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Preface

When this thesis was in preparation in the beginning of 2010, Germany
had just celebrated 10 GWp of installed PV capacity. Switzerland and
Austria were still far away from 100 MWp each, and the Spanish PV
boom was already over. The “50.2 Hertz problem” — the fact that all
PV power plants in Germany (and probably in the rest of the UCTE
grid) had to switch off immediately if the grid frequency should rise
above 50.2 Hertz and thereby could provoke a UCTE-wide blackout —
was already built in and identified, but the remedy against it had not
been found yet.

Many scientific and industrial papers that explained how to integrate
more PV power systems into the grid were published. The inverter
manufacturers reacted quickly and implemented a broad variety of func-
tionality into their devices, allowing owners of PV power plants many
sophisticated operation modes. But the grid operators were not ready
yet. Their job seemed to be by far more difficult, as they were forced
to change their grids completely without knowing where the future was
going to take them. Thinking in decades rather than in years, grid
operators of course hesitated to install a couple of iPhones in every
substation to make their grid look smart.

In this environment, the idea of the thesis “Analysis and Simulation of
Distribution Grids with Photovoltaics” was born. A simulation method
should be found which was able to bring all possible approaches to
increase the PV hosting capacity of a distribution grid together and to
compare them. In a few simple tables or graphs, the authors wanted to
show the benefits of various grid integration measures, always keeping
the grid in the main focus.

Today - almost four years later — the 50.2 Hertz problem has almost
been solved and the first methods to increase the PV hosting capacity of
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iv Preface

a grid are being implemented in the grid codes of Germany. But there
is still the same uncertainty about how the grid is going to develop, and
neither the grid operators nor the operators of PV power plants really
know how to integrate all solar energy into the grid. This thesis will not
solve all these problems and uncertainties. But it will show and give
both qualitative and quantitative answers to the question “How much
PV can be integrated into the low voltage distribution grid?” and “How
can these limitations be mitigated or removed?”
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Abstract

The PV hosting capacity of a low voltage distribution grid is investi-
gated in detail in this thesis. A simulation framework is set up in order
to simulate various methods and approaches to increase the PV host-
ing capacity of a distribution grid. The simulation approach is mainly
based on two algorithms: The first algorithm generates stochastic house-
hold load profiles and the second generates stochastic irradiance data,
both using a sampling rate of one to five minutes for most simulations.
Applying this data to an electrical power distribution grid containing
a significant number of photovoltaic systems, realistic power flow and
system voltage scenarios are obtained. The results are used to pre-
cisely answer a broad range of questions concerning grid integration of
photovoltaic systems.

The main purpose of this simulation framework is to find the maximum
photovoltaic power which can be installed in a given distribution grid
and to evaluate different measures to raise this limit. These methods
consider 1) state of the art grid connection 2) correlation between load
and PV 3) use of reactive power control 4) active power curtailment 5)
orientation change of PV power systems 6) application of decentralised
storage, 7) demand side management and 8) on load tap changing trans-
formers.

These methods are applied to three network cases: First to a lumped
load and PV model consisting of one line and one load and PV cluster.
In a second step, this model is extended to a radial feeder consisting of
ten network nodes, and finally the simulation approach is tested in a
case study using part of the distribution power grid of the city of Zurich.

In the results of this thesis, it is shown that the PV hosting capacity
of a distribution power grid can be increased significantly using the
investigated methods and measures. The “costs and benefits” of every
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method in terms of technical impacts on the PV power plants and the
grid are quantified.



Kurzfassung

In dieser Dissertation wird die Aufnahmekapazitit eines Niederspan-
nungsnetzes fiir Photovoltaik detailliert untersucht. Eine Simulations-
umgebung zur Simulation von verschiedenen Methoden und Ansédtzen
zur Erhohung der Aufnahmekapazitit fiir PV eines Niederspannungs-
Verteilnetzes wird vorgestellt. Der Simulationsansatz basiert vorwiegend
auf zwei Algorithmen: Der erste generiert stochastische Haushaltslast-
profile, der zweite stochastische Einstrahlungsdaten. Beide Algorithmen
verwenden fiir die meisten Simulationen eine zeitliche Auflésung von ei-
ner bis fiinf Minuten. Mit der Anwendung dieser generierten Daten auf
ein elektrisches Verteilnetz mit einer signifikanten Anzahl PV-Anlagen
werden realistische Aussagen zu Lastfluss und Systemspannungen er-
halten. Die Resultate werden verwendet, um eine grosse Bandbreite an
Fragen rund um die Netzintegration von PV-Anlagen zu beantworten.

Der Hauptzweck der Simulationsumgebung ist es, die maximale PV-
Leistung zu finden, welche in ein Niederspannungsnetz integriert werden
kann. Verschiedene Methoden zur Netzintegration werden dabei unter-
sucht. Diese Methoden beinhalten 1) die herkémmlichen Anschlussbe-
dingungen nach DACHCZ, 2) die Beriicksichtigung der Korrelation zwi-
schen PV und Haushaltslasten, 3) Blindleistungsregelung, 4) Wirkleis-
tungsreduktion, 5) unterschiedliche Neigungen und Ausrichtungen der
PV-Module, 6) Lastmanagement, 7) dezentrale Speicher und 8) Stufen-
transformatoren.

Diese Methoden werden auf drei Netzsituationen angewendet: Ers-
tens ein stark vereinfachtes Netz bestehend auf einem festen Ver-
kniipfungspunkt, einer Leitung und einem Netzknoten mit Last und PV.
In einem zweiten Schritt wird eine Stichleitung mit zehn Last- und PV-
Knoten untersucht, und drittens ein reales Niederspannungs-Verteilnetz
der Stadt Ziirich.
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xvi Kurzfassung

Die Resultate dieser Dissertation zeigen, dass die Aufnahmekapazitit
eines Niederspannungsnetzes fiir Photovoltaik signifikant erhcht wer-
den kann, wenn die untersuchten Methoden und Ansétze implementiert
werden. Der technische “Aufwand und Ertrag” der Methoden wird im
Detail untersucht und quantifiziert.
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Chapter 1

Introduction

In this chapter a brief overview of the history of photovoltaics and dis-
tribution system planning is given. Then, a short introduction into
“Smart Grids” is presented. This leads to the section “Grid Integration
of Photovoltaic Systems” where a collection of grid integration measures
is shown. The authors contribution to the grid integration topic is given
at the end of this chapter.

1.1 History of Photovoltaics

When Alexandre Becquerel 1839 observed the influence of light on the
electric behaviour of an electrode in an electrolyte, he had not estab-
lished the transformation of light energy to electrical energy. Only in
1876 did William Adams and Richard Day demonstrate the first solar
cell, based on solid selenium. Inspired by their publication, research
started on photovoltaic cells.

In the early 20" century, Albert Einstein theoretically explained the
photoelectric effect, for which he was awarded the Nobel Prize in 1921.
Various discoveries and research successes were achieved in the coming
years, but no industrial product could be built until the Bell Laborato-
ries produced the first crystalline silicon solar cells in the early 1950’s
with an efficiency of 4%.

The first real applications, and the driving force for the development of
solar cells in the coming decades, were in the space industry. In 1958
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Figure 1.1: FEwvolution of global PV cumulative installed capacity 2000-
2012 (MW). Source: Global Market Outlook, EPIA [2]

the first US satellite equipped with batteries and solar cells was sent
into space. Up to today, almost all satellites take their energy from
solar cells.

For a long time, space technology remained the main area of application
for PV, until the oil crisis in 1973 provoked a global change of thinking
and the use of photovoltaic systems for terrestrial electricity supply
was discussed seriously for the first time. By the mid-seventies various
research facilities were committed to improving the efficiency of solar
panels. During the eighties and nineties the efficiency of photovoltaic
cells was raised from less than 10% to around 16%.

In the early nineties the first national funding programmes started to
appear, providing financial incentives for people willing to install solar
power. These programmes marked the beginning of the commercial use
and trade in photovoltaics. In the year 2000 the PV market started to
grow more rapidly thanks to the incentives mentioned and to increas-
ingly lower module prices.
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The first global gold-rush on PV systems was provoked by the new
national energy plan of Spain, which was approved in 2005. The Span-
ish government aimed to increase the renewable energy production to
30% of Spain’s energy consumption within five years. The feed-in tariff
guaranteed was 43 to 45 Eurocents and up to ten times higher than
the average market price for conventional electric power. From 2005
the PV market in Spain grew as a result by a factor of 100 to more
than 2500 MW up to 2008. In that year, almost half of the world’s PV
module production was installed in Spain. Because the market growth
was out of control, the Spanish government drastically reduced the feed
in tariffs by the end of 2008. Subsequently, the market collapsed com-
pletely in 2009.

A fast but sustainable market growth took place in Germany. In 2009,
Germany replaced Spain as the world’s largest PV market. In 2011
and 2012, roughly 7.5 GW of PV power were installed in Germany
per year. After the ratification of the Spanish energy plan, Italy and
the Czech Republic also offered attractive feed-in tariffs. The Czech
Republic’s market already collapsed in 2011, whereas the German and
Italian market continued to grow. Only in 2013, were these markets
also drastically reduced.

Meanwhile the global PV industry ramped up production capacities of
60 GW which led to massive overcapacities and a drifting down of prices
much more than ever expected. In 2012 virtually all of the world’s large
PV module manufacturers were in the red. Many of the manufacturers
became insolvent at this time [7], [2].

1.2 Traditional Distribution Grid Planning

Today’s high voltage transmission grids could not be operated safely if
they could not be analysed using power flow computation, state esti-
mation and further grid simulation methods. Up until today, this has
normally not been necessary for distribution grids. Issues which are
handled in the distribution grid planning are [8]:

e Estimation of energy demand

e Connection to high and medium voltage grid
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e Low voltage distribution

e Protection against electric shocks

e Protection of devices in the low voltage grid
e Voltage surge protection

e Power factor correction, reactive power

e Harmonics, flickering

e Special power sources and loads

e Electromagnetic compatibility (EMC)

Distribution grids are traditionally planned as unidirectional: Power
flows only from the higher voltage levels to the loads. Voltage drops are
assumed from the transformer to the loads, therefore the transformer
voltage is set slightly above 1 p.u. to maintain a reasonably high voltage
at the load.

Having an estimation of the demand (both energy and power consump-
tion characteristics), the electrical equipment is chosen using diversity
factors, coincidence factors and further tabulated design criteria.

However, the coincidence or correlation between PV and loads is ne-
glected by these traditional methods. This is an element which will be
investigated in detail in this thesis. Furthermore, modern photovoltaic
power inverters offer a wide range of grid integration options, which are
not covered in traditional distribution grid planning.

1.3 Smart Grid

“Smart grids are nothing new. We have always had smart grids, just
not on the distribution level.” (small talk with Prof. Géran Andersson,
2010)

To replace copper with intelligence is one of the main goals to be
achieved by the implementation of smart grids. Energy should be saved
and the power demand of consumers should as far as possible follow
the available production capacity without reducing consumers’ comfort.
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Smart grids are often seen as the solution to all of today’s grid issues.
In the “White Book Smart Grid” [9], they are defined as the sum of all
measures which transform a traditional distribution power grid into a
modern grid . This definition is used in this thesis.

Today a broad range of domestic appliances are equipped with function-
ality which could theoretically support a smart grid. This is however
not the case. No standards have yet been established, and not even
utilities which should operate smart grids know what components they
should install in the grid, and how these components should interact.
Just as little known are the business cases for smart grids. Utilities
in Switzerland can hardly make a business out of smart grids today,
and for consumers the electricity prices are not volatile enough to jus-
tify intelligent appliances which adapt their consumption based on an
incentive price signal.

The “Verein Smartgrid Schweiz” (Swiss Smart Grid Association) states
three driving forces for the implementation of smart grids [9]:

e decentralised production (static effects)
e cnergy efficiency

e intermittent production (dynamic effects)

Many of the methods for better integration of PV in the distribution
grid proposed in this thesis could be substantially supported by smart
grids. Technical implementation details are however unclear. Questions
remain as to which devices should communicate with each other and
whether control loops should be implemented locally or in a centralised
manner.

1.4 Grid Integration of Photovoltaic Sys-
tems

When distribution grids were first built, their task was simple: To re-
ceive electrical power from a central feeder and to deliver it to dis-
tributed loads. With the increasing share of distributed generation
(DG), and particularly photovoltaics, power flow started to invert at



6 Chapter 1. Introduction

certain points in time. This immediately resulted in new challenges,
e.g. in the fields of voltage control and protection.

The first reaction of utilities was to limit the maximum PV power in
the grid to a limit lower than the permitted load power. This impeded,
in many cases, the realisation of PV power plants on rooftops.

To mitigate this limitation, the European Photovoltaic Industries As-
sociation (EPTA) collected a list of 14 measures to increase the share of
PV in the transmission and distribution grid [10]:
1. Enhanced fault ride through capability
2. Enhanced inverters with short circuit power output
3. Frequency dependent power reduction
4. Improved feed-in prognosis
5. Stepwise power reduction™®
6. 3-phase grid connection
7. Voltage VAr control at PV converter™®
8. MV/LV on load tap changer*®
9. MV/MV or LV/LV booster transformer
10. Voltage control at customer connection
11. Demand response*
12. “Classic” network reinforcement
13. Storage (central)
14. Storage (distributed)*
The measures marked with an asterisk (*) plus the correlation between

PV and load and the analysis of different orientations of PV modules
will be discussed in this thesis.



1.5. Contributions 7

1.5 Contributions
The main contributions of this thesis are:

e Load profile generator: The load profile generator (section 4.4)
allows the fast generation of a large number of realistic domestic
household load profiles.

e Simulation framework: The proposed simulation framework
(section 4.2) allows the comparison of various different control
schemes and operation modes of PV power plants.

e Simulation Results: The main outcomes of this thesis are the
simulation results (chapter 6). Using the proposed simulation
framework, the performance of eight PV grid integration measures
and methods is analysed and compared.

1.6 Outline of the Thesis

This thesis is structured as follows:

Chapter 2: Problem Formulation. The main research questions
of the thesis are formulated in this chapter. The scope of the thesis is
defined and the most important definitions of terms used in this thesis
are given.

Chapter 3: Temporal Resolution of Simulations. In this chap-
ter, the requirements for the temporal resolution of the simulation are
investigated. The effects of different temporal resolutions on the power
flow simulation results and on voltage calculations are analysed using
three different methods.

Chapter 4: Simulation Models and Methods. This is one of the
main chapters of this thesis. It contains the description of the simulation
framework, explains the load profile generator and the meteo (weather)
data generator and finally expounds the use of the Monte Carlo method
in this thesis.

Chapter 5: Control of PV Power Systems in Low Voltage
Grids. Eight calculation methods, control approaches and operating
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modes of PV power plants are compared in this thesis. They are intro-
duced and explained in this chapter.

Chapter 6: Simulation Results and Interpretation of Systems
Studied. The major outcomes of this thesis are given in this chap-
ter. The comparison of the performance of the methods introduced in
Chapter 5 is presented.

Chapter 7: Conclusion. The principal conclusions of the work pre-
sented in this thesis are presented in this chapter.

Chapter 8: Outlook. Some ideas for further research are listed here,
on the one hand for more detailed investigations of specific topics and
on the other hand ideas looking at the whole picture, e.g. taking into
account higher grid levels than only the low voltage distribution grid.

1.7 List of Publications

Four papers and three technical reports where published within the
scope of this thesis:

e C. Bucher and G. Andersson, “Generation of domestic load pro-
files — an adaptive top-down approach,” in proceedings of PMAPS
2012, Istanbul, Turkey, Jun. 2012.

e C. Bucher, J. Betcke, G. Andersson, B. Bletterie, and L. Kiing,
“Simulation of distribution grids with photovoltaics by means of
stochastic load profiles and irradiance data,” in proceedings of the
27th European Photovoltaic Solar Energy Conference and Exhibi-
tion, Frankfurt, Germany, Sep. 2012, pp. 3795 - 800.

e C. Bucher, J. Betcke, and G. Andersson, “Effects of variation of
temporal resolution on domestic power and solar irradiance mea-

surements,” in proceedings of Powertech 2013, Grenoble, France,
Jun. 2013.

e C. Bucher, G. Andersson, and L. Kiing, “Increasing the pv host-
ing capacity of distribution power grids — a comparison of seven
methods,” in proceedings of the 28th European Photovoltaic Solar
Energy Conference and Exhibition, Paris, France, Oct. 2013.
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e J. Betcke, J. Kiihnert, and T. Scheidtsteger, “Development and
validation of the DiGASP weather generator,” Carl von Ossi-
etzky University of Oldenburg Energy and Semiconductor Re-
search Laboratory Energy Meteorology Group, Oldenburg, Ger-
many, Tech. Rep., Aug. 2013.

e B. Bletterie, “Implementation of local voltage control by PV in-
verters in LV networks — Considerations on the parameterisation
and stability issues,” Austrian Institute of Technology (AIT), Vi-
enna, Austria, Tech. Rep., Dec. 2013.

e C. Bucher, B. Bletterie, J. Betcke, “Distribution Grid Analy-
sis and Simulation with Photovoltaics”, Basler & Hofmann AG,
Zurich, Switzerland, Tech. Rep., Mar. 2014.






Chapter 2

Problem Formulation

The research questions essential to this thesis are presented first in this
chapter. Then, the scope of the thesis is defined and finally, the most
important terms and definitions used are given.

2.1 Research Questions

The central research question of this thesis is: “How much PV can
be integrated into the low voltage distribution power system?” This
question will be answered not only using the current practice in grid
connection technologies, but also using several available technologies to
increase the PV hosting capacity of a low voltage grid. The constraints
to be respected are the voltage rise in the grid and the thermal loading
of grid components such as cables and transformers.

Today, a broad range of grid integration examples for PV power systems
is known and is partly available on the market (chapter 5). It is a major
goal of this thesis to evaluate several of these measures and to compare
their performance based on one uniform simulation environment in order
to obtain consistent results.

The results produced in this thesis should end up in new methods, tables
and graphs to estimate the PV hosting capacity of a distribution grid
and the benefit of a specific grid integration measure. It is of course
not possible to calculate the PV hosting capacity and the impact of a

11
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Figure 2.1: Traditional electricity transport trough seven grid levels.
Source: Swissgrid [5].

certain measure on any specific low voltage distribution grid just from
the results of this thesis, but it will be possible to make an estimation
about what effects could be expected and which further investigations
should be made.

Alongside these quantitative answers to “what-if” questions, the distri-
bution of worst case situations is investigated. In practice, it is impor-
tant to know whether a critical situation occurs once a day or only once
in a year. By means of Monte Carlo simulations, such questions will be
answered.

2.2 Scope of Research

This thesis investigates the low voltage distribution grid and the con-
nected transformer (grid level 6 and 7, see Figure 2.1 and definition
2.3.6). The main focus is therefore on the grid voltage, but also the
current loading is investigated. The grid at the medium voltage side of
the transformer (grid level 6) is modelled as a constant voltage feeder.

Within grid level 6 and 7, domestic household loads and PV power
plants are modelled and simulated. Correlation between these loads and
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PV is studied in detail. In the case study, beside the domestic house-
hold loads, certain assumptions for industrial loads are made, without
however modelling them in detail. All loads and PV power plants are
modelled symmetrically on three phases, asymmetries are neglected.

To simulate PV power plants, various control algorithms are used. They
are taken from previous publications and are sometimes slightly modi-
fied. Algorithms for reactive power control and active power curtailment
are studied in considerable detail, whereas demand side management,
for example, is only treated superficially using rough estimations re-
garding its potential.

2.2.1 Outside the Scope

As the medium voltage is modelled as a constant voltage feeder, system-
wide aspects such as frequency and energy balances do not fall within
the scope of this thesis. For instance, if a rainy summer fills all the
water reservoirs and therefore compensates for bad solar energy yield,
this does not however affect the simulation results.

Concerning power quality, only the steady state voltage is analysed.
Other power quality aspects such as flicker, harmonics, transients or
phase asymmetries which are not inherently coupled with PV power in
the grid, are not investigated.

Many control algorithms are used in this thesis. To fit them into the sim-
ulation framework adaptions and improvements are made. It is however
outside the scope of this thesis to implement new control algorithms.

2.3 Definitions

Most terms used in this thesis are well defined, normally by a standards
organisation such as ISO' or BIPM?. However, some terms are used
inconsistently in literature or lack an official definition and will therefore
be defined in the following sections.

1SO: International Organisation for Standardisation
2BIPM: Bureau international des poids et mesures, the International Bureau of
Weights and Measures
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2.3.1 PV Penetration

The “PV penetration” of grid A is defined as the yearly solar energy fed
into grid A divided by the yearly energy consumption of all consumers
connected to grid A. A PV penetration of 100% in a rural grid results
therefore normally in a PV peak power which is higher than peak load.

2.3.2 PV Hosting Capacity

The “PV hosting capacity” is the maximum PV penetration at which
no technical or legal constraints in the grid are violated. If not explicitly
mentioned, the relevant constraint to be met is to limit the maximum
voltage rise to 3%.

2.3.3 Standard Test Conditions

Standard Test Conditions (STC) are the conditions under which a solar
cell and a PV module are tested in the laboratory. The STC test results
are used as the primary information to characterise a PV module. STC
are defined as follows:

e Irradiance of 1000 W/m?
e Cell Temperature of 25 °C
e Air Mass ® (AM) of 1.5

This corresponds approximately to the ideal conditions a module faces
in operation.

2.3.4 Kilowatt-peak

Kilowatt-peak (kWp) has become a standard quantity in recent years.
It is normally used as a unit, which according to SI definitions is not
correct. However, one kilowatt-peak is defined here (in accordance with
the vernacular) as the installed PV power which has an electrical power
output of one kilowatt under standard test conditions.

3 Air Mass 1.5 equals the optical length through the atmosphere of 1.5 times the
thickness of the atmosphere. This is relevant for the spectral composition of the
sunlight.
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2.3.5 APC ratio

The APC ratio (ratio of active power curtailment) is defined as the
nominal inverter power P4¢c divided by the nominal DC power Pp¢c in
kWp of the PV modules:

APC'ratio = % (2.1)

DC

2.3.6 Grid Level

In Switzerland, “grid levels” are linked to a given functionality and
voltage level in the grid [3]. Grid level 7 is the most important in this
thesis. It denotes the distribution grid with a voltage of 230 V' (single
phase) and 400 V' (three phase).






Chapter 3

Temporal Resolution of
Simulations

3.1 Objective

In order to study power flow and voltage stability in a distribution power
grid, it is obvious that a temporal resolution of one hour is not sufficient.
Clearly, it will not be possible to perform long term simulations with a
temporal resolution of one second or less, as too much computational
power would be required. The objective of this chapter is therefore to
find an appropriate temporal resolution for the simulations performed
in the course of this thesis.

Within certain limits, the higher the temporal resolution of a simulation,
the more accurate are the results. A trade-off is however needed in order
to reduce the computational power. The ideal trade-off found in this
thesis turns out to be between one and five minutes.

Once this optimum of one to five minutes is given, estimation of the
accuracy loss should be made. The investigations and results in this
chapter provide a base for such an estimation.

17
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3.2 Background of Temporal Resolutions

Different metering purposes in electric power grids require different tem-
poral resolutions. Billing of domestic electricity consumption in Switzer-
land is traditionally based on annual meter values. Electric energy trad-
ing is normally done on a one-hour basis, whereas electricity metering
for large customers is done on a 15 minute basis [11], [12]. Due to the
large requirement for data storage and expensive measuring equipment,
the availability of measurements with a temporal resolution of less than
15 minutes is poor. The measurement data used in this thesis is pre-
sented in Section 3.3.

In previous studies, the temporal resolution of measurement data has
already been analysed. Wright et al. [13] consider five-minute values to
be insufficient, but do not look beyond one-minute measurement data.
However, the consequences of excessively low temporal resolution are
not studied in detail. Widén et al. [14] compare ten-minute and one-
hour data aggregation for domestic load measurements and photovoltaic
power plants, concluding that hourly data is sufficient for voltage rise
investigations.

The specifications of the voltage characteristics of electricity supplied
by public distribution networks are defined in EN 50160:2010 [15]. In
accordance with section 4.2.2.2 of EN 50160, the voltage in the distri-
bution grid must be within the limits of 10 % for 95 % of the time
based on mean 10 minute rms values over a week.

In this thesis, the ratio of calculated voltages applying different temporal
resolutions is analysed. Voltage rise and drop caused by distributed
photovoltaic systems and domestic loads are compared. Theoretical
values of curtailed load (CL) and curtailed solar energy (CSE) due
to voltage violations are calculated. Whenever household loads and
solar irradiance are to be represented realistically in terms of maximum
power, maximum voltage and energy flows, a temporal resolution of one
minute is proposed for simulation purposes.

However, this does not apply to the analysis of transient currents and
voltages in the grid, where much higher temporal resolutions are re-
quired. In contrast, the proposed temporal resolution might be too
high if only a broad overview of the energy flows in a grid are to be
obtained.
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3.3 Data Source to Investigate Effects of
Variable Temporal Resolution

This thesis focuses on long-term measurements with a temporal resolu-
tion of one second. The poor availability of such measurement data is
assumed to be the main reason why investigations as shown here have
not yet been published.

Three household load measurement sets with a temporal resolution of
one second and a measurement period of several days to several weeks
were available for this report:

e Thirty households in Austria [16]
e Seven households in the USA [17]

e Four households in Switzerland [18]

The horizontal global irradiance was measured with a resolution of sec-
ond on the roof of Oldenburg University (53.15° N, 8.17° E) using a
Kipp and Zonen CM 11 pyranometer, which was calibrated by the man-
ufacturer in March 2010. In this thesis, measurements from the period
June 2011 to April 2012 are analysed [19].

A sample of a one-day household load pattern and irradiance profile is
shown in Fig. 3.1. Both the household load and the irradiance data are
plotted in the original temporal resolution of TR = 1 s and a reduced
resolution of TR = 15 min. In this figure the impact of the reduced
temporal resolution can be observed for instance between 12 am and
2 pm: The peak power of roughly 4 kW measured with a temporal
resolution of 1 s is reduced to 2 kW applying a temporal resolution of
15 min.

3.4 Methodology

The aim of this thesis is to find an adequate temporal resolution for
representing voltage, power and energy in distribution grids with a high
share of domestic households and photovoltaic power plants. Therefore,
the following three methodologies are used to analyse the data:
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Figure 3.1: Load and irradiance measurement of one
Temporal resolution of 1 second and 15 minutes.

e analysis of maximum voltage (section 3.4.3)
e analysis of the power percentiles (section 3.4.4)

e analysis of energy curtailment (section 3.4.5)

3.4.1 Data Aggregation

24

summer day.

To investigate the effects of data aggregation, measurement data sets are
merged. As only 41 household load patterns are available (see section
3.3), different days of a single household are merged into one day, if the
cumulative effect of more than the available number of households is

investigated.
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Figure 3.2: Setup of the power grid consisting of a) one feeder and
one household, b) of one feeder and n households and c) one feeder and
a photovoltaic power plant.

3.4.2 Variation of Temporal Resolution

All measurement data presented in section 3.3 is available with a tem-
poral resolution of one second. Corresponding data is aggregated in this
thesis to temporal resolutions of 5 s, 15 s, 30 s, 1 min, 15 min, 30 min
and 1 A, using the arithmetic mean value of the aggregated data points.

3.4.3 Voltage Calculation

Several approaches study the effects of the temporal resolution on dis-
tribution grid simulation. First, the voltages in a simple power grid
consisting of a feeder and one or several households (Fig. 3.2) are com-
puted. The line is modelled using the m-model [20]. The voltage at the
household node is calculated using (3.1).

Lk —Ykm Ykm + ylilvln E,

where k denotes the feeder node, m the household node, Yk, is the series
admittance, y;" the shunt susceptance and E the complex voltage.
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The current I,,; from the household node towards the line can be ex-
pressed as a function of E,,, and the complex conjugated apparent power
consumption S, at node m (3.2).

S*
I = 2 2
" En (3:2)

Solving (3.1) for the voltage at the household node E,,, the voltage F,,
can formally be written as (3.3).

o Y [ B + i + 975, 5
" 2(Ykm + Y3t '

Given standard low voltage cable properties, the shunt susceptance y,‘zfn
can be neglected. If the shunt susceptance is neglected and the voltage
at the household node is close to the feeder voltage (E,, = Ej), which
in practice is the case, (3.3) is simplified to (3.4).

S
E, ~E,+ —2 3.4
g ykmEk ( )

As the feeder voltage Ej is kept constant, the voltage deviation at the
household node is proportional to the load at the household node. This
means that all voltages calculated in this thesis are essentially propor-
tional to the power which is consumed or fed in at the given point. The
results are presented as voltage errors as a function of the temporal
resolution in accordance with (3.5),

Em,TR:ls - Em (TR)

AE,(TR) = 3.5
) ==,k - B, (35
which can be simplified to (3.6) using (3.4).
S rhe1s — Sm(TR
AEm(TR) _ m, TR=1s m( ) (36)

Si(TR)
AFE,,(TR) is the voltage error caused by the temporal resolution T'R.

Because the reactive power consumption has only a small influence on
the voltage in the low voltage grid, the complex apparent power is set
to the active power S,, = P.
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3.4.4 Power Percentile Calculation

A second approach used in this thesis to investigate the effects of differ-
ent temporal resolutions on load and irradiance data is to calculate the
power percentiles, as presented in Wright et al. [13]. Power percentiles
indicate the value (e.g. load power in kW) below which a given percent-
age of measurements fall. The 99.9 percentile is the highest percentile
used in this chapter. As it indicates the border between the 99.9 percent
of lower measurements and the 0.1 percent of highest measurements, it
represents the peak power of the data sets.

Applying a lower temporal resolution to the data, the higher percentiles
decrease. This means that certain information about peak power is lost,
and power peaks are underestimated.

3.4.5 Curtailed Load and Curtailed Solar Energy

If a given voltage tolerance band is to be respected, only limited power
can be consumed or fed into the grid. In this calculation method, the
line is dimensioned such that the power consumption and production
independently cause voltage dips and rises of exactly 3 % if the tempo-
ral resolution is 1 h. The curtailed load (CL) and the curtailed solar
energy (CSE) are the energies which cause voltage deviations beyond
3%. Their computation is done in accordance with (3.7).

N(TR)
CL,CSE(TR)= > (P(TR) -d(TR)-TR)
t=1
N(TR) Part A (37)

> (di(TR) - TR) - maz(Prrr—1n)

t=1

Part B

where

1 if P, > max(P,rr=1n)
dt =
0 else.
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TR denotes the temporal resolution, P;, (T'R) the power at the time ¢,
N(TR) is the total number of measurements for the given temporal res-
olution. Part A is the total energy demanded when a voltage violation
occurs; Part B is the energy which theoretically still could be served
during the voltage violation.

The tolerance of 3 % is chosen to minimise effects of line losses and
to follow the dimensioning practices promoted in the D-A-CH-CZ-
compendium [6].

3.5 Results

The results are presented in three sections in accordance with the
methods presented in chapter 3.4, using the measurement data of one
section 3.3:

e Voltage drop and rise
e Power percentiles

e Curtailed load and curtailed solar energy

3.5.1 Voltage Drop and Rise

Averaging data reduces peak values and increases the minimum mea-
sured values. The measured peak power and thus the maximum ex-
pected voltage dip within one hour vary considerably depending on the
temporal resolution used for the measurement.

A sample worst case scenario is given by a power impulse of 1 kW over
1 s. This value can only be measured if a temporal resolution of 1 s
is applied. Using a sampling rate of 5 s, the maximum power detected
would be 200 W in the same situation. Given a temporal resolution of
one hour this value would decrease to the value of 0.278 W, which has
no physical relevance. The voltage deviation AFE,, computed with (3.6)
using a temporal resolution of one hour would therefore deviate by a
factor of 3600 from the real value.

Fig. 3.3 shows the ratio of maximum voltage changes for different tem-
poral resolutions and different numbers of aggregated households using
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(3.6). Fig. 3.4 shows the same analysis for power fed into the grid by
solar irradiance. A comparison of both graphs shows that the solar ir-
radiance data causes a similar ratio of maximum voltage changes as an
aggregation of about five to ten households.

3.5.2 Power Percentiles

Fig. 3.5 to Fig. 3.8 show different power percentiles of the measurement
data. It is conspicuous that the 99.9 percentile (which approximately
represents peak power) drops drastically if lower temporal resolutions
are applied. This means that power peaks are clipped. The obverse
effect can be observed with the 20 percentile which represents low power:
If the temporal resolution is lower than about 5 min, this percentile
rises.

The comparison between household data and irradiance data again
shows similarities between a certain number of aggregated households
and the irradiance data. The 99.9 percentile for a single household
drops about 35 % if the temporal resolution is increased from 1 s to
1 h. The same percentile of 10 households as well as of the irradiance
data drops about 20 %, whereas the 99.9 percentile of 200 households
only drops about 10 %. In terms of power percentile variation the irra-
diance data can be compared to an aggregation of ten to fifty household
load patterns.

3.5.3 Curtailed Load and Curtailed Solar Energy

The line voltage of a line designed to withstand household loads with
voltage deviations of less than 3 % on an hourly basis obviously deviates
more than 3 % if voltage deviation calculations with a higher temporal
resolution are done (section 3.5.1). Fig. 3.9 shows the percentage of C'L
for different numbers of households, Fig. 3.10 shows the percentage of
CL for a photovoltaic power plant (b).

If only one household is connected to the grid which is designed to sup-
ply the peak power on a one hour average basis, about 0.8 % of the load
cannot be served. This number decreases rapidly if more households
are connected to the grid. In addition, the curves representing many
households are flatter than those representing only a few households.
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This means that the impact of excessively low temporal resolution de-
creases not only in absolute but also in relative values with an increasing
number of households on the grid.

The curves in Fig. 3.9 and 3.10 are not linear and depend on the
household(s) investigated. Looking at the American measurement data
set, CL goes up to 1.2 % for a single household. This means that in
the given American data set, households consume more energy at peak
power than in the other data sets.

The C'SFE reaches a maximum of 0.35 % if the maximum temporal res-
olution of one second is applied. This corresponds again to five to ten
aggregated households.

Generally, the impact of a low temporal resolution on energy is much
lower than on power. Nevertheless, similar characteristics can be ob-
served in both cases.

3.6 Interpretation

The three methods presented to analyse the change of the statistical
properties of domestic load and irradiance data have one common out-
come: The higher the temporal resolution, the less the effect of temporal
resolution variation.

One approach to find the optimum resolution is to identify the major
change in the results presented. Fig. 3.11 shows the second derivative of
all three methods presented in chapter 3.5 with respect to the temporal
resolution. It is calculated using differential quotients and the discrete
temporal resolutions shown in the graph. The peak of the bold curve at
1 min and at 5 min denotes the major bend in the result curves. This
means that changing the temporal resolution stepwise from 1 s to 1 h,
the highest loss of information takes place between 1 min and 5 min.
The conservative but reasonable choice is therefore to choose 1 min as
the optimal temporal resolution.

3.6.1 Interpretation of Typical Timescales

The proposed temporal resolution of one minute data can be found
again in the daily use of household appliances. A broad range of widely
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spread electrical devices consuming relatively high power are switched
on and off for several minutes, but normally for not less than one minute
and not longer than five to ten minutes. Such devices are:

e Thermal switching electrical ovens
e Toasters
e Hair dryers

e Electric kettles

It can be assumed that the use of these devices is a dominant reason
for the behaviour of the measured domestic load patterns.

Similar thoughts can be made for the solar irradiance. The minimal re-
quired temporal resolution is determined by days with scattered clouds.
During such conditions, the time between clear sky - cloudy sky transi-
tions is in the range of several minutes to an hour [21], [22].

3.7 Temporal Resolution in this Thesis

In this thesis, simulations are basically done with a temporal resolution
of one or five minutes. But since one year has 525’600 minutes, a power
flow computation of one year with a temporal resolution of one minute
needs a lot of computational power. For some repeated simulations, a
lower temporal resolution is therefore chosen. The final results are in
this case corrected linearly in accordance with the deviations between
two test simulations, which differ only in their temporal resolution.
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Chapter 4

Simulation Models and
Methods

4.1 Introduction

One objective of this thesis is to present or to provide a simulation
platform which allows accurate and efficient simulation of PV power
plants in low voltage distribution grids. Such a simulation platform is
presented in this chapter. It consists of the following sections:

e The simulation framework
e The data sources for load and irradiance modelling

e The load profile generator

The meteo (weather) data generator and

e The Monte Carlo simulation approach

With the content and results of this chapter, it will be possible to per-
form the simulations which are necessary to answer the principal ques-
tion of this thesis.

35
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4.2 Simulation Framework

An overview of the simulation procedure is given in 4.1. Starting from
the grid topology which contains information about households and PV
power plants, the required load profiles and irradiance data are gen-
erated. The actual consumption of the households is simulated using
additional information about demand side management (DSM). The
maximum power output of each PV plant is computed using the irradi-
ance profile and a reference temperature profile.

Given the power demand and the power production of every node in the
grid, an AC load flow computation is performed using Matpower [23].
The nodal voltages are fed back to the reactive power control (RPC)
and active power curtailment (APC) algorithm, see sections 5.3 and 5.4.

The modular topology of this scheme permits the enabling and disabling
of different functionalities of the simulation procedure. The functional-
ities implemented are presented in chapter 6.

4.2.1 Voltage Sensitivity Matrix (VSM)

In many cases, only the critical simulation times (e.g. when maximum
or minimum voltages occur) are of interest. If this is the case, only a
small number of time steps must be simulated. The VSM can be used
to estimate voltages and make a choice of critical time steps.

The VSM consists of two symmetrical n x n matrices VSMP and VSMQ,
where n denotes the number of nodes in a distribution grid (4.1). In
the following equations, the procedure to calculate VSMP is described.
VSMQ can be obtained in exactly the same way, just replacing active
power p by reactive power q.

kpia oo kprj - kpia
VSMp = k'pi,l /{:pi,j kpi,n (41)
kpml e kpn,j e kpn,n

The coefficients kp; ; of the VSM are defined as the voltage change dU;
at node ¢, if a given active power dP; is injected into node j. The active
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Figure 4.1: Simulation procedure with demand side management
(DSM), mazimum power point tracking (MPPT), active power curtail-
ment (APC) and reactive power control (RPC).
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power dP; must thereby be small enough to make this grid linearisation
valid, but big enough to avoid computational errors due to the lack of
precision of the data types. Here, an active power of 100 W has been
used.

dUu;

If all voltages in the system are close to the linearisation point (here:
1 p.u.), the voltage deviations are proportional to the power applied to
the nodes. This condition is given in (4.3).

Ui=U;~1pu. Vi, j (4.3)

The derivation of the coefficients kp; ; is done numerically in this thesis.
A test load is applied to every node, and the voltages are simulated using
the power flow simulation tool MATPOWER.

To calculate or rather estimate the voltage at node 7, the voltage de-
viations caused by all power fed in the grid must be summed up and
added to 1 p.u. (4.4).

Ui~ 1pu. + Z kp; ;- P; + Z kqij - Q; (4.4)
st =1

Using (4.4), the voltages of any grid with a known VSM can be estimated
with only little computational power; even if the number of time steps
is high (e.g. 1 minute steps over one year). The most critical time steps
(which are normally the hours around noon on sunny summer days
with low load) can then be selected and simulated using a full power
flow simulation. Especially for Monte Carlo simulations, this is a very
useful way to accelerate grid simulation.

4.3 Data Sources

4.3.1 Load Profiles

The load profiles used in the simulations of this thesis were generated
using the load profile generator of chapter 4.4. Measurements of the
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electricity demand of 50 households in Zurich were recorded in 2013,
but they were not yet available for the simulations and therefore only
presented in Appendix E.

4.3.2 Irradiance Data

Irradiance data is taken from the meteo data generator presented in
chapter 4.5 and from test reference years of METEONORM [24].

4.4 Load Profile Generator

The objective is to generate a load profile which can be used for distri-
bution system power flow and voltage analysis. The algorithm should be
fast and allow the generation of a large number of realistic load profiles
with only little computational power.

When distribution systems are simulated nowadays, household loads are
normally represented with an aggregated load profile. Such an aggre-
gated load profile is sufficiently accurate for the system as a whole, but
does not represent individual households. In order to investigate the
correlation between household loads and distributed power generation,
high resolution household load profiles are needed. As the number of
profiles needed is large, the algorithm to generate them must be fast.

It is not of interest whether a certain appliance is used at a certain time,
but the overall power demand of a household must be realistic.

The following statistical requirements must therefore be met:
e The load distribution function (load histogram) must correspond
to the load distribution function of real measurements at any time.

e The mean load duration of any load must correspond to the mean
load duration of real measurements at any time.

e The sum of a large number of load profiles must correspond to a
given reference load profile.

e It must be possible easily to generate a large number of load pro-
files.
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e The generated power factor cos(¢) must statistically correspond
to the measured power factor for every load at any time.

Excluded from the criteria to be met are auto-correlations within a
single load profile, because these criteria can not be met using the pro-
posed top-down approach. Auto-correlated load patterns are typically
produced by thermostatically controlled loads (TCLs), such as fridges
and freezers, but also stoves and ovens.

4.4.1 Methodology

The load patterns which are statistically analysed are generated with
the bottom-up algorithm presented by Richardson et al. [4]. As this
algorithm is based on consumer data from the UK, a few configuration
modifications are made to obtain results close to continental European
electricity consumption patterns.

The main steps of the top-down load profile generation algorithm pre-
sented in this document are shown in Fig. 4.2. In the following sections,
these steps are described in detail.

4.4.2 Domestic Load Pattern

The most important data source for the load profile generation is a
statistically significant set of existing load patterns. If available, this
could consist of high resolution household consumption measurements.
If no measurements are available, synthetic load patterns of a bottom-
up algorithm can be used, as is done in this document. The required
sampling rate of the profile should be 1 minute (chapter 3). As the
data will later be adapted to the given situation (see section 4.4.3), it
may originate from a system which does not correspond exactly to the
system to be simulated.

Fig. 4.3 shows a sample load profile generated with the bottom-up
algorithm of Richardson et al. [4].
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Figure 4.2: Diagram showing the main steps of the top-down load
profile generation algorithm.
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Figure 4.3: Load profile of one household generated with the bottom-up
approach of Richardson et al. [4}].

4.4.3 Statistical Analysis of Load Pattern

All statistical information, which is relevant for a load profile, is derived
from the given load patterns. The requirements are described here in
detail.

Load Distribution Function

The histogram of a synthetic load profile and a measured load profile
must be identical at any time. That is, not only on a 24 hour basis, but
every 15 minutes. The necessity for using this time interval is given by
the fact that the set of appliances connected to the grid varies greatly
during the day, but only a little over 15 minutes. This is obvious from
an analysis of the input data of a bottom-up load profile generation
algorithm such as the one presented by Richardson et al. [4].

A household power histogram (see Fig. 4.4 for an example) does not
correspond to any simple known probability density function. It could
be modelled by the superposition of several density functions (e. g.
Gamma-distribution, Beta-distribution or Weibull-distribution), but ex-
periments with these functions did not lead to acceptable results. In
other publications, the Beta-distribution is reported to have a “low sig-
nificance level” but still to be the “most suitable in comparison to eight
different distribution functions”, [5] and [25].

Integrating and normalising the household power histogram leads to the
cumulative distribution function (CDF).
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Figure 4.4: Household power histogram for time span 8 pm to 8:15
pm, containing 15 x 5000 data samples.

P
CDF(P) = %/o Hist(p)dp (4.5)

where N is the number of measurements in the histogram (Fig. 4.4),
P is the household power (x-axis in the histogram) and Hist(p) the
absolute frequency of the household power measurements.

The distribution of the household power is modelled with a set of linear
functions, each modelling one segment of the CDF. The sampling points
for these linear functions are derived by putting all power measurements
of 15 min in a strictly increasing series. This series is approximated with
20 sampling points chosen on a logarithmic scale.

Fig. 4.5 shows two sample CDFs, generated for 2 am and 8 pm. The
CDFs are based on generated power samples from 2 am to 2 : 15 am
and 8 pm to 8 : 15 pm. Both time intervals are represented by 15 x 5000
power samples.

The stepwise linear CDFs (red in Fig. 4.5) can be described with pairs
of power P; and its corresponding cumulative probability p p; ;) where
i denotes the power segment and t the time.

The load sectors are defined in logarithmically distributed steps, using
the following Matlab command:

load_sector = logspace(loglO(Pmin),
log10(Pmax) ,21)
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Figure 4.5: Stepwise linear cumulative distribution functions (CDF)
for 2 am and 8 pm (red), based on the histogram in Fig. /.4 and Eq.
4.5 (blue).

The data to be stored for the load profile generation algorithm consists
therefore of 21 pairs of (P;/p(p,,)) for every 15 minutes, this gives a
matrix with the dimension of 96 x 42.

The construction of the matrix is shown in (4.6).

col 1 2 Lo 41 42
row
1 Proppia oo Paroppaa (4.6)
96 Py ppos1 ... Pa1 pposo1

To generate a load profile, for each sampling time a uniformly dis-
tributed random variable pp € (0...1) is selected. With the CDF in
Fig. 4.5 (equivalent to the matrix in (4.6)) the corresponding household
power is calculated. Although there is only one CDF for 15 minutes,
power samples can be drawn with any arbitrary sampling rate. Fig. 4.6
shows such a synthetically generated load profile with a sampling rate
of 1 minute.

Load Duration Function

Using a constant sampling rate of 1 minute, a load profile as shown
in Fig. 4.6 can be generated. The load in this profile changes every
minute, the statistical time to the next load change is not considered.
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Figure 4.7: Load duration curve: Mean time during which the load
remains in a certain load sector.

Analysing the time span during which a load remains constant within
a given load sector, the load duration curve in Fig. 4.7 is found. The
load sectors are the same as in section 4.4.3.

The load duration curve varies during the day. This can be observed
in Fig. 4.7, which shows the load duration curves at 7 am and 7 pm.
The mean time during which a load in the first sector (7 to 10 Watts)
stays constant is only 10 minutes in the evening, whereas it is almost
40 minutes in the morning.

Investigating the distribution function of the load duration, an expo-
nential behaviour was observed. In the algorithm presented here, the
sampling of the load duration is therefore done using an exponentially
distributed random variable with a mean value given by the load du-
ration curve. Using a more appropriate distribution function for the
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load duration could further improve the accuracy of the load profile
generator.

A resulting sample profile using the load duration curve is shown in Fig.
4.8.

Correlation of Active and Reactive Power

In a bottom-up approach, an appropriate power factor cos(¢) can be
allocated to every appliance. As individual appliances are not modelled
in the top-down algorithm, a different approach must be found.

Because of the appliance-dependency of the power factor, a dependency
of the cumulative household power is assumed. This fact is confirmed by
statistical analysis of measurement data (Fig. 4.9). Each load segment
has a characteristic distribution of the power factor. Similar to the load
duration curve, the CDF of the power factor varies throughout the day.

Adaptation to Reference Load Profile

A distribution system operator (DSO) normally knows the cumulative
power consumption (often denoted as “reference load profile”) of its
system. The red solid line in Fig. 4.10 shows the reference load profile
of the ewz system (Elektrizitatswerk der Stadt Ziirich, electricity utility
of Zurich).

It is an obvious requirement that the expectation value of a large amount
of individual load profiles must correspond to the reference load profile.
This constraint is expressed in Eq. 4.7.
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E(Top Down Load Profile(t))
— E(Reference Load Profile(t)) =0 (4.7)

where E denotes the expectation value.

This criterion is fulfilled by shifting the sampling points p(p; ) of the
load CDF described in (4.6). In order to change the characteristics of
the CDFs as little as possible, the load sectors P; are kept constant and
the corresponding sampling points are stretched by means of a geometric
sequence:

Primary sampling points: [p(p(pyt’l) .. .p(pyt’m))]

Modified sampling points: [(p(p’t’l) Sa(,1) - D(P21)) @(t,z())]

Terms of geometric sequence: a(; ;) = agp - qiifl)

Where ag = 1 and ¢; is found by the Newton-Raphson method imple-
mented in Matlab, solving Eq. 4.7. For easier computation the modified
sampling points are renormalised by multiplication of each sampling
point with the term 1/max(p(py) - as).

Each sampling point p(p ;) of Eq. 4.6 is thus modified as follows:

P(P,t,i) © Q(t,i) (4.8)

p i)
(P,t,i) mazx(p(p,y - ar)

Using electricity consumption statistics [26], reference load profiles for
different seasons and weekdays can be obtained.
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4.4.4 Generation of Load Profiles

Using the statistical analysis of the preceding chapter, a synthetic load
profile can be generated. The following list shows the algorithm for
generating a load profile:

10.

Create an empty load profile matrix LP with 24 - 60 rows and 2
columns.

.Sett=1

Pick a uniformly distributed random number pp € (0...1)

Calculate the corresponding power according to the CDF by linear
interpolation of the sampling points of the modified matrix Eq.
4.6.

. Pick a uniformly distributed random number pg € (0...1)

. Calculate the corresponding cos(¢) according to the CDF in Fig.

4.9.

Pick an exponentially distributed random number At with the
expectation value found on the load duration curve (Fig. 4.7).
Set t =t + At.

It >24-60, set t =24 - 60

For [t — At...t)] fill in the load profile matrix LP with the cal-
culated power P; in the first column and the calculated cos(¢) in
the second column.

If t = 24 - 60 finish, otherwise go back to step 3.

In Fig. 4.10 (top) a single load profile (blue dashed line) and the average
power of 1000 load profiles (blue solid line) are shown. The red line
shows the reference load profile. The corresponding power factor for
both the single and the average load profiles is shown in the lower part
of Fig. 4.10.
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Figure 4.10: Upper plot: Synthetic load profile of one household (blue
dashed line), synthetic load profiles of 1000 households (blue solid line),
reference load profile by ewz Zurich (red). Lower plot: Power factor for
a single load profile (dashed line) and for 1000 load profiles (solid line).

4.4.5 Validation

Algorithms to generate load profiles are often validated by means of
load histograms or simplified load duration curves [27] [28] [5]. These
validations are not of use for this approach, as the algorithm presented
here is designed to meet precisely these criteria. A benchmark criterion
which has not been used yet in this approach is the coincidence factor
(CF). The CF is defined as “the ratio of the maximum coincident total
demand of a group of consumers to the sum of the maximum power
demands of individual consumers [...]” [29]. The CF of the load gener-
ated, as presented in that paper, is defined according to Eq. 4.9. This
definition is used for comparison with other CFs.

mazx. coincident load of n households

F fr—
CF(n) > peak load of every household

(4.9)

In 4.10 an analytic way to describe C'F'(n) is presented. This formula
is derived in [5].
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Figure 4.11: Coincidence Factor (CF): Adaptive Top-Down Approach,
measurement data and CF published in [5].

CF(n) = coo + (1 = coo) -0 /2 (4.10)

The CFs for three data sources are shown in Fig. 4.11: The CF for
the adaptive top-down approach presented in this thesis, the CF for the
measurements on which this approach is based and finally the CF of
Eq. 4.10. The comparison shows that the CF of the adaptive top-down
approach matches the other CFs well.

The minor deviation between the adaptive top-down approach and the
measurement data can be explained by the lack of auto-correlation in the
adaptive top-down approach. It can therefore be said that the adaptive
top-down approach generates realistic demand patterns in accordance
with power coincidence and diversity.

This validation is done using individual load profiles of one day, applying
4.9. If the validation is carried out with load profiles of one year instead,
the CF would decrease even more to about 0.1 for 100 households. This
is due to the fact that power peaks of a single household occur not every
day, but with a high probability at least once a year. If on top of the
yearly load profile a temporal resolution of one hour is applied (instead
of one minute), Fig. 4.11 becomes true again. The high power peaks of
single households are smoothed out (chapter 3).
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4.5 Meteo (Weather) Data Generator

This chapter provides a short summary of the report “Development and
Validation of the DiIGASP Weather Generator” [30]. This section is a
cooperative work with Jethro Betcke [30].

4.5.1 Introduction to the Irradiance Generator

The irradiance generator is at the heart of the weather generator and
built up from the following steps: Using the Heliosat method [31] hourly
values of the clear sky index k, which is a measure for cloud transmit-
tance, are calculated from nine years of Meteosat Second Generation
measurements. The goodness of the distribution of these values is im-
proved using a new method based on feature transformation. To be able
to create more than nine synthetic years the diurnal patterns of neigh-
bouring days are randomly interchanged. Using a modified version of
the Skartveit and Olseth method [32], minute values of k are generated
from the hourly values. Multiplication with the clear sky irradiance
from the Dumortier model gives the high resolution global horizontal
irradiance.

The irradiance on the tilted array plane is calculated with a modified
Skartveit, Olseth and Tuft diffuse fraction model in combination with
the Perez model [33]. The Mean Kolmogorov Smirnov Integral MKSI
was used to evaluate the goodness of the horizontal irradiance distribu-
tion on a range of time scales. It could be shown that the combination of
the distribution correction and the modifications to the Skartveit and
Olseth method could more than halve the MKSI for time scales of a
year.

By modifying the variability measure used by the Skartveit Olseth and
Tuft model, the results could be improved compared to the original
model.

The short term variability of temperature and wind speed is less impor-
tant than for irradiance, and the high resolution data can be generated
by interpolating re-analysis data.

Overall, the new method can generate statistically realistic weather time
series at acceptable cost in terms of calculation time.
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Figure 4.12: FEzample of a measured and synthetic irradiance time
series.

4.5.2 Irradiance Generator

The irradiance generator must generate many synthetic, location spe-
cific, irradiance time series with a high temporal resolution. Despite
being synthetic, the data should be realistic, i.e. show the same statis-
tical properties as measured data. Furthermore, the procedure must be
fast enough to be integrated in the Monte-Carlo calculations. With this
aim, a four step procedure was developed as described below.

Stepl: Historic Database of Hourly Irradiance Values

For the method to produce realistic irradiance time series, local historic
data from a longer period is necessary. Since local measurements are
mostly not available, the method is based on satellite data. The Heliosat
method [31] is used to calculate the clear sky index &}, which is a
measure of cloudiness and defined by (4.11):

k= % (4.11)
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Figure 4.13: Distribution of measured and synthetic irradiance with a
one-minute resolution based on two years of measurements at Oldenburg
University.

where G is the irradiance and G jeqr is the clear sky irradiance, i.e. the
irradiance in the absence of cloud cover. Measurements of the visual
channel of the Meteosat Second Generation (MSG) series are used as
input to the procedure. MSG data is available from May 2004, thus
providing a historic data set of nine years.

This first step has to be carried out just once for every location.

Creating a Synthetic Year of Hourly Irradiance

To be able to create more synthetic years than the nine years of synthetic
data, the following procedure is applied: For each day of the year a
pool of days from the historic dataset is created. If, for example, the
day under consideration is 15 February, the days between 9 and 20
February from all nine available years are included in the pool. This
means 99 days are included in the pool. One day is drawn randomly
from the pool and the k; time series from that day is used as basis for
the creation of minute data.
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Creation of Minute Data

To create data with one minute resolution, the Skartveit and Olseth
method [32] is used. The method describes oy, the expected intra-
hour standard deviation of k} as a function of the standard deviation
of three hourly values. For each hour a value of oy is randomly drawn
from a Weibull distribution whose shape is determined by ;. The
value of oy is in its turn used to determine the parameters of a linear
combination of two [S-functions, that describe the distribution of the
variable ¢, which is a normalised k;. The value of t is drawn randomly
from this distribution to obtain high resolution versions of k;, which is
finally multiplied with G jcq, to obtain the high resolution values of G,
where Gjeqr is calculated with the Dumortier model [34].

Fig. 4.12 shows the synthetic data for a sample day in comparison with
the original measured data. The distribution of the synthetic data is
compared with the distribution of measured data in Fig. 4.13. It shows
that, although the Skartveit and Olseth method was originally designed
to produce data with a five minute resolution, there is a relatively good
agreement between the two distributions. A further adaptation of the
method is in development.

4.5.3 Generator for Wind and Temperature Data

For the temperature and wind data, measurements from the Affoltern
weather station provided by MeteoSwiss are used. The data has a tem-
poral resolution of ten minutes. Since temperature and wind speed do
not fluctuate as rapidly as solar irradiance, a cubic spline interpolation
method is used to obtain a one-minute resolution. To conserve the cor-
relation with the irradiance data, data from the same dates that were
drawn in the irradiance lottery are used. If the temperature or wind
data was not available for that date, it was taken from the same day in
a different year. The year was determined by comparing the irradiance
sums of the chosen date.

4.6 Monte Carlo Simulation

Monte Carlo simulations are often used to numerically compute or es-
timate values, which are based on stochastic data. Three major steps
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are necessary:

1. Randomisation of input data
2. Calculation of output

3. Evaluation of output (e.g. calculation of mean value from output)

In this thesis Monte Carlo simulations are used to calculate the distri-
bution of maximum voltages in a distribution grid.

4.6.1 Problem Formulation

Many simulations which are performed in this thesis are based on the
analysis of worst case situations. The PV hosting capacity for example
is derived by simulating one full year with various PV penetration sce-
narios. The PV penetration is increased unless the voltage rises above a
critical value, usually given by Ug.;; = 1.03 p.u.. The corresponding PV
penetration is defined as the PV hosting capacity of the grid. The aim
of the Monte Carlo simulations is to investigate and visualise the distri-
bution of these worst case situations. If a certain overvoltage is likely
to occur once in a year, but very unlikely to occur repeatedly, there
might be better solutions to handle this overvoltage than to dimension
the grid for it.

4.6.2 Required Number of Simulations
In the corollary 1 of [35], Calafiore states the minimum number of sce-

narios N which is required to satisfy a confidence level 5 and a proba-
bility level € of a ng-dimensional problem (4.12).

N > ﬁln (;) + 2ng + 271?@[” <i)-‘ (4.12)

To calculate the expectation value (e = 0.5) of the maximum voltage on
a given summer day with a confidence level of 1 % (8 = 0.01), only 26
scenarios are required. If the 90-percentile is to be calculated (e = 0.1),
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155 scenarios are needed. For the 98-percentile, this figure is 924 and
for the 99-percentile it is 1983.

In this thesis, the number of scenarios used is 1000. The results pre-
sented in Fig. 6.40 have therefore a confidence level of < 1 % up to the
98-percentile.

The scenario for Calafiore’s approach is somewhat conservative. Subse-
quent to his work, even tighter bounds have been set.

4.6.3 Limitations

The major drawback of Monte Carlo simulations is the required com-
putational effort. To simulate a full year with a temporal resolution of
one minute, 525’600 time steps must be simulated. If 1000 scenarios
must be simulated in a Monte Carlo simulation, the simulation consists
of almost 525.6 million time steps and thus 525.6 million power flow
problems which must be solved. Even if a fast computer could solve
1000 power flow problems within a second, it would need more than six
days and nights to perform the simulation.

This is neither practical nor necessary. With the following two measures,
this problem is greatly mitigated:

e A broad range of scenarios and methods are simulated in this
thesis. However, Monte Carlo simulations must mainly investigate
the statistical nature of solar irradiance vs. domestic load profiles.
Therefore, only a much reduced number of scenarios and methods
are actually simulated with a Monte Carlo approach (chapter 6.4).

e Searching for the maximum PV hosting capacity of a distribu-
tion grid, only the critical time steps must be simulated. These
are mainly weekends in summer (low load, high PV production).
The critical voltages are found using the voltage sensitivity matrix
(section 4.2.1).



Chapter 5

Control of PV Power Systems
in Low Voltage Grids

“Replace copper with intelligence” could be the slogan for a Smart Grid.
In this chapter the “intelligent alternatives to copper” are presented:
They relate to the eight methods and control principles which allow the
PV hosting capacity of a low voltage distribution grid (LVDG) to be
increased.

It is an objective of this thesis to collect and adapt known grid inte-
gration methods and principles to the simulation framework, to adapt
them if necessary and, most importantly, to compare their performance
in terms of increasing the PV hosting capacity of an LVDG. Whenever
the control algorithms are modified, the modifications are explained in
detail.

The following eight sections (section 5.1 to section 5.8) contain eight
methods which can be used to integrate PV into the LVDG. The first
method, called “DACHCZ”, is currently used in Switzerland to deter-
mine the PV hosting capacity of an LVDG [6]. In the following studies,
it is always used as the reference method if the performance of another
method is shown with relative figures.

o7
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5.1 DACHCZ

The “Technical Rules for the Assessment of Network Disturbances
(DACHCZ)” published by the associations of electric utilities in Ger-
many, Austria, Switzerland and the Czech Republic, accept in normal
situations ! a maximum relative voltage rise of 3 % in the low voltage
grid [6]. To compute the voltage rise, all loads must be set to zero, and
the maximum possible power output of all PV power systems must be
considered with a coincidence factor of one. This is the most important
rule in Switzerland, according to which PV power systems are to be
installed today. Not only in the DACHCZ approach, but in all further
computations in this thesis, a maximum voltage rise of 3 % is consid-
ered to be the limit of the voltage tolerance. The computation of this
3 % is however done with the assumptions presented in the next seven
sections (5.2 to 5.8).

5.2 Correlation with Load

In this power flow computation method, the loads in the grid are no
longer set to zero. Realistic load patterns are used to compute the load
power which reduces and limits the maximum power injection into the
grid of distributed generators at any time. In order to obtain realistic
load patterns with a high temporal resolution, the load profile generator
as presented in section 4.4 is used.

5.3 Reactive Power Control

In accordance with Swiss grid codes, PV power plants must supply their
power with a power factor of cos(¢) = 1. In Germany, this rule was
changed in 2011 in accordance with the VDE AR 4105 [36], where a
dynamic power factor down to 0.95 lagging is required in normal cases.
Consuming reactive power while feeding in active power will reduce the
voltage rise in a power system and therefore lead to higher PV hosting
capacity of the grid.

LA “normal situation” here means a grid which is neither observed nor controlled
in real time, and where all grid-connected distributed power plants feed in their
power applying a power factor of cos(¢) = 1
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Reactive Power Control (RPC) is often done using a droop factor [37]. If
the grid voltage Ugriq,n exceeds the voltage Urpc,crit,n, the PV inverter
starts to consume reactive power (under-excited or inductive operation).
The droop factor is defined as shown in (5.1).

7Qmar,n

URPC’,crit,n - URPC’,maJ:,n

MRPC,n = (5.1)

where Qpqqz,n is the maximum reactive power capacity of the inverter
and Urpc maz,n the voltage, at which the inverter will consume Qg -
The reactive power consumption @, is given by (5.2).

Qn = MRPCn * (Ugrid,n - URPC,(:M't,n) (52)

Q., is bound by three constraints, (5.3) to (5.5):

Qn < Qmar,n (53)
Pr% + Q?L < S’?naa;,n (54)
P,
cos (¢n) = Sf > cos (¢min,n) (55)

where P, is the active power output, 5, is the apparent power out-
put, Smazn is the rated AC power, cos(¢,) is the power factor and
€0S(Pmin.n) is the minimum power factor of the PV plant at node n.

5.4 Active Power Curtailment

Curtailing PV power or, expressed alternatively cutting the peak power
will cause energy losses. Because the power peaks of PV power occur
relatively seldom, only little energy is lost even when a substantial per-
centage of the power is cut. Using active power curtailment (APC) is
therefore a powerful instrument to integrate more PV energy into the
power grid.

Different methods to implement APC are presented in section 5.4.1 to
5.4.4. An approach to optimise the APC is derived in Appendix A.
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5.4.1 Constant Active Power Curtailment

If a PV power plant is designed with an APC ratio < 1, APC is applied
intrinsically. This is the most simple and widespread use of APC and
therefore mainly used in the simulations for this thesis.

5.4.2 Local Consumption-Based Active Power Cur-
tailment

The purpose of APC is to relieve the grid. The same effect as curtailing
active power can be reached if a load is connected to the grid at the
same place where the PV power plant is located. The power of the load
can now be withdrawn from the PV power in order to calculate the
PV power plant’s impact on the grid. In practice, this means that not
the output of the PV power plant must be limited, but the net power
injection from a building into a grid.

5.4.3 Droop-Based Active Power Curtailment

The APC algorithm works in a similar manner to that described in
Tonkoski et al. [38]. The PV power inverter connected to node n of the
grid measures the local AC grid voltage Ugyiq,n. If this voltages exceeds
the individually configured voltage Uapc,crit,n, the power output of the
inverter is reduced using a constant droop factor m4pc.n, see (5.6).

Prated,n

MAPCn = (5.6)

UAPC’,crit,n - UAPC,maz,n
where Prgteq,n is the rated power of the PV plant at node n and

Uapc,maz,n the maximum tolerable voltage. The power output of the
PV plant P4apc,, is then calculated using (5.7).

PAPC,n = PMPP,n — MAPCn * (Uqrid,n - UAPC,crit,n) (57)

where Py pp,, is the maximum available PV power plant output for the
prevailing conditions (i.e. solar irradiance).
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In a very simple grid (one feeder, one line, one load (section 6.1), the
nodal voltage at the PV power plant is determined by the net power
injection or net power consumption of the PV power plant and the
household. The droop-based APC is therefore identical to the local
consumption-based APC (5.4.2).

5.4.4 Stability Issues with Droop-based Active
Power Curtailment

If RPC or APC are used as a function of the grid voltage, this corre-
sponds to a closed-loop control system which can potentially be unsta-
ble: If the droop factor mapc,, over-compensates the voltage change
in the grid and no stability measures are undertaken, the power out-
put of a PV power system and the grid voltage could potentially start
to oscillate. A stabiliser is proposed in [39]. Whenever droop-based
APC algorithms are used in this thesis, this stabiliser is used. Using
this stabiliser for multi-node networks, its performance is however far
from perfect: In a 10 node radial network for example, roughly 10 to 20
iteration steps were needed for the algorithm to converge. This is the
reason why many simulations in this thesis are made using a constant
and not a droop-based APC (constant limitation of the active power).

5.5 Different Orientations of PV Systems

The daily peak of the irradiance occurs at midday, if a PV power plant is
installed horizontally or elevated southwards. If PV panels are mounted
eastwards or westwards, the peak is shifted into the morning or after-
noon. As the PV hosting capacity is mainly limited by the peak power,
shifting the peak can increase the hosting capacity.

5.6 Storage

Instead of curtailing peak power to relieve the power grid, excess energy
can be stored in decentralised storage systems. From the power and
energy rating of the storage, an additional PV hosting capacity can be
determined.
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For the simulations, the following storage algorithm is used:

1. The maximum power injection into the grid of the PV power plant
and the storage is limited to n per cent of the PV power plant
output.

2. A one year simulation is performed. The storage is modelled with
a charge efficiency of 90 %, a discharge efficiency of 90 % and a
self discharge efficiency of 5 % per month.

3. Whenever the PV output exceeds the n per cent, the excess energy
is injected into storage.

4. Whenever the PV output is lower than n per cent and the storage
is not empty, the energy from the storage is injected into the grid,
respecting the total injection limit.

5. At the end of the simulation, the maximum energy content of
the storage during the course of the simulated year is used to
determine the required storage capacity.

5.7 Demand Side Management

Whether or not demand side management (DSM) contributes signifi-
cantly to the PV hosting capacity of a power grid depends largely on
the assumptions which are considered. In this thesis, it is assumed that
water boilers are available in every household, and that they can be
activated whenever required within 24 hours.

5.8 On Load Tap Changing Transformer

The distribution system is normally run asymmetrically: The secondary
transformer voltage (LV) is set to about 1.03 p.u., which leads to a high
negative voltage tolerance, but only to a small positive voltage tolerance.
Having an on load tap changing transformer (OLTC), the turns ratio
and thus the secondary voltage can be shifted while the transformer is
in operation. With this, the positive voltage tolerance can roughly be
doubled.



Chapter 6

Simulation Results and
Interpretation of Systems

Studied

Fight different methods and algorithms to compute the PV hosting
capacity of a low voltage distribution grid (LVDG) have been described
in chapter 5. In this chapter the results of the simulations performed
with these methods are presented. Basically all methods are applied to
the following three different networks:

1. Lumped model: The simplest network consisting of one feeder and
one node

2. Radial network: A single feeder consisting of a number of nodes
(normally ten).

3. Case Study: The network “Luchswiesenstrasse” of ewz in Zurich,
a feeder consisting of two parallel 1000 £V A transformers and
roughly 160 nodes.

The influence of various parameters such as the number of households in
a grid, or line length in a radial network on the PV hosting capacity, is
of major interest. If a certain parameter is relevant but not varied, the
standard values given in Tab. 6.1 are used in the simulation. Deviations
from these standard parameters are described separately, if applicable.

63
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Parameter Abbreviation | Range Standard
value

number of households | ntHH 1 — 1000 -

Number of nodes 1 - 20 10

tilt angle 0° — 90° 0° / 20°

module orientation N/E/S/W/EW S

line length 100 m — 2000 m | 100 m per
segment

power factor cos(¢p) 08 — 1.0 1.0

APC ratio 0.5 — 1.0 1.0

correlation with loads | corr yes / no no

turns ratio 0.97 — 1.03 1.0

Location Zurich / Zurich

Jungfraujoch

Table 6.1: List of parameters, their range and standard values used in

the simulations.

The line parameters are taken from the standard values given in [6] and
shown in Tab. 6.2. Thermal influences are ignored. Values between
and beyond the given line diameters are interpolated and extrapolated.

A R X7 R, /X
mm? | Q/km | Q/km

16 1.15 0.077 | 14.935
25 0.727 | 0.075 | 9.693
35 0.524 | 0.073 | 7.178
50 0.387 | 0.07 5.529
95 0.193 | 0.068 | 2.838
120 0.153 | 0.067 | 2.284
150 | 0.124 | 0.067 | 1.851
240 0.078 | 0.067 | 1.164

Table 6.2: Standard line parameters given in [6].
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feeder OI line I 1 @

Figure 6.1: Simple network consisting of one feeder, one line and one
node (lumped model).

6.1 Lumped Model

The lumped model consists of the simplest possible network: One feeder
node, one line and one load node (Fig. 6.1). At the load node, a load
and a PV power plant are connected. The load consists of 1 to 1000
households, the largest possible PV power plant is chosen in accordance
with the following rules:

e Maximum voltage dip: 6 % — determines the grid impedance
with given loads

e Maximum voltage rise: 3 % — determines the maximum PV host-
ing capacity

With the lumped model, a number of effects that appear when PV and
household loads are connected to the same grid can be studied. One
important example is the effect of correlation between PV and load.
This can be studied even if no specific grid (or only the lumped model
grid in Fig. 6.1) is considered.

The results presented in this and the following sections will show that
not only the correlation with loads, but even the effects of most of the
other methods to compute the PV hosting capacity of an LVDG can
be predicted, if the results of the lumped model simulation are known.
The lumped model can of course not replace a grid simulation, but it
gives valuable insights into the technical correlations between different
parameters.

The line in Fig. 6.1 is dimensioned for a voltage dip of 6 % at peak
load. The line impedance depends therefore mainly on the number
of households which are connected to the line. In other words: The
weakest possible line to serve the households safely is chosen. This
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is of course a rather conservative approach - in reality many lines are
overdimensioned. The generic conclusions of this thesis apply therefore
mainly to those grids which are operated at their limits just to serve
the household loads.

6.1.1 DACHCZ

The amount of PV in the grid (the PV penetration) is increased in this
case until the maximum relative voltage rise (all loads are set to zero in
this simulation) reaches 3 %. The maximum PV power per household
ranges from 4.8 kWp per household (one household connected to the
node) to 0.4 kWp per household (1000 households). This corresponds
to a PV penetration of over 150 % for the one household case and about
15 % for the 1000 household case (Fig. 6.2). The reason for this large
decrease is the coincidence factor of the household loads, which allows
reducing the grid (diameter of cables) per household in the 1000 house-
hold case. Fig. 6.2 is therefore quite in line with the plotted values
of the coincidence factor (Fig. 4.11) provided that load profiles of one
whole year are considered. In other words: The power peaks of a sin-
gle household lead to a massive over-dimensioning in the one household
case. The oversized grid allows the connection of more PV power per
household.

6.1.2 Correlation with Load

The DACHCZ rules do not consider that a part of the PV power in the
LVDG is consumed on site and therefore can be neglected when cal-
culating the PV hosting capacity. If only one household is considered,
this effect is very small indeed. But several households in an LVDG
contribute considerably to the PV hosting capacity. Up to 80 % more
PV power can be installed if the simultaneous consumption of 1000
households is considered (Fig. 6.2). In this simulation, only stochastic
household loads are considered. Using industrial load profiles or load
management, the benefit of simultaneous consumption and production
can be much higher even when only a small number of loads are con-
nected to the LVDG.

Looking at the ohmic grid losses, an interesting relation could be found:
Grid losses are minimised when the PV penetration is about 25 %. Fur-
ther increasing the PV penetration to 50 % brings the losses back to the
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Figure 6.3: Grid losses.

level without any PV at all, and beyond 50 % penetration, the losses
rise (Fig. 6.3). Whereas the amount of loss reduction depends on the
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number of households connected to the grid, the PV penetration for loss
minimising does not. This applies not only to the lumped model, but
also to the radial network (section 6.2) and to the case study (section
6.3).

6.1.3 Reactive Power Control

The additional PV hosting capacity using RPC depends largely on the
grid - mainly on the ratio of the line resistance to the conductor reac-
tance (R/X). The conductor reactance is about X = 0.07 Q/km and
does not depend significantly on the line diameter, whereas the line
resistance is inversely proportional to the line diameter.

The following three extreme cases illustrate where RPC is useful and
where not:

e Case 1: Short line (less than 100 m), small load (one household),
thin cable diameter and therefore high R/X ratio: RPC does not
contribute much, because reactive power has little influence on
the voltage (due to the high R/X ratio). In accordance with Fig.
6.4, the additional PV hosting capacity is less than one percent.

e Case 2: Short or medium line (around 100 m), high load (100
households), thick cable diameter, low R/X ratio, cable is dimen-
sioned for current loading (not for voltage rise): RPC is not an
option, because it would increase the current loading and there-
fore overheat the line. Although Fig. 6.4 shows an increase of the
PV hosting capcity because of reduced voltage rise, the current
loading would not allow more PV to be connected on that cable.

e Case 3: Long line (2 km), cable is dimensioned for voltage rise,
current loading is not critical, low R/X ratio: RPC can substan-
tially contribute to higher PV hosting capacity. Fig. 6.4 indicates
an increase of the hosting capacity of up to 40 %

In the lumped model case, additional PV hosting capacities of less than
1% up to 40 % could be identified (Fig. 6.4). In the report “Volt-
age control in low voltage networks by Photovoltaic Inverters”, Danfoss
identified additional hosting capacities up to 30 % applying RPC [40].
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Figure 6.4: Additional PV hosting capacity using reactive power con-
trol.

RPC is mainly a question of the R/X ratio or the impedance an-
gle. With a R/X ratio larger than about five (this corresponds to an
impedance angle of 11°), the effect of RPC is rather small (Fig. 6.4).
Ignoring the transformer, a line diameter larger than 50 mm? is nec-
essary to get R/X < 5. Similar results are obtained by Shayani et al.
[41], promising installed PV power of up to twice the load peak power
when RPC is used.

For the simulations in this and the following chapter, only the line
ratio R/X given in Tab. 6.2 is used. The true grid impedance angle
also depends on the higher grid levels (transformer and medium voltage
grid) and should be taken into account if a real grid is simulated.
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Figure 6.5: Curtailing of PV power.

6.1.4 Active Power Curtailment

If a 10 kW p PV power plant is equipped with a 5 kW inverter instead of
a 10 kW inverter, the PV power in the grid can roughly be doubled. The
PV energy in the grid is not doubled, because a part of it is curtailed.
Fig. 6.5 illustrates the energy which is lost (red part) and fed into the
grid (black part). The lost energy is only about 10 % of the total energy.

The amount of energy which is actually lost by the application of APC
is highly dependent on the yearly sum of irradiation into the plane of
modules. Fig. 6.6 shows the relation between the APC ratio and the
yearly energy curtailment for the locations Zurich and Jungfraujoch (in
the Alps, 3471 m above sea level), for four and five different tilt angles.

An inverter’s power rating in Zurich therefore needs to be not much
bigger than 80 % of the nominal DC power. If the PV modules are not
inclined towards the south but installed horizontally, even with 70 %
APC ratio less than one per cent of the energy yield is lost.

A completely different situation is predominant on Jungfraujoch. Due
to much higher solar irradiation as well as high albedo! caused by the
snow, even an APC ratio of 100 % leads to an energy loss of 3 %.

LAlbedo is the reflection coefficient that specifies the fraction of light which is
reflected by a surface.
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Figure 6.8: Sample summer day, energy recovery using local
consumption-based APC with an APC ratio of 50 %.

Plotting the additional PV hosting capacity versus the loss of energy
yield, Fig. 6.7 is obtained. This graph is plotted for the location of
Zurich, but it looks similar to the graph for Jungfraujoch. Furthermore
it does not depend so much on the tilt angle of the PV modules. The
reason is that power peaks at a sunny place with optimally tilted PV
modules are much higher than power peaks of the same plant at a less
sunny place. Curtailing a certain percentage of energy will therefore

lead to different APC ratios, but to similar (relative) increases of the
PV hosting capacity.
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Using local consumption-based APC (section 5.4.2), the energy con-
sumed by the household loads simultaneously with the PV power pro-
duction must not be curtailed by the power inverter, but can be recov-
ered. If only one household is connected to a PV power plant, roughly
20 % of the energy loss can be recovered (for an APC ratio of 50 %).
However, if the local consumption-based APC approach is used for 100
households and the corresponding maximum PV penetration, almost
100 % of the potential energy curtailment can be recovered.

Fig. 6.8 shows the energy recovered by self consumption for the one
household case and the case of 100 households for a sample summer day.
In Fig. 6.9 the relation is shown between the number of households and
the amount of energy which can be recovered.

Fig. 6.6 to Fig. 6.9 indicate the advantage of low APC ratios, but sizing
of the inverter is not only a question of optimising APC losses. If RPC
is used, the inverter needs apparent power reserves. If an excessively
small inverter is used, there are no reserves left. Having an inverter
which operates a substantial part of its time at nominal power, the
lifetime of the inverter might be reduced.

Today, the idea of operating a power inverter most of the time at its
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highest efficiency point is however not as important as it was formerly,
because the efficiency curves of modern inverters are fairly constant over
a broad range of operating points.

6.1.5 Different Orientations of PV Systems

For most of the previous simulations, PV modules were oriented towards
the South. If the PV modules are not oriented towards the South, but
for example towards East and West, the PV hosting capacity changes
(Fig. 6.10).

There are two effects which affect the change of the PV hosting capacity:
Different azimuth and tilt angles both result in different energy yields
and different power peaks.

The red line in Fig. 6.10 represents the modules oriented to the South.
This is not a bad option, as the ratio between energy yield and power
peak (and thus the PV hosting capacity) is high. If the PV modules are
turned towards the East or West, the energy yield decreases faster than
the power peak and therefore the PV hosting capacity also decreases.
For example, the peak power of a PV power plant which is located in
Zurich and oriented towards the East with a tilt angle of 70 degrees
is still as high as the peak of a horizontally mounted PV power plant.
The energy yield in contrast decreases from almost 1000 kW h/EWp to
ca. 700 kW h/EkWp. If only such plants were installed in a grid, the PV
hosting capacity would thus decrease by about 30 %.

It is however the mixture of different orientations which increases the
PV hosting capacity: Having an East-West-oriented PV plant, the PV
hosting capacity of the LVDG increases by roughly 20 %, if the tilt
angle is about 70°. For standard tilt angles of 10° —30°, the PV hosting
capacity does not change much compared with a horizontal installation.

In Fig. 6.11 the combination of APC, correlation between PV and load
and different orientations and tilt angles are investigated. The question
to be answered by Fig. 6.11 is: “What percentage of the available
solar energy can be fed into the grid, if local consumption-based APC is
used, and the PV modules are oriented towards the East and West with
variable tilt angles?” First of all, the graphs give the known picture if
the tilt angle of the PV modules is zero. Less than 93 % of the solar
energy is fed into the grid in the one household case, and close to 100 %
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Figure 6.11: Combination of APC, correlation with load and different
orientations.

if more than 100 households are connected at the same node. If the tilt
angle is now increased to about 60°, all energy can be fed into the grid
independently of the number of households.

A combination of the two methods “local consumption-based APC”
(5.4.2) and “different orientations of PV systems” 6.1.5 therefore enables
a doubling of the PV hosting capacity of an LVDG without wasting any
solar energy.
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The effect of the combination of APC and different orientations of the
module (East, South and East-West) can be found in Appendix B: Com-
bination of Local Consumption-Based APC and Different Module Ori-
entations and Tilt Angles.

For further analysis of the effects of different module orientations, two
benchmark values are investigated:

e Self consumption ratio: The self consumption ratio is the
amount of energy from the PV power plant which is directly con-
sumed on site divided by the total energy yield of e PV power
plant. The smaller the PV power plant, the higher the self con-
sumption ratio, because most of its energy output can be con-
sumed on site.

e Self sufficiency ratio: The self sufficiency ratio it the amount of
energy from the PV power plant which is directly consumed on site
divided by the total energy consumption of the given site. The
larger the PV power plant, the higher the self sufficiency ratio,
because the plant delivers more energy for local consumption.

To plot the self consumption ratio and the self sufficiency ratio as a
function of the orientation and tilt angle, different assumptions must be
made. In this thesis, these simulations are done three times for both of
the ratios, using the following assumptions:

e constant energy output for the PV power plants for all orientations
and tilt angles

e constant peak power for the PV power plants for all orientations
and tilt angles

e constant installed power for the PV power plants for all orienta-
tions and tilt angles

All these simulations are made for both one and one thousand house-
holds. The twelve resulting graphs are shown in Appendix C and Ap-
pendix D.

Both ratios state the relative benefit of East-West oriented modules,
but in both cases this benefit is only a few per cent additional self
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consumption and self sufficiency. Surprisingly, the North facade is most
beneficial for the grid. But as the energy yield of a North facade system
is about four times smaller than the yield of a corresponding optimal
tilted system, this benefit is linked to a much bigger installation and
therefore not in reality a determining factor.

6.1.6 Storage

The basic principle of the use of storage is illustrated in Fig. 6.12.
The AC output of a 10 kWp PV power plant combined with a storage
system is limited to 50 %. The energy which is provided in excess of
5 kW is stored locally and released when the power output of the PV
power plant drops under 5 kW.

The PV hosting capacity in this case is doubled; orientation of the PV
modules, correlation between generation and load etc. is ignored.

The main variable of interest in this simulation is the capacity of the
storage. In Fig. 32 the additional PV hosting capacity is given as a
function of the storage capacity in nominal hours of operation of the
PV power plant?. The four graphs (each representing one PV module
orientation) each consist of four segments. Starting from bottom left,
each segment stands for a typical storage use.

e Segment 1 (from 0 to about 0.1 nominal operating hours): In this
segment, the very peaks of the power production are stored. As
the APC analysis already showed (section 6.1.4 ), there is not
much energy in the power peaks. Therefore a large increase of
the PV hosting capacity can be achieved with only a very limited
storage capacity. It might however be cheaper to simply curtail
this energy than to install storage capability.

e Segment 2 (from 0.1 to 4 nominal operating hours): In the second
segment, the storage is charged over one day at the most and
discharged by night. Four nominal operating hours is precisely
the amount of storage that is needed to run a PV power plant for
two consecutive sunny summer days with a constant power output
over 24 hours.

2nominal hours of operation mean: A two hour storage for a 10 kWp PV power

plant has a storage capacity of 20 kW h
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e Segment 3 (from 4 to 8 nominal operating hours): If the energy
of more than four nominal operating hours is stored, energy must
be stored over at least two days. A large amount of storage is
therefore needed, with a rather small increase in the PV hosting
capacity.

e Segment 4 (more than 8 nominal operating hours): The trend con-
tinues - increasing the storage capacity only marginally increases
the PV hosting capacity. Storing energy over several days or even
from summer to winter needs very large amounts of storage, but
the PV hosting capacity remains almost constant.

6.1.7 Demand Side Management

To present generic results for DSM is not possible as the potential for
DSM is reviewed somewhat controversially [42], [43] and [44].

Using Demand Side Management (DSM) implies the consideration of
correlation between PV power and loads. Mainly thermostatically con-
trolled loads (TCL) can contribute to DSM. In Switzerland, TCLs are
mainly water boilers. The very simple approach of DSM used in this
thesis assumes one water boiler per household with energy consumption
proportional to the total energy consumption of the household. The wa-
ter boilers can be switched on at an arbitrary time within 24 hours. In
this simulation, they are on over midday.

Fig. 6.14 shows the maximum PV penetration for the case of using
the correlation with loads with and without DSM. The absolute figures
should not be used too much as a benchmark, because the conditions in
a real case study might be completely different. However, one finding is
important: Already with one single household in a grid, DSM can have
a significant influence on the PV hosting capacity, and the more house-
holds there are clustered together, the more powerful DSM becomes.
With the water boiler approach of this thesis, 25 % to 125 % additional
PV hosting capacity is identified.

Similar to the approach using different module orientations, DSM be-
comes even more powerful when it is combined with APC. This is shown
in Fig. 6.15 and 6.16, where 31 % of the curtailed energy can be re-
covered in the one household case, and 99 % in the 100 household case.
APC and DSM operate hand in hand: While APC makes sure that
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really no grid constraint is harmed; DSM recovers most of the energy
when PV power would have been curtailed without DSM.
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Figure 6.16: Combination of DSM and APC.

The potential for energy recovery using DSM is illustrated in Fig. 6.15.
With only 20 households in a grid and an APC ratio of 50 %, almost
all potentially curtailed energy is recovered.

6.1.8 On Load Tap Changing Transformer

The simulation of the On Load Tap Changing Transformer (OLTC)
potential is straightforward, as well as the interpretation of the results.
The limit for relative voltage rise is 3 %, if the voltage at the transformer
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Figure 6.17: Additional PV hosting capacity using OLTC.

is lowered another 3 %, the PV hosting capacity is doubled (Fig. 6.17).

Neither the current loading of the lines nor the operational scheme of
the transformer is investigated here - in a real grid this has of course
also to be done. In section 6.3 these aspects are considered.
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6.2 Radial Network

A radial network consisting of one feeder and ten nodes is used as a
generic simulation approach (Fig. 6.18). Each node is equipped with
between one and twenty households and a PV power plant.

The dimensioning of the line is done in a similar manner as for the
lumped model: The weakest possible conductor to serve the loads is
chosen. To keep the simulation as generic as possible, the conductor
from the feeder to the last node always has the same diameter. The
diameter depends again on the peak load and therefore on the number
of households connected to each node.

As noted previously (section 6.1), many simulation results using the
radial network are almost identical to those using a lumped model. In
the following sections the simulation results are presented. The focus
is therefore on characterising similarities and differences to the lumped
model simulations. Results which are similar to the lumped model re-
sults are not presented again.

6.2.1 DACHCZ

The DACHCZ approach is a typical example where the results of the
lumped load model (Fig. 6.2) and the radial network (Fig. 6.19) are
very similar. Because the radial network has ten nodes, the minimum
number of households investigated here is ten. The maximum number
of households is limited to 200 (which means 20 households per node),
otherwise the power supply with only one line would no longer be real-
istic.

One fact is rather surprising in this simulation: Basically the PV host-
ing capacity falls as more households are connected to the grid. This
effect was explained previously (section 6.1). However, if more than 100
households are connected, the PV hosting capacity rises again. This is
due to the fact that the power factor cos(¢) of the load is slightly induc-
tive and the conductor for 200 households (which has a low R/X ratio)
must therefore have a higher diameter than normal. As the PV power
plants operate with cos(¢) = 1, the ratio PV to load can be increased.
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6.2.2 Correlation with Load

Having the weakest possible grid to serve the loads, the PV hosting
capacity of a lumped model represents the previously mentioned 10
node feeder very satisfactorily in several aspects. One of these is the
additional PV hosting capacity relating to the correlation between PV
and load (Fig. 6.2).

A familiar picture can be shown not only in terms of PV hosting capac-
ity, but also regarding the grid losses: Fig. 6.19 confirms the findings of
Fig. 6.3. The losses are minimised at a PV penetration of roughly 25 %,
independent of the number of households and thus the grid impedance.
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The amount of loss reduction however depends on the number of house-
holds and range from 10 % for just a few households, to 20 % for several
hundred households.

To anticipate just one result of the case study Luchswiesenstrasse (sec-
tion 6.3): In the real grid, the grid losses are also minimised at 25 % PV
penetration, saving about 20 % of the loss energy. A very similar result
was presented by Kjaer et al. [45] in summer 2013. The minimisation
of the grid losses at 25 % PV penetration seems to be a generic result.

In Appendix F, the loss minimisation is derived analytically using sim-
plified load and PV power models. The ideal PV penetration level found
thereby is one third (33.3 %).

6.2.3 Reactive Power Control

Use of RPC is a good option if the voltage rise on a line is critical,
but not the thermal loading. The results obtained for the test feeder
correspond almost exactly to the results presented in section 6.1.3 and
are therefore not plotted here.

6.2.4 Active Power Curtailment

The prediction of the lumped model applies almost one to-one-to the
ten node test feeder. The results are therefore not repeated here.

6.2.5 Different Orientations of PV Systems

The calculations shown in in Fig. 6.10 are repeated with the ten node
feeder, and almost identical results were obtained. It can therefore be
assumed that the results shown in Fig. 6.10 are generic to the grid and
only depend on the irradiance conditions.

6.2.6 Storage

Storage systems are not investigated for the single feeder model. The
generic results in the lumped model section 6.1 even apply here - as long
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Figure 6.20: PV hosting capacity and additional PV hosting capacity
using OLTC with a tap change ratio of 3 %.

as no specific storage control adapted to the network topology is used.
Such specific studies are however not within the scope of this thesis but
can be found for example in [46], [47] and [48].

6.2.7 Demand Side Management

As for DSM, the ten node feeder does not enhance the findings of the
lumped model.

6.2.8 On Load Tap Changing Transformer

As mentioned in section 6.1.8, a tap change ratio of 3 % allows the
doubling of the PV hosting capacity regarding voltage change (Fig.
6.20).

Similarly to the use of RPC, it is no longer sufficient to investigate only
the voltage change, because thermal loading of the cables might now
also become critical. In the simulation of Fig. 6.20 there is however still
a current loading reserve of about 25 %.
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6.3 Case Study “Luchswiesenstrasse”

Both the lumped model and the radial feeder give generic results which
can be used to predict the impact of PV systems on various LVDGs.
But as they are generic, they do not represent a specific real system.

In this chapter, the part “Luchswiesenstrasse” of the Zurich LVDG is
simulated using the grid integration methods demonstrated in the pre-
vious chapters. The most important parameters in the study are shown
in Tab. 6.3. An overview of the area using Google Earth is given in
Fig. 6.21.

Parameter Value
Number of facilities (households, companies etc.) | 1550
Maximum load 1300 kW
Yearly consumption 5200 MWh
MV / LV transformer 221000 kV A
Number of lines / number of nodes 162/155

PV roof potential 3624 kWp

Table 6.3: Parameters of the case study “Luchswiesenstrasse”.

The LVDG topology is provided by ewz (distribution system operator
of Zurich) and shown in Fig. 6.22. The grid topology is converted from
NEPLAN to Matlab Matpower. The PV roof potential is estimated
using the official GIS browser of the city of Zurich?.

Many of the previously presented grid integration methods are applied
on the “Luchswiesenstrasse” LVDG. Method no. 5 (use of different mod-
ule orientations) was simulated, because the orientations of the module
are already given for most of the buildings. Flat roofs were simulated
with PV modules in the horizontal plane as this allows the energy yield
to be maximised.

Neither storage nor DSM are simulated in this chapter, because a generic
approach for the distribution and implementation of storage and DSM
systems is assumed to be far from reality and therefore out of scope.
The other approaches are presented in the following sections.

3www.gis.zh.ch/. All roofs used. PV module efficiency of 15 % assumed. The

official solar cadastre of Zurich only counts the roofs facing south, which results in
a roughly 50 % lower PV roof potential.



6.3. Case Study “Luchswiesenstrasse” 89

Figure 6.21: Area “Luchswiesenstrasse” in Zurich.
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Figure 6.22: NEPLAN grid topology of the “Luchswiesenstrasse” case
study.
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6.3.1 DACHCZ

The following figures show simulation results for different PV penetra-
tion scenarios in ten per cent fractions of the roof potential (67 % PV
penetration corresponds to 100 % use of roof capacity). In accordance
with DACHCZ, the simulations were performed at zero load.

Fig. 6.23 shows the voltage histogram of all voltage measurements over
one year. The relative voltage rise of 3 % is reached between scenario
two and three, at 8.5 % PV penetration. Fig. 6.24 furthermore shows
that only a minor number of measurements lie above 1.03 p.u. even if
the PV penetration is increased significantly.

As the roof capacity is far higher than the PV hosting capacity of the
grid, methods to increase the PV hosting capacity should be examined.
To check thermal power capacity of the lines, the relative current loading
of the 162 lines is simulated (Fig. 6.25).

At a PV penetration level of 6.7 %, even the most loaded line is only
loaded up to 27 % of its thermal capacity. A minor current overload is
only reached at a penetration level of 26.8 % - in this case the maximum
current loading is 103.7 % for one single line. However, the second most
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Figure 6.26: Mazimum and minimum voltage in the DACHCZ sim-
ulation with 20.1 % PV penetration over one year, using a temporal
resolution of 5 min.

loaded line carries only 77.5 % of its thermal capacity. Increasing the
PV penetration to 42.2 %, only 3 of 162 lines are overloaded.

This shows clearly that the thermal loading of the cables is not a primary
concern when increasing the PV hosting capacity of this system.

In the following sections, a PV penetration level of 20.1 % (which is
about twice as much as allowed in accordance with DACHCZ) is used for
the simulations. Fig. 6.26 shows the maximum and minimum voltage in
the system over one year for this PV penetration level. The minimum
voltage is of course always 1 p.u., because all loads are set to zero.

6.3.2 Correlation with Load

The benefit of simulating the PV power plants together with realistic
load profiles becomes even more obvious in this case study than in the
lumped calculation and in the radial feeder. The maximum PV hosting
capacity in accordance with the DACHCZ rules is limited to about
8.5 %. Fig. 6.27 shows the voltage histogram of the one year simulation
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of PV production and load profiles. The following findings can be drawn
from this histogram:

e The distribution of the low voltages scarcely depends on the PV
penetration.

e The absolute voltage rise of 3 % is reached at a PV penetration
between 13.4 % and 20.1 % as shown in Fig. 6.27. The exact
simulated value is 16.1 % - respecting correlation between PV and
load, doubles the PV hosting capacity.

e Only a minor number of voltage simulation results in the system
are above the critical voltage rise limit. For example in the 40.2 %
PV penetration scenario, 2.5 % of all simulation results are above
the critical limit (Fig. 6.28). Calculating the PV hosting capacity
in accordance with DACHCZ, this value was 10 % (Fig. 6.24).
This does of course not mean that these measurements can be
ignored, but it gives a hint that grid reinforcement might not be
the most efficient solution.

Up to a PV penetration of 20 %, the loads are the dominant factor
for current loading (Fig. 6.29). The most loaded line is loaded up to
69 % even in the no PV scenario. The first line is overloaded only in
the 33.5 % PV penetration scenario. Increasing the PV penetration to
42.2 %, 2 of 162 lines are overloaded.

These results show that up to a certain extent, PV is a relief for the
grid. The investigation of grid losses is one method to evaluate the
impact of PV on the grid. Not only the same characteristics but even
the same figures are found monitoring grid losses as a function of the
PV penetration (Fig. 6.30): At a penetration level of 25 %, the losses
are minimised by almost 20 %. This corresponds quite closely to the
1000 households’ case in the lumped model investigations.

The total yearly consumption in the case study area is 5200 MWh.
The grid losses without PV are about 140 MWh, which corresponds
to 2.7 %. If the PV penetration is increased to 25 %, the grid losses
decrease to 114 MW h which is 2.1 % of the energy supplied to the loads.
It may also be noted that the reduced losses of 26 MW h correspond
roughly to the energy yield of a 25 — 30 kW p PV power plant.

The distribution over the year of the grid losses for the scenario with
20.1 % PV hosting capacity are shown in Fig. 6.31. The loss reduction
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70

is bigger in summer than in winter, both in relative and absolute terms.
The average power dissipation over one year is about 16 kW without
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PV and 13 kW for the 20.1 % PV hosting capacity scenario.

Comparing Fig. 6.32 with Fig. 6.26 gives a good impression of the
voltage damping effects of the loads in the grid. Although loads and
solar irradiance are both stochastic and intermittent, the highest voltage
in the system was reduced from 1.06 p.u. to 1.04 p.u.

6.3.3 Reactive Power Control

The PV hosting capacity of the “Luchswiesenstrasse” grid is 8.5 % if the
loads are ignored, and 16.1 % if they are considered. These values are
true if the power factor cos(¢) is equal to one. Decreasing the power
factor to cos(¢) = 0.9 inductive (lagging), the PV hosting capacity
increases by about 20 % if loads are used in the simulation. Further
decreasing of cos(¢) to 0.8 increases the PV hosting capacity by another
10 % to 30 % (Fig. 6.33).

In the no load simulation, the beneficial effect of RPC would be even
bigger because the loads are already inductive and therefore limit the
voltage reduction effect.
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As the PV penetration can be increased if RPC is used, the current
loading of the lines should be monitored. Fig. 6.34 shows the respective
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relative current loadings for six scenarios. Only in the last scenario
(PV penetration of 20.9 % corresponding to the maximum PV hosting
capacity using RPC and correlation of PV and loads), is one line slightly
overloaded (107 %).

6.3.4 Active Power Curtailment

From 8.5 % the PV hosting capacity per household rises to 14.1 % if
the APC ratio is limited to 50 %. The energy losses are slightly higher
than 8 % in this case (Fig. 6.35).

Increasing the PV penetration using APC does however not change the
maximum relative current loading in the grid (Fig. 6.36). This means
that the maximum thermal stress of the cables only depends on the AC
power of the PV power systems and not on their nominal DC power.
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Figure 6.37: Voltage profile and OLTC operation scheme for a PV
penetration scenario of 20.1 % over one year.

6.3.5 On Load Tap Changing Transformer

The benefit in increasing the PV hosting capacity of an LVDG using
OLTC is shown in section 6.1.8. Fig. 6.37 shows the voltage profile
(minimum and maximum system voltage) with and without OLTC for
a PV penetration scenario of 20.1 %. The OLTC operation scheme of
this simulation is not optimised but simply cuts overvoltages and raises
undervoltages.
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6.4 Monte Carlo Results

All previous PV hosting capacities are derived using extreme conditions:
The highest voltage peak over one year determines the PV hosting ca-
pacity of a network.

With Monte Carlo simulations a more realistic view on the occurrence
of these worst case scenarios can be obtained. Fig. 6.2 compares the PV
hosting capacity of a simple lumped model network using the DACHCZ
approach with the correlation approach. The derivation of the PV host-
ing capacity with the DACHCZ approach is repeated in this chapter
using 100 scenarios of the 21°¢ of June? (Fig. 6.38).

The maximum voltage rise within a day is still used to compute the
PV hosting capacity of the grid, but as 100 days are simulated, the
worst case within a day differs from day to day. However, Fig. 6.38
shows clearly that most results are rather close together and go in line
with Fig. 6.2. Using the DACHCZ approach, conventional simulations
(non-Monte Carlo) give similar results and can therefore assumed to be
significant.

Assuming the minimum PV hosting capacity found in Fig. 6.38 and
simulating 1000 summer days (to meet the confidence interval defined
in section 4.6.2 and equation 4.12) with this hosting capacity, the dis-
tribution of maximum voltages in Fig. 6.39 is found. Even if loads in
the grid are ignored, the critical voltage V,.;; = 1.03 p.u. is unlikely to
occur.

Critical voltages are even less likely if the loads in the grid are no longer
ignored. While the correlation between a PV power plant and one
household still gives similar results to the no load case (Fig. 6.40), only
ten households shift the maximum daily voltage from 1.03 p.u. towards
1.0 p.u..

4June 21%¢ is the longest day of the year in the northern hemisphere
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Table 6.4: Absolute number of days with the corresponding voltage
(data of histogram in Fig. 6.40, N=1000).

While in section 6.1.2 an additional PV hosting capacity of 40 % was
predicted, Fig. 6.40 shows that most of the time the absolute voltage
rise using the DACHCZ approach in a grid with 100 households does
not even exceed 1.012 p.u.. The PV penetration could therefore be more
than doubled without causing too many violations.

The data of Fig. 6.40 is listed in Tab. 6.4 in absolute values. The total
number of simulated days is N = 1000. The highest voltage simulated
in the 100 household case is 1.017 p.u., but it occurs twice in 1000
midsummer days. In 90 % of all days the voltage stays below 1.011 p.u..

Clearly the remaining 10 % of all days with voltages > 1.011 p.u. must
also be dealt with. This could be done with a local consumption-based
APC approach (section 5.4.2), limiting the power output only in those
moments when PV production is high and the loads are low.

Fig. 6.9 (energy recovery using local consumption-based APC with an
APC ratio of 50 %) reinforces the message of Fig. 6.40: The more
households that are connected to the grid, the less energy is lost using
the presented local consumption-based APC approach.




Chapter 7

Conclusion

In this dissertation the maximum PV hosting capacity of a low volt-
age distribution grid has been investigated. Although there are several
results which only apply to specific grids and network topologies, sim-
plified grid models give insights into different relationships and allow a
range of general conclusions which are likely to apply to most grids:

e Considering the loads in the grid increases the PV hosting capacity
from a few per cent for a single household to more than 50 % for
a large number of households.

e Reactive power control can be a powerful way to integrate more
PV in the low voltage distribution grid — however not in all situ-
ations. Whether reactive power control increases the PV hosting
capacity or not depends on the specific grid topology — mainly on
the ratio between grid resistance and grid reactance.

e Active power curtailment is able to solve almost every low voltage
grid integration issue, there is however a certain (but normally mi-
nor) spillage of energy. The smart way to deal with active power
curtailment is to implement a whole range of measures which re-
duce the average power fed into the grid (considering the loads,
using demand side management or using storage), and to cut the
remaining peaks with active power curtailment. The PV hosting
capacity of a low voltage grid can therefore easily be doubled and
only a few per cent of the energy is lost, if any at all.
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Chapter 7. Conclusion

The application of different orientations of PV systems is not too
promising. An east-west-facing system reduces the power peak
significantly, but the energy yield is reduced by about the same
percentage. The amount of energy which can be fed into the
distribution grid is thereby not changed a lot, unless PV module
tilt angles of more than 50 % are applied, which is normally not
economical.

Some of the problems that could not be solved employing the
above measures can be solved using storage systems. Four hours of
nominal operation stored in local storage increases the PV hosting
capacity of a low voltage distribution grid to more than 200 %.

Depending on the loads which can be switched dynamically, de-
mand side management may or may not be a powerful tool. Even
demand side management cannot guarantee a certain load at a
certain point in time. The best way to use demand side manage-
ment is therefore in a combination with a local consumption-based
active power curtailment algorithm.

On load tap changing transformers could double the PV hosting
capacity of the low voltage distribution grid mainly in rural areas
where current loadings of the lines are not an issue but voltage
drop is significant. Municipal areas are however not excluded.
It is however necessary to simulate the whole low voltage distri-
bution grid to assess the applicability of on load tap changing
transformers.

25 % PV penetration minimises low voltage grid losses by 5 % to
20 % depending on the number of households which are connected
to the grid. The more households, the bigger the benefit. However,
the penetration which minimises the losses is about 25 % in all
cases.



Chapter 8

Outlook

In this thesis different PV grid integration approaches were discussed
and evaluated. Further research should go in two directions: On the
one hand, the individual methods employed should be investigated in
more detail, and on the other hand the methods should be brought into
a larger context looking not only at the distribution system but at the
overall power system.

The following suggestions for future research are made:

e Stability issues of reactive power control and active power curtail-
ment should be further investigated. Limiting factors for these
operational methods should be found to ensure safe operation of
PV power inverters.

e Some of the proposed grid integration methods do not need any
actions from the distribution grid operator at all. Others require
detailed planning and study of the consequences. Concepts on how
to implement the grid integration methods should be elaborated.

e The impact of the investigated grid integration methods on the
whole electricity grid (especially on the transmission grid) should
be studied. In this thesis, a strong feeder with zero grid impedance
has been assumed. This is a good approximation for a single
low voltage distribution line, but does not reflect reality if the
methods are applied to a large number of distribution systems.
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Chapter 8. Outlook

In particular the impact of broadly applied reactive power control
on the transmission grid was not studied in this thesis but could
potentially cause major impacts on frequency and angle stability.

The purpose of all grid integration methods studied in this thesis
was to maximise PV in the low voltage distribution grid. As it
could be shown that a distribution grid is likely to manage 100 %
of PV penetration under certain circumstances, severe impacts
on the electricity system can be expected if many distribution
systems are pushed to their limit with PV. These impacts such as
frequency stability issues or reduced system inertia and therefore
increasing frequency volatility are likely to occur in future years
and should be studied.

Demonstration projects should be launched to give practical evi-
dence to the findings of this thesis.

General guidelines for modern grid connection of PV power plants
should be formulated and ratified. The German rules AR-N-4105
[36] go in the right direction, but do not yet cover all capabilities
of PV power plants.
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