsive transient is a sudden
frequency change in the steady-state condition of voltage, current, or both. Their
characteristics and waveforms depend on the mechanism of generation and the distribution
network parameters. Impulsive transients are normally characterized by their rise and decay
times, which can also be revealed by their spectral content. The most common cause of
impulsive transients is a lightning current surge. Such an example of a typical current

impulsive transient caused by lightning is shown in Fig. 3.1.
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Figure 3.1. Lightning stroke current impulsive transient [130]

An oscillatory transient is a sudden frequency change in the steady-state condition of
voltage, current, or both that includes both positive and negative polarity values. Oscillatory
transients can be a result of appliance switching, fast acting overcurrent protective devices,
capacitor bank switching and ferroresonance. An example of oscillatory transient voltage

caused by back-to-back capacitor switching is shown in Fig. 3.2.
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Figure 3.2. Oscillatory transient voltage caused by capacitor bank energisation [132]
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3.3.2 Short-Duration Voltage Variations

In this category, there are three different types of short-duration events designated as
instantaneous, momentary, and temporary. Each subcategory is divided into interruption,
sag, and swell. Short-duration voltage variations are caused by fault conditions, large load
energisation and loose wiring connections. In the case of a fault, the impact on the voltage
is of short-duration variation because protective devices operate immediately to clear the
fault. An interruption occurs when the supply voltage decreases to less than 0.1 pu for less
than 1 minute. Some causes of interruption are equipment failures, control malfunction or
breaker opening. The difference between interruption and long/sustained interruption is that
in the former the supply is restored automatically in a few cycles, but during the latter the
supply should be restored manually. Interruption is characterized based on its duration

according to Table 3.2. An example of momentary interruptions due to a fault is shown in

Fig. 3.3.
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Figure 3.3. Momentary interruptions due to a fault [132]

A sagis adecrease to between 0.1 and 0.9 pu in rms voltage or current at the power frequency
for durations from 0.5 cycle to 1 min. Voltage sags are the main reason for malfunction of
electrical low-voltage devices which are usually caused by energisation of heavy loads,
starting of large induction motors and single line-to-ground faults. Uninterruptible power
supplies or power conditioners are mostly used to prevent voltage sags. A voltage sag caused

by a single line-to-ground fault is depicted in Fig. 3.4.
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Figure 3.4. Voltage sag waveform for a single-line-to-ground fault [130]
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The increase of voltage magnitude between 1.1 and 1.8 pu is called swell. The most accepted
duration of a swell is from 0.5 cycles to 1 minute. Swells are not as common as sags and
their main causes are switching off large loads, energising a capacitor bank, or single line-
to-ground faults. If a single-line-to-ground fault is observed on one of the three phases, then
voltage swells may arise on the other two phases. Such a voltage swell is represented

graphically on Fig. 3.5.
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Figure 3.5. Instantaneous voltage swell caused by a single-line-to-ground fault [130]

3.3.3 Long-Duration Voltage Variations

The deviation of the rms value of voltage from the nominal value for longer than 1 minute
is categorized as long-duration voltage variation. Long-duration voltage variations can be
overvoltages, undervoltages or sustained interruption. Overvoltages and undervoltages
generally are not the result of faults, but can be induced by load variations and switching
operations. Inadequate voltage regulation or incorrect tap settings on distribution
transformers can also result in overvoltage events. An overvoltage is an increase in the rms
ac voltage greater than 110 percent for a duration longer than 1 min. On the other hand, an
undervoltage is a decrease in the rms ac voltage to less than 90 percent for a duration longer
than 1 min. Undervoltages are the result of switching events that are opposite to the events
causing overvoltages. Specifically, a heavy load connection or a capacitor bank
disconnection can both cause an undervoltage which is maintained until voltage regulation
mechanisms of the power system restore the voltage back to its nominal value. Overloaded
circuits can result in undervoltages as well. When the supply voltage has been zero for a
period of time in excess of 1 min, the long-duration voltage variation is classified as
sustained interruption. Voltage interruptions longer than 1 min are usually permanent events,
which must be handle in a manual way by the utility personnel in order to resolve any

problems and restore the voltage back to the nominal value.
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3.3.4 Voltage/Current Unbalance

At the case when the voltages/currents of a three-phase system are not identical in magnitude

and/or the phase difference between them is not exactly 120 degrees, voltage/current
unbalance occurs. Voltage/Current unbalance is defined in standards with the help of
symmetrical components. In more detail, the ratio of either the negative or zero sequence
component to the positive-sequence component can be used to specify the percent of
unbalance. Figure 3.6 shows an example of the aforementioned ratios obtained from a
residential feeder. Sometimes voltage/current unbalance is defined as the maximum
deviation from the average of the three-phase voltages/currents, divided by the average of

the three-phase voltages/currents, expressed in a percentage.
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Figure 3.6. Voltage unbalance trend for a residential feeder [130]

The main causes of voltage imbalance in power systems are: a) the unbalanced single-phase
loading in a three-phase system, b) overhead transmission lines that are not transposed, c)
blown fuses in one phase of a three-phase capacitor bank, and d) severe voltage imbalance

(more than 5%), which can result from single phasing conditions [132].

3.3.5 Waveform Distortion

A steady-state deviation from a sine wave of power frequency is called waveform distortion.
The five primary types of waveform distortions are the DC offset, harmonics,
interharmonics, notching, and the noise. A Fourier series is commonly used for the analysis
of a non-sinusoidal waveform. The presence of a DC voltage or current in a power system
is termed DC offset. This can occur as the result of a geomagnetic disturbance or asymmetry
of electronic power converters. DC can have a harmful effect on transformer cores if it bias
them so they saturate in normal operating conditions. This can cause additional heating and
reduction of transformer life. Furthermore, DC may cause the erosion on grounding

electrodes or other connectors. Harmonics are sinusoidal voltages or currents with
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frequencies that are integer multiples of the fundamental frequency. Periodically distorted
waveforms can be decomposed into a sum of fundamental component and harmonics.
Harmonic distortion is created by nonlinear devices or loads connected on the power system.
Harmonic distortion levels are described by the complete harmonic spectrum with
magnitudes and phase angles for each individual harmonic component. It is also common to

use the total harmonic distortion (THD) index to characterize the overall harmonic distortion.
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Figure 3.7. Distorted waveform and its harmonic components

Interharmonics are harmonic components which are not integer multiples of the fundamental
frequency and they can appear as discrete frequencies or as a wideband spectrum. The main
sources of interharmonics are the static frequency converters, the cycloconverters, the
induction furnaces, and the arcing devices. Notching is a periodic voltage disturbance caused
by the normal operation of power electronic devices when current is commutated from one

phase to another (Fig. 3.8).
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Figure 3.8. Example of voltage notching caused by a three-phase converter [130]
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During the notching period, a momentary short-circuit is created between the commutating
phases which reduces the line voltage (the amplitude of reduction is affected the system
impedance). Finally, electric noise is defined as unwanted electrical signals with broadband
spectral content lower than 200 kHz superimposed on the voltage/current waveform. Noise
may result from faulty connections in transmission or distribution systems, arc furnaces,

electrical furnaces, power electronic devices, control circuits, improper grounding etc.

3.3.6 Voltage Fluctuation and Flicker

Voltage fluctuations are systemic variations of the voltage envelope or random voltage
changes, the magnitude of which does not normally exceed the voltage limits. Voltage
fluctuations are divided into two categories. Those are the step-voltage changes which are
regular/irregular in time and the cyclic/random voltage changes produced by load variations.
Voltage fluctuations degrade the performance of electronic equipment and they may cause
instability of its internal voltages/currents. Despite this, voltage fluctuations with an
amplitude of less than 10% (in comparison to the nominal voltage) do not affect electronic
equipment. Some of the main causes of voltage fluctuation are start-up of drives, arc
furnaces, drives with rapidly changing loads, and rolling mills. A subcategory of voltage
fluctuation is flicker which has been described as "continuous and rapid variations in the
load current magnitude which causes voltage variations". The term “flicker” is derived from
the impact of the voltage fluctuation on lamps in such a way that they are perceived by the
human eye. An example of voltage fluctuation that can cause flicker are shown in Fig. 3.9.
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Figure 3.9. Example of voltage fluctuations caused by arc furnace operation [130]

3.3.7 Power Frequency Variations
Power frequency variations are defined as the deviation of the system fundamental frequency

from it specified nominal value. The power system frequency is directly related to the

rotational speed of the generators supplying the loads of the system. Normally, slight
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variations in frequency arise in the attempt of balancing the generation with the load demand.
The size of the frequency variations and its duration depend on the load characteristics and
the response of the generation control system to load changes. Frequency variations that go
outside of accepted limits for normal steady-state operation of the power system can be
caused by faults on the bulk power transmission system, heavy load disconnection, or loss
of significant power generation. For modern interconnected power systems, significant
frequency variations are a rare phenomenon but they may appear on power systems which

are isolated from the utility grid [130]-[132].

3.3 Power Quality Standards

The most common power quality standards in use nowadays are the EN 50160 [134],
[135], the IEC 61000-4-30 [136] and the IEEE Standard 519-1992 [137]. The standard EN
50160 provides recommended levels of different power quality parameters, specifying also
the time-based percentage during which levels should not be exceeded. The IEC 61000-4
provides the adequate methods for measuring voltage and current quantities, defines the
aggregation periods, describes the measurement formulas and sets the accuracy levels.
According to the European standard EN 50160 (IEC 50160), accommodated by most
European Grid Codes, “Voltage characteristics of electricity supplied by public distribution
systems”, the voltage root-mean-square (RMS) should vary in the range of £10% of the
nominal voltage (230 V) for 95% of total operating time (at least one week). Also, the limit
for total harmonic distortion should not exceed 8 %, including up to the 40th harmonic. More

details are found on Tables 3.3 and 3.4.

Table 3.3. EN50160 power quality limits and acceptable time interval of tolerance

Power Quality Parameter

Supply voltage characteristicsaccording to EN 50160

Grid frequency

Mean value over 10 seconds
o -6% / +4% (47Hz to 52Hz) during 100% of the time
. + 1% during 99.5% (49.5Hz to 50.5Hz) of the time

Supply voltage variations (under
normal operating conditions,
excluding situations arising from
faults or voltage interruptions)

Mean value over 10 minutes
. U, £10% during 95% of one week (This report adopts a more restrictive limit
opposed by Electricity Authority of Cyprus which actually is U, -6%/+10%)
- U, -15%/+10% during 100% of the time

Flicker severity

PIt<1 for the 95% of the time

Rapid voltage changes

U, +5% normal, U, £10% infrequently with a short duration

Supply voltage dips

Duration < 1 seconds ,Depth <60%
. Locally limited dips caused by load switching on:
Low Voltage (LV):10-50% and Medium Voltage (MV):10-15%

Short Interruptions of supply
voltage

LV, MV: (up to 3 minutes)
few tens —few hundreds / year

Long Interruptions of supply
voltage

LV, MV: (longer than 3 minutes)
<10 - 50 /year

Temporary, power frequency
overvoltages

LV:<1.5kV rms
MV: 1.7 Uc (solid or impedance earth)
2.0 Uc (unearthed or resonant earth)

Transient overvoltages

LV: generally < 6kV (Occasionally higher; rise time: ms — ps)

Supply voltage unbalanced

LV, MV: up to 2% for 95% of week, mean
10 minutes rms values

Harmonic voltage

8% Total Harmonic Distortion (THD) - LV, MV: For more details see Table 3.4
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Table 3.4. Values of individual harmonic voltages at the supply terminals for orders up to 25, given in
percent of Uy

Power Quality Parameter Supply voltage characteristics
Not multiples of 3 Multiples of 3 according to EN 50160
Order h Relative voltage (%) Order h Relative voltage (%) Order h Relative voltage (%)

5 6 3 S 2 2
7 5 9 1.5 4 1
11 3.5 15 0.5 6...24 0.5
13 3 21 0.5
17 2
19 1.5
23 1.5
25 1.5

U,- Nominal voltage of the supply system (rms)

The IEEE Standard 519-1992 “Recommended Practices and Requirements for Harmonic
Control in Electrical Power Systems” specifies the limits of harmonic voltage and current at
the point of common coupling between end user and distribution utilities. The approach
adopted in this standard requires the participation of both end users and utilities. The limits
established by this standard are equal to 5 % for the voltage and current total harmonic
distortion that the producer can provide to the customer. The limits for the maximum
individual harmonic components are also determined and must be 3 % for voltage lower than

69 kV.

Table 3.5. Current Distortion Limits at STC

Current Distortion Limits at STC* (IEC 61727)
Odd Harmonics Distortion Limit
3" through 9" Less than 4.0%
11" through 15" Less than 2.0%
17" through 21* Less than 1.5%
23" through 33 Less than 0.6%
Even Harmonics Distortion Limit
2 through 8™ Less than 1.0%
10" through 32™ Less than 0.5%
Current Distortion Limit at STC*

Total Harmonic Distortion (THD) Less than 5.0%

a. STC - Standard Test Conditions

The European standard EN 61727 (IEC 61727) “Photovoltaic (PV) systems -
Characteristics of utility interface” (Table 3.5) has established less restrictive limits for
current harmonics. The total harmonic distortion shall be less than 5 % at rated inverter
output and even individual harmonics shall be less than 25 % of the lower odd harmonic
limits [112]. However, concerns about the shortfalls of current standards have started to
emerge in the literature and the attempt to validate their usefulness in modern grids
constitutes a significant issue that must be investigated [138]-[142]. Some standard which

are related to power quality are found in Tables 3.6 and 3.7.
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Table 3.6. IEEE and ANSI guidelines [131]

IEEE 4 Standard techniques for high-voltage testing

IEEE 100 Standard dictionary of electrical and electronic engineering

IEEE 120 Master test guide for electrical measurements in power circuits

IEEE 141 Recommended practice for electric power distribution for industrial plants with effect of voltage disturbances
on equipment within an industrial area

IEEE 142 Recommended practice for grounding of industrial and commercial power systems

IEEE 213 Standard procedure for measurement of conducted emissions in the range of 300 kHz—25MHz from
television and FM broadcast receivers to power lines

IEEE 241 Recommended practice for electric power systems in commercial buildings

IEEE 281 Standard service conditions for power system communication equipment

IEEE 299 Standard methods of measuring the effectiveness of electromagnetic shielding enclosures

IEEE 367 Recommended practice for determining the electric power station ground potential rise and induced voltage
from a power fault

IEEE 376 Standard for the measurement of impulse strength and impulse bandwidth

IEEE 430 Standard procedures for the measurement of radio noise from overhead power lines and substations

IEEE 446 Recommended practice for emergency and standby systems for industrial and commercial applications (e.g.,
power acceptability curve, CBEMA curve)

IEEE 449 Standard for ferroresonance voltage regulators

IEEE 465 Test specifications for surge protective devices

IEEE 472 Event recorders

IEEE 473 Recommended practice for an electromagnetic site survey (10 kHz—10 GHz)

IEEE 493 Recommended practice for the design of reliable industrial and commercial power systems

IEEE 519 Recommended practice for harmonic control and reactive compensation of static power converters

IEEE 539 Standard definitions of terms relating to corona and field effects of overhead power lines

IEEE 859 Standard terms for reporting and analyzing outage occurrences and outage states of electrical transmission
facilities

IEEE 944 Application and testing of uninterruptible power supplies for power generating stations

IEEE 998 Guides for direct lightning strike shielding of substations

IEEE 1048 Guides for protective grounding of power lines

IEEE 1057 Standards for digitizing waveform recorders

IEEE P1100 Recommended practice for powering and grounding sensitive electronic equipment in commercial and
industrial power systems

IEEE 1159 Recommended practice on monitoring electric power quality. Categories of power system electromagnetic
phenomena

IEEE 1250 Guides for service to equipment sensitive to momentary voltage disturbances

IEEE 1346 Recommended practice for evaluating electric power system compatibility with electronics process
equipment

IEEE P1453 Flicker

IEEE/ANSI 18 Standards for shunt power capacitors

IEEE/ANSI C37 Guides for surge withstand capability (SWC) tests

IEEE/ANSI C50 Harmonics and noise from synchronous machines

IEEE/ANSI C57.110 |Recommended practice for establishing transformer capability when supplying no sinusoidal load currents

IEEE/ANSI C57.117 |Guides for reporting failure data for power transformers and shunt reactors on electric utility power systems

IEEE/ANSI C62.45 (IEEE 587) Recommended practice on surge voltage in low-voltage AC power circuits, including guides for
lightning arresters applications

IEEE/ANSI C62.48 Guides on interactions between power system disturbances and surge protective devices

ANSI C84.1 American national standard for electric power systems and equipment voltage ratings (60 Hz)

ANSI 70 National electric code

ANSI 368 Telephone influence factor

ANSI 377 Spurious radio frequency emission from mobile communication equipment

Table 3.7. IEC guidelines [131]

IEC 38 Standard Voltages

IEC 816 Guides on methods of measurement of short-duration transients on low-voltage power and signal lines.
Equipment susceptible to transients

IEC 868 Flicker meter. Functional and design specifications

IEC 868-0 Flicker meter. Evaluation of flicker severity. Evaluates the severity of voltage fluctuation on the light flicker

IEC 1000-3-2 Electromagnetic compatibility Part 3: Limits Section 2: Limits for harmonic current emissions (equipment
absorbed current <16 A per phase)

IEC 1000-3-6 Electromagnetic compatibility Part 3: Limits Section 6: Emission limits evaluation for perturbing loads
connected to MV and HV networks

IEC 1000-4 Electromagnetic compatibility Part 4: Sampling and metering techniques

EN 50160 Voltage characteristics of electricity supplied by public distribution systems

EN 50438 Requirements for micro-generating plants to be connected in parallel with public low-voltage distribution
networks

EC/EN 60868 Flicker meter implementation

IEC 61000 Electromagnetic compatibility (EMC)
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3.4 Standards for Voltage Regulation

The need for voltage regulation in distribution grids with significant amount of distributed
generators has been identified and added as a requirement in the latest standards for
generating plants installed in public low-voltage distribution networks. According to the
newly published European standard (EN) 50438:2013, which refers to micro-generators
(sources of electrical energy designed to operate in parallel with a public low voltage
distribution network with nominal currents up to and including 16 A per phase), the reactive
power exchange with the electricity grid for voltage regulation purposes should follow the
characteristic curve provided by the Distribution System Operator (DSO) within active
factors cos® = 0.9under-excited to COSQ = 0.90ver-excited When the active power output of the micro-
generator is more than or equal to 20 % of its nominal active power. Furthermore, the micro-
generator is not allowed to exchange more reactive power than 10 % of the micro-generator’s
nominal power when the active power output is less than 20 % of its nominal active power
[138]. A European standard that will set the requirements for connection of generators above
16 A per phase is still under development due to variations in the electricity grids of different
European countries [139], [140]. Nevertheless, the requirements stated in EN 50438:2013
are in line with the German Guideline "Generating Plants Connected to the Medium-Voltage

Network" [115].
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Chapter 4
Simple PV System Model (SPVSM)

4.1 Introduction
The most straightforward method found in the literature for the PV systems modelling

was adopted for the initial power quality investigations. More specificity, the PV system is
modelled as a set of harmonic current sources which are connected in parallel at the point of
common coupling with the utility. The harmonic current sources are configured either by
using analysed or raw measurements data. The power related measurements are acquired
using the power quality analysers ACE 4000 and Fluke 1760. The solar irradiance and
temperature measurement data are taken from the measurement database of the PV
Technology Laboratory, University of Cyprus. Furthermore, weather measurements were
taken from the Metrological station in Akrotiri, Limassol (also operated by the PV
Technology Laboratory). Simulation results for different PV concentrations are obtained by
using the Simple PV System Model (SPVSM) and an evaluation is performed for the model,
network topology and methods used in the simulation studies. More details about the
distribution grid topology and methodology followed in the simulations while using the

SPVSM are also presented in this chapter.
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4.2 Measurements and Data Acquisition

4.2.1 Power Quality Analysers/Recorders

For the power quality measurements two powerful, versatile three-phase electric power
quality analyser/recorders were used. Those are the ACE 4000 and the Fluke 1760. Both
have enough processing power and robust data management capabilities that allow the
acquisition of highly accurate measurements even on distorted waveforms. The intuitive
Windows interface makes the setup of measurements and the analysis of data a simple
procedure.

The measurements can be exported in text file or excel format for further analysis using
other processing software. Measurement surveys can be performed by selecting either fully
automatic or customizable setup options. All AC and DC measurements can be made without
any programming required. Recording triggers can be specified for any power quality
characteristic, and measurements can be made with multiple recording rates. All power
quality measurements are simultaneously recorded in the instrument’s high-capacity hard
drive with true cycle-by-cycle measurement and a minimum of 256 samples per cycle on

every channel.

Table 4.1. Main functionalities/Measurements of Power Quality Analyzers/Recorders

Measurement Types

The instruments combine many different measurement types, also referred to as “virtual instruments”:

e Digital recording of measured data (data logger) e  Fast transient recorder
e Power measuring device (recording of load profiles) e Ripple control signal analyser
e Recording of power frequency e  Harmonics analyser

| i 1
«  Power Quality Analyser e  Voltage disturbances analyser (events)

Measurements

The following measurements can be made:

e RMS values of voltage and current as well as power e Load and energy measurements
values with programmable averaging time e  Analysis of voltage and current

e Oscilloscope data (instantaneous value, sensing value) harmonics/interharmonics

e Powerful and versatile triggering engine e  Fast transient analysis

e  Signalling voltage, ripple control signal

analysis

All recorded data (samples, phasors, waveforms, harmonic spectra and measurement text)
can be displayed in real-time. Once a measurement survey has been completed, data may
easily be exported for use in any spreadsheet or other data analysis application. Fluke 1760
can also perform statistical analysis on data based on the EN50160 standard. The main

functionalities and measurements available are mentioned in Table 4.1.
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4.2.2 Environmental Conditions Measurements Infrastructure
Both meteorological and PV system measurements are being acquired and stored through

an advanced measurement platform at the PV Technology Laboratory. The platform
comprises of meteorological and electrical sensors connected to a central data logging
system that stores data at a resolution of 1-second and accumulation steps of 15-minute
averages.

The monitored meteorological parameters include solar irradiance, wind direction and
speed as well as ambient and module temperature. The electrical parameters measured
include DC current and voltage, DC and AC power at MPP as obtained at each PV system
output. The meteorological station in Akrotiri has the same capabilities in terms of weather

measurement quantities from which data have also been obtained [108].

4.2.3 Data Collection - PV related Measurements

For proper modelling of the PV systems, measurements were undertaken at grid
connected photovoltaic systems that are located in different locations around Cyprus. A
power quality analyser was placed at the output of single or three phase photovoltaic systems
to measure the appropriate power quality parameters.

Also solar irradiance was monitored using a pyranometer in some cases when the PV
system was located nearby a meteorological station. The quantities recorded are the solar
irradiance, power factor, the amplitude and angle of individual current harmonics, the Total
Harmonic Distortion (THD), active and reactive power harmonics and RMS values of
voltage and current for a time period of two weeks (one week before the connection of the
PV system to the grid and one week after the connection). A typical example of the solar
irradiance measurements for an average day in Cyprus is shown in Fig. 4.1a. The solar
irradiance profile for a low irradiance day is shown in Fig. 4.1b. By comparing the results
for current THD on an average day shown in Fig. 4.1¢ with that measured on a low irradiance
day, Fig. 4.1d, it can be deduced that solar irradiance plays some role in the distortion of the
current waveform and hence the quality of supplied energy. The current and voltage
waveforms during different solar irradiance conditions are shown in Fig. 4.1e and 4.1f. Due
to the fact that the energy input at low irradiance periods is low, the harmonic content of
current waveform is getting significant in comparison to the fundamental frequency. The
opposite applies for high solar irradiance conditions. Moreover, the current distortion

observed on current waveforms does not affect the voltage significantly.
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Figure 4.1. Measurements observed during different solar irradiance conditions
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However, this will have a tremendous effect at high concentration scenarios. In order to
formulate a clearer view of the effect of solar irradiance on voltage and current waveform,
power quality quantities were correlated with the instantaneous solar irradiance measured
during a two week period and the results are shown in Fig. 4.2a and 4.2b for the voltage and
current THD respectively. The current THD measured at the output of the PV system under
investigation is very sensitive to changes of incident radiation. This occurs because of two
reasons: a) The THD index is inversely proportional to the current amplitude (as seen by
equation (4.1)) and consequently inversely proportional to solar irradiance and b) The root
mean square of current harmonics is promotional to the solar irradiance as depicted in Fig.
4.3. Both the THD index and the root mean square (RMS) value of the total harmonics of a

signal are defined as follows:

Hugs \/AZZ + AP A -+ A

THD# = = 4.1
A, 1, (4.1)

where Hpgys is the root mean square of harmonics up to the n order, 4,, is the RMS of n™®
harmonic and A; is the RMS of fundamental frequency. On the other hand, the voltage
harmonics are not strongly dependent on the fluctuations of solar irradiance, as the
impedance seen by the PV system is not significant to amplify the injected current harmonics
and convert them into voltage harmonics. If the impedance was significant, the linear
relationship between solar irradiance and current harmonic would be reflected on voltage
THD index as well. The total voltage harmonic distortion is found to range from 1.2 % to
3.5 %, as shown in Fig. 4.2a. Also, the current total harmonic distortion has a larger range
of values, from 3.8% to 103.4% (Fig. 4.2b). In general, the current distortion consists a result
of switching operation of the inverter which can be boosted by the inability of control circuit
and sensors of the inverter to measure and maintain the sinusoidal waveform shape of the
output current. Furthermore, the nonlinearity of the inverter due to factors such as (i) the
dead time, (i1) the delay in gate drive circuits, (iii) turn-on and turn-off delays, (iv) parasitic
capacitance effects, (v) voltage drop in switching devices, (vi) zero-current clamping and
(vii) short pulse dropping can play a significant role in the distortion of output current [141].

Fig. 4.4 shows the resulting voltage RMS and voltage distortion at the busbar of the
distribution transformer of an industrial area with and without the presence of the PV systems
(Phase A). Similar results are observed on all the three phases. The aforementioned results
observed are similar in the majority of places where large PV systems are installed and
consequently are used further in the modelling and simulation procedure explained in the

next chapters.
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4.3 SPVSM - Network - Methodology

4.3.1 SPVSM - Set of parallel Harmonic Current Sources

Firstly, the PV system has been modelled as a set of harmonic current sources and it has
been configured using the measurements from the PV systems. Two different ways were
adopted in using the aforementioned model depending on the simulation type and software
used. The model used in PSCAD software is shown in Fig. 4.5. Details about the model

formulated in DigSilent software are found in subsection 4.3.3.1.
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P h aS e A Il\l/[easured RMS
(o)
/1 Fundamental

\/5 ¢Measured
i, ()

-~ + - -
sin 4—@
+

L 1, PLL
L+ ..
+ I -
- +
SIN
A / f,, Harmonic
2 ¢Measured
f, Harmonic
Measured RMS

Figure 4.5. SPVSM - Three phase current source configured using measurements

At the beginning, the model was inserted into DigSilent software for performing steady-state
simulations. In order to obtain the data required for configuring the current source, statistical
analysis was performed on measurements from which three different simulation cases have
been extracted based on solar irradiance. The phase of measured harmonic currents was
modified according DigSilent requirements in order to be inserted into the aforementioned
software having the right format. In the second phase, the model was inserted into PSCAD
software and the simulation was repeated using the raw harmonic measurements. The
correction for phasor angles has been provided from a Phase Lock Loop Element (PLL). An
advanced version of the aforementioned model is found in [ 19] which takes into account also
the voltage at the fundamental frequency to adjust the fundamental frequency current (but it

does not model current harmonics) and it is further used in the study of the voltage levels in
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a distribution grid with high PV penetrations. In [19], the voltage harmonic distortion is not

considered.

4.3.2 Distribution Network under investigation - Radial Topology

The network configuration chosen for simulation while using the SPVSM is shown in
Fig. 4.5. The topology is composed of linear loads (nonlinear loads are not considered as the
investigation is focused only on the voltage distortion caused by PV systems), grid connected
photovoltaic systems and a step down transformer. The representation of consumption has
been done by linear loads to ensure that the produced distortion in the network will be due
to the presence of the modelled PV systems. The external grid supplies the network at 11
kV. The voltage is stepped down to low voltage in a distribution substation to supply the
energy needs of the loads. Two types of distribution substations were considered, having
transformers of 500 kVA and 1000 kVA rated power respectively. Grid connected
photovoltaic systems were added to the network topology to satisfy part of the energy
demand (up to 70% of load demand). It must be mentioned that the distribution transformer
operates in the linear region and consequently the distribution network itself (without the

modelled PV systems) is linear.
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Figure 4.6. Radial Network Topology - SPVSM

The installed photovoltaic systems (two to three systems on each feeder) have a rated
value of 15 kW, each, exactly the same as the capacity of the PV Park where the

measurements were taken from and statistically quantified. This is in line with the future
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penetration scenarios of PV in Cyprus where the current feed-in-tariff scheme clearly
favours installations of such size. Linear loads vary from 4 to 35 kVA and have a power
factor that lies in the range of 0.8 to 0.99, according to the diagram shown in Fig. 4.6. It was
felt that this is the most common situation that may arise in the typical low voltage grid.
The models of the transmission lines and transformers used by DigSilent PowerFactory
Software are described in [142] and the calculation of power indices is defined in [143]. The
equipment data used for the modelling of distribution lines, cables and transformers are those
used for the analysis and simulation of the distribution network belonging to the Electricity

Authority of Cyprus.

4.3.3 Methods adopted for the SPVSM
Measurements from the output of a 15 kW; PV system located at the PV Technology

Laboratory of the University of Cyprus are used to configure the PV system model developed
and to extract the simulation cases. The measurements were acquired using a power quality
analyser with a sampling time of one minute for a period of two weeks. Measurements of
solar irradiance were also obtained from a pyranometer in a synchronized way with the
power quality measurements.

Firstly, it was necessary to perform analysis on the measurements in order to observe the
variation characteristics of power quality quantities and the main factors causing this
variation. The measurements were analysed and subsequently subdivided into the optimum
number of groups according to their variation using the k-mean cluster algorithm. After the
analysis, it was observed that the variation of the current phasors has a strong correlation
with the solar irradiance and hence the subdivision of the different cases was done based on
the solar irradiance profile. This subdivision aims to create groups of measurements with
small variations that can produce similar simulation results if randomly selecting a cycle
measurement from the same group. It is important to mention that the definition "cycle
measurement” refers to all the simultaneous measurements acquired during one time-cycle
lasting for 0.02 s including all the individual current harmonic phasors.

The PV systems are modelled as current sources which are configured using the average
measurement findings of the applied analysis for each case. Special attention was given to
the proper amplitude and phase assessment of the current harmonics obtained from
measurements, which were then used in the model. In particular, the harmonic angles were
adjusted using the bus voltage and current angles, as described in the following section
(4.3.4), before being inserted into the software [144]. The derived simulation cases are

inserted into DigSilent PowerFactory to obtain the desirable simulation parameters of a
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proposed distribution grid for the different cases. In that way, the solar irradiance dependent
level of harmonic distortion due to PV generation is assessed.

In order to get a better sense of how the outcomes compare with the standard EN50160
it was necessary to perform simulations for each time measurement and analyse the results
based on the requirements of the standard EN50160. For the aforementioned requirement,
the PV system model (current source) was configured using the raw measurement data and
the simulation was repeated using the PSCAD software. The outcomes of the simulation
were analysed and it was found that the high solar irradiance case was giving the most
representative results according to the EN50160 standard. As the high solar irradiance case
was the most representative one and at the same time the worst case scenario (regarding
voltage distortion observed on the buses of the simulated distribution topology), it was
further used to investigate various PV concentration scenarios and concentration limits in
chosen buses of the proposed distribution network using the high irradiance case in
conjunction with DigSilent PowerFactory. Results for the voltage RMS and the voltage
distortion are presented and analysed in an attempt to determine how power quality
quantities are affected by changes in PV penetration in the adopted grid topology.

In this work it is assumed that all the PV systems are located in the same area close to
each other and therefore are exposed to the same levels of solar irradiance and reacting in
the same manner in terms of power quality. In practice, dispersed PV systems will usually
experience different irradiance levels depending on where the systems are installed.
Therefore, a more realistic approach would be to use solar irradiance data from all the
installation points or perform Monte-Carlo simulation by statistically varying the solar
irradiance [145]. However, the focus of this work to date has been to develop the appropriate
model in order to be able to study the power quality behaviour of the PV systems and to
predict the maximum penetration limits based on the worst case scenario, which is the case
when all the systems produce at their maximum (i.e. a high solar irradiance day with
completely clear weather) as has been seen by the findings. Also the following assumptions
have been considered to be valid:

e No PV systems export reactive power into the system.

e The substation bus is a strong bus (low impedance supply — bus with voltage which
is insensitive to load variations).

e Stability and transient phenomena are not considered.

e The loads are linear and consume constant active and reactive power (a constant
power load model is used according to [146]).

e The power factor of the loads is considered to be in the range of 0.8 - 0.99.
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e The PV systems are installed on feeders of the same distribution transformer.

The inverter under investigation complies with the following standards: EN 61000-6-
3:2002-08, EN 61000-6-4:2002-08, EN 550222:003-09, EN 61000-3-3:2002-05, EN
61000-3-2:2001-12, EN 61000-6-1:2002-08, EN 61000-6-2:2002-08

4.3.3.1 Harmonic Origins and Power Flow

Since PV systems are connected to the grid via inverters, we usually talk about inverter
related distortion. Theoretically the most commonly used Pulse-Width Modulation (PWM)
inverters produce only high order harmonic distortion, mainly attenuated by the system,

associated with switching frequency f;,, and given by:

fo = kifsw T ko fi (4.2)

where kq, k, are integers and f; is the fundamental frequency.

However, low order harmonic currents are also produced from deficiencies in the inverter
control loop and the connection of the inverters to weak or distorted grids. The distorted grid
voltage behaves like an external disturbance resulting in a distorted output current.
Therefore, measurement of the actual current harmonic content of the inverter output and its
use in simulations is justified.

At the fundamental frequency, conventional methods such as “Newton-Raphson” are
used for power flow analysis. Harmonic power flow modelling techniques include time-
domain, harmonic domain and hybrid approaches. In the harmonic load flow calculation
DigSilent PowerFactory software, for example, carries out a steady-state network analysis
at each frequency defined by harmonic sources and then applies phase corrected
superposition to calculate the harmonic currents. Thus a fundamental frequency load flow
study needs to be performed before a harmonic penetration analysis, in order to determine
fundamental voltage and current magnitudes as well as phase angles [143], [144]. Harmonic

current sources are considered as:
I, = ke %r x [ e'¢1 (4.3)

where 4@, = ((h — 1)@, + (@5, — ©1)), h is the harmonic order, I; the fundamental
frequency current and kj, = I, /I; is the harmonic relative magnitude.

The current angle of each harmonic is referenced to the fundamental current angle at each
bus. Obviously, harmonic currents are changed from absorbing to injecting when a change

of 180° is observed on the current harmonic phase.
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4.3.4. Analysis of Measurements - Choice of Best Data Clusters

In order to obtain the best way of grouping and defining the effect of solar irradiance on
produced current harmonics, and thus to make the simulations more computationally
efficient, the k-means clustering algorithm was utilized to subdivide data into categories.
The main objective is to define a certain number of centroids that are placed as far as possible
from each other and to have objects belonging to each centroid with minimum variance. This
task can be achieved by minimizing an objective function, which in this specific case is the

squared error function (4.4), by reassigning the objects into the group with the closest

centroid,
k n
SE = ZZ” o) cl (4.4)
j=1i=1
where ”xl(] ) ¢;||is a distance measure method between a data point x(] dand the cluster

center ¢; [147], [148]. The Euclidean distance was used as a metric for classifying data into
groups. Multiple runs of the k-means algorithm with different, randomly selected, initial
conditions ensured that the solution obtained was close to the global minimum. Prior to
applying the k-means method, it was also necessary to convert the phasors of the current
harmonics from polar to Cartesian coordinates to avoid any discontinuities arising from the
representation of the phase.

2500

200
Angle(°)

Figure 4.7a. 2" Order Harmonic Angle on Phase L1 - Histogram  Figure 4.7b. 2 Order Harmonic Angle on Phase L1 — Polar Coordinates

Figure 4.7. Variation of 2" Order Harmonic Angle on Phase L1

In the histogram of the 2™ order harmonic angle (Fig. 4.7a), two different groups of
values can be distinguished. By taking an average on the specific data, a misleading mean

value is calculated. By looking at the polar form of the 2" order harmonic angle (Fig. 4.7b),
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it is clear that the values of the 2" order harmonic angle vary around an area that includes
both 0° and 360°.

Consequently, it is more convenient if polar coordinates are used to preserve the continuity
properties of the measurement data, otherwise the k-means partitioning method will divide
the data into the wrong clusters.

The number of harmonic phasor groups has been chosen according to the average
silhouette values after performing a k-means analysis for a different number of clusters
[149]. The k-mean analysis was applied to a three dimensional space having as dimensions
the real and imaginary part of the current harmonics and the solar irradiance. To achieve this

task it was necessary to correlate the solar irradiance with each harmonic phasor.
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Figure 4.8. Average Silhouette value vs number of Clusters — Choice of harmonic phasor grouping

Harmonic Phasor - Y coordinate

1000 -30 Harmonic Phasor - X coordinate

Solar Irradiance

Figure 4.9. 4" Order harmonic phasor divided into four Clusters (Yellow: Extremely Low Solar Irradiance
case, Red: Low Solar Irradiance Case, Green: Average Solar Irradiance Case, Blue: High Irradiance Case)

The methodology of calculating the mean silhouette value has been applied to each of the
harmonic phasor measurements. In this work, harmonics up to the 17" order were considered
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for the simulation as they were the most significant in amplitude. The average silhouette
value for each harmonic is graphically presented for different number of clusters in Fig. 4.8.
From this figure, it can be seen that as the number of clusters increases, the grouping of data
is done in a less efficient way. Furthermore, it has been observed that if we choose to have
four clusters, the data will group efficiently together and will be located close enough to the
nearest centroid having in this way the minimum variance within the cluster. Therefore,
harmonic phasor-solar irradiance measurements are subdivided into four groups using the k-

means partitioning method as shown in Fig. 4.9.

4.3.5. Extraction of Simulation Cases

After the subdivision of data, a very useful observation was made with regard to the
variation of the quantities in relation to the solar irradiance. It is obvious from Fig. 4.9 that
the fluctuation of harmonic phasors is highly dependent on solar irradiance. Thereafter, the
extraction of simulation cases can be effectively and efficiently done based on solar
irradiance. The cluster of data with the highest variation referring to the situation where the
solar irradiance reaches quite low levels (Extremely Low Solar Irradiance case) is not going
to be considered in the simulations as these extreme fluctuations will give results of

decreased accuracy and confidence.
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Figure 4.10. Density Distributions of the Four Solar Irradiance Cases

In the next step, the range of variation of each solar irradiance case was defined by
creating a frequency distribution of solar irradiance for each grouping category considering
all the harmonics up to the 17" order. The frequency distributions for the four solar
irradiance cases are shown in Fig. 4.10. As the distributions of the four solar irradiance cases
were overlapping slightly, it was necessary to isolate the overlapping data and calculate the
median of their distribution to set the boundaries of each simulation case.
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Figure 4.12. Current RMS measured on Phase L1 for the three simulation cases

Following the analysis of the data, three cases were extracted from measurements and the
average values of each case for phase L1 are shown in Fig. 4.11. The three simulation cases
are named:

. High Solar Irradiance Case (757.27 W /m? and above).
. Average Solar Irradiance Case (between 535.32 and 757.26 W /m? ).
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Section: Simple Photovoltaic System Model
. Low Solar Irradiance Case (between 230.27 and 535.31 W /m? ).

The average amplitudes of the first seventeen harmonics for the three simulation cases are
presented in Figs. 4.11a-c. The mean of the individual current harmonics decreases as the
solar irradiance increases. A similar observation applies for the variance of the amplitude of
the current harmonics. The circular nature of harmonic angles prevents the use of commonly
used statistical techniques, as the methods utilized by such techniques would provide
inaccurate or misleading results. For the calculation of the average harmonic angles under
investigation it was required to use Circular Statistics explained in [150] and [151]. The
resulting angles are shown in Figs. 4.11d-f. From Figs. 4.11d-f, it can be noted that the
variance of current harmonic angles decreases as the solar irradiance increases. The analysis
presented in Fig. 4.11 has been done for all the three phases. The current amplitude (in
amperes) was also needed to adjust fully the current sources that have been set using the
mean value of each chosen simulation case. In Fig. 4.12, the distribution of the current
measured at the output of the PV system is graphically presented. From the results in Fig.
4.12 it can be concluded that the mean value is considered to be a suitable representation for

the most probable situation.

2

*n
'Tl?l 2
Figure 4.13a. Whole set of data (Raw Data) Figure 4.13b. High Irradiance Case (Raw Data)
w2 2
r I
-2 -2
Figure 4.13c. Average Irradiance Case (Raw Data) Figure 4.13d. Low Irradiance Case (Raw Data)

Figure 4.13. Variation of 5 Harmonic Angle on Phase L1 before and after subdivision of raw data
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Figure 4.14. Voltage THD vs Bus ID for different irradiance cases

The variation of the 5™ harmonic angle is shown in Fig. 4.13 (The red line presented in each
graph depicts the average value of the mentioned angular quantity). It is clear that the
subdivision of data into clusters limits the variation of the angle into a smaller range. For the
three different cases chosen in the specific study, the variation of angle within the clusters

does not vary significantly. The variation of the harmonic angles increases only during
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extremely low irradiation conditions whilst the inverter is not functioning in an optimum and
proper way due to insufficient input energy. After obtaining all the required information to

fully configure the current sources, the modelling of PV systems becomes feasible.

4.4 Simulation Results - Simple PV System Model

The Simple PV System was firstly simulated with the DigSilent PowerFactory Software.
Voltage distortion caused by nearby installed inverters was not investigated due to the nature
of modelling adopted. The results obtained from the simulation of the two topologies for a
500 kVA and 1000 kVA distribution transformer are shown in Fig. 4.14. In both cases, it is
obvious that the THD of all buses increases as the solar irradiance increases. Nevertheless,
the Average Current Harmonic Amplitudes in the high irradiance case are much lower than
in the medium and low irradiance cases. Despite this fact, their effect on the voltage THD is
more pronounced since the power contribution from the photovoltaic system is much higher
during this period. Buses that are located at the end of the radial network and have
photovoltaic systems connected are also experiencing problems with harmonics. The voltage
THD obtains the highest value at the point of the network where the highest concentration
of photovoltaic systems exists (Bus ID 6 - Fig. 4.6). In addition to this, the network with the
high capacity distribution transformer has more immunity to voltage pollution caused by
harmonics. In other words, the stronger the network at the point of connection to the medium

voltage grid the better for the customers in terms of quality of supply.
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Figure 4.15. Cumulative distribution of Voltage THD vs bus ID for 95% of the total operating time

According to the EN 50160 standard the limit for voltage THD is 8% including up to the
40™ harmonic. As can be seen in Fig. 4.14c, the voltage THD on Bus ID 6 is approaching
6.3%. A significant observation made is that the limits described in IEEE Standard 519-1992

“Recommended Practices and Requirements for Harmonic Control in Electrical Power
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Systems” are exceeded. The EN 50160 standard sets the limit for voltage THD to 8% and

the specific limit should not be exceeded for more than 5% of the total operating time. Fig.

4.14 shows that the limits are not exceeded. However, the most representative results are

those shown in Fig. 4.14, according to which the limits of the EN 50160 standard are not

exceeded for 95% of the total operating time. In order to obtain the results of Fig. 4.15-4.16,

it was necessary to use the PSCAD software to perform the simulations.
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Figure 4.16. Voltage Variation on the Buses of the Proposed Distribution Network Topology
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From the comparison of outcomes from DigSilent PowerFactory and PSCAD it is observed
that the simulation case seen to be in line with the EN50160 standard analysis is the high
solar irradiance one. During high solar irradiance conditions the PV inverters are operating
at rated conditions so from the aforementioned observation it becomes clear that by using
the characteristics of the inverter at rated conditions (high irradiance case) it is feasible to
get a good estimate of how the distribution network will react in the presence of high PV
penetrations.

By studying the voltage profile of the network buses using PSCAD software (Fig. 4.16),
it can be noted that the voltage limits are exceeded for more than 5% of total operating time
on a certain number of buses even if the taps of the transformer are adjusted to their
maximum permissible level. The simulation time presented in Fig. 4.16 is actually equivalent
to one week’s operation of the distribution topology in the presence of PV systems

considering only the daytime hours (approximately 13 hours per day).

4.4.1. Investigation of Concentration Limits
In this section, the high solar irradiance case has been chosen to be used in DigSilent

PowerFactory for the simulation of the different concentration scenarios as it constitutes the
worst case scenario and secondly because it gives results based on the EN50160 standard
analysis as has been seen in the previous section.

Five different PV concentration scenarios were considered in order to observe the harmonic
response of the proposed distribution network in each case. The busbars with PV systems
are shown in Table 4.2. In each busbar only one PV system is connected. From the simulation
results shown in Fig. 4.17, it is clear that the busbar voltage THD increases as the
concentration of photovoltaic systems increases. The installation of a PV system on a certain
bus gives rise to voltage THD on the specific bus and when PV systems are installed also on
neighbouring buses, the value of voltage THD can also rise dramatically on neighbouring
buses, exceeding the EN 50160 limits in some instances. It is important to mention at this
point that the limit is exceeded only by the first seventeen harmonics and obviously the limits
described in IEEE Standard 519-1992 are exceeded.

Generally, the effect of harmonics is not so pronounced with low concentrations of PV
systems, but the situation gets worse as the installed PV capacity increases. The calculations
show (Fig. 4.17), that the voltage THD limits are not exceeded even when the installed PV
capacity reaches 24% (120 KVA Installed PV Capacity divided by the Power Rating of the
Distribution Transformer) of the transformer size. Proper planning of PV system installation

on the grid is therefore important to avoid severe voltage distortion.
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The voltage variation on the busbars of the proposed distribution topology has also been

considered after performing simulations in PSCAD (configuring the current sources using

the raw measurements file) for the different concentration scenarios and is shown in Fig.

4.18. As the concentration of PV systems inside the distribution network increases, the

voltage levels rise respectively. The plots of Fig. 4.18 present the upper and lower limits of

voltage for 95% of total simulation time (one week period). The red line represents the limits

for voltage that must not be exceeded for more than 5% of the total operating time. From

Fig. 4.18 it can be observed that by increasing the concentration of PV systems inside the

distribution network, the variation of voltage increases. Despite the fact that the voltage

limits may be exceeded under high concentration of PV systems, it can be seen that in some

cases PV systems improve the voltage levels.

Table 4.2. Different Concentration Scenarios

Bus Installed PV System Capacity
ID 15KVA 60KVA 120KVA 240KVA 375KVA
(1 system) (4 systems) (8 systems) (16 systems) (25 systems)
1 V V
2 v v v
3 V
4 v v
5 v v V
6 v N
7 V V v v V
8 V N
9 v N
10 N
11 v v v
12 o V
13 V
14 V
15 N X V V
16 v V V
17 v
18 V V V v
19 V
20 v N
21 v v
22 N
23 v
24 V v V N
25 N
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Figure 4.18. Voltage Variation vs Bus ID for different concentration scenarios

52



Section: Simple Photovoltaic System Model

10 —----~ 5 T N B 0F------ [ T [ T
| | I | | | [ e B | |
ol - - __ [E [ () U [E R 9l - - __ [P 4 Lo /I R
| | | | | | | | |
| | I | | I L I I
8- » Hnand * —-—p — — 8- oo o9 o oo o9 | || e 9p oo oo 9p oo oo p —
| | . | m | ——
2 I [ | —=— Limit Lo ___ 1 1| —*— Limit B
: : B 1 system installed : : L[ | | N 1 system installed
L 6F------ . c————{ I |{ 2 systems installed X 6F----—- l—m = 4 7 I 2 systems installed |
Q ! ! [ 3 systems installed a ! R | [ 3 systems installed
L oS- F----—- - 114 systems installed oSr———--- ---=== Rl , [ 4 systems installed |-
o8 | | 5 systems installed <) : : | 5 systems installed
§ 4 - - F------r L ‘;‘, 4 —————- T 116 systems installed |
| | | | | I I [ 17 systems installed
3L~ Lo T 1| Lo ___ JR— 3o [P 2 I L e—— _—
| | | |
| | | | | |
2F------ - [ T - -
| | |
| I I

20 25

o
ol --
-
o
o
(&)
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Transformer’s Neighbouring Busbar

Figure 4.19. Investigation of Concentration Limits on selected buses

Some busbars are less sensitive to voltage variations and consequently they are better
candidates for the installation of PV systems. The voltage of buses that are already below
the lower limit can be improved by installing PV systems and on buses that the voltage is
approaching the upper limit PV systems must be avoided. For this purpose, the harmonic
response of two types of buses of the proposed distribution network was simulated with
DigSilent PowerFactory using the worst case scenario data. In order to obtain a feel of the
concentration limits, single point PV installations of various sizes are further examined. In
this part of the simulation, the capability of installing more than one PV system on one
busbar, before exceeding the limits proposed by the EN 50160 and IEEE 519-1992
standards, is investigated.

The main parameter considered in this case was the immunity of certain buses to voltage
disturbances. One bus with high and one with low immunity to voltage disturbances were
chosen. Frequently, buses that are located at the end of a radial network (Bus ID 15 - Fig.
4.6) have lower immunity to voltage disturbances and buses that are connected close to the
distribution substation, the beginning of a distribution line, (Bus ID 11 - Fig. 4.6) have higher
immunity.

The simulation results for the low voltage immunity case are shown in Fig. 4.19a. The
installation of photovoltaic systems was done on bus 15 (Fig. 4.6) and the maximum capacity
was found to be four systems with 15 kVA rated power (60 kVA to 75 kVA). The fifth PV
system forced the voltage THD of bus 15 to exceed the EN 50160 standard, whereas the
limits described in IEEE Standard 519-1992 were exceeded after the installation of the third
PV system (45 kVA). The maximum voltage THD value was observed on the bus where
photovoltaic systems are connected. This is quite a straightforward result, having in mind

that buses located at the edge of a radial power network are weaker in terms of short circuit
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current and that a significant part of the energy required on that bus is provided mostly by
PV systems with distorted characteristics on the same bus.

The simulation procedure was repeated for bus 11 (Fig. 4.6) and the results are shown in
Fig. 4.19b. The maximum PV capacity for this case was found to lie in the range of 90 kVA
to 105 kVA, whereas the limits described in IEEE Standard 519-1992 were exceeded after
the installation of the sixth PV system. The maximum voltage THD is not observed on the
same bus where the PV systems are installed due to the fact that the energy required for this

bus is mainly supplied by the distribution transformer [8].

4.5 Conclusions
The main focus of the work above has been to develop a preliminary PV system model

in order to be able to study the power quality behaviour of the PV systems and to predict the
maximum penetration limits. The measurement based analysis presented, identifies that the
maximum permissible concentration of PV can be reached under certain circumstances
related to the distribution grid topology, inverter technology and the solar irradiance level.
From the findings, it has been noted that the levels of power quality of busbars inside a
distribution network decrease by installing higher concentrations of PV systems if proper
planning is not taken into consideration. Also, an important observation made is that the
buses located closer to the distribution transformer have higher immunity to voltage
disturbances than those located at the end of the radial network. Finally, a general outcome
obtained is that the case when all the systems produce at their maximum constitutes a
representative scenario for evaluating the harmonic response of the distribution grid.
However, the simulation results can be improved if the voltage of fundamental frequency
and harmonics are considered in the PV System Model. Moreover, the exact dynamics of
the distribution grid under investigation are crucial in performing reliable power quality
studies and consequently they should be modelled in a convenient and accurate way. Lastly,
a validation/verification procedure is required to be developed to ensure that the simulation

outcome yields credible results.
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Chapter 5
Advanced PV System Model (APVSM)

5.1 Introduction
Modifications and additions to the simple model produced an advanced model which is

essentially a power source configured using harmonic measurements of active and reactive
power. The APVSM if compared to the SPVSM has the advantage of taking into account
the voltage variations and it can adjust accordingly the output current of the power source
based on the variation in the voltage level and phase.

On the other hand, the dynamics of the distribution grid in the industrial area are modelled
via the harmonic distribution grid equivalent described in Chapter 9. It is inevitably evident
that an accurate equivalent distribution grid model is required in order to assess correctly the
impact of PV market deployment on the electricity grid network, imposed by the power
quality constrains. Furthermore, the dynamics of the distribution grid should be known in
order to define the PV penetration limit and proposed voltage regulation methods to increase
the PV capacity. The proposed model describes adequately the distribution grid dynamics
and it is used along with the APVSM in the simulation of different PV penetration levels.

The simulation results and models utilized are evaluated at the end of this chapter.
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5.2 APVSM - Network - Methodology

5.2.1 APVSM - Set of parallel Harmonic Power Sources
The APVSM has been built based on the SPVSM presented in the previous chapter. In

general, the APVSM is a power source which is composed of a set of harmonic power
sources that take into account the grid voltage and voltage harmonics (the output current of
APVSM is the sum of harmonic currents produced by the individual harmonic power
sources). The novelty of the proposed APVSM lies in the fact that the output current
harmonics are calculated using the voltage harmonics of the grid. The PV system model
developed is unique and it has not been proposed in literature before. Also, in the calculation
of output current harmonics, both solar irradiance (Gu) and power measurements (P,Q for

active and reactive power respectively) are considered.
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Figure 5.1. APVSM - Three phase power sources using regression fit polynomial models

The only problematic condition possible to occur while using the proposed model is the case

when the amplitude of a voltage harmonic is exactly zero. At that situation, the issue is
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resolved by setting the amplitude of the specific voltage harmonic to a very small nonzero
value. [t must be mentioned although that this situation has zero probability to occur in reality
(due to the nonlinear loads which are connected on the electricity grid) therefore the
aforementioned assumption is quite reasonable.

The power measurements needed for the development of the APVSM are taken from a
150 kW; PV system and are further utilized to define the polynomial regression models with
the highest possible accuracy. The internal model signals driving the current sources are
defined based on the significance of measured power harmonics. The general diagram
showing the structure of the APVSM is shown in Fig. 5.1. The measurements used for
defining the regression models are the solar irradiance, the fundamental and harmonics of
active and reactive power, the voltage RMS and Total Harmonic Distortion. The symbolic

form of regression input variables is depicted in Table 5.1.

Table 5.1. Regression models input variables and their reduce symbolic form

Symbol Input Variables
X1 Solar Irradiance
X2 Active Power Fundamental Reference
X3 Reactive Power Fundamental Reference
X4 Voltage RMS
X5 Voltage THD

The current for the fundamental frequency is calculated by the Fundamental Controller

shown in Fig. 5.2. The Fundamental Controller takes as input the solar irradiance (Gn) and

fi Fundamental)

the reference signal of reactive power (Qg, rerence

GH /i Fundamental (Var)

Reference

Regression Model S

‘ P /i Fundamental (W)

Reference

. 2 4 /
1
Power Module |4—’V

Zgz)/I

f; d axis f; qaxis
ICalc lICalc
Figure 5.2. APVSM — Fundamental Controller

The solar irradiance is used as an input to the Regression Model S which is defined based
on field measurements of solar irradiance and active power (of fundamental frequency)

obtained from the 150 kW; PV system. The generalized form of the adopted linear regression
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model that represent the relationship between a response variable and one or more predictor

variables is described by the equation (5.1):

Y= D BufeCan o) + 2 (5.1)
k=1

where y is the response variable, n is the number of linear component composing the
response variable, xx are the predictor variables, fi is any function formulated by the
predictors xx, Sk are the unknown parameters to be estimated and ¢ is the error between the
actual response and the estimated response. The regression model is defined by applying
stepwise regression which is a systematic method for adding and removing terms from a
multi-linear model based on their statistical significance. The method/algorithm begins with
an initial model and then compares the explanatory power of incrementally larger and
smaller models. The method terminates when no single step improves the regression model
[152]. The unknown parameters itself are estimated by applying robust regression which
minimizes the least-squares error via iterative methods [153]. The details for the regression

model S (both statistics and parameter estimations) are depicted in Table 5.2.

Table 5.2. Regression model S

Active Power Reference — Regression model parameter and statistics
Linear regression model: Confidence Interval of 3
Yy~ [30 + ﬁle
Parameter Estimated 8, | SE tStat pValue Lower Bound Upper Bound
(Intercept) -0.25261 0.01094 -23.091 4.64E-100 -0.2741 -0.2312
X1 0.24107 0.000132 1827.4 0 0.2408 0.2413

From the table, it is evident that three measures of statistics are used for evaluating the
validity of the regression model. Those are the standard error (SE), the t-statistic (tStat), and
the p-value for the hypotheses tests (pValue) which are described by equations (5.2), (5.3)
and (5.4) respectively.

_ |z -9y

SE = |F=r (5.2)

where SE is the standard error of the estimate, N is the number of pairs of observations, Y is
an actual response values, and Y is a predicted/estimated response values. The numerator is
the sum of squared differences between the actual response values and the predicted response
values. For a hypotheses test on coefficient k, with:

Hy:Br =0

Hy: B #0
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the t-statistic is:

. __b
SE(Bi)

where SE(f) is the standard error of the estimated coefficient 5. If there is no linear

(5.3)

relationship between the predictor’s function f;, and the response variable then 8, = 0.
Alternatively, if there is a linear relationship then ), # 0. In linear regression, the t-statistic
index is useful for making inferences about the regression coefficients. The hypothesis test
on coefficient k examines the null hypothesis according to which the corresponding term is
not significant versus the alternate hypothesis that the coefficient is different from zero. The
null hypothesis is evaluated by comparing the t-statistic index with the critical values of t-
distribution having N — (n + 1) degrees of freedom and a significance level (a). If the
critical values of the t-distribution are lower than the t-statistic index then the null hypothesis
is rejected. On the other hand, the p-value is the estimated probability of rejecting the null
hypothesis (Hy) when the null hypothesis is true. In other words, the p-value represents the
probability of observing a test statistic more extreme than what it has been observed
assuming that the null hypothesis is true. If X the random variable representing the observed
data, x a single instance and H the statistical hypothesis then the "more extreme than what
was actually observed" can either mean {X > x} (right tail event) or {X < x} (left tail event)
or the "smaller" of {X > x} and or {X < x} (double tailed event). Thus the p-value is given
by

Pr(X = x|H) for aright tail event
p —value =< Pr(X < x|H) for a left tail event (5.4)
2 * minimum{Pr(X = x|H),Pr(X < x|H)} for a double tail event

The smaller the p-value, the larger the significance because it reveals that the hypothesis H
may not be adequate to explain the observation. More specifically, the hypothesis H, is
rejected if any of these probabilities is less than or equal to the significance level which is
typically set to 0.05. Also, the accuracy of the regression models has been defined using the
R-square (R?) value to provide a measure of how reliably the trend is described by the
polynomial fit (a high R? value shows good agreement between measurements and
regression fit model while values close to unity denote perfect much between measurements
and regression fit). In general R? is defined as:

i1 M — F;

RR=1-S7"2— —

(5.5)

where M; are the observed values, F; are the modelled values and M is the mean of the
observed values. Lastly, the coefficient confidence intervals provide a measure of precision

for linear regression coefficient estimates. A 100 * (1 — a)% confidence interval gives the
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range that the corresponding regression coefficient will be in with 100 * (1 — a)%
confidence. The 100 * (1 — a)% confidence intervals for linear regression coefficients is

given by:
CILower,Upper = ﬁk T SE(IBk) (56)

(1—§,n—p>

where [ is the coefficient estimate, SE (f},) is the standard error of the coefficient estimate,

and t1-%p_p) is the 100(1—a/2) percentile of t-distribution with n — p degrees of freedom, n

E,n
is the number of observations and p is the number of regression coefficients [154].
The d-q axis current for the fundamental frequency are calculated based on the schematic

diagram shown in Fig. 5.3 which derives from equation (5.6).

S

N | —

-

Lo s 25 e e e (250) ([ 2]8]2a
V I . I — _.I,l . Id +j1q :I/‘1 d axis +j1f] q axis — _.I,l = . : (57)
JARNA L1 L1 L1 Cale Cale % ‘V’“Aq)/‘

L1 L1

where §L1 is the apparent power of phase L1, the VLlis the voltage phase of phase L1, the I I

is current phasor for phase L1 and the I L*l is the conjugate of current phasor /,,. It is

considered that the three power system under consideration is balanced as the analysis is
performed only for phase L1. Despite this, by applying modifications to the proposed model
and by performing analysis on all phases it can become feasible to perform studies for

unbalanced conditions as well.

Pf] Fundamental (W) Q lglet}::;(icalenjltal (V ar)

Reference l

Real-Imag to Comp lex

SZa
2 X

| Conjugate |

-

Complex to Real-Imag

| l
f, d axisl f; qaxis
ICalc ICalc

Figure 5.3. APVSM — Power Module

Vfl Z(0/'1

The voltage phasor V,, =‘Vf1‘4gof' is obtained by applying Fourier analysis based on

equation (5.7) on a running average window of one cycle.
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o]

f(t) = ?O z a, cos(nwt) + b, sin(nwt) (5.8)

n=1
where n represents the rank of the harmonics (n = 1 corresponds to the fundamental
component.) The magnitude and phase of the selected harmonic component are calculated

by equations:

|Hp| = v aii + b (5.9)

b,
/H, = tan~t ( ) (5.10)
aTL
where
9 t
n=r f f(t) a, cos(nwt)dt (5.11)
",
9 t
b, = ™ f f(t) a, sin(nwt)dt (5.12)
"elr,
1
T, = ]7 fn — harmonic frequency (5.13)
n

For the first cycle of simulation, the Fourier output is held to the values specified by the
initial conditions and consequently the results are valid from the first cycle and after. The
current for the chosen harmonic frequencies is calculated by the Harmonic Controller (n)
shown in Fig. 5.4. The regression model (n) for selected harmonics (found in Table 5.3) is
defined based on the concepts mentioned previously having as predictors the parameters of

Table 5.1.
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Figure 5.4. APVSM — Harmonic Controller (n)
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Figure 5.5a. Even/Odd harmonics of Active Power

Figure 5.5. Harmonics of Active and Reactive Power
As can be seen in table 5.3 the even harmonics and harmonics of order higher than the 11th
are not considered in the modelling as their amplitude is insignificant. This observation can
be seen from Probability of Occurrence of Power Harmonics in Fig. 5.5. The regression

models and their estimated fit accuracy are shown in Table 5.3.

Table 5.3. Regression models used in the PV System modelling and their fit accuracy

Figure 5.5b. Even/Odd harmonics of Reactive Power

Internal Model Input Variables Accuracy Regression Model -
Signals (R?») Polynomial Degree
Active Power Solar Irradiance 1.000 Second Degree
Fundamental
Active Power Current RMS, Active Power Fundamental, Reactive 0.858 Four Degrees per
34 Harmonic Power Fundamental, Voltage RMS, Voltage THD variable
Active Power Current RMS, Active Power Fundamental, Reactive 0.947 Four Degrees per
5t Harmonic Power Fundamental, Voltage RMS, Voltage THD variable
Active Power Current RMS, Active Power Fundamental, Reactive 0.951 Four Degrees per
7" Harmonic Power Fundamental, Voltage RMS, Voltage THD variable
Active Power Current RMS, Active Power Fundamental, Reactive 0.904 Four Degrees per
9th Harmonic Power Fundamental, Voltage RMS, Voltage THD variable
Active Power Current RMS, Active Power Fundamental, Reactive 0684 Four Degrees per
11" Harmonic Power Fundamental, Voltage RMS, Voltage THD variable
Reactive Power Current RMS, Active Power Fundamental, Reactive 0.894 Four Degrees per
34 Harmonic Power Fundamental, Voltage RMS, Voltage THD variable
Reactive Power Current RMS, Active Power Fundamental, Reactive 0.981 Four Degrees per
5" Harmonic Power Fundamental, Voltage RMS, Voltage THD variable
Reactive Power Current RMS, Active Power Fundamental, Reactive 0.919 Four Degrees per
7t Harmonic Power Fundamental, Voltage RMS, Voltage THD variable
Reactive Power Current RMS, Active Power Fundamental, Reactive 0.871 Four Degrees per
9" Harmonic Power Fundamental, Voltage RMS, Voltage THD variable
Reactive Power Current RMS, Active Power Fundamental, Reactive 0.675 Four Degrees per
11* Harmonic Power Fundamental, Voltage RMS, Voltage THD variable
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The voltage total harmonic distortion (VTHD) index is calculated by using equation (4.1).
The amplitude of individual voltage harmonics is obtained by applying Fourier analysis on
voltage waveforms. The regression model results for the 3™ Harmonic Active Power and the
3" Harmonic Reactive Power are presented in Tables 5.4 and 5.5 respectively. Similar

results are obtained for the remaining power harmonics found in Table 5.3.

Table 5.4. Regression models for the 3" Harmonic Active Power

Active Power - 3" Harmonic
Linear regression model: Confidence Interval of
y ~ Linear formula with 45 terms and 5 predictors
Parameter Estimated 8, | SE tStat pValue Lower Bound Upper Bound

(Intercept) -0.5181 0.061543 -8.4185 9.68E-17 -0.6388 -0.3974
X1 0.082704 0.037008 2.2347 0.025598 0.0101 0.1553
X2 0.002345 0.000261 8.9877 8.39E-19 0.0018 0.0029
X3 0.014678 0.000717 20.467 3.24E-81 0.0133 0.0161
Xa -0.04747 0.003432 -13.831 9.11E-41 -0.0542 -0.0407
Xs -1.8514 0.31019 -5.9686 3.06E-09 -2.4599 -1.2429
X 0.021833 0.005642 3.8696 0.000114 0.0108 0.0329
X1X2 -0.00057 0.000152 -3.7214 0.000206 -0.0009 -0.0003
X1X3 -0.00181 0.000421 -4.2996 1.83E-05 -0.0026 -0.001
X3 -0.00016 7.55E-06 -21.758 4.13E-90 -0.0002 -0.0001
X1Xa 0.010686 0.001899 5.6269 2.23E-08 0.007 0.0144
X4? 0.002725 0.000177 15.434 1.39E-49 0.0024 0.0031
X1Xs 0.61674 0.16539 3.7289 0.0002 0.2923 0.9412
X2Xs 0.007763 0.001294 6.0012 2.52E-09 0.0052 0.0103
X3Xs -0.02526 0.001735 -14.564 1.03E-44 -0.0287 -0.0219
XaXs 0.17785 0.013594 13.083 6.82E-37 0.1512 0.2045
X 1.9782 0.2598 7.6144 4.98E-14 1.4686 2.4879
X3 -0.00347 0.001185 -2.9306 0.003441 -0.0058 -0.0011
X1°Xa -0.00057 0.000207 -2.7335 0.00635 -0.001 -0.0002
X1Xa? -0.00012 3.10E-05 -3.8777 0.000111 -0.0002 -0.0001
Xa® -0.00016 5.91E-06 -26.56 3.45E-125 -0.0002 -0.0001
X1Xs -0.0578 0.021106 -2.7385 0.006254 -0.0992 -0.0164
X1X2X5 -0.00191 0.000626 -3.0583 0.00227 -0.0031 -0.0007
X1X3Xs5 -0.00558 0.000946 -5.8981 4.65E-09 -0.0074 -0.0037
X1XaX5 0.018938 0.005295 3.5766 0.00036 0.0086 0.0293
X2XaXs -0.00034 4.18E-05 -8.1713 7.00E-16 -0.0004 -0.0003
X3XaXs 0.001987 0.000125 15.949 1.46E-52 0.0017 0.0022
X4?Xs -0.00781 0.000514 -15.192 3.28E-48 -0.0088 -0.0068
XaXs” -0.0657 0.06387 -1.0286 0.30386 -0.191 0.0596
X2Xs> -0.00755 0.001017 -7.428 1.96E-13 -0.0095 -0.0056
X3Xs” 0.019414 0.002928 6.6313 4.82E-11 0.0137 0.0252
XaXs” -0.08315 0.011523 -7.2163 8.92E-13 -0.1058 -0.0605
X5 0.007141 0.036899 0.19354 0.84657 -0.0652 0.0795
X1°XaXs 0.002554 0.000862 2.9616 0.003114 0.0009 0.0042
X1Xa’Xs -0.00016 3.95E-05 -4.0993 4.39E-05 -0.0002 -0.0001
X1Xs? 0.021413 0.012845 1.667 0.095745 -0.0038 0.0466
X1X3Xs” -0.00088 0.000348 -2.5112 0.012148 -0.0016 -0.0002
X3XaXs> 0.000529 8.44E-05 6.2658 4.99E-10 0.0004 0.0007
Xa?Xs? -0.00202 0.00034 -5.9368 3.70E-09 -0.0027 -0.0014
Xaxs® -0.04508 0.012883 -3.4994 0.000482 -0.0704 -0.0198
X35> 0.013486 0.001553 8.686 1.08E-17 0.0104 0.0165
Xaxs® -0.05335 0.006185 -8.6257 1.77E-17 -0.0655 -0.0412
xs* 0.011671 0.00522 2.2357 0.025534 0.0014 0.0219
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Table 5.5. Regression models for the 3™ Harmonic Reactive Power

Reactive Power - 3" Harmonic
Linear regression model: Confidence Interval of S
y ~ Linear formula with 42 terms and 5 predictors
Parameter Estimated 3, | SE tStat pValue Lower Bound Upper Bound

(Intercept) 0.19434 0.10152 1.9143 0.055798 -0.0048 0.3935
X1 -0.11936 0.060738 -1.9651 0.04961 -0.2385 -0.0002
X2 -0.00122 0.000432 -2.8176 0.004909 -0.0021 -0.0004
X3 0.00888 0.001154 7.6958 2.72E-14 0.0066 0.0111
X4 -0.02837 0.008377 -3.3864 0.00072861 -0.0448 -0.0119
X5 -0.5172 0.21994 -2.3515 0.01884 -0.9487 -0.0857
xi -0.0571 0.008808 -6.4824 1.27E-10 -0.0744 -0.0398
X1X2 0.001083 0.000255 4.2561 2.23E-05 0.0006 0.0016
X1X3 -0.00225 0.00066 -3.4121 0.0006638 -0.0035 -0.001
X1X4 0.01666 0.004679 3.5605 0.0003831 0.0075 0.0258
X3X4 -0.00097 4.61E-05 -21.088 1.88E-85 -0.0011 -0.0009
x4 0.002433 0.000223 10.888 1.65E-26 0.002 0.0029
X1X5 0.3234 0.090849 3.5597 0.00038423 0.1452 0.5016
X2Xs 0.001352 0.000916 1.4765 0.14005 -0.0004 0.0031
X3X5 -0.02622 0.003613 -7.2567 6.70E-13 -0.0333 -0.0191
X4Xs 0.032735 0.01918 1.7068 0.088098 -0.0049 0.0704
xs” -3.08 0.81979 -3.7571 0.00017932 -4.6882 -1.4718
xi® 0.006943 0.001625 4.2721 2.07E-05 0.0038 0.0101
xi’x* 0.002103 0.000232 9.0505 4.89E-19 0.0016 0.0026
X1X4* 0.000193 3.33E-05 5.8081 7.89E-09 0.0001 0.0003
x4 -0.00018 8.32E-06 -21.96 1.60E-91 -0.0002 -0.0002
x1’Xs -0.11872 0.046335 -2.5622 0.01051 -0.2096 -0.0278
X1X3X5 -0.00757 0.002083 -3.636 0.00028746 -0.0117 -0.0035
X1X4X5 0.027533 0.008754 3.145 0.0016973 0.0104 0.0447
X2X4X5 0.000317 8.18E-05 3.8797 0.0001097 0.0002 0.0005
X3X4X5 0.003377 0.00018 18.811 3.23E-70 0.003 0.0037
X4’Xs -0.01406 0.000744 -18.908 7.50E-71 -0.0155 -0.0126
X1Xs> -0.06483 0.026096 -2.4844 0.013097 -0.116 -0.0136
X2Xs” 0.014043 0.003445 4.0763 4.85E-05 0.0073 0.0208
X3X5> 0.058466 0.004432 13.191 1.93E-37 0.0498 0.0672
X4Xs” -0.25851 0.018387 -14.059 5.62E-42 -0.2946 -0.2224
Xs® -1.6889 0.33148 -5.0948 3.99E-07 -2.3391 -1.0386
X1’Xs 0.017728 0.00805 2.2021 0.027827 0.0019 0.0335
X1X3Xs> -0.00513 0.001455 -3.5222 0.00044239 -0.008 -0.0023
X1X4Xs” 0.020212 0.006013 3.3613 0.00079755 0.0084 0.032
X3X4Xs> 0.001082 0.000116 9.3315 4.19E-20 0.0009 0.0013
X4’Xs” -0.00403 0.000461 -8.7317 7.35E-18 -0.0049 -0.0031
xixs® -0.03946 0.008946 -4.4103 1.11E-05 -0.057 -0.0219
X2X5® 0.00667 0.001352 4.9327 9.13E-07 0.004 0.0093
X3Xs® 0.031749 0.002757 11.516 2.52E-29 0.0263 0.0372
X4Xs® -0.12355 0.011115 -11.115 1.62E-27 -0.1454 -0.1017
xs* 0.051667 0.01169 4.4197 1.07E-05 0.0287 0.0746

For the proper synchronization of the fundamental/harmonic current signals, the CDSC-PLL

is utilized. The CDSC-PLL is shown in Fig. 5.6 and it is used for detecting/tracking the phase

angle of the grid voltage for both the fundamental frequency and the harmonics under

consideration. More information about the CDSC, dqPLL and Phase correction modules

composing the CDSC-PLL (Fundamental & Harmonic PLL Blocks) are found in [156]. The

abc to Alpha-Beta (af}) block performs a Clarke transformation on the three-phase abc

voltage signal according to equation (5.14):

oS WIN

Z;1=|

1 1

(5.14)
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Figure 5.6. Fundamental and Harmonic PLL Modules

The input to the three phase current source has been calculated using the dq0/abc
transformation described by equations (5.15). Ia and Iq represent the real and imaginary part

of the calculated current phasor respectively.

sm(wt) cos(wt)
I, d
2 — _ _ _
H _ 2fsinoe =) cos l 5.15)
1
¢ sin a)t+ cos a)t+

where I,,I}, and I, are the phase currents and the I;,/; are the d and q axis components of

the calculated current phasor respectively. I, is the zero-axis component which is equal to

zero for balanced analysis.

5.2.2 Industrial Area Distribution Grid under Investigation

Different PV concentrations are investigated by using the APVSM to assess the power
quality behaviour of a quite common distribution grid topology. The grid topology represents
an industrial area in which power quality measurements were performed before and after the
connection of a 150 kWp PV system. The system topology of the distribution grid in the
industrial area is shown in Fig. 5.7. Moreover, the response of the distribution grid before
and after the installation of the 150 kWp PV system is shown in Fig. 4.4. Based on
measurements done in the industrial area the load power consumption follows the curve of
Fig. 5.8. Subsequently, the data obtained from the measurements were further used in the
simulation of the industrial area distribution grid. It is considered that the background total
harmonic distortion (THD) of the voltage on the distribution transformer is approximately

1% (this assumption agrees with the measurements done on the distribution transformer).
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Figure 5.8. Load profiles for the cases under investigation

5.2.5 Methodology adopted for the APVSM

Measurements from the 150 kWp PV System located in the industrial area under
investigation are used to adjust the regression parameters required for the configuration of
the APVSM. More specifically, data of one week are utilized to define the parameters of all
the regression models of APVSM. The APVSM is then inserted into the electricity grid
network of the industrial area to study the behaviour of different PV penetration scenarios.
The distribution transformer and the medium voltage network are replaced by their

equivalent circuit according to the methodology presented in Chapter 9. For simulation
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purposes, up to three PV systems are installed on the distribution grid and the voltage

distortion and voltage levels are considered.

5.3 Simulation Results - APVSM

The distribution grid topology of the industrial area is utilized for power quality
investigations while using the APVSM as the specific circuit topology has been tuned and
validated using experimental results. Three 150 kW; PV systems are introduced inside the
distribution grid topology and the simulation results are shown in Fig. 5.13. By comparing
the response of the distribution grid before and after the installation of the 150 kW, PV
system shown in Fig. 4.4 with Fig. 5.9 it is evident that a good agreement exists between
measured and simulated data. More specifically, from Fig. 5.9a it can be seen that the
distribution grid will not experience problems with voltage harmonics as the injection of
current harmonics is not significant (applies for EN 61727 compatible inverters). The dashed

red line in Fig. 5.9b represents the EN 50160 limit of voltage RMS for the distribution grid.
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Figure 5.9a. Voltage THD obtained from the simulation of the Figure 5.9b. Voltage RMS obtained from the simulation of the
industrial area distribution grid industrial area distribution grid

Figure 5.9. Simulation results for the industrial area case using the APVSM

As shown in Fig. 5.9b, the voltage limit is slightly exceeded with the installation of the third
150 kWp PV system as the produced power during times of high solar irradiance is well

above the demand of the local area loads.

5.4 Conclusions

In this chapter, a new PV system model for the study of power quality problems in
distribution grids is developed based on the extension of SPVSM. The model is used for the
study of varying PV penetrations in an industrial distribution grid network which is tuned
and modelled using power measurements. Along with the new Advanced PV System model
(APVSM), an accurate distribution grid model is proposed as well as an adequate validation

procedure for comparing power quality measurements with simulation results. The
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validation procedure is required in order to verify the accuracy of the models developed and
to increase the confidence of simulation results. By comparing the response of the
distribution grid before and after the installation of the 150 kWp PV system it is evident that
a good agreement exists between measured and simulated data. After the simulation results
are verified, they are compared to the international standard EN 50160 which is adopted for
power quality by many utilities worldwide. From the comparison, it has been observed that
EN 61727 compatible inverters do not cause noticeable voltage distortion in distribution
grids as the PV capacity increases up to almost four times the load demand. Furthermore,
the voltage levels can be improved by installing the appropriate PV capacity depending on
the local load demand. On the other hand when exceeding the aforementioned PV
penetration limit, overvoltages can occur and loss of invaluable PV produced energy. In
conclusion, the APVSM has been shown to produce acceptable steady-state response during
solar irradiance variations. In addition, the transient response of the APVSM did not seem
to react abnormally during the changes of solar irradiance and voltage grid variations but in
order to get a more accurate view for the transient response of the PV systems a complete

PV System Model representation is required to be developed.
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Chapter 6
Detailed PV System Model (DPVSM)

6.1 Introduction

The third PV system model adopted for the simulations is a detailed circuit representation
which includes a DC/DC converter, an AC/DC converter, a Maximum Power Point Tracking
(MPPT), a filter and a Power/Protection Control Circuit. The specific model has been
validated and tuned using measurements from a 150 kW; PV system. The detailed model
has been implemented to assess the steady-state/transient behaviour of PV systems and to
provide the insight and data required for the simplification process with an ultimate aim to
enable the ability of performing efficient power quality investigation on larger power
systems. Thereafter, the work presented in this chapter focuses firstly on the accurate
modelling of PV systems and secondly on the study of varying concentrations of
photovoltaic (PV) systems on a proposed electricity grid with and without voltage regulation.
Furthermore, apart from power quality investigations, the detailed PV system model has
been used in fault studies in the presence of high PV penetrations. From simulations of
varying concentrations of PV systems, it has been observed that no significant voltage
distortion is caused when the inverters comply with standard EN 61727. The only problem

seen while increasing the PV penetration levels above the load demand is the overvoltages
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during high PV power production. For the latter case, different voltage regulation schemes
are utilized to maintain the voltage quality at acceptable levels set by international standards.

Finally, the use of DPVSM made it possible to quantify the level of transient voltage
levels by changing the load and solar irradiance conditions during the occurrence of a single-
phase fault. It is important to be mentioned at this point that the modelling methods,
presented earlier, cannot be used in the study of voltage regulation and faults as they do not
take into account the additional functionalities incorporated into the control circuit of the PV
inverter. Modifications to the PV System models presented in the previous chapters could
enable the study of voltage regulation or even fault capability, but significant effort is

required to make the models respond accurately during transient conditions.

6.2 DPVSM - Network - Methodology

6.2.1 DPVSM - Complete PV system circuit representation

The DPVSM proposed for the simulations consists of a PV array, a diode, an inverter and
a power grid interface as shown in Fig. 6.1. The PV array is modelled according to its
equivalent circuit shown in Fig. 6.2, by using the equations deriving from the circuit

representation.
PV Array

/ // // // // / Bmgg /Ml o Power Grid
/ / / / / /_» Breaker
[ L[] ] ] DC /AC —
[ [ ] ] ]}
[ [ [ [ ] ]

Figure 6.1. Proposed model for Grid-Connected Photovoltaic Systems
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Figure 6.2. Equivalent circuit of a PV array

In particular, the behaviour of the PV array model is affected by the solar irradiance, the

temperature and the specific characteristics of the chosen PV module technology. The PV
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inverter circuit is composed of a DC to DC converter, which is necessary to track the
maximum power point of the PV arrays, a DC to AC converter to transform the DC power
into AC, means of energy transfer to absorb fast voltage variations and filters to eliminate
undesirable harmonic components. The modular circuit configuration of the PV inverter is

shown in Fig. 6.3 [155].
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Figure 6.3. PV Inverter Circuit Topology

A maximum power point (MPP) tracking mechanism to extract the maximum power
available from the PV array is also considered. The maximum power point tracking adopted
is the incremental conductance method with an integral regulator to minimize the error in
tracking the MPP. More information about the specific algorithm is found in [156] and [157].
The current controller is based on the feedback linearization scheme [158] according to the

following equations expressed in the synchronously rotating d-q reference frame:

Vd=Ed-§—z—w-L-Iq—ud 6.1)
Vq=Eq-II:II—l—w-L-Id—uq 6.2)
and

ty= (Kp 4 %) (I — 1) (6.3)
ug = (K, + %) ;- 1,) (6.4)

where E4 and E are the d- and g- axis components of the grid-side voltage, Vg and V; are

those of the inverter voltage, w is the system angular frequency, L the reactance of the

transformer, I and I; the corresponding reference currents, I; and I, the actual currents at
the inverter output, N; /N, the transformer ratio and K, and K; are the proportional and
integral gains of the PI controller. The parameters u,; and u, are the control rules (PI

controller) for the d- and g- axis respectively.
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The above model was chosen to be used as it represents, if properly tuned, the behaviour
of the inverter during real time conditions that include variations in solar irradiance,
temperature and supply voltage. In addition, the voltage regulation has been achieved via the
PV inverter by controlling the amount of reactive power absorbed or injected into the grid.
In this work, the performance of three different reactive power regulation methods is tested,
two of them are static and one is dynamic. The regulation methods chosen are the following:

a) Fixed Power Factor: The power factor at the output of the PV system is pre-set to a
certain value (-0.95) and it is kept constant during active power production.

b) Adaptive Power Factor: The power factor at the output of the PV system is defined
according to the variation of active power production. The relationship of power factor with

active power production is shown on Fig. 6.4 [159].
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Figure 6.4. Adaptive Power Factor Method

¢) Dynamic Power Factor Method: The power factor value is set dynamically according
to the voltage level measured at the output of the PV system. The reactive power in this case
is adjusted by changing the power factor based on the following algorithm (a similar voltage
regulation scheme is found in [160] according to which the reactive power is varied in

relation to the voltage level) :

Lor -1 for UL <, <UR
PF =4-1+4 % (Vgn, U ZZS’ Band Y for Ug,;,d Band Vi < [y Upver Limit 6.5)
1+ A2 X (Vg = ULD(Zavzd Band) for ULower Limit < Vgn-d < Ug;id Band
and
Al = lper lu;z 7 Dead Band Az = e ian_d il Lower Limit (66)
U - UHfg/z ULUW -U

where Vg,.iq is the RMS voltage measured on phase L1 (it is assumed that the power system

is balanced), UP5a? B4 and UREsit P*™¢ are the lower and upper limits of dead band zone
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in which no voltage regulation is performed, Ut0"er Limit and yupper Limit re the Jower and
upper limits of voltage range in which voltage regulation is performed and PF™™ is the
lower limit of the permissible power factor. A negative power factor value means absorption
of reactive power. The above voltage regulation algorithms are based on voltage regulation
methods described in [159]. It must be mentioned that the reactive power regulation methods
adopted for the investigation are proposed by the German Guideline "Generating Plants

Connected to the Medium-Voltage Network" [115].

6.2.2 Detailed PV System Model - Validation Procedure

The measurements taken from a 150 kW, PV system using a power quality analyser are
utilized for the modification/tuning and the verification of the proposed model. Specifically,
the modification/tuning of the DPVSM has been done manually but likewise a parameter
estimation procedure could be used for this purpose. Moreover, the solar irradiance during
power quality measurements at the PV system was obtained from a Meteorological Station
which is located nearby the system. The same solar irradiance profile was used for the

simulations (Fig. 6.5).
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Figure 6.5. Solar Irradiance Profile vs Time

73



Chapter: Detailed Photovoltaic System Model

1000 1000 -
O Measurement Results 5
@ Simulation Results ©  Measurement Results 2
900 2001 O Simulation Results -
o
800 800 St
700 700 o
L NE
§ 600 Theil Inequality Coefficient = 0.1544 S 600
‘é’ 8
@ 500 5 5000
g g
& 400 5 400+
2 @
300 300+
200 200
100 100 Theil Inequality Coefficient = 0.1597
BB RP R o 5
0 o Lo | OO | | i | o i L 1 1 1 | | )
0 10 20 30 40 50 60 70 0 20 40 60 80 100 120 140 160 180 200
Inverter Current Total Harmonic Distortion (%) Inverter Current RMS (A)
Figure 6.6a. Solar Irradiance vs Current Total Harmonic Distortion Figure 6.6b. Current RMS - Phase L1 vs Solar Irradiance
1000 -
Measurement Results 1 Measurement Results
" Simulation Results ) Simulation Results
€ Rl T 900
o
8
‘ 800
(=] o
. Theil Inequality Coefficient = 0.2904 700 f Theil Inequality Coefficient = 0.2781
% E
£ ‘ £ s
3 & 8 o
K] - & s00 o
£ g 3
3 2 400f ©
w a w
o 300
I 200
100
P00 @ 0,0 . Ol I Lo > @
TEoho g B ar® Shen § ox ) - O Z30 00 088 “
g fomoo g o g 0 g S I‘M, siiersc) ol L OO o0 KO )\'ew—-m"w Al 'ﬁ'(?ﬂ of
3 4 5 ] 7 4] 1 2 3 4 5 [} 7

2™ Order Current Harmonic (%)

Figure 6.6¢c. 2" Order Current Harmonic vs Solar Irradiance F

1000

soo s o
800
7004
60

5004

Solar Imadiance Wim®

4004

3004

..aﬁf&;u T B0 & G
05 O o i
3 4

-8 B

3™ Order Current Harmonic (%)

igure 6.6d. 3™ Order Current Harmonic vs Solar Irradiance

Measurement Results
Simulation Results

X Theil Inequality Coefficient = 0.2882

[#]

= @ am 2

00 Va® ¢
O T | OO |
5 6

4™ Order Current Harmonic (%)

Figure 6.6e. 4" Order Current Harmonic Probability Distribution

Figure 6.6. Comparison between measured and simulated results

By using the measured irradiance as input to the

simulation model a comparison between

the simulation and experimental results was made possible as demonstrated in Fig. 6.6a-

6.6e. The PV inverter model produced only odd harmonic currents at rated conditions as it

is evident in Fig. 6.6¢c-6.6¢. This is what expected from theory considering the operation of

the power electronics during the conversion of DC power into AC. The current THD of the
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inverter at rated operating conditions is lower than 5%. Also all individual harmonics up to
the 17" have been checked and were found to be lower than the limits mentioned in Table
3.5. Consequently, the inverter under investigation complies with the standard EN 61727
(IEC 61727:2004) “Photovoltaic (PV) systems/ Characteristics of utility interface” (Table
3.5) as can be concluded from the measurement results. The actual comparison of the
different measured and simulated quantities has been done with the "Theil inequality
coefficient". The specific inequality coefficient provides a measure of how well a time series
of observed values compares to a corresponding time series of estimated values. Values
lower than 0.3 depict good agreement between estimated and observed data [161], [162]. As
can be seen from the obtained results and inequality coefficients good agreement has been
obtained between simulated and measured results. Following its validation, the detailed PV

model can be used in the investigation of different PV concentration scenarios.

6.2.3 Distribution Grid Topologies under investigation
Different PV concentrations are also investigated by using the DPVSM to assess the

power quality behaviour of two distribution grid topologies.
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The first one represents the industrial area in which power quality measurements were
performed before and after the connection of a 150 kW, PV system and the second one is a
residential area grid. The system topology of the distribution grids in the industrial and
residential areas is shown in Fig. 5.7 and Fig. 6.7 respectively. It must be mentioned that the
simulations for the industrial area have been undertaken in Chapter 5 using the APVSM.
Due to this fact a comparison can be performed on the response of the industrial distribution
grid for the two different models.

The load profile (Fig. 5.8) and the distribution grid topology (Fig. 5.7) for the industrial
case are found in subsection 5.2.2. Measurements of load power consumption for summer
and winter (Fig. 6.8) from a residential distribution transformer were also used for the
simulation of the residential scenario. More information about the load variation in industrial
and residential areas can be found in [163]-[165]. It is considered that the background total
harmonic distortion (THD) of the voltage on the distribution transformer for both cases is
approximately 1% (this assumption agrees with the measurements done on the distribution

transformer for both areas).
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Figure 6.8. Load demand of the residential area

6.2.4 Methodology adopted for Detailed PV System Model
The measurements from the output of the 150 kW;, PV system located in the industrial

area were used to develop a detailed PV system model. For the proper modelling of the PV
system model, power quality measurements were undertaken at the grid connected PV
system. The quantities recorded are the power factor, the amplitude and angle of individual
current harmonics, the Total Harmonic Distortion (THD) and RMS values of voltage and
current for a time period of two weeks. The solar irradiance was obtained also from a nearby
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meteorological station and was employed in the development of the model after it was
synchronized with the power quality data. The solar irradiance was monitored every minute
and the power quality quantities every 30 seconds. Measurements of current amplitude and
harmonics were then used to tune and validate the proposed PV system model. More
information about the validation can be found in subsection 6.2.2.

The validated PV system model was further used in the simulation of two quite common
distribution topologies. The first network represents an industrial area for which
measurements are available before and after the installation of a 150 kWp PV system and the
second one is a residential area. The effect before and after the installation of the PV system
observed from the measurements in the industrial area was utilized for the validation of the
simulation results. For the industrial area case study, up to three 150 kW, PV systems are
connected to the distribution grid and the response of the distribution grid is evaluated. A
residential distribution topology is then considered with 150 kW) PV installed capacity and
its response is simulated both for summer and winter load profiles. The distribution grid
dynamics are determined by performing dedicated analysis on power quality measurements
obtained at the busbar of the distribution transformer and appropriate modelling of the
distribution grid is achieved based on the findings of the analysis. More details can be found
in Chapter 9.

From the results it was obvious that no significant voltage distortion is caused if EN
61727 compatible inverters are installed. However, it has been observed that overvoltages
can occur after exceeding a certain capacity of PV systems in the specific distribution grid
topology. In addition, appropriate corrective actions able to keep the power quality within
acceptable levels in the presence of high PV concentrations were considered. More
specifically, three different voltage regulation algorithms found in the literature and in
technical guidelines for the connection distributed generators on the low voltage network
were employed to improve the voltage levels in the cases when more than one PV systems
were installed in the grid. Finally, the response of the distribution grid during the occurrence
of a fault was evaluated while changing the load conditions, the solar irradiance and PV

penetration levels.

6.3 Simulation Results - DPVSM

Initially, the industrial area distribution grid was modelled properly and simulated in the
presence of one 150 kW; PV system. For this purpose, it was necessary to treat carefully the

distribution grid dynamics as described in Chapter 9. The obtained simulated results are
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compared with the measurements obtained before and after the installation of the 150 kW,

PV system shown in Fig. 6.9.
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Figure 6.9. Measurements obtained at the industrial area distribution grid

Then two more PV systems were introduced in order to investigate the effect of higher
concentrations of PV systems on the grid. From the results in Fig. 6.10a it can be seen that
the distribution grid will not experience problems with voltage harmonics as the injection of
current harmonics is very low even during high solar irradiance conditions. The dashed red
line in Fig. 6.10b represents the EN 50160 limit of voltage RMS for the distribution grids.
This limit is exceeded with the installation of the third 150 kW; PV system as the produced
power during times of high solar irradiance is much more than the demand of the local

distribution grid.
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Figure 6.10. Simulation results for the industrial area case

The PV produced energy raises the grid voltage when the load is supplied by local PV
generation and the excess of PV generated power is flowing thought the transformer into the

medium voltage network.

78



Chapter: Detailed Photovoltaic System Model

In general, the violation of the voltage limit can have undesirable consequences for both
energy producers and utility customers. On the one hand, it will force the inverters to trip
and lead to loss of energy production each time the violation occurs and on the other hand it
may cause malfunction or permanent damage to electrical devices and sensitive electronic
equipment. For simulation purposes the inverter has not been designed to have a protection
circuit and neither has been programmed to trip after exceeding certain voltage or frequency
limits. This constitutes the main reason why overvoltage was allowed during the simulation
process. Then a residential grid was considered in the presence of one PV system. The
simulation results are shown in Fig. 6.11 and 6.12. It is important to be noted that the
variation during winter load conditions is greater than the voltage variation during summer
load conditions for the aforementioned PV installed capacity. The voltage THD index
remains almost unaffected by the operation of the single 150 kW, PV system installed on

the residential distribution grid during the two seasons.
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Figure 6.11. Simulation results for the residential area for summer load conditions
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It is observed however that the voltage profile changes after the installation of a large PV
system. The voltage variation increases from 6 to 12 volts in the summer as shown in Fig.
6.11a. On the other hand, in the winter the variation increases from 9 volts to 13 volts as
observed in Fig. 6.12a. By observing the variation of the current harmonic phasors shown in
Fig. 6.13, it can be concluded that in some instances the current harmonics may assist in
improving the voltage THD when the harmonics of the grid have 180 degrees phase
difference from the current harmonics of the inverter. This condition may be quite probable
as the deficiencies in inverter control may cause harmonics of random phase and angle that
may eliminate harmonics of the distribution grid voltage.

From Fig. 6.10b it is evident that in order to install more than two PV systems on the
same distribution grid it is required to utilize a voltage regulation mechanism to maintain the
voltage within acceptable levels since automatic voltage regulation is not an available option
at the local distribution transformer. When the voltage regulation capability of the PV
inverters is enabled, the voltage profile at the transformer's busbar can be improved only if
the appropriate voltage regulation algorithm is selected based on network dynamics as can
be seen on Fig.6.14. In Fig. 6.14a, the response of the grid voltage in the presence of two
150 kW; PV systems with voltage regulation is presented. From the results of Fig. 6.14a it
can be seen that the Adaptive Power Factor methods do not provide any improvement in the
voltage behaviour. On the contrary, the aforementioned methods force the grid voltage to
operate close to the allowable voltage limits and can cause voltage variations that can be
harmful for the operation of the utility grid during solar irradiance fluctuations. This also
applies to the three 150 kWp PV capacity case (Fig. 6.14b). On the other hand, the Fixed
Power Factor method achieves to set the voltage within an acceptable range but it can also

cause large voltage deviations that are not desirable. The best performing voltage regulation
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algorithm proved to be the Dynamic Power Factor method which not only it can lower the
upper value of the voltage but additionally it can decrease the voltage variation in a quite
small range even for the three 150 kW PV capacity. When the voltage regulation capability
of some of the PV inverters is enabled, the voltage profile at the transformer's busbar can
also be improved as can be seen in Fig. 6.15 (the dynamic power factor scheme is adopted
which can achieve a power factor correction reaching at minimum 0.6). The comparison
with the voltage limits described in EN 50160 standard can be done by referring to the

cumulative distribution function (CDF) presented in the aforementioned graph.
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Figure 6.16. Power Factor at the output of PV systems during voltage regulation

The improvement for one PV system without voltage regulation capability (VRC) and one
with (Fig. 6.15a) is only 4 volts but for two 150 kW, PV system with VRC (Fig. 6.15b) the
improvement reaches 7 volts and it is essential for the healthy operation of the distribution
grid. The power factor for the different PV concentration cases is shown in Fig. 6.16. For
the two 150 kW, PV system installed capacity case, the inverter is performing correction on
the voltage by decreasing the power factor to 0.7 (lagging) in order to enable the network to
accept more active power (Fig. 6.16a). In the three 150 kW, PV system installed capacity
case, the two PV systems with VRC need to operate with a power factor reaching the value
of 0.65 (lagging) so that the voltage is maintained at the desirable limits described by
international standards (Fig. 6.16b). Additionally, from Fig. 6.16b it can be observed that the
operation of the two PV systems with VRC is very similar in terms of reactive power
regulation. Deviation in behaviour is mostly due to the fact that there is a slight difference
in the voltage levels observed on the buses where PV systems are installed (it is known that
the reactive power sharing or the active power curtailment is not done in an equal way among
DGs due to fact that each point of common coupling has different voltage/impedance
characteristics [18], [105], [166], [167]). It is clear thus that over-sizing the PV inverters
becomes a necessity when regulation of reactive power is required to be achieved [168],
[169].

Finally, the fault behaviour of the industrial area distribution grid has been evaluated
during the occurrence of a fault on Phase A of Feeder 3 as shown on Fig, 6.17. The fault
lasts for 5 cycles until the protective relays of the distribution grid detect and clear it. The
protection control circuit of the PV system detects the large deviation in frequency during

the fault occurrence and terminates the operation of the PV system.
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Figure 6.17. Introduction of Fault on Phase A of Feeder 3

As long as the fault is not cleared the PV system does not produce any power. When the grid
voltage reaches again normal operation conditions, the PV system starts to generate power.
Depending on the level of solar irradiance and local area load consumption, a transient is
produced which may have an amplitude greater than the normal voltage operating condition
in some instances. By performing parametric studies, it was possible to quantify the level of
transient voltage levels by changing the load and solar irradiance conditions as can be seen
in Fig. 6.18. The higher transient voltage occurs during high solar irradiance and no load
conditions (Fig. 6.18a). The lower transient voltage is only affected by the load conditions
as the PV system is deactivated while the fault is occurring (Fig. 6.18b). The maximum
frequency value occurs mostly during medium solar irradiance conditions and it does not

seem to be affected by the load consumption (Fig. 6.19a).
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On the contrary, the lower frequency level improved while the PV production is increasing
as shown on Fig. 6.19b. The worst case in terms of voltage (no load and high solar irradiance
conditions) is used to investigate different PV concentrations and results obtained are shown
in Fig. 6.20. From Fig. 6.20a it can be observed that the voltage variations reduce as the PV
capacity increases. On the other hand, the upper frequency value improves while increasing

the PV capacity but the lower value gets even lower (Fig. 6.20b).

6.4 Conclusions
This chapter presents the Detailed Model Representation of the PV System as well as a

voltage regulation algorithm able to maintain the voltage below the limits proposed by
international standards. From the findings of the simulations it has been found that EN 61727
compatible inverters do not cause significant voltage distortion in distribution grids.
However, it has been observed that overvoltage can occur during high PV production. In
order to increase the installed PV capacity above the threshold imposed by the distribution
grid dynamics and loading it is required to utilize the appropriate voltage regulation scheme.
Apparently, the voltage regulation capability of the PV inverters will be enabled in future
large PV installations to ensure the stability of power system operation and to maintain the
good quality of supplied voltage.

On the other hand, it has been shown that the Detailed PV System Model can be used
effectively in assessing the behaviour of the distribution grid during faults as modifications
in the control circuit of the inverter to incorporate protection functionality is possible. Based
on the observations made in this chapter it is evident that the use of PV system models
operating at unity power factor will be limited. The most appropriate PV system model
should not only consider the transient response of the inverter during changes of input power
but also the transient response of the inverter during voltage variations. Any attempt for the
development of simplified models should take into account the full functionality and
capabilities of the inverters in order to be practical and useful in power studies of large power

networks.
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Chapter 7
Transient PV System Model (TPVSM)

7.1 Introduction
Photovoltaic (PV) technology is already one of the main alternative sources able to cover

significant energy demand. The deployment of PV technology in local distribution grids is
usually done in an uncontrolled way which may induce power quality issues as penetration
increases. Simulation models and related studies are critical tools that reveal possible
unwanted problems during the design stage prior to realization. The utilization of accurate
simulation models is of great importance in an attempt to assess the real consequences of
localized energy production from distributed energy sources and in particular PV. A generic
PV system model for transient studies, the parameters of which can be tuned using transient
data is proposed in this work. The model is tuned and validated using transient data obtained
from a detailed PV system circuit topology developed in Matlab Simulink. The model is a
three phase representation capable of simulating with sufficient accuracy normal/unbalanced
operating conditions and voltage regulation. Harmonics are also incorporated into the model
to reveal its capability for use in complete power quality studies. The main novelty of this
work lies in the fact that the proposed model can be tuned in order to represent accurately

the dynamic behaviour of PV systems for both balanced and unbalanced conditions. The
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developed model is used along with the detailed PV system model to assess the voltage
transient response of a distribution grid busbar. Finally, the transient behaviour of the
distribution grid busbar having different grid impedance values is also evaluated utilizing
the proposed model. The estimated and observed results are compared with the Theil

Inequality coefficient depicting good agreement.

7.2 Transient PV System Model

7.2.1 Existing PV System Models - Comparison
The modelling capabilities of the PV system models presented in Chapter 2-Section 2.3

are summarized in Table 7.1. It is evident that a comparison is made feasible between the
proposed PV system model and the existing models found in the literature via the main
modelling capabilities shown in Table 7.1. An aspect derived from the literature search,
which may not be so obvious, but it can be quite important for simulation studies, is the
ability of a specific modelling capability to be tuneable. A considerable number of PV
system models found in the literature cannot be tuned/adjusted in order to represent
accurately the dynamics of each PV system found on the market constituting a great
drawback for simulation studies. The adjustability of a specific modelling capability can help

in representing accurately PV systems with different parameters.

Table 7.1. Capabilities of models found in the literature and comparison with the model proposed in this work

Modelling Capabilities
Model Name Steady State Transient Balanced Unbalanced Filter Switching Control
Response Response Conditions Conditions Harmonics Harmonics Harmonics
Tuneable Tuneable Tuneable Tuneable Tuneable Tuneable Tuneable
MPV1 v Yes N Yes N Yes v No v Yes N Yes v No
(detailed PV

System
model)
MPV2 v Yes X No N Yes X No v No X No X No
MPV3 N Yes x No \ Yes x No x No x No x No
MPV4 B Yes X No N Yes X No X No X No X No
MPV5 \ Yes x No \ Yes x No x No x No x No
MPV6 N Yes N Yes N Yes B No B Yes v Yes B No
MPV7 R Yes N Yes N Yes X No X No X No X No
MPV8 Yes N Yes N Yes X No X No X No X No
MPV9 \ Yes X No N Yes X No X No X No X No
MPV10 K Yes N Yes N Yes X No X No X No X No
MPV11 R Yes X No N Yes X No X No \/ Yes X No
MPV12 \ Yes \ No \ Yes x No x No x No x No
MPV13 R Yes N Yes N Yes X No X No X No X No
MPV14 v Yes N Yes N Yes X No X No X No X No
MPV15 R Yes N Yes N Yes X No X No X No X No
MPV16 v Yes N Yes N Yes X No X No X No X No
MPV17 R Yes X No N Yes X No X No \/ Yes X No
MPV18 v Yes N Yes N Yes X No B Yes v Yes X No
MPV19 R Yes N Yes N Yes X No X No X No X No
MPV20 v Yes N Yes N Yes X No X No X No X No
MPV21 R Yes N Yes N Yes X No R Yes \/ Yes X No

Proposed N Yes N Yes N Yes N Yes N Yes N Yes N Yes
Model
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7.2.2 Methodology

A generic PV system model is developed based on the circuit topology and control

scheme of a detailed three phase PV system. Analysis of the switching circuit representation
in d-q synchronous frame is performed to extract the equations and transfer functions
required for the formulation of the proposed model. The DC link of the PV inverter is
considered to be constant and is omitted from the analysis as the dynamics of the DC link
are much slower than the dynamics of the inverter. The transfer functions derived from the
analysis for balanced and unbalanced conditions are used to define a parametrized/generic
model of which the parameters are determined using the Nelder-Mead simplex estimation
method. The specific parameter estimation method compares the performance of the
proposed model with transient data from the detailed PV system model while varying its
parameters in order to establish the correct transient behaviour. The new model is capable
of simulating in an accurate and efficient way normal and unbalanced operating conditions.
The novelty of this work lies in the fact that the transient behaviour of the PV inverter during
unbalanced conditions can be tuned based on the inverter characteristics; an option that is
not given by the other models found in literature. Finally, simplified modelling of harmonics
is also undertaken in order to make the model more useful for power quality studies in an

attempt to highlight the full capabilities of the proposed model.

7.2.3 Detailed PV System Model

A common detailed PV system model is formed by a PV array, an inverter and a power
grid interface. The PV array is affected by the solar irradiance, the temperature and the
specific characteristics of the chosen PV module technology. The PV array converts the solar
irradiance into DC power which is then delivered to the distribution grid via the DC/AC
inverter. A Maximum Power Point Tracking (MPPT) Controller consisting mainly of a
DC/DC converter is used to extract the maximum available energy by adjusting the voltage
at the output of the PV array. The PV array and DC/DC converter are connected to a DC link
whose voltage is maintained constant by a DC/AC inverter circuit topology. In more detail,
the DC/AC inverter is set to inject the power reaching at the DC link into the electricity grid
and in that way the DC link remains constant. A filter is always placed at the output of the
inverter to eliminate undesirable harmonic currents produced by the switching operation of

the inverter. The modular circuit configuration of the PV system is shown in Fig. 7.1 [155].
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Figure 7.1. General schematic of a Detailed Photovoltaic System

Considering the large dc link capacitor, and the lower than fundamental frequency control
bandwidth of the DC bus voltage [170], [171], the DC link can be assumed constant. The
assumption of constant DC link is reasonable if it is also taken into account that the DC/AC
inverter has a much faster current control loop response compared to the changes in solar

irradiance and temperature [172].
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Figure 7.2. Detailed circuit topology of the adopted PV system [173]

The circuit topology of the detailed PV system model is shown in Fig. 7.2 [174], [175]. The
current controller is based on the feedback linearization scheme [158] according to the

following equations expressed in the synchronously rotating d-q reference frame:

u,=E,-w,LI,—m, (71)

u,=E,+o,Ll,—m, (7.2)

and

m, = (K, + 501, - 1) (7.3)
N

m,=(K,+ 5)(5,_?, -1,) (7.4)
N
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where Eq and Eq are the d- and g- axis components of the grid-side voltage, ud and uq are
those of the inverter voltage, wo is the system angular frequency, L the total inductance of
the filter (Li1+L2), larer and Iqgrer the corresponding reference currents, ld and Iq the actual
currents at the inverter output, and K, and Ki are the proportional and integral gains of the
PI controller. The parameters md and mq are the control rules (PI controller) for the d- and
g- axis respectively. Moreover, a Phase Lock Loop (PLL) is employed to track the phase
angle of grid voltage for use in transforming AC quantities into the d-q synchronous
reference frame and vise versa. The decoupling of active and reactive line current
components, by projecting them onto a synchronously rotating d-q reference frame, allows
the independent control of active and reactive power supply. The active (Idref) and reactive
(Igref) current references are calculated by using the active (Prer) and reactive (Qref) power

references as follows:

2 2
- 2%2p and g __ 2%, (7.5)
dref 3 Ed ref qref 3 Ed Qfé’/

The outer voltage loop is omitted due to the fact that it is assumed that the DC link is
constant. Depending on the chosen voltage regulation method, the reactive power reference
(Qrer) is set or adjusted accordingly. The aforementioned detailed model was chosen to be
used as it can represent the transient behaviour of the inverter during real time conditions
that include variations in solar irradiance, temperature and supply voltage. The LCL filter is

defined according to the guidelines given in [176].

7.2.4 Proposed PV System Model Description

The generalized schematic diagram of a PV system is shown in Fig. 7.3. The main
components are the filter, the utility grid interface and the power stage interface. The power
stage is managed by the control unit based on the grid synchronization and power

measurement signals.
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Qref Stage Filter i @
] =1,
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Control Unit |
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Figure 7.3. Generalized Schematic diagram of a PV System [173], [177]
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The PV system model proposed in our work is depicted in detail in Fig. 7.4 and it is designed
according to the generalized structure presented in Fig. 7.3. The PV system model is
composed of a three-phase current source (power stage interface), an LCL filter and a control

circuit defined in d-q synchronous frame (control unit) [173], [177].
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Figure 7.4. Detailed diagram of the proposed PV System Model

In the literature, a current source with a C/LC filter has been proposed in [175], [178] for
simulation studies but the specific model does not have the ability to be tuned/adjusted in
such a way to represent the transient behaviour of various inverters. The control circuit of
the proposed model includes a specially formulated transfer function (TF) which can be
tuned via an estimation method by only using transient data of current obtained from the
output of a simulation PV system model or a real PV system. The estimation method varies
the parameters of the TF, until the model current output matches the provided transient data.
The LCL filter parameters can also be estimated via transfer function identification while
using harmonic data of voltage and current phasors captured at the output of the inverter
under test. The PLL dynamics are decoupled from the proposed model dynamics by utilizing
a PLL with fast response. As the DC link is assumed constant [179], the dynamics of the
DC/DC converter, the MPPT and the PV array are omitted from the analysis but it is possible
to include their effect into the model by adding a transfer function that will relate the solar
irradiance Gu with the active power reference (Pref) signal of the control unit [180]-[185].
By replacing the DC link with a DC source, the nominal power of the model becomes
unlimited which is a great advantage when needing to use the model to represent various PV
systems. Finally, it is important to mention that the analysis presented in this work can be
applied for proportional-resonant (PR) current controllers as well [186], [187]. The abstract
representation of the proposed model including the input/output signals and the parameters
required for balanced/unbalanced and harmonic modelling is shown in Fig. 7.5. When using
the developed model, no prior knowledge is prerequisite about the modelling techniques

applied for the formulation of the model, but just only the parameters characterizing a
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specific PV system (shown in Fig. 7.5). The main advantage of the proposed model over the
detailed PV system model is that it can be tuned and represent accurately the transient
behaviour of the PV system under unbalanced conditions (something not possible when

using the detailed PV system model).

_____ TPVvSM_
| Parameters || Parameters | 3
i, (1)
P (?) | |4 b || ¢ d, |—
I —| | % b, | Balanced || c d, Unbalanced | .
| |a b Condition | * 4. | Conditions i, (1)
Q, () 37| Modeling ' | ¢, “*| Modeling | >
—_— | | b, || d, | ‘
—_—— VY= Y= = = = = = — 7.(0)
[ Harmonic Conditions | ——
Parameters Modelling
| Pramers |
S Mharmonicoder

Figure 7.5. Proposed Transient Photovoltaic System Model (TPVSM)

7.2.4.1 LCL filter Parameters Estimation

Defining the parameters of the LCL filter can be done in various ways. The parameters
are usually not available by the manufacturer and therefore accessing the internal circuit of
the inverter can reveal the type of the filter and the values of filter elements. Another method
for estimating the filter parameters can be the identification of the filter transfer function
using harmonic impedance data. The harmonic impedance data can be obtained if the
inverter is set at zero state in reference to the well-known space-vector pulse switching
modulation and by performing simultaneous measurements of voltage and current phasors

at different harmonic frequencies. The filter topology at zero state is shown in Fig. 7.6.

L4 L,
Y Y Y Y'Y Y
Y'Y Y\ Y'Y Y
Y Y Y\
+
= Voffset

Ea Eb Ec

Figure 7.6. Filter topology at zero state [188]

By shorting the left side of inductor L1 a connection is created between the Li and the
common point of capacitor bank having a DC offset difference (assuming that the system is
balanced). According to the superposition theorem [189], if analysis is performed on
harmonics, the two points are electrically connected with a short circuit for harmonic
frequencies. In this work, voltage and current phasors were employed from the first to the
eleventh harmonic frequency and by dividing the voltage phasors with the current phasors it

becomes possible to calculate the actual harmonic impedance values.
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Figure 7.7. Bode Diagram of Filter Impedance

The estimated transfer function of the harmonic impedance is obtained by applying the
estimation algorithm found in [190] and is then compared to the actual transfer function of
an LCL filter. The actual harmonic impedance and the estimated transfer function response
are both depicted in Fig. 7.7. The transfer function of the filter impedance is given by
equation (7.6) and the estimation method provides a transfer function of the same form given
by equation (7.7) [191].

s’L.L,C +s*(L,+L,)CR +s(L, +L,) (7.6)

Z%(s) =
7 s’L,C+sCR+1
os As®+ A,s* + As
zy (=20 A TS (7.7)
ST+ Bys+1

The mathematical formula (7.6) has four unknowns which can be easily calculated from the
system of five equations obtained via equating equation (7.6) with (7.7).

4 =LL,C
4, =(L +L,)CR, (78)
A, =L+L,
B =LC
B, =CR,

The estimated and actual values of the LCL filter impedance are shown in Table 7.2.

Table 7.2. Filter Parameters

LCL Filter Parameter | Detailed PV System Model Values Estimated Values Error
L1 (H) 0.0017 0.0017 1.02%
L (H) 9.6243e-05 9.287e-05 3.50%
Rc (Ohms) 0.0449 0.0453 0.89%
C (F) 2.0057e-04 1.9893e-04 0.81%

By applying the Thevenin to Norton transformation on the LCL circuit topology it is possible

to derive the impedances 7z and z by using the following equations.
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Z (s)= D CRAsL (7.9)
o L, C+sCR_+1
Zx(s) = st (7 10)

7.2.4.2 Transfer Function of the proposed PV system model for balanced
conditions

The main core of the model formed to represent accurately the dynamic behaviour of PV
systems is the transfer function shown in Fig. 7.4 for d and q synchronous reference frame
respectively. In order to formulate the required transfer function it is first assumed that the
filter at the output of the inverter is an L filter and not an LCL. This is reasonable due to the
fact that the dynamic behaviour of an LCL filter is similar to the L filter at low frequencies
which coincide with the current controller bandwidth [192]. It must also be mentioned that
in order to design a PI current controller for an inverter it is recommended to neglect the
filter capacitor using the L approximation mentioned above [193]. This approximation gives
reasonable results and at the same time makes the analysis and derivation of the required
transfer function simpler. The ac dynamics of the three phase inverter omitting the switching

effects is derived from equation (7.11):

L~—+Ri=v-E (7.11)
dt

where Lt is the total inductance of the output filter, R: is the total resistance of the output
filter, 7 the instantaneous output current, v the instantaneous voltage at the inverter side and
E is the instantaneous voltage of the grid side. Transforming equation (7.11) into d-q

synchronous frame yields:

-c

L ”zt +Ri + jo, Li¢ =V —E° (7.12)

where i = I, + jI, is the d-q frame output current, £¢ = £, + jE, the d-q frame voltage of
the grid side, v* =V, + j¥, the d-q frame voltage at the inverter side and e, is the system

angular frequency. A PI current controller with grid voltage feedforward and d-q cross

coupling cancellation is utilized for the inverter control task [194]:

Ve, =Gy (i, —1) + jeo, L +aE* =(k, +];")(ijﬁ —i)+ joo,Li +aE* (7.13)

where v, is the control rule for the d-q synchronous frame, i,

v = Lo + 71, 18 the d-q

frame reference output current and a the feedforward cancellation factor which can either be
a transfer function or a constant less than or equal to unity. For proper operation of the current

controller the parameter a is considered to be unity which is valid for the DC variations
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occurring in d-q frame. As discussed in the following subsection for unbalanced condition
modelling, this is not valid if harmonics appear at the controller. Based on the above, the

current controller diagram for d-axis is shown in Fig. 7.8 [195]. The same applies for the q-

axis.
Eq
Ge '
laret + /L'- J‘\_ ly
re N
O Ge + | Go + Gr g

o

Figure 7.8. Current controller in d-q synchronous frame for d axis

From the diagram of the current controller, the transfer function relating the output current
in the d-q frame with the reference current and the feedforward voltage is described by

equation (7.14) [191].

= GPIGDGF ijjej'_ GF(_GDGC +1) E° (7 14)
G,G,G.+1"  G,G,G.+1
g(s) »(s)
where
.k 1 1 22
GPI_kp+ GF: GD:e @ = Gc:e L:1+TL,S+O.5T‘,S
s Ls+R 1+7,s+0.57, s’

The inverter control delay G, [195] is approximated by a second order Pade formula [196],
[197]. G, is the output filter transfer function and G the compensation/feedforward filter

transfer function [194], [195]. As mentioned before, it is assumed that G,,G,. is exactly equal

to unity (equivalent to a feedforward cancellation factor equal to unity) which is indeed valid
for DC variations [194] and therefore equation (7.14) reduces to (7.15):
o _ GPIGDGF

rf T 2 2
OOl I L T+ R SRk, L)+ 4R

ks +h i (7.15)

ref
By considering also that the compensation/feedforward transfer function and the Pade

formula transformations, it is possible to define a relationship between the actual grid voltage

and the voltage passed into the controller given by (7.16):

c

Ve, = % = (1+T,s+0.5T,%s>) V' = v* = (1= T,s + 0.5T,*s* W' (7.16)

ref
D

Combining equation (7.15) with (7.16) it becomes possible to define the relationship
between the reference active (Pyqr)/reactive (Q.r) power with the actual inverter active

(Piny) /reactive (Q;py,) power:
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e (k,s+k)(1—T,s+0.5T,s%) oo (717
})inv + Qimrj =Vl = T2 TZ ! Vrc{f 'lref = TFG : (Ref + Qr(ffj)
st 7”Lr +s° (LT, +7dR,)+s2(z,R, +L)+(k,+R)s+k,
TF;
which yields:
i — TFG and % — TFG (7 1 8)
Pref Qref

The target transfer function (TF) required for the power control circuit of the proposed PV
system model can be obtained by analysing the control diagram of Fig. 7.9. It is assumed
that the power losses at the output filter are negligible as modern inverters are designed to

have less than 3% power losses in total at their output in comparison to the input power.

Pref +T TF Padzpinv Qref +T TF Qad=Qinv

Figure 7.9. Power control circuit of the proposed PV system model

Finally, the target transfer function is given by (7.19):

B O
TF: Ref — Qre _ TFG (7.19)
1_ inv 1_% I_TFG
Prz?/' Qﬂ?f

After substituting (7.17) into (7.19), a transfer function is obtained which has the same order

as the transfer function in (7.17):

T? T?
344 204d _ _
TF = § 7kﬁ+s (Tk" b T)+ sk, —kT,) +k _as +ays +as+a,  (7.20)
LT T? T? 7> s(b s’ +bhs +bs+b
s4j’L,+s3(L,Td+§R,—j’kp)Jrsz(z;Rf+L,—7dk,.+kp7;,)+s(Rf+kde) ®, 2 S +b,)

7.2.4.3 Phase Lock Loop (PLL) requirements

The phase lock loop (PLL) required for the realization of the model is an important
element which must have quite fast response to minimize its transient effect on the proposed
model. Also, it is required to have the capability of estimating d-q components for balanced
and unbalanced conditions. For this purpose, three types of PLLs and a Discrete Fourier
transform (DFT) sequence analyser [198], [199] are evaluated in order to identify which one
has the most accurate and fast response. The three PLLs under test are: ddsrfPLL [200],
[201], CDSC-PLL [202] and DSC-PLL [203]. The dynamic response of the d-q
synchronization methods under consideration for a positive sequence voltage variation is

shown in Fig. 7.10 (the same exact dynamic response is observed for negative positive
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sequence voltage variations). From Fig. 7.10, it is evident that the CDSC-PLL is the most

appropriate as it fulfils the application requirements.
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Figure 7.10. Dynamic response of d-q synchronization methods under consideration

7.2.4.4 Transfer Function of the proposed PV system model for unbalanced conditions

In order to model the transient behaviour of the inverter control circuit under unbalanced
conditions an important observation must be taken into account. In d-q coordinates, the
unbalancing in grid voltage is transformed into second order harmonic [201], [204] via the
d-q transformation and therefore a second order harmonic is superimposed on the DC
quantities if unbalanced voltage conditions occur. In [205], a current controller for
unbalanced conditions is developed as well and in such a case the analysis presented in the
previous subsection (subsection 7.2.4.2) should be repeated for obtaining the characteristic
transfer function for unbalanced behaviour modelling of the inverter. For this case, as the
transient behaviour of the inverter for balanced conditions has already been defined in
subsection 7.2.4.2, superposition circuit analysis will be applied to study the control circuit
only in the presence of the second order harmonic. Consequently, the current controller
under unbalanced conditions is shown in Fig. 7.11. As can be seen from the circuit diagram,
the reference currents are zero because the inverter is not designed to handle/react to
unbalanced conditions. The part of the control diagram enclosed in the dashed rectangle

reacts differently in the presence of the second order harmonic. More specifically, the

product G,G,. is not unity for non-DC quantities if a slight difference exists between G,

and G or in the absence of the compensation transfer functiong. .
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Figure 7.11. DQ synchronous frame current controller under unbalanced conditions
The product G,G, is given by equation (7.21) based on which a sensitivity analysis is

performed by increasing the difference between 7', and T, .

_1+Ts+0.5T7s’ (7.21)

G,G,. =
PO 14 T,s+0.5T)

The frequency response of G,G,. is presented in Fig. 7.12 and it is evident that the presence

of the second order harmonic enables the factor y(s) of equation (7.14).
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Figure 7.12. G,G, Bode diagram

As a consequence, the transfer function of the negative sequence current is represented in
the d-q frame with equation (7.22):

o _ G (GG +D) , (7.22)
MG GGl
PI~D F+1
»(s)
where

i, =i+ jil and (723)

ej, = (Ej+ JE))e 2" = (Ej + JE)(cos(=2(a,t + ) + jsin(=2(e,! + 9)))
0 4

The parameter e;’q is the negative sequence grid voltage expressed in the d-q frame, &1is the

angular frequency and EZ are the negative sequence components provided by the adopted
PLL. Substituting (7.23) into (7.22) results in:
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i1 = GGGt (o oi20) + E7 sin(20)) (7.24)
G, GG, +1 ‘
"= GI—‘ (_GDGC + 1)

e o (E} cos(20) — E! sin(26)) (7.25)

For simplification purposes, G, G. and G ,are both approximated by the first order Pade

formula as:
G,G,. = 1+7s  and G, = 1 (7.26)
1+T,s 1+T,s

Additionally it is assumed that the PI controller compensates exactly the effect of the output

filter [195] yielding:
M
G, G. = (7.27)

where Mis a constant. Equations (7.26) and (7.27) are then substituted into (7.24) and
(7.25), giving:

2 2
pe ST (E} cos(26) + E sin(20) =——" TS (g cos(26)+ E'sin20)) (7-28)
SLM+s*(RT,+L)+s(ML +R)+RM ‘ ds’ +d,s" +d,s+d, ‘
" sY(T,-T) s’ +epste,

(E} cos(20)— E] sin(20)) = (B, cos20)~E sin(20)) (7:29)

1, = 2 I Ee—
" SLM+s*(RT,+L)+s(ML, +R)+RM ds’ +d,s" +ds+d,

Finally, the complete circuit diagram of the proposed PV system model for

balanced/unbalanced conditions is shown in Fig. 7.13.

End_b cos(260) "
TF"
n . + Ed—>
E > sin(20) Eq_> Power |- P,
Calculation

ls—>
Pref 7\ TF l:>inv 2 Idest + Iq—b Block — Qad
+kj_ 3Ed + 0« _’End
t i} —E",
Paa Eq CDSC —> |
Qref+/‘\ Qinv 2 Iqes( iaref ibref i(:ref PLL _blq
TF =5 + > E,
N f lag | ad
Qac E, Three-Phase lbg
Current Source log v
— (|

EN —> cos(20)
g +
A TF Ea()Eb QD Ec
E"y—] sin(20)

Figure 7.13. Proposed PV System Model for balanced/unbalanced conditions

7.2.4.5 Parameter Estimation via the Nelder-Mead algorithm
The generalized transfer functions obtained for balanced and unbalanced conditions

representing the dynamics of the PV system can be further used along with current transient
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data to form a parameter estimation problem. More specifically the transfer function for
balanced conditions described by (20) can be represented by a PI controller in series with a
weighted sum of poles lying in the left-half plane for the d and q axes respectively. This is
valid for stable systems of which their poles always lie in the left-half plane. It is assumed
that the oscillatory part (imaginary part) of complex poles is insignificant or less probable to
occur (due to design constrains of PV system control) and therefore is omitted from the
analysis. In general, oscillatory behaviour is not considered in this work in order to reduce
the parameter estimation problem and for this reason equations (7.30) and (7.31) are
proposed. If equation (7.30) does not perform as expected then equation (7.31) may be used
(which has a double pole) or a parameter transfer function containing complex poles
(equivalent to mathematical formula (7.18)). Equations (7.30) and (7.31) are obtained using

the partial fraction decomposition/expansion method.

TF:(k;+k—’e)( H n r " r ) (7.30)
s

s+pl s+pr s+py

TR =+ Ry (7.31)
S

s+pl (s+pi)

where all the unknowns in equations (7.30) - (7.31) are parameters to be estimated. Similarly,

the parameter function for unbalanced conditions can be represented as:

TF" = (——+ 2 2 _)(E7cos(26) - E sin(26)) (7.32)
S+ D S+ y 2 S+ y 2

The parameter estimation is achieved with the Nelder-Mead simplex (NMS) algorithm. The
target of the algorithm is to minimize a cost function (the sum of squared errors between
estimated and simulated current RMS transient data) without employing a gradient
calculation method, classifying the NMS technique in the category of direct search methods.
The NMS simplex is a geometric shape of nonzero volume which is formed by n + 1 vertices.
At first, the algorithm is started with an initial guess provided by the user and therefore the
initial conditions play an important role in the duration and convergence of the estimation
process. At every new iteration, NMS generates a new vertex based on the objective/cost
function performance of simplex vertices. The algorithm then chooses to replace one of the
existing vertices with the new vertex and so the technique progresses. As a consequence, the
objective function value at each vertex is known at each iteration and the worst vertex with
the highest value is replaced by the new vertex. The NMS simplex is rescaled by using four
basic procedures: reflection, expansion, contraction, and shrinkage depicted in Fig 7.14.

More information can be found in [206]-[208] .
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Figure 7.14. Flowchart of Nelder-Mead simplex algorithm

In brief, the transfer functions of balanced conditions for both d-q axes are estimated by
applying a step change in active power input. The NMS tracks the transient response error
between the detailed PV system model and the proposed model and adjusts the parameters
of the transfer functions until the error is minimized. Comparison of current RMS transient
data (of only phase L1 as the system is balanced and as the parameter transfer functions are
equal for both d and q axes a slight difference between d and q axes parameter transfer
functions may arise if the analysis of [194] is adopted) acquired during the active power step
change are adequate for estimating the values of the parameter transfer functions. After that,
a step change in reactive power input is applied to fine tune the parameter transfer function
of q axis. Finally, a change in negative sequence components of the grid voltage is used to
define the parameter transfer functions for unbalanced conditions. In this case, current
transient data from two out of three phases are necessary for estimating and fine-tuning the
d-q axes parameter transfer functions for the unbalanced conditions. Despite the fact that the
NMS is an unconstrained estimation algorithm, its application in solving the aforementioned
problem forces NMS to progress in the left-half plane (if initial conditions are set correctly)

because the cost/objective function gets high values in the unstable region. The unstable
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region consists of a barrier that limits correctly the values domain/range and desirably helps

the NMS algorithm to converge faster.

7.2.4.6 Modelling of Current Harmonics

Current harmonics have their origin in two processes. The first one is the PWM switching
and the second one is the influence of grid voltage harmonics on the inverter control circuit
and output filter. As regards the first process, the variety of PWM switching methods can
produce a current frequency spectrum which may differ depending on the type of the PWM
algorithm. On the other hand, grid voltage harmonics pass through the control circuit and
appear on the output current. More specifically, the second term of equation (7.14) is
equivalent to an admittance component (as the case of unbalanced conditions) which
transforms the voltage harmonics into current harmonics depending on the design parameters
of the inverter. Based on this, it is possible to model the transient behaviour of selected
harmonics. Alternatively, the steady-state behaviour of all the harmonics can be represented
with an impedance element. In addition, it must be mentioned that the current harmonics
injected into the grid are affected by the output filter as the impedance of the filter can
interact with voltage harmonics. For this reason, the filter impedance of the proposed model
(seen by the grid) is designed to be almost identical with the filter impedance of the detailed
PV system model by utilizing the findings of subsection 7.2.4.1 and Norton’s theorem [83],
[209]. The model filter impedance seen by the grid in comparison to the actual filter

impedance of the detailed PV system model is shown in Fig. 7.15.
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Figure 7.15. Comparison of model filter impedance with the actual filter impedance

Despite the fact that it is assumed that the grid voltage harmonics are low in this work and

do not interact with inverter control or the output filter it is evident that the proposed model
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can effectively be used in harmonic studies as both the model filter impedance and the
control admittance (referring to equation (7.14)) seen by the grid are exactly the same as the
detailed PV system model. Moreover, the switching harmonics can be incorporated into the
model by adopting the procedure mentioned in the following paragraph. A more advanced
procedure can be applied if it is required to achieve higher accuracy on modelled harmonics.

As stated in [210], [211], the current harmonics can be derived from an analytical
mathematical expression if the PWM switching methodology is known and can have a
unique value. As the PWM scheme is not always known it is chosen to represent the current
harmonics by their mean value which is quite reasonable if the above statement is considered
and by noting also the results of Fig. 7.16. The current harmonics are superimposed on the
current source and they are transformed from the inverter side current to the grid side current

by the following formula:

I, (=1

inv out

(h)(1+ h*w’CL,) (7.33)

where 7 (n)ands,  (n)are the inverter side and grid side current at harmonic order h

respectively.
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Figure 7.16a. Current Harmonics vs Normalized Power Output Figure 7.16b. Mean and Variance of inverter grid side current harmonics

Figure 7.16. Statistical analysis of inverter output current harmonics

7.2.4.7 Distribution Grid Topology

The system topology of the distribution grid used in the simulation is shown in Fig. 7.17a.
In order to perform reliable studies about the power quality behaviour of a distribution grid
in the presence of distributed generation, the electrical dynamics of the distribution grid is
required to be known. For this reason, the distribution grid is modelled as a low voltage
Thevenin Equivalent Circuit (TEC) according to [212]. The TEC shown in Fig. 7.17b

replaces the high voltage network and the transformer.
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Figure 7.17. Equivalent Distribution grid model

7.3 Results

7.3.1 Results for balanced conditions
After applying the modelling procedure for balanced conditions found in the previous

section it is possible to define accurately the transient behaviour of PV systems. More

specifically, a step change of 0.3 p.u. in the active power input imposed a change in the

output current which has a unique pattern depending on the design parameters and the

dynamics of the detailed/actual PV system. The reactive power input is kept at a zero value.

The transient response of both the detailed and the proposed PV system model during the

step change in active power input is shown in Fig. 7.18a.
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Figure 7.18b. Output current response to a step change in reactive power input

Figure 7.18. Transinet response comparison between the detailed and the proposed PV system model

The comparison is made with the "Theil inequality coefficient" [161], [162], [213]. As can

be seen from the obtained results and inequality coefficient in Fig. 7.18a, good agreement
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has been obtained between the detailed and the proposed PV system model. Similarly, the
transient response of the output current to a step change in reactive power input of 0.3 p.u.
is shown in Fig. 7.18b, depicting satisfactory results. In this case, the active power input is
maintained at 0.8 p.u. and therefore the change in output current is dedicatedly done on the

reactive current component due to the change in reactive power input.

7.3.2 Results for unbalanced condition
The proposed model is designed to model accurately the behaviour of PV systems during

unbalanced conditions. For this purpose, the proposed model is tested under a 5% ramp and
a 60% step change of the negative sequence component of grid voltage. The voltage

waveforms during unbalanced conditions are graphically shown in Figs. 7.19 and 7.20.
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Figure 7.22. Output current response during transient unbalancing conditions - 60% step change

The results for the unbalanced transient behaviour are shown in Figs. 7.21 and 7.22. As
depicted in Figs. 7.21 and 7.22, the model manages to represent the behaviour of the detailed

PV system adequately as the Theil inequality coefficient is almost zero.
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7.3.3 Results for harmonics

Modelling of switching harmonics is also achieved in this work and it constitutes a first

attempt of incorporating switching harmonics into the proposed model. The method adopted

is simple but still it can provide results that can be useful for simulations. In Fig. 7.21, the

variation of harmonics for both the detailed and the proposed PV system model is depicted.

The Theil inequality coefficient for all the harmonics up to the 11" harmonic is below 0.3.

Also it must be mentioned that the adopted modelling approach performs worse for low

power outputs as the harmonic currents in that situation are comparable with the fundamental

current. Further research will be undertaken in the future to formulate a more accurate model

for switching harmonics.
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Figure 7.23. Amplitude of harmonics vs normalized power output
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7.3.4 Power Quality Studies — Voltage Regulation

The proposed model and the detailed PV system model are both connected on the
distribution grid topology presented in subsection 7.2.4.7. The grid impedance is chosen
according to [212]. By imposing a step change in reactive power reference (the same step
change as the one applied for the results presented on Fig. 7.18b) on both models then the
voltage can be varied according to the reactive power reference and the dynamics of the
distribution grid. The transient response of voltage though depends significantly on the
transient behaviour of the PV system current as can be seen in Fig. 7.24 (compared to Fig.
7.18b). Via the aforementioned case study, it becomes possible to compare the proposed
model with the detailed PV system model. From the results of Fig. 7.24, it can be clearly
seen that the proposed model can produce simulation results of reasonable accuracy and

importance.
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Figure 7.24. Transient response of voltage during a step change in reactive power reference

Finally, the voltage response for the distribution grid busbar for different grid impedance
values is shown in Fig. 7.25. The values of grid impedance are chosen based on the range of

values presented in [108].
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Figure 7.25. Transient response of voltage for different grid impedance values

From Fig. 7.25 it can be concluded that it is important to model in an accurate way the
transient behaviour (as well as the steady-state response) of the PV systems as it can reveal
the progress of power quality events which may be damaging for the operation of the

distribution network or detrimental for the PV system operation itself.

7.4 Conclusions

A generic PV system model for transient studies is presented in this chapter. The
proposed model is developed to fill a gap identified in literature referring to accurate PV
system modelling. The adopted analysis utilizes existing knowledge to formulate an accurate
transient model that considers the PV system control circuit and dynamics. The model can
be fully defined and tuned using transient data obtained from a detailed PV system model
via the Nelder-Mead simplex algorithm. The generic model can be applied for
normal/unbalanced operating conditions and is in line with current DG standards as it can
be used for studies of voltage regulation. The aim of the aforementioned research is to
enhance the effort of assessing the consequences of high PV penetration and facilitate
corrective action with appropriate technical solutions so as to enable the safe and unrestricted

deployment of these technologies in electricity grids
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Chapter 8
Equivalent Distribution Grid Model (EDGM)

8.1 Introduction

Renewable energy sources (RES) are expected to have a considerable share in the global
energy mix over the next years and consequently further research is required to enhance the
planning strategies, modify prudently the existing standards and set quality levels on
delivered power in order to accommodate the penetration of these technologies. Depending
on the distribution grid dynamics and the load demand, the amplitude of voltage may vary
significantly and therefore proper simulation models are required for performing dedicated
studies. In this chapter, a simplified and accurate model representing the distribution grid
dynamics is introduced for power quality studies in the presence of distributed Photovoltaic
(PV) generators. The proposed equivalent distribution grid model is validated using
measurements and it is then used along with a verified PV system model to estimate the
voltage variation and PV capacity of the distribution grid under investigation. Also a
sensitivity analysis is performed by varying the parameters of the EDGM to assess how the
PV capacity is altered. As a last step, common voltage regulation schemes are analyzed
through the use of the proposed model, validating operational modes that can accommodate

high distributed PV capacities.
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8.2 Proposed Equivalent Distribution Grid Model

8.2.1 Thevenin’s Theorem- Basic Theory

According to Thevenin’s theorem, any linear electrical network with voltage/current
sources and impedances can be replaced at chosen terminals (Fig. 8.1) by an equivalent

voltage source Vi in series connection with an equivalent impedance Zn [209].

A
Linear
Electrical z
Network
B

Figure 8.1. Graphical illustration of Thevenin’s theorem

Thevenin’s theorem is used when part of a large network/circuit needs to be simplified.
More specifically it can be used for the simplification of any network before and/or after any
specific busbar inside a distribution grid. The information is given as a voltage source but it
is possible to tranform the voltage source into current source using Norton’s Theorem.Via
this method it is possible also to locate if other sources exist in the rest of the power network.
For instance when there is a variation in the high voltage network (due to a fault), the
Thevenin method finds the chatacteristics of the Thevenin impedance located at the side of

the load [214].

8.2.2 Methodology
The formulation of the EDGM constitutes the starting point for performing the

investigations for the permissible PV capacity and the voltage regulation in a typical
distribution grid and in the presence of increased concentration of PV. The network topology
was chosen for the investigations to represent a real case scenario for which the available
measurements are able to define/reveal the distribution grid dynamics.

Firstly, the EDGM is determined by performing dedicated analysis on voltage/current
measurements obtained at the busbar of the distribution transformer and appropriate
modelling of the distribution grid is achieved based on the findings of the analysis. The
EDGM is validated by using the measurements obtained before and after the installation of a
150 kWp PV system. This is achieved while using the EDGM along with the verified PV
system model developed in Chapter 6 by studying the power quality response of the
distribution grid topology before and after the installation of the 150 kWp PV system.
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Following its validation, the EDGM is utilized in conjunction with the verified PV system
model to simulate the behaviour of the distribution grid in the presence of increased PV
penetrations. Through the simulations, it was assessed whether a violation of the voltage limit
can occur after exceeding a specific PV capacity in the specific distribution grid topology
under test.

Furthermore, appropriate corrective actions able to keep the power quality within
acceptable levels were considered. More specifically, three different voltage regulation
algorithms found in the literature and in technical guidelines for the connection of distributed
generators on the low voltage network were employed to improve the voltage levels in the
cases when the produced PV power pushes the voltage close or above the EN50160 upper
limit [135]. Finally, the parameters of the EDGM were altered in such a way to evaluate the
effectiveness of the applied corrective actions and to reveal their significance on the response

of the distribution grid.

8.2.3 Mathematical Formulation of the Proposed Grid Model

In order to perform reliable studies about the power quality behaviour of a distribution
grid in the presence of distributed generation, the electrical dynamics of the distribution grid
are required to be known. For this reason, the distribution grid is modelled as a low voltage
Thevenin Equivalent Circuit (TEC) as shown in Fig. 8.2a. In general, distribution feeders
and transformers can be considered as a linear time invariant RLC equivalent circuit in
transient simulations allowing simplifications to be made. Also, it can be assumed that the
voltage in the medium-voltage network remains constant due to the operation of on-load tap
changer transformer. In addition, the capacitance of medium-voltage lines is low and can be
neglected [89], leaving only a small series RL impedance to be modelled which is included
in the estimated Thevenin equivalent impedance. Due to the above, the distribution
transformer and the medium-voltage network can be replaced by a TEC.

The formulation of a TEC provides insight into the voltage variation (of fundamental
frequency) with regards to the flow of active and reactive power through the distribution
transformer or the bus under consideration. The formula which actually represents the
distribution grid dynamics and relates the active power, reactive power and buses voltage
with the real and imaginary part of the Thevenin Equivalent Impedance (TEI) is shown

below:

RP,

Loa

X0y, =UU, cos(6~ )~ U? (8.1)

where p_1is the consumed active power (consumed power is denoted with plus sign), o,

is the consumed reactive power, y and ¢ are the load RMS voltage and angle respectively,
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U, and & are the source RMS voltage and angle respectively, R and X are the real and

imaginary parts of the Z complex TEI.

—1 |
! IZa
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Distribution Grid Model

Magnitude (p.u.)
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Figure 8.2b. Band-Pass Filter Frequency Response

Figure 8.2. Proposed distribution grid model

This new distribution grid model is defined according to the following procedure using
voltage and current waveform measurements available from the bus under consideration.
Initially, the voltage and current waveform data are de-noised and filtered. The de-nosing of
the raw data is performed by wavelet coefficient thresholding using a global positive
threshold to remove any Gaussian noise captured on voltage/current sensors due to
environmental or load factors [215]. The filtering of the de-noised waveform data is then
done with a dedicated band-pass filter able to reject any off-nominal frequency which is not
close enough to the fundamental frequency. The frequency response of the band-pass filter
is shown in Fig. 8.2b.

The filtered/de-noised data are used for the calculation of voltage and current phasors
required for the estimation of the TEC parameters. The calculation of voltage/current phasors
cannot be undertaken with the traditional Fourier method as the waveform data captured via
measurements in real conditions do not exactly match the fundamental frequency but the
frequency varies around it. Consequently, the Fourier method cannot be used for accurate
phasor calculations at off-nominal frequencies neighbouring the fundamental frequency. In
[216], different phasor estimation methods are evaluated for their ability to perform accurate

phasor estimation at off-nominal conditions. From the aforementioned work it has been
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shown that the dynamic methods are the most appropriate to achieve this task and introduce
small errors at off-nominal and oscillatory conditions. For the estimation of the TEC
parameters, the exact phasors for three successive instances are required. It is desirable to
have the three successive instances be as close as possible in order to ensure that the upstream
network remains constant [214]. Prony’s [217] dynamic method is found to be the most
appropriate for the estimation of TEC parameters as it can be implemented on short time
intervals and give accurate phasor results (as short as one cycle). The voltage/current phasors
calculated via Prony’s dynamic method are further used for the estimation of the TEC
parameters. In more detail, the TEC calculation concept derives from equation (8.2). By
applying Kirchhoff's Voltage Law on the TEC, a fundamental equation is obtained as

follows:
U L5=(R+ jX)xIZa+U L (3.2)

Equation (2) is valid for a specific time instance and has eight variables four of which are
unknown (Us,§, R, X). The unknown variables cannot be obtained by direct measurements
and are thus estimated by assuming that the grid side is constant for a number of successive
cycles. Under this assumption, the load variation provides adequate data that can be used for
the estimation of the remaining unknown parameters. Based on the ideas mentioned above,
equation (8.2) is transformed into a more useful form, equation (8.3), which is used in the
calculation of the grid impedance.
U Zg" U 2" _ AU

R4 jx=Yec0 ~U 2o AU, (8.3)
I"zZa*-1"Za" Al

where f, and { are two successive time moments. The main problem arising with the use of

equation (8.3) is that it only applies if the frequency is constant. In practice, a phase drift is
observed when the frequency is varying. This effect adds a small error in the voltage and
current phase angles for each second cycle measurement when these are analysed with the
Fourier method. More specifically, the reference angle is not the same between two
consecutive cycles because the frequency variation forces it to drift. As the reference point
is not the same between consecutive cycles, the voltage and current phasors used in equation
(8.3) will give the wrong result and the estimated impedance phasor will be seen to rotate on
the complex plane. By using Prony’s method, for calculating the successive phasors instead,
the phase drift phenomenon is significantly decreased compared with traditional phasor

calculation methods (like Fourier). For the compensation of additional errors on the phase
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angle, the triangulation method is used [218]. According to the triangulation method, any
possible error in angle is found by calculating the phase drift angles between three
consecutive cycles which are required to define a TEC. In general, for a TEC to exist and be

valid, the following condition must be true for three successive time instances:

1 1 1
det| 0 0% OF |=0 (8.4)
oo

The three successive time instances should be as close as possible (preferably three
successive cycles) to ensure that the source voltage remains constant. If the phase drift due

to frequency variation is taken into account then equation (8.4) becomes:

1 1 1 1 e e
det Uﬁo U;! e*fgl 0)’2 e*fb‘z =det U:o U)tl Uﬁz =0 (8.5)
ifo jtl e*/"‘fl i’z e*fgz 710 i’] itz

By further expanding the determinant of equation (8.5), the formulas necessary for the

estimation of the TEI are obtained. In more detail:

A+B +C =A+B-&" +C-* =0 (8.6)

where
ur g- u:
A ) { irl itz } B ) { iiz

The vectors A, B' and C' should sum up to zero and consequently after using trigonometry

the value of phase drift angles are defined by the following equations:

g =n+/A-y—/B (8.7)
& =n+/A+p-2C (8.8)
where

O (e O (4
s (M) e (5

Finally, equation (8.9) is used for the calculation of TEI and equation (8.10) is used for the

definition of the Thevenin Equivalent Source (TES) characteristics:

Jé

i 3i Jj&
Z=R+ ]X_% (8.9)

U, =U"-Z7Z-I" (8.10)
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where €, is the frequency drift corrective factor, US the voltage phasor of the TES, (7, the

voltage phasor of the point of common coupling (PCC) and 7is the phasor of the current
passing through the TEIZ. An important observation made and proven in [216] is that
negative values of the real and imaginary part of the impedance depict the impedance on the
load site and not the TEI Based on that observation only the positive values of the real and
imaginary part of the impedance are going to be considered. The results of the analysis are

shown in the following section.

8.3 Simulation Study

8.3.1 Network Topology under Investigation

Different PV concentrations were investigated by using the EDGM to assess the power
quality behaviour of the distribution grid topology and by applying the appropriate voltage
regulation algorithm. The grid topology used in this work represents an industrial area in
which power quality measurements were performed and used for modelling purposes. The

system topology of the distribution grid in the industrial area is shown in Fig. 8.3a.
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Figure 8.3a. Network topology under investigation
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Figure 8.3b. Weekly Load Demand of the industrial area
Figure 8.3. Network topology and load demand

The distribution transformer and the medium voltage network are replaced by an accurate
TEC. In addition, the loads in the distribution network are replaced by an aggregated load
connected at the busbar of the distribution transformer. The aggregated load is defined by

the active/reactive power measurements obtained from the industrial area under
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consideration at a resolution of one second (shown in Fig. 8.3b) and therefore the actual load
nature is fully accommodated in the aggregated load [99], [219]. The sinusoidal current
output of the load model is calculated based on the active/reactive power measurements and
the voltage at the output of the load [218]. Measurements of high resolution (having a
sampling frequency of one Hz) are used in transient simulations and they are adequate for
producing a realistic behaviour [220]. Results of the fundamental frequency are of interest
in this investigation and consequently harmonics or nonlinear loads (loads which produce
harmonics) are not represented by the model and are thus not considered during the

simulations.

8.3.2 PV System Model Description
The PV system model used for the simulation study is the detailed PV system model

described in Chapter 6.
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Figure 8.4. Sample solar irradiance profile acquired during the measurement

The solar irradiance used for the simulation having a resolution of one second is shown in
Fig. 8.4. From the solar irradiance profile it can be observed that at specific time moments
there is a decrease in solar irradiance due to shading from clouds. Consequently, the steady-
state effect of shading at the output of the PV system is taken into account. However, it must
be mentioned that in reality each PV panel experiences a decrease in output power with
certain delay depending on the cloud direction and speed [221]. In such a case, more than
one pyranometers can be used along with an interpolation method to obtain a solar irradiance
profile that will match with less error the variations in PV system output [222]. In this
contribution, the aggregated effect of shading during cloudy weather is modelled by varying
the irradiance input to a single PV array component (it is assumed that the PV array is not
subjected to shading from nearby objects). As only data from one pyranometer is available

it is chosen to model the whole PV array as a single component with one solar irradiance
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input (and a single temperature input as well). The total power output will be the same as
having multiple PV panels experiencing uniform solar irradiance which is reasonable for the
size of PV system adopted for the simulations. This stems from the fact that for PV panels
placed in the same location, the decrease in solar irradiance will be similar and almost
instantaneous for each PV panel and thereafter the transient effect caused by shading on the
power output of the PV system is assumed negligible. If multiple PV systems located in
different geographical areas are required to be modelled, then the shading effect due to
clouds can be assessed by using solar irradiance profiles obtained from the pyranometers of
each area.

In this case the adaptive power factor has been realized according to the following
equation:

1 fO}” 0< PP <0.5 (8.11)
—0.1x(P"" —0.5)+1 (under-excited) Sfor 0.5< P <1

where P7* is the active power production in per unit (p.u.).

8.4 Results
8.4.1 Estimation of EDGM parameters - TEI

The Voltage and current waveform measurements are analysed according to the proposed
EDGM methodology. For the calculation of the grid impedance, acquisition of high
resolution data is required and therefore a power quality analyser is utilized with 50 Hz timer

synchronization capability.
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Figure 8.5. Statisitical analysis of grid impedance data

The power quality analyzer stores 256 samples per cycle for both voltage and current of

phase L1. The phasors obtained from the proposed analysis are used to determine the real

119



Chapter: Equivalent Distribution Grid Model

and imaginary part of the grid impedance for the fundamental frequency. The probability
distribution of both real and imaginary part of the grid impedance are shown in Fig. 8.5.
From Fig. 8.5a, it is observed that the real part of the grid impedance ranges from 0.007 to
0.009 Ohms. On the other hand, from Fig. 8.5b, it can be seen that the imaginary part of the
grid impedance ranges from 0.013 to 0.015 Ohms. Only the positive values of the real and
imaginary part are considered because only these characterize the behaviour of the grid
impedance [38]. The grid impedance is finally set equal to 0.008 + 0.014j = 0.0161260.3° Ohms by

taking the mean value of the real and imaginary parts.

8.4.2 Validation of EDGM
The EDGM is validated by using the measurements obtained before and after the

installation of a 150 kW, PV system.
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Figure 8.6a. Results obtained before the integration of the PV system
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This is achieved by using the EDGM along with the verified PV system model developed
in Chapter 6 for studying the power quality response of the distribution grid topology before
and after the installation of the PV system. Both measurements and simulation results are
compared with the "Theil inequality coefficient" [161], [162], [213]. As can be seen from
the obtained results and inequality coefficients in Fig. 8.6, good agreement has been obtained
between simulated and measured results. Following its validation, the EDGM was further

used in the investigation of different PV concentration scenarios.

8.4.3 Simulation Study Results
Up to 1.5 MWp capacity of PV systems was introduced in the distribution grid topology

under investigation. The simulation results for the voltage RMS for different PV penetrations
are shown in Fig. 8.7. It must be noted that only results for the fundamental frequency are
presented in this section. The dashed red line represents the EN 50160 upper limit for voltage
RMS. The lower limit of EN 50160 (207 V) is not depicted in the graphs because the voltage
does not go below 210 V. As shown in Fig. 8.7, the voltage upper limit has been nearly
reached with the installation of the 1.5 MWp PV system as the produced power during times
of high solar irradiance is much more than the demand of the local distribution grid. The PV
produced energy increases the grid voltage since the load is supplied by local generation and
the surplus flows in the reverse direction to satisfy load beyond the local transformer, hence
a voltage rise on the transformer busbar is unavoidable. It should be mentioned at this point

that the capacity of the transformer is 1 MVA.
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Figure 8.7. Voltage variation for different PV concentrations

It is evident from the results that in order to operate a PV capacity which is comparable to
the nominal power of the transformer it is required to utilize a voltage regulation mechanism
for maintaining the voltage within acceptable levels since automatic voltage regulation is not

an available option at the local distribution transformer.
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As can be seen in Fig. 8.8a, the voltage profile at the transformer's busbar can only be

improved adequately if the appropriate voltage regulation algorithm is selected. In more

detail, Fig. 8a shows the response of the grid voltage in the presence of 1.5 MWp PV system

with the voltage regulation capability being enabled. From the results, it can be observed

that the Adaptive Power Factor scheme provides the least improvement as the voltage has a

wider variation range which is also closer to the EN 50160 upper limit. Also, the

aforementioned method can create larger voltage variations that can be harmful for the

operation of the utility grid during solar irradiance fluctuations. On the other hand, the Fixed

Power Factor method achieves to set the voltage within an acceptable range but the best

performing voltage regulation algorithm is the Dynamic Power Factor method which can

lower sufficiently the upper value of the voltage and can maintain it well below the
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acceptable limit. Additionally, the Fixed Power Factor method can narrow the voltage
variation.

Next, the fixed power factor scheme is considered with different values (inductive) and
the voltage at the busbar of the distribution transformer is considered. From Fig. 8.8b, it can
be concluded that it is sufficient to set the power at a fixed value of —0.95 for the voltage
quality to be kept within the required levels. Furthermore it can be seen that the power factor
should not be set lower than —0.85 as the voltage variance reaches unacceptable values.

The effect of TEI on the voltage quality is then assessed by varying its real and imaginary
part. The results are shown in Fig. 8.8c and 8.8d. From Fig. 8.8c it can observed that a higher
real part of the TEI makes voltage regulation more difficult. The power factor must be set to
a lower value than -0.95 when the real part of the TEI obtains higher values. On the other
hand, it is apparent that the dynamic power factor method has the ability to regulate the
voltage better even in the case when the real part of the grid impedance is 3 times the
estimated value (0.024 Ohms). The choice of the particular TEI values that are examined is
reasonable if we take into consideration the standard VDE 0126-1-2006 [223]. According to
this standard, the threshold for islanding conditions was initially set to 0.5 Ohm but this limit
was too tight/unrealistic as observed from field experience especially in cases where many
inverters were operating close to each other. The value has eventually been set to 1 Ohms to
avoid false detection of islanding phenomena.

As can be seen in Fig. 8.8d, the imaginary part of TEI plays an important role in the
voltage regulation process. If the imaginary part of the TEI is too low then the regulation of
the voltage becomes difficult. It can also be seen that the voltage decreases more than desired
with a slight reactive power absorption in the case when the imaginary part of the grid
impedance is significant.

From the above it is obvious that knowledge of the TEI and the availability of a
simplified/accurate distribution grid model will be crucial for planning studies and for the
future development of distribution grids. As the penetration of distributed PV grows, the
ability to measure the grid impedance during real time operation is of utmost importance in
order to be able to apply the appropriate regulation method using optimization techniques.
This ability will be very useful in the situation when the grid impedance varies due to
changes in the local distribution network. In some cases, phasor/waveform measurements
may be adequate to define the grid dynamics and help in applying the correct measures for
voltage regulation. As smart grids evolve and the concentration of distributed generators
increases, such functionality will assist in maintaining the voltage envelope within system

needs and achieve the required quality of supply.
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8.5 Conclusions

A new simplified distribution grid model for the assessment of the behaviour of high PV
concentration is presented in this chapter. Furthermore, the simplified distribution grid
model is used for the evaluation of different voltage regulation algorithms able to maintain
the voltage within the limits proposed by international standards. From the results, it has
been shown that in order to facilitate higher penetration of distributed generation and avoid
the loss of invaluable RES energy due to overvoltages, the utilization of an appropriate
voltage regulation scheme is required when the local ratio of PV penetration to the local load
exceeds a predetermined threshold that depends on the characteristics of the local network.
From the findings of this work, it is also apparent that appropriate/accurate simulation tools
and models should be readily available to achieve successful deployment of distributed

generators.
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Chapter 9
Application of the Distribution Grid Model

9.1 Introduction
The equivalent distribution grid model (EDGM) proposed in the previous chapter can have

various applications of which three are realized and presented in this chapter. Firstly, the
DGM is employed for the study of the voltage regulation capability of both the conventional
adaptive power factor (CAPF) scheme and its generalized form. Secondly, a new voltage
regulation scheme inspired by Thevenin’s Theorem (which is directly related to DGM) is
developed and presented. The well-known dynamic power factor method is modified
accordingly to provide a variable lower limit, which is defined by the Thevenin Equivalent
Impedance (TEI) measured at the point of common coupling with the electricity grid. The
new voltage regulation scheme is incorporated into the control circuit of the detailed
Photovoltaic (PV) system model for its further evaluation via computer simulations. Lastly,
the DGM theory is used for defining the Harmonic Thevenin equivalent impedance (HTEI)
measured at the point of common coupling which has the ability to characterize the response

of the distribution grid for the harmonic frequencies of interest.
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9.2 Generalized Adaptive Power Factor Method (GAPF)
9.2.1 Methodology

The models developed in the previous chapters are utilized for the evaluation of the

conventional adaptive power factor voltage regulation scheme and its generalized form. In
more detail, the DPVSM was inserted into the industrial distribution grid topology presented
in subsection 8.3.1, the parameters of which are known and can be represented with the help
of the DGM. The performance of the GAPF is then evaluated by assessing the levels of

voltage variation in the presence of PV generation.

9.2.2 GAPF description

According to the conventional adaptive power factor (CAPF) scheme described by equation
(8.11), the reactive/voltage regulation is enabled when the output active power is greater
than half the nominal power. In order to investigate if the proposed curve of the adaptive

power factor is the optimum, this is expressed in a generalized form represented by equations

(9.1) and (9.2).

B lor -1 for 0OSP<P, ©.1)
| -1+ Ax(P-P,) for P, <P<I '
and
1-PF™
A= p 9.2)

where p_ is the minimum active power set point at which voltage regulation is active and

PF™ is the lower limit of the permissible power factor. The generalized adaptive power

factor (GAPF) scheme is shown graphically in Fig. 9.1.
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Figure 9.1. Generalized Adaptive Power Factor Method (GAPF)
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By varying the parameters Pg,;, A and PF ™"of the GAPF, the response of the voltage at the
busbar of the distribution transformer is evaluated via simulation. It must be mentioned that
the GAPF scheme can be converted to the CAPF scheme by setting the parameter Ps,; equal
to 0.5.

9.2.3 Simulation Case Outcomes
A PV installation with 1.5 MWp nominal PV capacity is introduced into the distribution grid

topology under investigation. The PV installation is equipped with a voltage regulation
function which absorbs reactive power depending on the active power output. The simulation
results for the voltage RMS of the distribution transformer busbar with and without voltage
regulation are shown in Fig. 9.2. The dashed red line represents the EN 50160 upper limit
for voltage RMS. The lower limit of EN 50160 (207 V) is not depicted in the graphs because
the voltage does not go below 230 V. As shown in Fig. 9.2, with the 1.5 MWp PV system
operating at unity power factor the voltage upper limit is almost reached, as the produced
power during times of high solar irradiance was more than the demand of the local

distribution grid. By applying the CAPF scheme, the voltage profile improves significantly.

The Pme of CAPF is set to 0.95 in this case.
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Figure 9.2. Voltage Profile with and without voltage regulation

After choosing different values of Pg,, (instead of 0.5 used in the CAPF), it can be observed

that the variation of the voltage can decrease even more as shown in Fig. 9.3.
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Figure 9.4. Generalized Adaptive Power Factor with PF™" = 0.90

Furthermore, it can be seen that if the voltage regulation function is enabled a Pg,; equal to
zero while maintaining the PF™™ equal to 0.95, the voltage is kept to a lower level due to
the early and adequate reactive power absorption. If the PF™™ is set to a lower value (0.9),
the voltage variation increases (as shown in Fig. 9.4) since excessive reactive power
absorption is taking place which is not required by the distribution grid dynamics (this is
determined by the imaginary part of the Thevenin equivalent impedance) and specific load
consumption. It must be mentioned that parameter A in equations (9.1) and (9.2) is calculated

by using the chosen PF™™ and P, values as presented in the previous subsection.
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9.3 New Voltage Regulation Scheme based on the DGM
9.3.1 Methodology

A new voltage regulation scheme is developed based on the DGM theory presented in

chapter 8. The proposed voltage regulation scheme is incorporated into the control circuit of
the DPVSM for further investigation. The distribution grid on which the PV system model
is coupled to, is represented by a DGM. Also, the impedance of the DGM is designed to
experience a step change while the PV system is operated at its nominal conditions (at
Standard Test Conditions). The voltage regulation scheme is based on the conventional
dynamic power factor method described in technical guideline/standards, which is modified
to have a variable power factor lower limit. The lower limit is calculated by using the
parameters of the DGM measured at the point of common coupling with the electricity grid.
The proposed modification improves the performance of the conventional dynamic power
factor method and at the same time it can quantify the reactive power needed for proper
regulation of the voltage level without losing valuable active power unless this is of utmost

importance to preserve voltage quality and stability.

9.3.2 New Voltage Regulation Scheme Description
The proposed voltage regulation scheme is based on the Dynamic Power Factor method,

which is represented by equations (9.3) and (9.4).

lor -1 for U%MSVgﬁdSUIZH:BW
PF=3-14 AV, ~Upid ) for U ™ < 7, <U 1 (9.3)

L Ay X (Vg —Ups ™) for U™ <V <Upt ™

and
1 P Fmin 1 P Fmin
141 = UUpper Limit @D UDead Band 147 = UDead Band _ ULOwer Limit (9'4)
High Low

where y is the RMS voltage measured on phase A (it is assumed that the power system is

balanced), Ufjjf 4 and UE:: ¥4 are the lower and upper limits of dead band zone in which

no voltage regulation is performed, U™"""*and U """ """ are the lower and upper limits of
voltage range in which voltage regulation is performed and PF ™ is the lower limit of the
permissible power factor. The proposed voltage regulation scheme is shown graphically in
Fig. 9.5. The lower limit of the permissible power factor is determined as shown below. A

negative power factor value means absorption of reactive power.
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Figure 9.5. Proposed voltage regulation scheme

By setting the reactive power component of equation (8.1) to zero it becomes feasible to
predict the level of voltage at the PCC when injecting a certain amount of active power into

the PCC. Also it is assumed that the cos(d —¢) factor in equation (8.1) is equal to unity

which holds true for zero reactive power absorption/injection.

0-0\2 )0
( r_ ) _US. r_ _R.BJV:O (95)
The required solution to the above quadratic equation is obtained by finding the positive root
using equation (9.6).

2
poo U ++U>+4R-P,, ©6)

2

By combining equations (8.1) and (9.5) a formula is derived which can define the maximum
reactive power able to regulate adequately the voltage at PCC using a desirable voltage
reference point.

(U7) ~(U2) +U U2 -Ur -cos5 )
X

(9.7)

o5 =

where U is the desirable voltage reference point which is set to 245 V. The cos(d - ¢)

A

factor for non-zero reactive power absorption/injection is estimated by equation (9.8).

COS(5—¢)) _ RPPV +(}X§PV _Ur2 (98)

Finally, PF™™ can be calculated from equation (9.9).

i 1
PF™ = — 9.9)

1y

PV
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From equations (9.5)-(9.7) it can be noticed that in order to calculate the maximum required
reactive power, the real and imaginary part of the TEI are necessary. For this purpose, a
module is incorporated into the inverter’s control circuit responsible for estimating the
parameters of the Thevenin Equivalent Circuit based on equations (8.9) and (8.10).

The PV system model has been simulated for only 10 seconds as this duration is more than
enough to study the behaviour of the PV inverter during a change in distribution grid

conditions (the inverter can change its output and reach a steady state in just a few cycles).

9.3.2 Simulation Case Outcomes
The developed model has been simulated and its response is evaluated for different

conditions. Firstly, the model was simulated with a constant TEI of which the value is
properly set in order for the voltage level to remain below the EN 50160 upper limit (shown
in Fig. 9.6). It can be observed that the high solar irradiance conditions force the voltage to
reach the maximum value of 251 V. Then, the real part of the TEI is increased by 0.06 and
0.09 Ohm respectively, approximating in that way a significant change in the topology of
the distribution grid and different dynamic power factor schemes are tested for their ability
to perform adequate voltage regulation. A significant increase in grid impedance can occur
when a part of the distribution grid (which includes power generators) is isolated due to a
fault or probably due to a sudden loss of generating power (loss of power delivered by
storage or renewables). Transformer tap operations can cause less significant changes in the
grid impedance as well. The initial grid impedance value has been chosen to be 0.06 Ohms
as this was the result of field measurements during normal conditions. The choice of the final
values of the grid impedance is also reasonable if we take into consideration that during
islanding conditions or disconnection of a large part of the distribution network the
impedance can experience a step change of 1 Ohm as required by VDE 0126-1-2006 [223].
The threshold described in the standard was initially set to 0.5 Ohm but this limit was too
tight/unrealistic as observed from field experience especially in cases where many inverters
were operating close to each other. The inverter sees a higher impedance in such case due to
the fact that the produced active energy by the inverter needs to travel more distance before
it is consumed. The actual and estimated (by the inverter) values of the TEI during the
simulation are shown in Fig. 9.7. As can be seen there is a good match between actual and

estimated values of TEI.
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A small error in tracking the grid impedance is observed due to the presence of harmonics
produced by the inverter. The aforementioned error can be further reduced by using more
advanced methods for estimating the voltage/current phasors similar to the ones used in
synchrophasors theory. It must also be mentioned that the inverter is oversized in such a way

so that it does not decrease/limit the active power output when it is required to absorb

reactive power up to the nominal power of the PV system. Furthermore, the Uﬁf:s ¥ and

oL ) .
parameters are set to 245 V and 253 V respectively for all the voltage regulation
schemes under test. By definition, the reactive power set point acts linearly with respect to

PCC voltage in the voltage range between UE:: and

[ o tinit . o

and (see Fig. 9.5). Additionally,
it is ensured that the aforementioned voltage range is not too tight to cause an overshoot on
voltage during the operation of voltage regulation mechanism. The parameter U’ of the

proposed method is chosen in such a way to reduce the magnitude of voltage overshoots
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while keeping the voltage level well below the EN 50160 limit. The voltage behaviour for

the different voltage regulation schemes is shown in Fig. 9.8.

Fig. 9.8a. Voltage RMS
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Figure 9.8. Voltage RMS at PCC vs Time for different voltage regulation schemes

It is evident from the figure that the imposed step changes in the real part of TEI set the
voltage above the upper limit of EN 50160 and consequently the voltage regulation function
is necessary in such a case. When adjusting the lower limit of the permissible power factor
to 0.95, it is clear that the voltage regulation mechanism is not capable of keeping the voltage
within the acceptable levels. On the other hand by setting the lower limit of permissible
power factor to 0.85 it has been shown via the simulation that the voltage remains below the
limit of EN 50160 as long as the magnitude of the step change does not exceed a certain
threshold. From the results, it is clear that the proposed voltage regulation method has
performed quite well as it has the capability to estimate the lower limit of the permissible

power factor to achieve adequate regulation of the voltage. The power factor variation
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measured at the output of the PV inverter for the different voltage regulation schemes is
depicted in Fig. 9.9. From this figure it can be seen that prior to the change in the real part
of the TEI (see Fig. 9.7) the power factor does not need to go lower than 0.97.
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Fig.9.9b. Power Factor vs Time for different voltage regulation schemes during a step change of 0.09 Ohm

Figure 9.9. Power Factor vs Time for different voltage regulation schemes

However in the case when a significant increase in the TEI seen by the inverter occurs then
a lower limit of the permissible power factor must be used. More specifically, in
conventional distribution grids, it is not expected to have such a significant increase in the
TEIL but this can be a possible case for a smart grid / microgrid topology in which the
connection with the upstream power grid can experience abrupt sizeable changes (as the
local load demand will be covered mostly by distributed generators and distributed storage).
Despite this, the DSO is responsible for maintaining the voltage within the acceptable limits
and thus it can utilize such dynamic methods as the one presented in this work if no other

measures are effective during abnormal operating conditions.
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9.4 Harmonic Distribution Grid Model (HDGM)
9.4.1 Methodology

Based on the theory presented in chapter 8, the harmonic impedance seen by a specific point

of common coupling is possible to be found. This can be achieved by repeating the
methodology of calculating the TEI for each harmonic frequency up to a specific harmonic
order. The transfer function of the harmonic equivalent impedance is then obtained by
applying estimation algorithms and subsequently the transfer function is built into a circuit
using basic network synthesis techniques. In that way a more advance and complete
distribution grid model is formulated (named HDGM) for use in accurate harmonic studies.
The HDGM along with the DPVSM are both used to assess the harmonic response of the
distribution grid topology depicted in subsection 8.3.1. For this purpose, simulation results
for voltage THD are obtained from the point of common coupling (of the HDGM and the
DPVSM) and are presented.

9.4.2 Formulation of HDGM

By taking into account the values of impedance for harmonic frequencies, it becomes
possible to formulate the harmonic impedance seen by the point of common coupling and
hence represent this harmonic impedance via a Thevenin Equivalent Circuit. As a
consequence, the schematic diagram of Fig. 8.2a is changed to the schematic diagram of Fig.
9.10 to include not only the fundamental frequency but the harmonic frequencies up the

desired harmonic order (h).

[(h)Zachy = 1(h)

—p |
o ll(h)l ach)
Z(y 260 = Rin+ jX (i) Phy, Q)
| N | L
iU O 5““)}(;'% ///' Lﬂ{h)é pun=U,
Distribution Grid Model [.oad Model

Figure 9.10. Complete Distribution grid model — Harmonic Thevenin Equivalent Circuit
Also, equation (8.9) is converted to equation (9.10) to include harmonic frequencies as well.

. U ) =U, ()" -e ™
Zypowr = Rypere (M) + JX ypar () = Ty —Tay e (9.10)

More specifically, the harmonic impedance is calculated by applying the DGM theory

presented in chapter 8 for each harmonic frequency under consideration. The mean value of
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the impedance amplitude obtained from the analysis for each harmonic frequency is depicted

graphically in Fig. 9.11.

0.45

0.4

o
123
(4.
-T

o
L
g

0.25¢

o
r
st

0.15¢

Impedance Amplitude (Ohms)

4 A AL A L A -
0 100 200 300 400 500 600 700 800
Harmonic Frequency (Hz)

Figure 9.11. Amplitude of Harmonic Impedance

The transfer function of the harmonic impedance is obtained by applying estimation
techniques on the calculated harmonic impedance values as described in [190]. From the
results of the estimation process it has been found that two types of transfer functions can fit
well the harmonic impedance data. The two types of transfer function models are described

by equations (9.11) and (9.12) respectively.

As+ A
VA §)= = "o 9.11
HDGM() B252+BIS+BO ( )
As*+As+ A
Z7 e (8) = 2512 9.12
HDGM( ) EgSz-FliS4-l% ( )

The first transfer function model represented by equation (9.11) can fit the harmonic
impedance data with an accuracy (R?) of fit estimation (defined by equation (5.5)) of
90.57%. On the other hand, the second transfer function model represented by equation

(9.12) can fit the harmonic impedance data with an accuracy (R?) of 93.2%. The amplitude

and phase of the transfer function models VA ey ($)and Z ? upcu () are shown in Figs. 9.12

and 9.13 respectively. From the aforementioned graphs it is evident that both transfer
function models can represent the calculated harmonic impedance with good accuracy. After
transforming the impedances described by equations (9.11) and (9.12) into admittances and
by applying basic network synthesis techniques it becomes feasible to obtain the admittance
equations in relation to RLC circuit components [224]. Equations (9.13) and (9.14) are the
ones derived from applying the network synthesis techniques. Subsequently, the admittance

equations can then be converted into electrical circuits as exactly depicted in Fig. 9.14.
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1
Y §)=sC+—— 9.13
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HDGM Rc+i RL+SL
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More specifically, the circuit topologies shown in Figs. 9.14 are actually the Thevenin
Equivalent Circuits which can represent with quite good accuracy the harmonic impedance

data obtained from the DGM analysis of the first fifteen harmonics. For the simulations,

however, the Z ? upay (8) Thevenin Equivalent Circuit is adopted as it provides higher

fitting accuracy (R?) than the Z' ,,(5) Thevenin Equivalent Circuit.
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9.4.2 Simulation Case Outcomes
While using the HDGM in simulations, the results of Fig. 9.15 are obtained which are quite

similar with measurements recorded from PV systems in the field. From the aforementioned
figure it can be seen that during times of high solar irradiance the amplitude of voltage
harmonics increases. Under these conditions, the PV system produces harmonic currents
with a higher amplitude, able to interact with the harmonic impedance of the distribution

grid.
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Figure 9.15. Voltage Total Harmonic Distortion (THD) vs time

9.5 Conclusions

In this chapter, a generalized adaptive power factor (GAPF) scheme is presented and
evaluated. By choosing appropriately the parameters of the GAPF scheme, it is possible to
decrease the voltage variation within a small range. However, the above conclusion may not
be valid with different distribution grid dynamics and different load consumption and
therefore simulation studies are required to establish the optimum configuration that will

achieve improved voltage behaviour in distribution grids. Also, a new voltage regulation
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scheme is presented able to vary the lower limit of the permissible power factor depending
on the power production and the distribution grid dynamics. The proposed method improves
the performance of the common dynamic power factor and at the same time it can quantify
the reactive power needed for proper regulation of the voltage level at the PCC without
wasting valuable active power when the PV system is not adequately sized. Future work
includes the investigation of the applicability of the proposed algorithm for decentralized
voltage control in the presence of high PV penetration. Finally, a harmonic distribution grid
model is formulated which can be used in accurate harmonic studies. The advantage of the
proposed harmonic distribution grid model is that it can produce accurate results for both the
voltage variation of the fundamental frequency and the harmonic response of the distribution

grid busbar under consideration.
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Chapter 10
Conclusions and Future Work

10.1 Conclusions
Power quality problems are considered to be the main thread for any kind of distribution

network, limiting also the unconditional installation of PV generation. The quest for
increasing the energy produced by renewable sources will make the situation worse, giving
rise to power quality problems, if appropriate protective proactive actions are not taken in
the near future. Further research is necessary to understand the behaviour of renewable
sources, improve the design of power electronics, establish effective guidelines for the
proper installation of grid connected photovoltaic systems in distribution networks and
develop the right tools to perform power quality studies. The analysis presented, identifies
that with current inverters, maximum permissible concentrations of PV can be reached under
certain circumstances. From this work, it has been observed that the levels of power quality
of busbars inside a distribution network can decrease by installing higher concentrations of
PV systems. Further research is necessary to establish effective guidelines for the proper
installation of grid connected photovoltaic systems in distribution networks, and the

optimum voltage regulation schemes should be defined clearly for each case. Additionally,
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proper planning is required, which should also consider means of voltage and harmonic
compensation as well as filtering when necessary.

Initially, the Simple PV System model (SPVSM) was developed for performing steady-
state investigations on distribution grid topologies to assess the voltage levels and voltage
harmonics. As the steady-state response of the Simple PV System model was not complete
due to the fact that the grid voltage was not considered in the Simple PV System model, the
Advanced PV System model (APVSM) was required to be developed. The Advanced PV
System model could be effectively used in steady-state simulations but the control dynamics
of the PV inverter were not represented by this model. In order to have the ability to study
the transient behaviour of PV systems and perform complete power quality studies,
considering also the dynamics of the PV inverter, it was necessary to develop the Detailed
PV System model (DPVSM). However, the Detailed PV System model cannot be used in
accurate power quality studies of large power networks for both balanced and unbalanced
conditions. For this purpose, an accurate/universal PV system model for transient
simulations is developed for balanced and unbalanced studies which is tuneable and can
represented the dynamics of various inverters. The switching operation is omitted from the
proposed model making the model computationally efficient for large networks.

Mainly, it has been found that EN 61727 compatible inverters do not cause intolerable
voltage distortion in distribution grids and that the only important problem needed to be
treated carefully when the PV capacity increases more than the load demand is the
overvoltage. In order to facilitate higher penetration of distributed generation and avoid the
loss of invaluable RES energy due to overvoltages, the utilization of an appropriate voltage
regulation scheme is required when the local ratio of PV penetration to the local load exceeds
a predetermined threshold that depends on the characteristics of the local network. The new
generation of inverters offers this capability and it is up to Distribution System Operators
and regulators, when the price is right, to transfer this requirement in the technical
specifications for connection. More comforting however, is the fact that in real systems the
DG planned currently to be installed is just the amount required to meet the demand of
customers, hence within the rating of the local network. From the findings of this research
work, it is apparent that both harmonic injection and changes in voltage profile from local
DG up to the full rating of the local system, are not violating the thresholds set out in the
EN50160 standard.

Through the procedure adopted in this work, new knowledge relative to the PV system
modelling has been produced. Firstly, for the configuration of the Simple PV System model,

a unique measurement analysis method has been formulated with which the optimum
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number of case studies is selected. Also, a new PV system model using regression fit
equations, which is computationally efficient has been developed. With this model
(APVSM) the voltage levels and harmonic distortion of a proposed distribution grid can be
assessed. Furthermore, the Detailed PV System model is tuned and validated using
measurements from a 150kW, PV system and it is then used in the simulation of different
concentration scenarios. Its response is verified by utilizing measurements obtained before
and after the installation of the 150kW, PV system in an industrial area. Moreover, the
Detailed PV System model is further used in the evaluation of different voltage regulation
algorithms and lastly in the study of fault response of the industrial grid topology and
outcomes are presented. In order to have simulation results with good accuracy, it is required
for the network grid dynamics to be known. For this purpose, a method for defining the
network dynamics has been defined. Power measurements from the distribution transformer
busbar were used to extract the required information needed to calculate the equivalent
impedance of the grid. Based on the equivalent distribution grid model presented in this PhD
thesis, a new voltage regulation method is formulated capable of adapting at different
grid/impedance conditions. The new voltage regulation method manages to maintain voltage
into the permissible voltage range even at extreme grid conditions. Finally, an accurate
transient PV system model is developed for performing power quality studies according to

the requirements imposed by the trends in future decentralized power generation.

10.2 Future Work

As a future step, an experimental PV system setup will be developed which will be
monitored by a state-of-art data acquisition system. The results obtained by the experimental
setup are going to be used for the validation of the proposed transient PV system model.
Both the experimental setup and the simulation model are going to be exposed to the same
varying conditions to compare their response and make modifications to the proposed PV
model if deviations exist between measured and simulated data. The interaction between
simulations and experiment will lead in the finalization of the proposed transient PV system
model. As a next step, further simplification of the proposed transient PV system model will
be undertaken to enable the efficient and fast simulation of larger power networks.
Additionally, statistical analysis on both weather and simulation data will be done in an
attempt to minimize the simulation time needed by defining the appropriate input data to the
simulations. The complete investigation of the impact of PV generation on power quality
and fault studies in electricity grids with different PV penetration levels and proposal of a

procedure for handling faults is going to be considered in more detail using the developed
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transient PV system model. Also, a small battery will be considered to assess the benefits
gained from charging and discharging the battery during the "right time". Further
investigation will be performed to find the appropriate battery size which will minimize the
voltage variations inside the distribution grid. As an extension of this work, a comparison
with power curtailing techniques will be made. Concluding, voltage regulation methods will
be tested for their ability to maintain the stability of voltage in large power networks with
high PV penetrations (when the PV systems are operated either in a centralized or in a

decentralized manner).
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