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Abstract

Distribution grids were initially planned to supply small and medium sized
customers with electricity. However, in the recent decades a significant
amount of distributed energy resources (DER) have been integrated into the
electricity grid. Thereby, a high amount of DER, e.g. photovoltaics (PV),
are now also connected to distribution grids. Furthermore, there is little
knowledge of the real hosting capacity of distribution grids, and in particu-
lar, how low-voltage grids (LV-grids) can be classified. Therefore, a better
knowledge of LV-grids, to integrate as much DER as possible, without grid
reinforcements, is needed. Furthermore, the study of all LV-grids of a dis-
tributed system operator (DSO) is a complex and computationally intensive
task.

This work presents a validated set of reference feeder topologies and a method-
ology to parametrize these topologies in LV-networks based on real feeder
data. For that, in-depth analysis of the LV-grid data of two Austrian DSOs
with a total of 14.000 networks was carried out. Thereby the hosting capa-
bility (HC) of feeders is defined. A set of measures were identified, hosting
capability studies were performed for a high number of scenarios with varying
voltage limits, DER locations and reactive power control strategies (cosg(P),
VoltVAr). The developed reference feeder methodology was validated using
the computed hosting capability results of the real feeders. Consequently, it
was demonstrated to what extent the hosting capability (with and without
reactive power control strategies) of real feeders can be estimated, using only
a set of specific parameters available in the geographical information system
(GIS) systems of DSOs. Furthermore the distribution of classified feeder
topologies in real LV-grids is analyzed.

Keywords: Distribution grids, low-voltage networks, network classifica-
tion, feeder taxonomy, reference networks, representative feeders, Smart Grids,
DER, hosting capacity, hosting capability



Kurzfassung

Die urspriingliche Aufgabe von elektrischen Verteilnetzen war die Versorgung
von Kunden mit kleinem und mittleren Bedarf an elektrischer Energie. In den
letzten Jahrzehnten wurde eine hohe Anzahl an Anlagen zur Stromerzeugung
aus regenerativen Quellen an elektrische Netze angeschlossen. Dabei wurde
ein erheblicher Anteil in Verteilnetzen, die urspriinglich fiir die Verteilung von
elektrischer Energie geplant wurden, angeschlossen. Daher ist es eine her-
ausfordernde Aufgabe das Aufnahmevermogen von Verteilnetzen, insbeson-
dere von Niederspannungsnetzen zu bestimmen, sowie Niederspannungsnetze
zu klassifizieren. Dies ist jedoch notig, um einen moglichst hohen Anteil
von erneuerbaren Energieerzeugungsanlagen zu integrieren bei gleichzeitiger
Vermeidung von erheblichen Netzausbaukosten. Durch die hohe Anzahl
von Niederspannungsnetzen im Vergleich zu Mittel- und Hochspannungsnet-
zen, ist die Analyse der untersten Spannungsebenen mit einem erheblichen
Aufwand verbunden.

In dieser Arbeit werden Niederspannungs-Referenzstrange definiert und va-
lidiert, sowie eine Methode zur Bestimmung von Referenzstrangen fiir reale
Strange eingefiihrt. Als Datenbasis dienten alle Niederspannungsnetzdaten
von zwei osterreichischen Netzbetreibern mit etwa 14000 Niederspannungsnet-
zen. Dazu wurde die Hosting Capability (HC - die Aufnahmefihigkeit von
Niederspannungsstriangen beziiglich dezentraler Erzeugungsanlagen) definiert,
die fiir alle realen Niederspannungsstrange berechnet wurde. Hierbei wurde
eine hohe Anzahl von Szenarien beriicksichtigt, die sich aus verschiedenen
Spannungsgrenzen, Durchdringungsszenarien und Regelungsstrategien (un-
geregelt, Q(U) und cosp(P)) ergeben. Auflerdem wurden fiir alle unter-
suchten realen Strange statistische Parameter bestimmt. Basierend auf diesen
Ergebnissen wurden eine Methode zur Bestimmung von Referenzstrangen
entwickelt und mit den Ergebnissen der realen Netzdaten validiert. Dies
ermoglicht, die HC fiir die bestimmten Referenzstrange fiir alle definierten
Szenarien zu untersuchen und mit den Ergebnissen der realen Stréange zu ver-
gleichen. Dabei werden nur wenige Eingangsparameter benotigt, die Netzbe-
treiber mit modernen Geoinformationssystemen bestimmen kénnen. Aufler-
dem wurde die Verteilung der Topologien von Referenzstrangen in den realen
Netzen untersucht.
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Executive Summary

Validated reference feeders for low-voltage networks (LV-networks) are a
missing step in scaling and replicating outcomes and results of specific net-
work simulation studies and field tests of a local area. Indeed, several mea-
sures have been defined and taxonomy studies performed to classify feeders.
However, validation of reference feeders in terms of admissible amount of
distributed energy resources (DER) is missing.
In this work, an in-depth analysis of network data provided by two Aus-
trian distributed system operators (DSOs), with 14,000 LV-networks was
performed to define reference feeders and validate them with the available
grid data.
First of all, reference feeders should be unique from the topological point
of view and easy to understand. Moreover, the number of reference feeders
should be rather low. As a result, the problem was split into two smaller
problems, first the classification by means of the topology of feeders and sec-
ondly, the parametrization of the reference topologies.
Secondary transformer types vary from network to network and may be
changed over time based on the change of the demand of the supplied area.
To begin with, the study was carried out on feeder level. The first and most
important reason for this is to avoid misclassification or multiple classes of
similar feeders due to different secondary transformer types. Consequently,
the secondary transformers were replaced by a slack node in all networks. The
hosting capability of a LV-feeder is introduced as the amount of DER that
can be installed for a given DER~scenario while meeting voltage and loading
prerequisites in the feeder disregarding loads and the secondary transformer.
To classify feeders, two DER-scenarios were utilized to introduce a new mea-
sure, namely the hosting capability sensitivity (HCS). This parameter is the
ratio of the achievable hosting capability for two particular DER-scenarios.
To achieve this, the DER-scenario uniform and end of feeder (eof) are uti-
lized. Within the DER-scenario uniform, the in-feed is assumed to be equally
distributed across all connection boxes in the feeder (fair-case). The DER
is placed only at the 'weakest’ node in the feeder (worst case) in case of the
DER-scenario end of feeder (eof). The parameter HCS was calculated for
several voltage limits (from 1.01p.u. to 1.08p.u.). The analysis of this pa-
rameter finally paved the path to define reference feeder topologies. Based
on these prerequisites, in total 20 reference feeder topologies were defined.
Secondly, the parametrization of the reference feeders should be as simple as
possible and a minimal number of parameters should be used.

Therefore, the correlation between the HC and feeder parameters were
investigated. In Figure 1 the Spearman rank correlation coefficient of feeder



parameters and the hosting capability. High correlation coefficients are found
for the parameters dvdP and Ry ('Lastbus R’) for rather low voltage limits
(1.01p.u. to 1.03p.u.) and the DER-scenario eof. In general the higher correla-
tion coefficient with a PF=1 control scheme decrease under a PF=0.9-control
(ind.) scheme. Alongside the two parameters Ry and dvdP, additionally the
sum impedance Ry, the feeder length and total cable length of the feeder
show a higher correlation coefficient compared to other parameters. For the
correlation coefficients of the parameter I,,,,,_in and the DER-scenario eof,
the correlation coefficient is increasing for higher voltage limits. The de-
pendency of the correlation coefficient on the voltage limit can be explained
with the decreasing share of voltage constrained feeders for higher admissible
voltage limits.
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Figure 1: DSO 1 and DSO 2 - Heat map of the Spearman correlation. The
plot shows the correlation between statistical parameters and the hosting
capability for various scenarios (y-axis). The plot is divided into 6 areas
according to the DER-scenario and powerfactor. The bottom left and right
part are identical (The VoltVAr-control is overruling PF=1 and PF=0.9)

Two evident parameters were found by the correlation analysis feeder
parameters and the calculated hosting capability:

e The short circuit resistance Ry of the end node (the most critical).
Since a slack is used instead of the secondary transformer, the short



circuit resistance depends solely on the resistance of the cables on the
main path from the slack to the end node. Hence, in order to obtain this
resistance only the laying of the cables on the main path is required.
Thus, Ry is the first evident parameter to parametrize feeders.

e The second evident parameter of a feeder is the cable with the lowest
ampacity lnom—nrin (Weakest cable). This value can be retrieved, if the
cable type data of all cables in a feeder is accessible (e.g. from an asset
database).

The validation of the methodology and the reference feeders was performed
using the LV-network data of two Austrian DSOs with about 14,000 net-
works. The methodology allows the estimation of the HC of feeders with a
relatively low error depending on the admissible voltage limits. Furthermore,
the reference feeders were also validated considering a reactive power control
scheme (PF=0.9 ind.).

In conclusion, three parameters are needed to classify feeders (HCS, Ry and
Lnom—nrin)- First, the reference topology is selected according to the param-
eter HCS. After that the reference feeder is configured with the electrical
parameters R and 1,0 1rin-

In Figure 2 the distribution of the HC of all feeders for different voltage
levels are depicted for the DER-scenario uniform and PF=1 for both DSOs.
Up to 1.07p.u., a steady increase of the HC can be observed. At 1.07p.u.
and 1.08p.u., the 95th percentile remains stable, but the median and the
5th percentile are still increasing by about 10kW and 5kW, respectively per
voltage step. Concerning the allowed voltage rise, allowing a voltage rise of
1.02p.u. instead of 1.01p.u., leads to a significant HC increase. In that case,
the median value can be doubled from about 25kW to more than 50kW. If
the admissible voltage rise can be increased to 4%, more than 50% of the
feeders have a HC higher than 100kW. For higher admissible voltage limits a
higher share of feeders become loading constrained. Hence, a voltage increase
has no impact on the achievable HC anymore, since a cable in the feeder may
be fully loaded. Therefore, the maximal HC is reached.

The absolute HC mismatch in case of DSO 1 is depicted in Figure 3.
In this figure, the absolute mismatch in MW is shown for all investigated
voltage limits. For example, the overestimation of the HC by more than
10kW is exceeded for 10% of the feeders at a voltage limit of 1.04p.u. and
the underestimation by more than 10kW for 7% of the feeders at the same
voltage level. Hence, at a voltage limit of 1.04p.u., the mismatch is within
a +10%kW range for about 83% of the feeders. For lower voltage limits,
even more feeders are within this range. At a voltage limit of 1.08p.u., the

3



HC @ PF=1 (uniform)
0.4 T T T T T T T T T T
0.38 [ -
036 = :
034 F i
032 - — :

03 i
0.28 - :
0.26 [- i
0.24 i i
0.22 - 1 =

02 :

0.18 [ _!_ 1
0.16 [- : _— 1
0.14 [
012
01r
0.08 - — 1
0.06 -
0.04 -
0.02 -

i
i
i
i
i
i
i
i
i
i
i
—L—

HC in MW

H

H
H

—4

1 1 1

1.02 - H
1.03 H
1

1 1
< 0
< <
i i

1.01

1.06 -
1.07
1.08 -

u__scenario in p.u.
max
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mismatch is underestimated by more than 10kW for already almost 14% of
the feeders and overestimated by more than 10kW for 33% of the feeders.
Hence, only 53% of the feeders remain within a +10%kW range, indicating
that the methodology is not suitable to accurately estimate the HC at higher
voltage levels. The parameter describing the topology (HCS) is the ratio of

1
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Figure 3: DSO 1 - Empirical cumulative distribution function (ecdf) of the
hosting capability mismatch for different admissible voltage rise limits (DER-
scenario uniform, power factor 1)

the HC for to particular scenarios (uniform and eof) and is rounded to the
nearest quarter. In the case, that a feeder contains only a load at the feeder
end, both HC values are identical, and the feeder can be modeled by a feeder
consisting of two terminals and a line. The distribution of the parameter
describing the topology (HCS) for the investigated DSOs is shown in Figure
4. In the case of DSO 1, approximately 11% of the feeders and in the case
of DSO 2, only about 17% of the feeders, could be modeled by a two node
equivalent. For a value of 1.25 and values above 2.25, similar shares are
observed for both DSOs. DSO 1 has a higher share of HCS values between
1.5, 1.75 and 2 when compared to DSO 2.

Additionally, the distribution of RFT in all LV-networks was investigated.
Thereby, a high variation of LV-networks was observed, leading to a high
number of reference LV-networks. Even though some simplifications were
considered, the number of reference LV-networks could not be reduced to a
reasonable low number.
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However, the proposed methodology allows future comprehensive studies
(e.g. hosting capability studies) on the complete supply area of DSO (or
even on country level) by reducing the required grid data to a rather small
number of reference feeders. Additionally, the proposed methodology can be
used to replicate findings of particular field tests to equivalent representative
feeders.

A number of reference feeder topologies were defined. In Figure 5 a
reference feeder topology is depicted with a 0.4kV slack (External Grid)
connected to Terminal 1. Line 12 connects Terminal 1 and Terminal 2. The
number below the line name defines the number of parallel lines (in this
case 1) of the same line type. This labeling of lines applies to all lines. At
Terminal 2, two feeder segments are connected. Segment I consists of the
Line 24 (1 cable), Terminal 4 and Load 3 . Segment II contains of Line 23
(2 lines in parallel), Terminal 3 and two loads (Load 1 and Load 2). By
convention, all cables have the same line type and length. The impedance
of each cable is determined by number of lines in parallel. Eight reference
feeder topologies were found that are suitable to describe the topology 90%
of the real feeders.
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1 Introduction

In this section, an introduction of challenges that network planners and op-
erators are facing, as a result of the increasing number of DER in the elec-
tricity grid is given. First, the development of DER in distribution grids
is discussed, showing the need to have a better knowledge of the distribu-
tion grids. Secondly, the developed smart grid functionalities, to increase
the hosting capacity and to maintain voltage quality requirements, are dis-
cussed. Finally, the research question of this work is presented in the context
of increasing numbers of DER, particularly for low-voltage networks.

1.1 Development of distributed energy resources in
Distribution Grids

In [1] it is reported, that solar PV is already covering more than 7% of the
electricity demand in three countries worldwide (Italy, Greece and Germany).
Additionally, in 2014 the power generation capacities for Wind and PV in
the EU 28 increased by 11,791 MW and 6,574 MW respectively. Globally,
about 40 GW PV have been installed in 2014. Moreover, the total amount
of installed PV in the world reached 178 GW and covers more than 1% of
the world electricity demand. In the next years, the installed capacity is
still expected to rise. However, in Germany for example, in certain times
of the year, electricity generation from renewables cover more than 50% of
the power supply, meaning that these situations have to be accounted for
today, so as to smoothly pave the path for the transition to an energy system
with a dominant share of fluctuating DER. According to [2], the overall
PV deployment potential in Germany (depending on the efficiency) varies
between 229 GW and 569 GW. Hence, compared to the generation statistics
presented in [3], only 10% of the average PV deployment potential is already
utilized.

Authors in [4] report, that the energy transition has a significant impact
on the overall power system infrastructure and its operation. As an example,
the fact that PV-systems and Wind generators in Germany, combined, are
capable of covering more than 50% of the peak load under favorable weather
conditions and low demand (e.g. weekend). Thus, accurate forecast and real-
time data has to be available, for a large area to maintain grid stability. In
the case of a particular German TSO, which uses forecasts from four different
sources, the root mean square error reaches 5-7%, revealing a need to research
on how to improve the forecasts.

In Table 1 the total installed generation capacity (ICG) for the year 2012
is listed for seven European countries according to [3]. The total installed
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capacity varies between 8.6 (Ireland) and 171.6 GW (Germany). The amount
of the total installed generation capacity (IGC) in distribution grids is given
in the second row. The total IGC grids is at a comparable level for France,
United Kingdom, Belgium, while the installed capacity in Germany is higher
than the sum of the other countries. In the third row of the table, the
share of DER in distribution grids is given. The share of renewables? in
the distribution grids vary between 48% (Belgium) and 99% (Italy). The
remaining countries can be grouped in two groups with a share of renewables
in distribution grids (DG) of about 65% or 82%. The table shows that
a significant share of renewables are connected to distribution grids. This
highlights the importance of understanding how an even higher share of DER
can be reached in distribution grids without jeopardizing the quality of supply
on the one hand while limiting the costs of network reinforcements on the
other hand.

Table 1: Total installed generation capacities (IGC) and share of renewables
(2012) according to [3]

IGC | Installed Capacity in DGs | Share of IGC in DGs
(GW) (GW) (%)
Belgium 20.8 14.3 69
France 128.7 15.5 12
Germany 171.6 98.7 58
Ireland 8.6 1.3 15
Italy 128 22 17
Portugal 18.5 6 32
United Kingdom | 77.9 14.7 19

The cable length of transmission and distribution grids varies significantly.
In Germany, for example the total cable length in the 110kV-grid is about
66,000km, which is more than one and a half times the length of the equator.
The length of all cables in the MV distribution grids (20kV and 10kV), is
higher than 500,000km, covering 1.3 times the lunar distance®. Finally, the
total cable length in all 0.4/0.23kV LV-networks in Germany is above 1.15
million km, which is equivalent to about 80% of the diamter of the sun®.
The length of the lines in LV-networks is more than 17 times the length of
the 110kV-grid. According to [5], about 90% of the lines in LV-networks
are underground cables . In Austria, the length of all cables of the 110kV

2Wind, biomass, biogas, hydro, solar, other renewables
3The distance between earth and moon is about 384,400km - www.esa.eu
4The diameter of the sun is nearly 1.4 million km - www.esa.eu
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grid is 11,365 km. Whereas the total length in the LV-networks is about
172,000km of which about 80% are underground cables. In Austria, the
length of the lines in LV-networks is more than 15 times higher compared to
the length of the 110kV-grid [6], which is in a similar range as in the case
of Germany. This comparison reveals the dimension and the complexity of
describing and classifying distribution grids and in particular LV-networks.
Distribution grids were not designed to integrate a large number of DER. Ac-
cording to [7], about 70% of the voltage band available in existing LV-grids
is typically allocated to the voltage drop at maximum load. Furthermore,
authors report that the impact of single-phase components requires consid-
eration of the voltage drop in the neutral wire. Therefore, power, that is
six times higher has to be taken into account when compared to balanced
components, reducing the hosting capacity significantly. In [8] required grid
development and innovations for the energy transition, which are estimated
until the year 2030 are discussed. Furthermore it is addressed that regula-
tions have to be adapted for the foreseen ambitious integration of DER plans.
More than 60% of the expected grid reinforcement costs are related to the
transmission system. The remaining expenses are split with two thirds for
MV-grids and one third for LV-grids. Authors report, that the hosting ca-
pacity of a network area is approximately as high as the peak consumption.
Grid reinforcements are required if the DER penetration is further increased
above the peak consumption. The network areas are clustered according
to the expected development of Wind and PV installations, the population
density and the area of municipalities. According to these properties, eleven
cluster centers were found. Another important finding is, that the role of
DSOs will change due to a high number of participant in the electricity mar-
ket. It is foreseen that DSOs will have an important role in the coordiation
of ancillary services in their supply area.

The way in which the security of supply and the reliability can be main-
tained with a targeted share of 80% of DER in the year 2050 for the German
electricity grid was analyzed in [9]. It is discussed, how ancillary services such
as frequency and voltage control, re-establishment of the power generation
and network operation could be provided mostly by fluctuating DER in the
future. Moreover, recommendations are given on how the share of ancillary
services provided from conventional powerplants could be further provided
by DER.

Even though e.g. the reliability of distribution grids is assessed with prob-
abilistic tools, the quasi-stationary voltage stability is evaluated deterministi-
cally. This issue is addressed in [10]. It is reported, that the quasi-stationary
evaluation is related to a unlikely extreme network condition resulting in an
over sized network or rejection of DER connection requests. In this work, a
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probabilistic tool was developed to evaluate the quasi-stationary voltage sta-
bility. Thereby for each node of a network, realistic voltage ranges and their
particular probability of occurrence is calculated while considering planned
and unplanned outages. The developed methodology reveals higher trans-
mission capacity reserves as well as a higher hosting capacity of the grid. The
issue of active voltage control strategies of DER are not being considered in
network planning tools is also addressed in [11] and a study on statistical
distribution network planning is presented.

Not only statistical methods are suitable for application to electricity
grids. The ware-house-location-problem for example, was utilized to support
network planners in selecting the most suitable locations for the secondary
substation in [12]. Even though radial LV-feeders are rather facile to de-
scribe with graph theory, this work is an important example, demonstrating
that tools and methods known from other fields could be applied to distribu-
tion grids and particularly integrated in network planning and operation of
distribution grids. Thus reducing capital expenditures (CAPEX) and oper-
ational expenditures (OPEX) of network operators and additional costs for
customers. It is also apparent that, the energy transition and the trend of
DER being mostly installed in distribution grids requires better knowledge
and more powerful tools to estimate the hosting capacity of grids. Moreover,
tools and methods are available to reduce the impact of decentralized active
power injection. Additionally, the costs of grid reinforcements should be as
low as possible to support the further deployment of DER.

1.2 Smart Grid Functionalities

The increasing number of DER in distribution networks raises several chal-
lenges in the field of network planning and operation. In particular, the
hosting capacity in some distribution grids may already be exhausted. On
the one hand, DER provide major benefits to reduce C'Oy emissions and to
cover local demand. On the other hand, if generation and consumption are
imbalanced, over-voltages and reverse power flows occur leading to increased
network losses. Due to the objective of PV owners, which is to maximize
the yield of their installation, the tilt and angle of PV installations are opti-
mized, resulting for nearby installations, in a rather high coincidence factor
for PV in-feed. Even though the full load hours of PV installations is rather
low (e.g. 1100h per year in Central Europe [13]) the nominal power of the
installations has to be considered as a worst case in conventional network
planning. The integration of the so called "last kWh” of a DER is cost
intensive. Smart grid functionalities aim to increase the hosting capacity
while reducing DER-integration costs, maintain voltage quality and avoid
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the overloading of elements.

The way in which the hosting capacity can be increased with extended
planning and voltage controls strategies was investigated e.g. in [14]. Authors
report, that both unbalanced loads and generation reduce the effectiveness of
centralized voltage control strategies. Moreover, the hosting capacity of LV
grids can be increased by reducing the imbalance by reconfiguring the phase
connection of single-phase DER. In [15], it is reported that with reactive
power control of PV plants in medium-voltage grids the voltage rise caused
by DER in-feed can be reduced to between 16% and 49% for specific line
types and a PF of 0.95. From a regulatory point of view, reference networks
could also be interesting for benchmarking the network planning principles of
DSOs. In [16], as an example, a reference network model is presented that can
be used to design a reference grid (LV/MV and HV) for a given area with
a green field approach as well as considering the street map of that area.
Significant differences between both approaches occur, that are discussed.
The proposed methodology is capable of efficiently and economically planning
a large-scale distribution area with millions of customers.

Further reactive power control strategies were developed to reduce the
voltage rise in distribution networks caused by active power in-feed. In [17]
for example, the VoltVAr and VoltWatt control were identified as most
promising solutions for increasing the hosting capacity of low-voltage distri-
bution grids from a technical and economical point of view. Reactive control
strategies were simulated, tested in the laboratory and evaluated in the field
under real grid conditions e.g. in [18] and [19]. In [20], the effectiveness of
reactive power control strategies as a function of the voltage of three-phase
inverters under unbalanced conditions is discussed. Further, in [21] active
and reactive power control concepts were investigated in terms of effectiv-
ity, performance, additional reactive power flows, network losses and active
power curtailment. In this simulation based work it was shown that with such
control concepts the voltage rise caused by DER can be reduced and that
the hosting capacity of low-voltage networks can be increased significantly.

Already today, a high number of fluctuating DER dominantly supply
electricity demand (e.g. in Germany) for certain periods of the year. Under
such conditions, the stable operation of inverters and their voltage support
functionalities must be guaranteed. This issue was already tackled in several
contributions. The stability of the VoltVAr control was for example investi-
gated in [22] and recommendations to parametrize this control strategy are
given. In [23], the open loop stability of the VoltVAr control was investi-
gated and limit curves have been obtained which depend on the X/R ratio
at the point of common coupling and the settling time constant. Further,
in [24], the impact of reactive power controls strategies and the OLTC were
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investigated in terms of stability for six sample networks. Moreover, in [25]
the results of a stability study conducted on a single-inverter system and on
a multi-inverter system are presented. In conclusion, that the requirements
for reaching a stable operation can easily be met for integrated systems but
could be a significant constraint for systems relying on communication.

In LV-networks with underground cables, the effect of reactive power
control strategies to increase the hosting capacity of networks is limited in
comparison to that of overhead-line networks. Thus, active power has a
higher impact on the voltage than reactive power in networks with a high
R/X ratio. Regarding an obliged active power curtailment for PV owners,
the information of the percentage of the yield that could not be fed into the
grid is important. In [26], a methodology is presented how active power cur-
tailment could be compensated from an economical point of view. Thereby a
set of parameters that need to be considered, is developed. Further work on
evaluating yield reductions caused by active power curtailment is presented
in [27]. Additionally, a decision matrix is given to decide whether the ac-
tive power of an installation shall be curtailed statically (e.g. to 70% of the
nominal power) or dynamically (requiring communication). Alternatively,
inverters may also provide ancillary services to reduce losses and voltage un-
balance in four-wire distribution grids. Injecting the produced power of a
three-phase PV inverter into the phase with the highest power consumption,
or to transfer power from highly loaded to less loaded phases, without over-
loading the PV inverter is investigated in [28]. By balancing the grid, losses
as well as the used voltage band can be reduced and the hosting capacity can
be increased.

The general impact of smart grid functionalities is important from the
DSO point of view as well as for regulatory bodies and stakeholders. Until
now, smart grid functionalities are tested in specific demo areas in various
countries. Hence, impacts can only be studied in the investigated networks
and results cannot be translated into general conclusions easily. To study
the expected impact and benefits of a smart grid functionality deployed in
the entire supply area of a DSO, or on country level, a scalability and repli-
cability analysis (SRA) is needed. In the project GriddEU ( [29]), innovative
concepts were tested in demo areas of six European DSO. The aim of these
concepts are to improve network operation in distribution grids, to opti-
mally and smoothly integrate a high number of DER, make use of active
demand and demand side management, to balance the supply and demand
and assess islanding of supply areas to increase grid reliability. It is also
mentioned that for scaling-up and replicating the impact on network host-
ing capacity, the characteristics of distribution network plays an important
role. In particular, the feeder length, R/X ratio and the topology as well as
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the location of DG units are pointed out. The scalability and replicability
analysis developed in the project GRID4EU is presented in [30]. It is men-
tioned that scalability may focus on the density (e.g. more DER flexibilities)
or in size (large-scale deployment). One of the lessons learned is that the
characteristics of distribution networks and operational approaches are rel-
atively homogeneous across Furopean countries. Furthermore, in this work
representative networks were defined for the technical SRA. For the consid-
ered six demos in six different European countries, seventeen MV and eight
LV representative networks were built. The MV networks were classified as
urban, sub-urban, rural concentrated and rural scattered. The LV-networks
classified were classified as urban, sub-urban, rural, rural overhead lines and
rural underground. The IGREENGrid project ( [31]) focused on increasing
the hosting capacity for Distributed Renewable Energy Sources (DRES) in
power distribution grids without compromising the reliability or jeopardizing
the quality of supply. During this project, key performance indicators were
developed for comparing and objectively evaluating best practices for increas-
ing the hosting capacity of distribution grids. Furthermore, a scalability and
replicability study was performed including a cost-benefit-analysis. In [32],
the main type of disruptions in distribution grids caused by a large pene-
tration of distributed renewable energy sources such as voltage violations,
local balancing of generation and demand are addressed. Further strategies
for recovering from faults and blackouts through network reconfiguration or
islanding operation are discussed. Moreover, monitoring and automation
systems, state estimation, optimal power flow and congestion forecasting so-
lutions are mentioned to prepare and adapt to changing grid conditions and
to withstand and recover from disruptions.

Smart grid functionalities are promising solutions for efficiently increas-
ing the hosting capacity of grids at competitive costs compared to grid rein-
forcements. These functionalities were tested using exhaustive simulations,
laboratory tests and tests in dedicated demo areas in real networks. How-
ever, the unknown scalability and replicability potential of such functional-
ities is a barrier in the large-scale deployment. Various regions and federal
states have more ambitious targets regarding the integration of renewables
in their area, when compared to country level. In [33] for example, a grid
study was conducted for the federal state of Rheinland-Pfalz. Rheinland-
Pfalz targets to supply the entire federal state by renewables until 2030. The
grid requirements and suitable smart grid solutions for such a development
are investigated in the grid study to identify potential saving opportunities.
Other similar studies are e.g. [8] or [34]. For that, the distribution grids have
to be studied and modeled such that findings of network simulations can be
replicated and scaled to federal state level, since the individual simulation of
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all LV-networks of a DSO is a time-consuming and complex task. Therefore,
simplified and validated models of LV-networks are needed to focus on main
impacts and to be able to generalize results of a network study based on a
low number of networks. With a SRA, these results could be generalized and
recommendations given.

1.3 Research Question

To study the effect of DER and voltage control strategies in LV networks on
the (MV) distribution and (HV) transmission grid, the entire grid of DSOs
has to be modeled in detail with a high number of nodes. However, due
to the high number of nodes and voltage dependent control strategies, the
computation time for power flows may be significantly higher compared to
networks with a few nodes. Hence, only very specific power flow calculations
may be performed in a reasonable amount of time for the distribution grid.
Simplified LV-feeder models would allow a reduction in the number of nodes
and hence the computation time while maintaining the accuracy of power
flow calculations and voltage control strategies. Therefore, there is a need
for a methodology to replace full models of LV-feeders by average feeder
models. Such average models have to be developed and tested for using load
flow calculations.

Consequently, for this bottom-up approach a rather high amount of grid
data is required to first gather results for a high number of scenarios and
then validate the average feeder models against the real feeder results. The
aim of this work is to develop an average feeder methodology, to select and
parametrize equivalent feeders suitable to replace real feeders for large scale
grid analysis. The admissible DER penetration level of real feeders for various
scenarios is thereby used to measure the accuracy of the developed average
feeder models.

Research questions:

e How can simplified models for low-voltage feeders be defined?
e How can similarities between low-voltage feeders be identified?

e What is the impact on the accuracy when running studies on simplified
models compared to the full model?

The aim of this work is to answer these questions by running in-depth anal-
ysis on the network data provided by two Austrian DSOs. Furthermore it is
investigated, if equivalent feeders can be designed to accurately replace real
LV-feeders considering both active and reactive power flows. This would al-
low the effects of voltage control strategies in LV-networks in a multi-voltage
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level grid to be studied. Further, the methodology shall provide a suitable
measure to test if particular feeders have similar topology and a similar con-
figuration of the equivalent feeders. If it is the case, results of one feeder
will be also valid for the other feeder and vice versa. The developed equiv-
alent feeder models are then suitable for reducing the number of nodes for
scalability and replicability studies in multi-voltage level grids.
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2 Related Work

Depending on the focus of a study, classification or clustering of electricity
grids can be performed at the feeder or network level. In this section related
work on feeder and network taxonomy and classification is presented to give
an insight into the identified most relevant parameters in literature.

In [35], the rising challenges in distribution grids to host a high number
of DER is addressed and a methodology to estimate the hosting capacity of
residential neighborhoods, when loads are considered. Thereby, the obtained
hosting capacity shall be apportioned equally to all customers. Networks
were grouped into nine settlement types characterized by the floor-space in-
dex, site occupancy ratio and buildings per hectare. The settlement types
together with electrical parameters of the network shape the characteristics
of the networks. The discussed electrical parameters are the rating of the
secondary transformer, number of feeders, length of feeders, used line types,
equivalent load location and number of housing units per house connection.
Per housing unit, a hosting capacity of 2.2kW to 3.1kW was obtained. The
author reports for a particular settlement type, that the network losses de-
crease until a penetration rate of 20% of the hosting capacity. At higher
penetration levels, the network losses are increasing and are exceeding the
initial losses at already 50% of the estimated hosting capacity. Furthermore,
deploying the maximum amount of DER leads to more than 3 times higher
losses. Another contribution towards the estimation of the hosting capac-
ity of LV-networks is presented in [36]. The impact of PV in LV-networks
was investigated considering the rooftop PV-potential. The author concludes
that the hosting capacity of networks in villages, rural and sub-urban areas
is rather critical. In this work, seven typical LV-networks for villages, rural
and sub-urban areas are presented. Furthermore, it is discussed, that due
to the rather low number of customers in LV-networks an assumption with
regards to a base load is rather risky.

In [37] a new method to create synthetic power grid topologies is proposed
and differences between electrical and topological structure of power grids is
discussed. For that, a weighted graph is utilized. Another contribution uti-
lizing graph theory can be found in [38]. In this work, a minimum spanning
tree algorithm is proposed to design distribution networks with optimal con-
figuration to minimize network losses considering that only radial topologies
are allowed.

In [39] it is stated, that feeder data is required for network taxonomy
studies. Thereby the five most significant parameters were identified: the
total cable length, the length of underground cables and overhead-lines, the
number of delivery points as well as the rated voltage and power of the
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distribution transformer. However, this work did not lead to a classification
of feeders into urban, suburban or rural feeders. Several short, middle and
long feeders with a specific number of branches are proposed as reference
feeder types.

In [40] new local voltage support strategies for increasing the hosting
capacity of LV-networks are presented. Thereby a 2D-pane is utilized to il-
lustrate the hosting capacity constraint reason and the remaining reserve in
terms of admissible voltage limit and maximal loading of network elements.
Hence, LV-networks can be classified in two groups, namely voltage or load-
ing constrained. Three different critical networks were used to investigate
the effect of the support strategies. Furthermore, for each critical network,
feeder relevant parameters are listed: length of the feeder, distance between
neighbors, length of service lines, number of consumers per connection point,
feeder line type and service line type. Five feeders are supplied in the subur-
ban network and three feeders in the rural network. In three networks, only
one particular feeder type is supplied.

In [41], the feeder hosting capacity for distributed solar PV was analyzed
stochastically. In this work, four base load levels were considered: absolute
maximum and minimum, irrespective of time of day and the maximum and
minimum load around midday. Further, a high number of PV distribution
scenarios were considered. One of the conclusions in this work is that the
impact that distributed PV will have on a specific distribution feeder can only
be determined based on knowledge of that feeder’s characteristics. These
characteristics include, but are not limited to load, voltage, regulation, and
impedance’ [41]. Moreover it is stated, that feeder characteristics are a key
factor in the integration of PV. Nevertheless, the size, location and output
of the PV system have a high impact on the hosting capacity of feeders.
Moreover, a hosting capacity study was performed such that 20% of the
nodes were allowed to violate the voltage threshold. Indeed, this addresses
an important issue concerning the definition of the hosting capacity of feeders.

Furthermore, the expected costs of grid reinforcements in Germany caused
by the expected rise of DER were investigated in [42]. Thereby potential
savings by utilizing smart grid functionalities and their requirements are dis-
cussed. In this work, ten representative LV-networks were defined, whereas
only 35% of the DSOs are assigned to representative network classes, where
significant network reinforcement is expected. Moreover, for only 8% of the
500,000 German LV-networks are network reinforcements foreseen. Authors
report, that curtailing 1% of the annual yield of DER could reduce the net-
work reinforcement costs by 30%. For each of the representative network
classes, 100,000 network models were generated. The assignment of DSOs
to network classes was based on three parameters: Average installed PV
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power per point of connection, average installed wind power per point of
connection and average yearly peak consumption per point of connection of
DSOs. Structural parameters, such as the number of feeders, average feeder
length, distance to neighbors and the ratio of underground and overhead-line
cables were utilized as well. A Monte-Carlo approach is used (based on real
parameter distributions) to generate networks of a given class.

In [43], a method to classify distribution feeders into clusters and to select
representative feeders from each cluster was developed. Identified parameters
of feeders that affect the hosting capacity of feeders amongst others are nom-
inal voltage, feeder length and main conductor type, three-phase vs. single-
phase feeder length. Authors state that ” unfortunately, the response of each
feeder is unique and the time and effort involved in the detailed study is too
great to replicate on thousands of additional feeders. Therefore, the impact
results found in the detailed study cannot be mapped directly to other feed-
ers” [43]. However, a streamlined hosting capacity method was developed,
which is presented in [44], that takes into account feeder characteristics by
calculating a power flow and a short circuit combined with a characteriza-
tion of the feeder topology. The streamlined hosting capacity method is pre-
sented. ” The streamlined hosting capacity method captures the electrical and
consumer characteristics through load-flow and short-circuit analysis, runs
through a sequence of impact studies, and then provides the feeders ability to
accommodate PV (hosting capacity)” [44]. Authors report that this method-
ology is suitable for calculating the distribution system impact of PV, in a
fast and effective way. Further, ”optimal” locations for PV can be identi-
fied. Furthermore, authors report that the streamlined method is accurate
regarding the lower hosting capacity of feeders and is more conservative at
the higher hosting capacity.

According to [45], there are over 300,000 feeders in the LV grid of the
Netherlands. Authors clustered 88,000 feeders of the largest Dutch DSO with
a fuzzy k-means algorithm. Main network parameters, such as impedances,
cable length number of branches, branch depth and the number and type of
connected customers are used in combination with the graph theory concepts
of degree distribution, sequence and the centrality of the power, impedance
and length. Further, a logarithmic transformation was applied to several non-
discrete parameters to obtain a more symmetric distribution. The eight most
common LV-feeder types are presented in this work. For these common types
the length of the feeder, number of branches, impedance, main line type,
number of customers and occurrence are given. However, the LV-feeder with
highest occurrence represents 6.4% of all feeders, because in total 94 classes
were found. The authors conducted load flow studies for the year 2014 with
15-min load profiles and calculated the minimum and maximum voltage as
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well as the maximum loading of cables. In this study, the voltage at the
LV-side of the secondary transformer was assumed to be at 1p.u., neglecting
voltage drops at the secondary transformer and voltage fluctuations in the
upstream MV-network. Moreover, risk levels have been defined for voltage
and loading. (e.g. voltage drop and rise more than 8%, or smaller than 6%
- loading below or higher 90%). This work demonstrates the complexitiy of
clustering and classifying LV-feeders.

In [46], power grids were investigated from topological point of view by
means of graph theory. In conclusion, it was stated, that no single model
can be defined that accurately reflects all power grids and that: ” power grids
seem to be poor candidates to treat, both by modeling and analysis, as general
complex networks” . it is apparent, that analyzing radial or continuous feeders
with graph theory (clustering coefficient, betweenness, node degree etc.) does
not generate significant additional benefits in terms of feeder taxonomy.

MV and LV grids were investigated from a topological point of view in
[47]. Authors report, that the node degree in distribution grids follows rather
a power-law distribution. Moreover, betweenness plots are presented and
differences to HV-grids are discussed. While in literature there is a consensus
that the node degree for HV-grids is exponential, a power-law distribution is
observed for LV-grids.

In [48] a Matlab GUI for the generation of distribution grid models
is presented, which generates statistically correct distribution grid models.
Thereby the node degree and degree distribution is used. For LV-networks,
two statistics have to be given. The normal distribution of the total number
of connections in a single secondary substation and the normal distribution
of the connections per LV feeder.

In [49], LV-networks were classified as dispersed settlement, hamlet, vil-
lage, suburban, urban and industry. For each of these classes, a typical
network was defined. Moreover, a network for each worst case assumption in
terms of voltage, loading and secondary transformer was developed. Thereby,
the feeders of a network have different topologies, lengths and line types. In
this work, the rating of the secondary transformer as well as the number of
house connections and the distance between house connections are the most
significant and discriminatory factors. Furthermore, line models are reduced
to their impedance and the nominal current.

In [50] a two-bus equivalent model, which may be used to estimate the
maximum voltage in an LV area due to PV generation over time is pre-
sented. Thereby a network is replaced by a slack with a defined reference
voltage, an equivalent network impedance and a node connecting a load and
a PV-installation (the defined equivalent impedance is in analogy to [36]).
Authors report, that approximately 96% of the areas could be accurately
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modeled with this approach, while the absolute error remains below 0.3%
under balanced conditions. Further for the investigated area covering 10,213
LV-networks, statistics of the most relevant network parameters are given.

In [49] 1.35% of the grid data of a DSO was analyzed to estimate future
network reinforcement costs according to different scenarios. In this work,
networks were split into feeders (considering the secondary transformer) and
three main feeder topologies were identified, which are suitable for represent-
ing the topology of the analyzed network data.

In [51], a methodology is presented to classify distribution feeders (MV)
into clusters and to select representative feeders from each cluster. Thereby
the cubic clustering criterion is used to determine a reasonable number of
clusters to cluster with the K-means clustering methodology. For each of the
investigated utilities, a rather small number of five to twelve clusters seems
reasonable. Furthermore, correlation maps were used to reduce the number
of clustering variables.

Self organized maps (with 3 x 3 neurons) were utilized to classify distri-
bution feeders into specific groups of representative feeders in [52], with the
objective of quickly and accurately obtaining the hosting capacity of feed-
ers (in MV-networks). In this work nine cluster were found based on seven
selected variables. The chosen variables are: summer peak, total 3-phase
length, transformer count, total kVA, residential kVA, commercial kVA and
industrial kVA. However, the validation of the clusters regarding the Hosting
Capacity of the feeders is not given. Since the authors performed the analy-
sis on feeder level, it is also revealed that feeder clustering is also suitable in
MV-networks.

In [53], 358 networks with 1550 feeders of a German DSO were ana-
lyzed and reference networks (LV) based on the typical networks developed
in [36]. In total 29 electrical parameters and two geographical parameters
were calculated. The target of this work, is to investigate the effectiveness
and stability of voltage control strategies in distribution networks, including
their validation. In total three network classes are defined: rural, village and
suburbs. Furthermore, for the classes rural and village, a dominant over-
head line network and a dominant cabled network is presented. All network
classes contain a secondary transformer with u, = 4%, but a different nom-
inal rating. The feeders of all presented networks are radial feeders with a
particular length and a number of nodes. The nodes are placed equidistant
along the feeder with one customer at each node. Moreover the lines from
point of connection to customer premises are modeled with a fixed line type
and length.

In [54], the insufficiency of the classification of networks based on the
population density of areas is is addressed, since the population density can-

23



not be matched accurately with LV-networks. Therefore, clustering based on
electrical parameters of networks is proposed. From 27 calculated parame-
ters, five most suitable parameters were identified: line length, rating of the
secondary transformer, age, specific impedance and number of PV installa-
tions. To find the optimal number of clusters, the ward method was used.
Finally, eleven clusters were defined and for each cluster a reference network
was selected.

In [55], authors report that performing the cluster analysis on feeder
level instead of network level, yields in better results. For both cable and
overhead-lines five clusters were found. Moreover, the standard deviation of
the voltage difference between the detailed models and cluster reference grids
is analyzed.

In [56], a techno-economical evaluation of on-load tap changer (OLTC)
deployments compared to conventional network reinforcement is performed.
An important result of this work is, that network topologies could not be
reduced to a few representative networks. Consequently, results of a few
networks cannot be scaled up to the entire supply area of a DSO. Instead,
the usage of synthetic networks was proposed. Further, three feeder models
are introduced and that they are sufficient for covering all topologies in the
investigated supply area. Furthermore, typical line types and lengths of
feeders are given.

In [57], six sample networks (three typical and three extreme) for rural,
sub-urban and villages are presented. Thereby the methodology in [36] is
utilized. Three parameters are used to classify networks: specific transformer
rating per customer, equivalent sum impedance per feeder and the average
distance between customers.

In [58], fractal geometry is used to design and expand distribution net-
works. With the box-counting algorithm, it was proven that electrical grids
can be described as fractals. Additionally, the dielectric breakdown model
is utilized to generate synthetic distribution networks. The approach is vali-
dated by comparing the maximal voltage drop and the total power losses of
the fractal generated networks with the real networks.

In [59] distribution grids of western Australia were classified and pro-
totypical feeders are selected at both MV- and LV-level. On LV-level, 26
parameters were investigated, such as secondary transformer rating, feeder
length, energy consumption (for residential, commercial and industrial re-
spectively), number of customers and many more. The seven identified most
significant parameters are similar to previously mentioned studies: under-
ground cable length, load capacity of residential customers, number of resi-
dential customers, overhead-line length and others. The cluster analysis on
LV-feeder level resulted in an optimal cluster number of eight and a descrip-
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tion of the LV-feeders subsets.

A taxonomy of continental United States radial distribution feeders (MV)
was performed in [60]. In total 575 distribution feeders models from 151
substations from 17 utilities located in the five climatic zones, were clustered.
Thereby 89 feeder parameters were calculated (including construction and
operational characteristics). The number of parameters were then reduced
to 35. In conclusion, 24 prototypical feeders were defined and described
(three to seven for each climatic zone).

In the Italian project ATLANTIDE ( [61]), a representative network was
defined for each class of urban, industrial and rural MV networks. Thereby
the urban network has eleven feeders, the industrial and rural network seven
feeders each.

In [62], 34 low-voltage networks with 247 feeders were clustered on both
network and feeder level based on electrical parameters as well as on sta-
tistical parameters. Thereby a large set of input parameters were reduced
with a principal component analysis to the most relevant ones. In total, nine
clusters were defined based on electrical parameters and for each cluster a
representative (median) feeder was identified. Furthermore it was shown,
that clustering , based on the consideration of only statistical parameters of
feeders, leads to a different number of clusters and different grouping of the
feeders compared to the clustering results when using electrical parameters.

In the study [63], the losses per voltage level are investigated for Austrian
DSOs. Authors report that urban feeders can be clustered from a topological
point of view into three groups. In conclusion, three topologies are used to
estimate network losses in urban and rural LV-networks.

e radial feeders, 70% of all feeders, 150-300m long
e feeders with two branches, 25% of all feeders, 200m-350m long

e feeders with three branches, 5% of all feeders, 300m-500m long

For rural areas, the same feeder topologies are listed with following particular
distributions:

e radial feeders, 30% of all feeders, 200-400m long

e feeders with two branches, 50% of all feeders, 300m-500m long

The deliverable D5.1 (Technical and economical evaluation of the replica-
bility and scalability analysis [31]) of the project IGREENGrid, contains the
evaluation of investigated smart grid solutions and recommendations. The
most promising solutions were tested in a high number of grids of participat-
ing DSOs. One developed tool is the hosting capacity screening methodology,
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which is a Monte Carlo based approach to calculate the empirical distribu-
tion function of the hosting capacity of feeders in MV- and LV-networks.
Further, in-depth studies were performed to rate the performance of smart
grid solutions in terms of increased hosting capacity, network losses and reac-
tive power balance. Moreover, a statistical analysis and classification of LV-
feeders was performed. Thereby feeders were split into two groups (voltage-
constrained and current-constrained feeders). Supervised machine learning
techniques were used to distinguish between voltage and current-constrained
feeders. Thereby four parameters were identified leading to the highest ac-
curacy among other parameters. These parameters are the equivalent sum
impedance, feeder length, short circuit impedance at the end node and av-
erage line length per network connection. While the true class agreement
of voltage-constrained feeders was reached with an accuracy of 98.5%, the
accuracy for current-constrained feeders was unsatisfactory. Only 63.8% of
the feeders were correctly classified. Hence, a relatively high share of current-
constrained feeders were classified as voltage-constrained feeders. This leads
to the issue that for incorrectly classified feeders, reactive power control would
be mistakenly suggested to increase the hosting capacity of these feeders.
Unfortunately, this decision would lead to a decreased hosting capacity for
current-constrained feeders, or an increased overloading of network elements.
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3 Theoretical background

In this section, terms and definitions are presented that are used in this
work. First, the end node of a feeder is defined. After that, the hosting
capability (HC) definition used in this work is presented and followed by the
hosting capability sensitivity (HCS). After that, two feeder segments used in
the reference feeder methodology, are presented and the labeling of reference
feeders is discussed. Next, the closeness centrality is discussed as method to
assign consumption data of loads to most suitable loads in equivalent feeders
followed by the discussion of selected statistical parameters. Finally, consid-
ered reactive power control strategies and the utilized correlation coefficients
are briefly discussed.

3.1 Feeder End Node Definition

In a radial feeder without any branches the most distant node is the end
node of the feeder. However, the definition of the feeder end node is relevant
for feeders with several branches. In such kind of feeders, several nodes have
only one connected line and could be considered as being the feeder end
node. Therefore a clear definition of the feeder end nodes is needed. Due to
varying line types (e.g. overhead lines and underground cables or cable cross
sections), number of connected customers and branches in feeders, the most
distant end node may not be the most critical node in a feeder. In this work,
the end node is defined as follows: Firstly, for all network connection points
(e.g. single family homes, buildings, industry etc.) in a feeder, a consumption
of 1kW is assumed (regardless of the customer type). Second, a load flow
calculation is executed. After that the node with the highest voltage drop is
selected as the feeder end node. The advantage of this approach is, that this
definition is also suitable for ring topologies. Even though there does not exist
a node with only one connected line in such topologies. Nevertheless, in this
work only radial feeders are studied. The decision to define a consumption of
1kW per load was selected under the assumption that a effect on the voltage
in every feeder can be noticed while network elements are not overloaded.

3.2 Hosting Capability Definition

A general hosting capacity definition can be found e.g. in [64], where a mul-
tidimensional performance index is used, which is decreasing with a higher
amount of DER. Authors give the EN50160 as main source of incidences
to be considered in the performance index. This definition is e.g. utilized
in [65] and [66], where also loading requirements of network elements are
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considered in the performance index, which was used in [67] to identify the
hosting capacity of some representative distribution grids. An overview of
common practices for the determination of the DER hosting capacity can be
found in [68]. In many works, the term hosting capacity is used to specify
the amount of DER that can be integrated without violating requirements,
such as voltage and loading limitations, usually considering the secondary
substation, as well as, the voltage variation of the upstream network and
load demand. For example, also in [69], only the voltage limit violations are
considered in regard to the maximal amount of installed DG capacity in the
network.

However, e.g. the rating of the transformer could be a limiting factor for
the DER integration. Overloading the transformer caused by overestimated
admissible DER-penetration levels resulting in reverse power flows to the
MV-network may be critical. Moreover, if the HC of one feeder in a net-
work is scaled to reach a limitation (voltage or loading), the voltage in the
other feeders of that network is affected as well. Thus, the voltage rise or
drop at a secondary transformer is coupling the feeders. Furthermore, for a
obtained HC in a feeder, the voltage is influenced by estimating the HC of
another feeder. This could be avoided by evaluating each feeder individually
considering the transformer. However, this would result in classifying the
feeder-secondary transformer pair, which would be obsolete if the secondary
transformer is reinforced for any reason or the number of supplied feeders is
changed. Furthermore, all feeders supplied by a secondary substation benefit
from a reinforced transformer, while the benefits of reinforcements in a feeder
are rather limited. For that reason, secondary transformers are neglected and
the HC is evaluated on feeder level. Tackling the analysis on feeder level, dis-
regarding the secondary transformer guarantees that the obtained HC of a
feeder is not influenced by the HC of other feeders. From this point of view,
feeders can be considered to be the smallest "building block’, which are linked
together at the secondary substation. Therefore the term hosting capability
is defined as follows:

Definition 1. The hosting capability (HC) of a LV-feeder is the amount of
DER that can be installed for a given DER-scenario, while meeting voltage
and loading prerequisites in the feeder, while disregarding the loads, the sec-
ondary substation (voltage drop and thermal constraints) and the protection
scheme.

The HC of a feeder is defined in three steps:
In the first step, an active power injection at all connection boxes is assumed
for the given DER-scenario. Second, the allowed voltage rise is defined. An-
other requirement is, that none of the network elements in the feeder shall be
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overloaded at any time. Therefore the loading of network elements for any
scenario should not exceed 100%. Thirdly, the defined active power injec-
tion is scaled with a Newton-Raphson algorithm to reach either the allowed
voltage rise or loading limit at the most critical element in the feeder. The
obtained HC defines the maximal peak power that can be installed without
violating the defined voltage and loading limit in a feeder. Furthermore, in-
stalling a higher amount of DER would require reinforcements in the feeder
or smart grid functionalities, if applicable.

Indeed, load assumptions have a high impact on the achievable hosting ca-
pacity. In [70] it is reported, that "The worst cases of voltage rise occur
when the PV-DG is at or close to its maximum output, and the difference
between the load and the generation is at its highest” and further, ”Us-
ing deterministic models with average values for the loads underestimates
the voltage impact of increasing PV-DG because the real loads on a feeder
vary”. Indeed, the base load can be well monitored at secondary transform-
ers supplying a particular area with a high number of customers. These
customers are usually supplied by more than one feeder. However, only a
few loads and generation are considered, such as in a feeder, the existence
of a certain load level may not be given permanently at all locations in the
feeder. In [71], a stochastic analysis was performed on the smart meter data
of 1,077 customers (households and PV generators) measured over a period
of one year. Authors evaluated the peak and average load depending on the
number of households in the respective area that needs to be considered in
network planning. E.g. for a range of one to five households, a significantly
higher peak load and a significantly lower average load compared to e.g. 100
households was observed.

According to the HC definition, the remaining constraint that could be
violated is that the total HC of all feeders may exceed the rating of the sec-
ondary transformer supplying these feeders. The base load at the secondary
transformer for example, may change with network reconfigurations, e.g if
a feeder is planned to be supplied by another secondary substation or an
additional feeder has to be supplied by the secondary transformer. Hence,
the base load level may be prone to changing in the future. However, this
issue arising depends on several circumstances:

e Could the full HC potential be utilized (e.g. available PV roof-top
potential)?

e What time frame can be expected for the full deployment of PV?

e What is the actual minimal load at the transformer and the expected
growth of consumption?
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e Are network topology changes foreseen (additional feeders, feeders sup-
plied by other secondary substations)

Hence, the obtained HC could be deployed without the need to reinforce
the feeder for the selected DER-scenario in step one. Accordingly, feeders of
the same type but supplied by secondary transformers of a different type have
a identical HC. Consequently, for feeder classification purposes the secondary
transformer is neglected. Therefore the proposed methodology can also be
applied in micro grids without a connection to higher network levels (e.g.
MV).

In the case of a radial feeder with one DER at the end node, the following
relationships can be given: For a determined hosting capability P and an
admissible voltage rise Au of 1%, the resistance leading to that particular
voltage rise can be estimated according to eq. 1.

Aug g1 X UN2

R~ 1
Pro @

According to eq. 2, the resulting current for a given pair of admissi-
ble voltage rise and hosting capability (disregaring reactive power) can be

estimated to be:
Pio1

Lo = 2
Lot \/3 X (1 + Aulm) X UN ( )

For a radial feeder with one line and one DER located at the end node,
an equivalent feeder can be determined utilizing the presented equations.
Thereby the feeder is represented by a slack, one line and a node with a
connected DER. According to the calculated resulting current, a line type
with a minimal required nominal current can be determined and selected from
a standard line type library (e.g. IEC standard line types). Furthermore,
the length of the single line is defined by the resistance per length (R’) of the
identified line type and the calculated resistance according to eq. 3:

R
lzﬁ (3)

3.3 Hosting Capability Sensitivity

The presented hosting capability definition depends on 3 assumptions: the
admissible voltage rise, loading of elements, and DER distribution. In this
work, the voltage rise is investigated in several HC-scenarios, whereas the
maximal allowed loading of network elements is limited by their nominal
current (e.g. nominal current for lines). For a fixed voltage rise limit and
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a specific loading limit, the HC is determined by the DER scenario. Three
DER-scenarios (uniform, eof and weighted) were considered, each represent-
ing a specific DER penetration level. The DER-scenario uniform corresponds
to an equal distribution of DER installations in the feeder. Thereby the same
amount of DER is connected to all connection boxes in a feeder. The DER-
scenario uniform represents a rather optimal case where the HC is expected
to be rather high compared to random DER distributions. Furthermore, for
all variations of this DER-scenario where the DER penetration is moved to
more distant nodes, feeder constraints are violated (voltage or loading of ele-
ments). Contrarily, if the DER are relocated to a node that is near the slack,
the HC of the feeder can be increased. In the case of the DER-scenario eof
only one DER installation is located in the feeder. The DER-scenario eof
can be described as the worst case scenario. Thereby active power is only
injected at the end node of the feeder (according to the definition in section
3.1). This node is the most critical node in terms of the lower limit of a high
DER penetration of feeders. The obtained HC of this scenario can be placed
at any node in the feeder without violating any constraints. Last but not
least, the DER-scenario weighted covers a DER-penetration share driven by
self-consumption. Thereby the in-feed is weighted with the yearly consump-
tion at each particular connection box in the feeder. In [41], the Minimum
and Maximum Hosting Capacity concept is presented:

1. A Hosting Capacity threshold level until all penetrations are acceptable,
regardless of location

2. A Hosting Capacity limit, which is still acceptable, however penetration
and site location specific

The defined DER-scenarios eof and uniform can be compared to these two
characteristic Hosting Capacity values.

According to the defined DER-scenarios, the hosting capability sensitiv-
ity (HCS) is introduced as a measure of covering topological information of
feeders by means of HC results:

Definition 2. The hosting capability sensitivity for a given voltage limit is
the ratio of the hosting capability obtained for the DER-scenarios; uniform
and eof.

The quotient in eq. 4 is defined as the ratio of the HC obtained for the
DER-scenarios uniform and eof (optimal- and worst-case). This ratio can
be calculated for any voltage limit. Thereby the value of HCS is a contin-
uous value greater equal 1 and the unit is 1 (kW /kW). To reasonably limit
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the number of feeder topologies, HCS values are rounded to 0.25 increments,
assuming a feeder with one line supplying one load at the end of the feeder.
In this case, the active power injection in both DER-scenarios uniform and
eof is identical. Therefore the same HC is reached for both scenarios and
the calculated HCS value is 1 for any line type, feeder length and admissible
voltage rise. According to eq. 4, ueofl is defined as the ratio considering
an allowed voltage rise of 1% (tmqa:=0.01 p.u.). Consequently, for ueof8 a
voltage rise of 8% (Uma:=1.08 p.u.) is allowed. If not stated otherwise, HCS
always refers to ueofl.

HCS is a parameter based on results obtained with two power flow calcula-
tions and contains topological information of feeders.

HOuniform

H p—
CS = ~Ho

(4)

3.4 Reference Feeder Topologies

In this work, a number of reference feeder topologies are defined. For this
purpose a specific labeling scheme of elements is proposed, for the defined
two basic feeder segments. The feeder segments are needed to explain the
pattern of the reference feeder topologies later in this work. In Figure 6 a
reference feeder is depicted with a 0.4kV slack (External Grid) connected
to Terminal 1. Line 12 connects Terminal 1 and Terminal 2. The number
below the line name defines the number of parallel lines (in this case 1) of
the same line type. This labeling of lines applies to all lines. At Terminal
2, two feeder segments are connected. Segment I consists of the Line 24 (1
cable), Terminal 4 and Load 3 . Segment II contains of Line 23 (2 lines in
parallel), Terminal 3 and two loads (Load 1 and Load 2). By convention, all
cables have the same line type and length. The impedance of each cable is
determined by number of lines in parallel. Consequently, according to the
end of feeder definition in section 3.1, Terminal 4 is the end node in the
depicted feeder for any chosen cable type.

3.5 Closeness Centrality

Networks and topologies in general, can be described by graphs. Hence, LV-
feeders can also be described by graphs, where two terminal elements such
as lines, transformers, switches, etc., represent edges. There are different
types of graph such as undirected and directed graphs which can have un-
weighted or weighted edges [72]. Weighted undirected graphs are suitable
for describing electrical networks. A description of a network by a graphs
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Figure 6: Feeder segments and labeling convention used for the developed
reference feeder topologies

allows the evaluation of measures such as the centrality of nodes in electrical
networks. The closeness centrality is used to identify the most important
vertices (nodes) and was first used in social networks. Basically, the central-
ity of a node is a fraction of all shortest paths that pass through that node.
An introduction to networks and can be found e.g. in [73]. The closeness
centrality for node u to all other n-1 nodes is calculated as follows:

n—1
S () ®)

where v is node v and d(u,v) is the shortest path distance between node
u and node v. n is the number of nodes in the graph. Higher values indicate
a higher centrality compared to the other nodes. In Figure 7 an example of a
feeder is depicted for which the centrality is calculated. The feeder contains
six nodes and six loads. The properties of all depicted lines (Line 1 to Line 5)
are identical (line type and line length) leading to a resistance of 0.1€) each.
In an unweighted graph, the connection can be represented by a logical one
for terminals that are connected by a line and zero for nodes which are not
connected directly. Thereby the value on the main diagonal for all terminals
is defined as zero. In a weighted graph, instead of the logical one, e.g. the
resistance of the line can be given. In Table 2 the weighted graph of the
sample feeder is given.

Clv) =
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Figure 7: Sample feeder

Table 2: Weighted graph representation of the sample feeder

Distance (€2) | Term. 1 | Term. 2 | Term. 3 | Term. 4 | Term. 5 | Term. 6
Terminal 1 0 0.1 0 0 0 0
Terminal 2 0.1 0 0.1 0.1 0.1 0
Terminal 3 0 0.1 0 0 0 0
Terminal 4 0 0.1 0 0 0 0
Terminal 5 0 0.1 0 0 0 0.1
Terminal 6 0 0 0 0 0.1 0
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The shortest path distances from all nodes to e.g Terminal 3 is given in
Table 3. According to eq. 5, the closeness centrality is 7.143 (5 divided
by 0.7). Removing Terminal 3 from the feeder would lead to three clusters
(Terminal 4, Terminal 5 + Terminal 6 and Terminal 2). Thereby Load 2 needs
to be relocated to another Terminal. Since the distance to the neighboring
nodes Terminal 2, Terminal 3 and Terminal 4 is equal, it could be relocated
to any of these three nodes. The nodes with the second highest closeness
centrality are Terminal 2 and Terminal 5 (5.556).

Table 3: Shortest path to Terminal 3 from all other nodes

Distance | To Terminal 3
From (Q)
Terminal 1 0.2
Terminal 2 0.1
Terminal 3 0
Terminal 4 0.1
Terminal 5 0.1
Terminal 6 0.2
sum: 0.7

Assuming, that the RF'T depicted in Figure 6 is the equivalent RFT for
the given feeder example in Figure 7, the loads in the real feeder would be
assigned according to Table 4. Terminal 2 with Load 1 and Load 2 would be
assigned to Load 1 in the RFT. Terminal 3 with Load 3 would be assigned
to Load 3 and the remaining Loads at terminal 5 and 6 would be assigned
to Load 2 of the RFT.

Table 4: Assigment of loads to load locations in the reference feeder topology

Real feeder RFT
Load 1 at Terminal 2 | Load 1 at Terminal 3
Load 2 at Terminal 3 | Load 1 at Terminal 3
Load 3 at Terminal 4 | Load 3 at Terminal 4
Load 4 at Terminal 5 | Load 2 at Terminal 3
Load 5 at Terminal 6 | Load 2 at Terminal 3
Load 6 at Terminal 6 | Load 2 at Terminal 3
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3.6 Selected Statistical Parameters

In this section, the calculated statistical parameters are presented which are
invariant to any DER-scenario and voltage limits.

In Table 5 the considered statistical parameters are listed. While many of
these parameters can be estimated without calculations in a network simu-
lation environment (such as the number of loads, number of neighbors, etc.),
some require a full network model (e.g. dvdP, dvdQ) or even more calcula-
tions (e.g. the sum impedance Ry). As desired, these parameters shall be
sufficient for the estimation of the HC of the previously defined scenarios.

Table 5: Overview of calculated statistical parameters

ANON | ADTN Zy, Tnom—avg | Tnom—Maz

Lnom—ntin | Inom—nip | Inom—avg—nrp | Nr. Cables | Nr. Loads

Nr. Nodes dvdP dvdQ Ry, X

Zy, R/X L NEN [

Mesh factor (MF) - - - i,

The parameters ANON (Average number of neighbor nodes), ADTN
(Average distance to neighbor nodes) and Ry were introduced in [36] and
used in [53] and [62]. These parameters are calculated as follows (eq. 6 to
eq. 8):
chvzl NON;, (6)

N

N NON

ANON =

Furthermore, the weighted average nominal current of all lines in a feeder
Inom—Avg as well as the minimal and maximal nominal current in a feeder are
evaluated. Moreover, the minimal current on the main path (I,p,—ap) and
the weighted average nominal current on the main path (1,om—avg—np) are
gathered for each feeder. The relevant statistical parameters that have been
included statistical parameters are also the number of cables, loads, nodes,
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end nodes (NEN) as well as the total cable length and the length of the
feeder. Additionally, the mesh factor on feeder level was calculated (eq.9):

N aotes
MF — g Cables (9)

Nodes
Finally, end node relevant parameters are also calculated, including Ry, X,
Zy, dvdP, dvd(@ and the R/X ratio at the end node.

After obtaining the statistical parameters and the HC results for each
feeder, a correlation analysis between statistical parameters and HC results
will be performed as well as probability tests. The results of this analysis
will indicate, if the statistical parameters are suitable for the estimation of
HC results, so as to avoid laborious investigation of detailed network models.

3.7 Reactive Power Control Strategies

As discussed in section 1.2, the voltage rise caused by active power injection
in the network can be partly reduced with reactive power control strategies
depending on the R to X ratio of lines. In [17] the VoltVAr and VoltWatt
control were identified as being the most promising solutions for increasing
the hosting capacity of low-voltage distribution grids from a technical and
economical point of view. Several control strategies were developed and
intensively tested in simulations and in the field (e.g. [15], [18]). Thereby the
reactive power can be set as a function of the active power in-feed (PF(P))
or the voltage at the point of coupling (VoltVAr). Another option is to apply
a fixed power factor (e.g. PF=0.9 (ind.) independently from active power
injection value). The effectiveness of some control strategies was investigated
in [20]. However, this introduced additionally reactive power flows in the grid
ultimately increasing the loading of network elements and causing additional
losses.

The cosp(P)-control is depicted in Figure 8 and is characterized by an
active power injection with a power factor of 1 until 50% of the nominal
power of the inverter. At higher in-feed levels, the power factor is constantly
reduced to 0.9 at nominal power. Hence, with this kind of strategy it is aimed
to reduce the voltage rise caused by the active power in-feed. Consequently,
the actual grid situation is not considered completely, since the voltage or
consumption is not measured. The fixed PF-control (e.g. PF=0.9 (ind.)) is a
modification of the PF(P)-control. Considering the steady state at nominal
power, these two controls are equivalent. Consequently, the same HC can
be reached and the same amount of reactive power flows occcur at nominal
power. Therefore, the fixed PF-control was implemented in this work.
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Figure 8: cosg(P)-control

A control strategy as a function of the voltage is capable of consider-
ing the grid situations at the point of coupling. Such a control is e.g. the
VoltVAr-control. This control is basically characterized by a dead band, drop
and saturation areas according to Figure 9. Thus, reactive power flows occur
only if the measured voltage drifts outside the dead band. The advantage of
this control is that reactive power flows occur only if a deviation of the volt-
age is observed. For example, in times of high consumption the voltage rise
caused by active power injection may be fully compensated by loads. Con-
sequently, the VoltVAr-control would eventually remain in the dead band.
However, the VoltVAr-control is a local control strategy and different set
points are applied depending on the location of the inverter in the network.
By trend, inverters at a more remote location in the network sense a higher
voltage sensitivity compared to inverters nearby the secondary substation.
The VoltVAr-control is configured by four set points defining the reactive
power at certain voltage levels. In this work, the set points are configured as
a function of the admissible voltage rise limit. Thereby, 20% of the allowed
voltage rise are allocated to the dead band and 50% to the droop area. The
remaining share of 30% of the voltage band are reserved for the saturation
area.

In this work, the HC is calculated without reactive power control strate-
gies (PF=1) and the fixed PF-control and the VoltVAr-control, as previously
discussed.
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Figure 9: Implemented VoltVAr-control as a function of the admissible volt-
age rise

3.8 Correlation

The correlation coefficient is a measure used to evaluate the similarity be-
tween two parameter vectors. Three correlation coefficients are used in this
work. The Pearson, Spearman and Kendall correlation are used to investi-
gate the correlation between hosting capability results and feeder parame-
ters to identify the most promising parameters. The Pearson correlation
coefficient is a linear correlation measure between -1 and 1. Where a co-
efficient of -1 indicates full negative correlation, 0 no correlation and 1 full
correlation [74]. The Spearman’s rank correlation coefficient is a non-
parametric rank correlation measure. Where the rank of the sorted elements
is correlated instead of the values itself. Again, correlation coefficients reach
from -1 to 1 [75]. The Kendall correlation coefficient is also a rank cor-
relation measure varying from -1 to 1 [76].

In conclusion, a correlation coefficient of +1 means perfect positive correla-
tion and a coefficient of -1 means perfect negative correlation. Since high
positive and high negative correlation coefficients is of interest, the absolute
correlation coefficient is evaluated in this work.
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4 Methodology

In this section the methodology of this work is presented. First the available
grid data will be explained, followed by the HC scenario definitions and a
list of calculated parameters. Finally the simulation architecture and the
reference feeder parametrization will be described.

4.1 Input Data

During the project IGREENGrid (IntegratinG Renewables in the EuropEaN
Electricity Grid), two Austrian DSO provided their complete distribution
grid data set of about 14,000 LV-networks to perform a scalability analysis.
Each DSO provided their grid data in a different format. In Figure 10, the
import process is depicted. In case of DSO 1, a GIS/DGS was used to export
the grid data from the GIS database to the DigSILENT DGS format which
allows importing to PowerFactory. In case of DSO 2, the grid data was
stored in Neplan and exported from there (edt, cde and ndt-files), before
being imported to PowerFactory.

DSO 1

GIS/DGS
Converter

GIS - Database \

PowerFactory
Import

DSO 2 / PowerFactory - Database

Neplan
Export

Neplan - Database

Figure 10: Network data import from different sources to PowerFactory

On LV level, in total 14,400 networks (8,400 and 6,000 networks respec-
tively) were imported to PowerFactory. In total, more than 54,000 feeders
were identified. Several plausibility measures were defined to identify feeders
with missing or incomplete line type data. These plausibility measures in-
clude the short circuit impedance at the end node, the length of the feeder,
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Table 6: Plausibility test results per measure

Measure Lower Limit | Upper Limit | Passed Feeders
Short circuit resistance >0 <1 84.2%
Feeder length >0 < 10km 100%
Sum impedance >0 <1 71.4%
Radial feeder ==1 == 96.6%

the sum impedance and whether feeders have a radial topology. Further in-
formation on the input data and basic feeder statistics as well as performed
investigations can be found in deliverable D5.1 (Technical and economical
evaluation of the replicability and scalability analysis [31]) of the project
IGREENGtid.

Based on the selected four plausibility measures, only the feeders passing
all four plausibility tests were used in the following sections. The share of
feeders passing the individual plausibility test are listed in Table 6. Most of
the feeders that failed a plausibility were identified by their short circuit re-
sistance or their sum impedance. The highest number of feeders are skipped
due to the circumstance that only one node was found in the feeder. Since
the sum impedance can only be calculated for feeders with at least two nodes,
these feeders are not considered for the development of the RFT methodol-
ogy. Hence, a further simplification for feeders with one node is not feasible.

4.2 Hosting Capability Scenarios

In this section, the defined HC scenarios are presented. It is assumed that
evaluating the HC per feeder for various scenarios will be an additional ben-
efit for the two DSOs. Furthermore, parts of the HC scenarios results will be
utilized to develop and validate the reference feeder methodology. Moreover,
it is discussed, why the HC analysis was performed on feeder level disregard-
ing the secondary transformer and the HC scenarios are presented.

The number of HC scenarios are formed by the combination of DER-
scenario, control schemes and the admissible voltage limit. The DER-scenarios
were already presented in section 3.3. Additionally, the discussed control
schemes are used (section 3.7): Uncontrolled (PF=1), PF=0.9 (ind.) and
a VoltVAr-control. Furthermore, it is assumed that voltage regulated dis-
tribution transformers (VRDT) may be available to decouple low-voltage
networks from medium-voltage networks and restraining the voltage on LV-
level at nominal voltage, a higher part of the available voltage band could
be reserved for voltage rise caused by DER-infeed. Therefore, a deadband
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of 2% for an VRDT is assumed, 8% of the upper half of the voltage band
( [77]) could be devoted to DER in-feed. Therefore, admissible voltage limits
are investigated in 1% steps starting from 1.01 p.u. to 1.08p.u. reserving
0.02p.u. for a possible deadband of a VRDT.

In Figure 11, these assumptions are summarized. HC calculations are per-
formed for each DER-scenario (uniform, eof and weighted), the three control
strategies (uncontrolled, PF=0.9 (ind.) and VoltVAr-control), and eight ad-
missible voltage levels (1.01 p.u. to 1.08p.u.). By means of active power
curtailment (P(U)-control), the HC could be increased even further. How-
ever, the objective is to maximize the HC of feeders according to the DER-
distribution. A P(U)-control would curtail the injected power unequally,
since the power tends to be more curtailed at the most distant installation
where the highest voltage rise is observed. This would cause varying injected
powers for the DER-scenario uniform. Hence, considering a P(U)-control in
the optimization of the HC would lead to a contradiction that cannot be
resolved while maximizing the injected power for all generators in the feeder
in a fair way. The amount of curtailed energy however depends on several
other factors such as location, connection point, orientation and tilt of the
installation, load behavior, etc. In conclusion, the three DER-distribution
times three control strategies times eight voltage rise limits results in 72 HC
scenarios which are calculated for more than 35,000 LV-feeders.

[ DER-scenario [ Reactive power [ Voltage rise
H uniform H cosp=1.00 H  Au=1%
eof
H I cosp=0.90 H
(end of feeder)
weighted
— (yearly — Q(u) — Au=8%
consumption)

Figure 11: Investigated hosting capability scenarios (combination of DER-
scenario, reacitve power control and admissible voltage rise)

The networks provided by the two DSO were imported to DIgSILENT
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PowerFactory 15.2.4 for network calculations. In the networks, the DER
are modeled as loads and are injecting active power symmetrically into the
grid. Balanced load flow calculations were executed to calculate the described
scenarios. In this work, the constant power model was used for loads. Fur-
ther, 3-phase short circuit calculations were used to obtain the short circuit
impedance, resistance and reactance at selected nodes in the grid. The im-
pact of the load model was investigated for example in [78].

4.3 Feeder Analysis

In this section the methodology of the feeder analysis is presented. The
platform to perform the simulation was published in [79]. In Figure 12, the
implemented algorithm is depicted. Each network is assessed for given input
parameters (Voltage Limits, control strategies and DER distribution). After
a plausibility test, feeders are defined and the secondary substation of the
networks is replaced by a LV slack node. Omitting the transformer allows
the study of feeder-only relevant parameters and avoids the mischaracteri-
zation of identical feeders, caused by different secondary transformer types.
First, for each feeder, parameters that are invariant of any assumptions are
calculated (static parameters such as the feeder length, Z; and Zy). Pa-
rameters such as the 7 or I,,,, are suitable for checking the plausibility of
network data (incomplete or corrupt). Next, the HC for each scenario ac-
cording to Figure 11 is calculated and parameters based on these assumptions
are obtained (scenario results). Thereby, i defines the control strategy (un-
controlled, PF=0.9 (ind.), VoltVAr) and j the DER-scenario (uniform, eof,
and weighted). For each scenario, the NR-algorithm is utilized to obtain the
maximal HC under the given voltage (umax) constraint without overloading
any network element.

The problem formulation for the optimization of the HC of a feeder is
given in eq. 10, where f is a feeder of Network N, wu; the voltage at bus i,
l; the loading of line j of the feeder. The admissible loading L,,,, of lines is
defined as 100% of the respective nominal current of each line. The voltage
limit w4, is determined by the considered voltage scenarios (1.01 to 1.08
p.u.).

Ve N :max(HCr u; < Umay ANlj < Lipag) (10)

Based on the scenario assumptions and the problem formulation in 10, the
HC is obtained with an adapted Newton-Raphson algorithm to reach either
the voltage constraint or the loading constraint according to the depicted
flowchart in Figure 11. For that, two NR-optimizations are performed in
each iteration to calculate the highest HC without violating the admissible
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Load set of networks
Select next network

n
© Network

yes,
Last network?

, yes

Configure feeder(i,j)
Run NR-optimization
for feeder HC
[Save scenario results
of feeder

Last feeder?

umax = umax + 0.01
i=1

Figure 12: Flow chart for the calculation of the hosting capability of feeders.
i and j are to configure the DER-scenario and the reactive power-control
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voltage rise and the loading of network elements (13), respectively. In each
step, the lower estimated HC is selected for the next iteration. The detailed
algorithms that were developed can be found in appendix G.

Initialize
P =1kW
AP =0.1kW
Select DER
according to DER-
scenario

Y

SetP fg:EsRelected P = min(Pvoltage,Ploading)

A

v A

Run power flow Ploading = Estimate
P to reach loading

Y constraint
Set P+AP for ¢

selected DER
no ¢ Pvoltage = Estimated

. P to reach voltage
Calcylate difference constraint
quotient for voltage

yes and loading

Figure 13: Adapted Newton-Raphson (NR)-optimization to calculate the
hosting capability of a feeder

4.4 Definition of Reference Feeders

In this section, the approach to define reference feeder is presented. In
general, a feeder is characterized by the used line types and its topology.
Roughly, the most relevant properties (in LV-networks) of used line types
are the resistance and the nominal current which varies between line types.
Although, the topology itself does not contain any electrical parameters, the
influence of the topology on HC results cannot be overseen. For example,
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the topology contains information on the relative location of cables in the
feeder. Further branches are visualized as well as the location of customers.
Therefore the task of generating a reference feeder is split into two subtasks.
The first subtask is the selection of an appropriate reference feeder topology
and the second subtask covers the parametrization of cables of the reference
feeder topology.

In Figure 14 the general approach of the design of reference feeders is
depicted. In the best case, the required parameters to define a representa-
tive feeder are already available e.g. in the GIS-database of the DSO, thus
reducing the amount of time needed to gather and prepare needed input pa-
rameters. Then, for a given pair of input parameters a representative feeder
can be generated. The parameters that are are most suitable for this task
will be selected in the next section.

DSO — DATABASE FEEDER GENERATOR

OUTPUT

* Equivalent feeder
o Reference topology f(A)

INPUT

* Parameter set A describing
the topology
* Parameter set B

e Parametrization f(B)
representing electrical

properties of the feeder

Figure 14: Reference Feeder Generation in case all required parameters are
available

Alternatively, if particular parameters are not available, e.g. a neural net-
work could be trained to estimate the required input parameters using other
available feeder data. This approach is depicted in Figure 15. The aim of
this work is to define and validate a reference feeder methodology. Therefore,
the validation of such predictive methods for needed input parameters will
be a future work.
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Figure 15: Reference Feeder Generation under
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5 Data Analysis

In this section, the most relevant parameters to define and classify reference
feeders are identified. First, the HC study results are discussed. Secondly,
the feeder statistics for the grid data of the two DSOs are presented, including
a correlation analysis between parameters and HC results as well as proba-
bility tests for statistical parameters. Furthermore, the distribution of the
parameter HCS for real feeders is discussed. Thirdly, the defined reference
feeder topologies are developed and explained.

5.1 Results of the Hosting Capability Study

In this section the results of the HC study based on the defined scenarios
are presented. Thereby, boxplots are utilized to present the HC results. The
upper adjacent shows the 99th percentile, the lower adjacent shows the 1st
percentile and the lower and upper edge of the box show the 5th and 95th
percentile. The red line always indicates the median value.

In Figure 16 the distribution of the HC of all feeders for different voltage
levels are depicted for the DER-scenario uniform and PF=1 for both DSOs.
Up to 1.07p.u., a steadily increase of the HC can be observed. At 1.07p.u.
and 1.08p.u., the 95th percentile remains stable, but the median and the
5th percentile are still increasing by about 10kW and 5kW, respectively per
voltage step. Concerning the allowed voltage rise, allowing a voltage rise of
1.02p.u. instead of 1.01p.u., leads to a significant HC increase. In that case,
the median value can be doubled from about 25kW to more than 50kW. If
the admissible voltage rise can be increased to 4%, more than 50% of the
feeders have a HC higher than 100kW. For higher admissible voltage limits a
higher share of feeders become loading constrained. Hence, a voltage increase
has no impact on the achievable HC anymore. Since a cable in the feeder
may be fully loaded the maximal HC is reached.

In Figure 17, the results for the DER-scenario weighted and PF=1 are
depicted. In this scenario it is assumed that consumers with a higher con-
sumption have a higher share of the total installed DER in the feeders (DER-~
deployment driven by self-consumption). However, up to 1.04p.u., there is no
significant difference when compared to the DER-scenario uniform. Above
this threshold, the median HC is approximately 5kW lower compared to the
DER-scenario uniform. Again, for an admissible voltage limit of 1.04p.u.,
50% of the feeders have a HC of 100kW.

Next, the HC distribution for the DER-scenario eof and PF=1 is de-
picted in Figure 18. Assuming that only one DER is installed in the feeder
and is located at the feeder end node, the HC is significantly lower compared
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Figure 16: DSO 1 and DSO 2 - Hosting capability for different admissi-
ble voltage rise limits - boxplot showing 1th/5th/median/95th and 99th
percentile(DER-scenario uniform, powerfactor 1)
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Figure 17: DSO 1 and DSO 2 - Hosting capability for different admissi-
ble voltage rise limits - boxplot showing 1th/5th/median/95th and 99th
percentile(DER-scenario weighted, powerfactor 1)
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Figure 18: DSO 1 and DSO 2 - Hosting capability for different admissible
voltage rise limits - boxplot showing 1th/5th/median/95th and 99th per-
centile (DER-scenario end of feeder, powerfactor 1)

to the DER-scenarios uniform and weighted. For example, for 1.03p.u., the
median value is less than half of the median value for the respective DER-
scenario uniform. Furthermore, the 95th percentile above voltage limits of
1.04p.u. remains almost at the same level. However, the 5th percentile and
the median are increasing. Also in this scenario, a voltage limit of 1.01p.u.
cannot be recommended. In this scenario no median value reaches 100kW.
The calculated HC for this DER-scenario is the minimal HC of the feeder
that can be deployed at any node without violating voltage or loadings con-
straints. Therefore this scenario could be used as first benchmark level for
the upstream grid, to answer the question of whether the amount of DER
could be deployed without further reinforcements or smart grid solutions.
In Figure 19 the results for the DER-scenario uniform and VoltVAr-
control are shown. Similar to the uncontrolled DER-scenario uniform, a
steady increase of the HC is monitored, such that the median HC of the
VoltVAr scenario is higher for all voltage limits. However, the HC values of
the 99th percentiles are not reached (loading constrained). Similar to the
DER-scenario uniform, a voltage limit of 1.01p.u. cannot be recommended
as well. For the voltage limit 1.04p.u., the median value reaches even 120kW.
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Figure 19: DSO 1 and DSO 2 - Hosting capability for different admissible
voltage rise limits - boxplot showing 1th/5th/median/95th and 99th per-
centile (DER-scenario uniform, VoltVar-control)
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Figure 20: DSO 1 and DSO 2 - Hosting capability for different admissible
voltage rise limits - boxplot showing 1th/5th/median/95th and 99th per-
centile (DER-scenario uniform, powerfactor 0.9 (ind.))

Next, the HC study results for the DER-scenario uniform and a PF=0.9-
control (ind.) are depicted in Figure 20. In this case, the median is always
higher, when compared to the uncontrolled case. The 95th percentile is lower
except for 1.01p.u., 1.02p.u. and 1.04p.u., but the 5th percentile is always
higher except for the voltage limits of 1.01p.u. and 1.02p.u.. For the voltage
limit 1.05p.u. and 1.06p.u., as well as for 1.07p.u. and 1.08p.u., similar HC
distributions are observed. Compared to the VoltVAr control (DER-scenario
uniform), a lower 95th percentile is reached, except for 1.01p.u.. The median
HC of both control schemes are comparable for most of the voltage limits.
However, regarding the median HC, the VoltVAr control outperforms the
PF=0.9 (ind.) for higher voltage limits. At 1.04p.u., the median is at a
comparable level at 120kW.

The results of the DER-scenario weighted and PF=0.9 (ind.) control
are presented in Figure 21. Similar results as in the DER-scenario uniform
PF=0.9 (ind.) were obtained. However, again for higher voltage limits lower
HC values are reached. In the case of the two investigated DSO, the dis-
tribution of the generation in the DER-scenario weighted did not result in
significantly different HC results compared to the DER-scenario uniform. At
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Figure 21: DSO 1 and DSO 2 - Hosting capability for different admissible
voltage rise limits - boxplot showing 1th/5th/median/95th and 99th per-
centile (DER-scenario weighted, powerfactor 0.9 (ind.))

1.04p.u., a HC of 120kW can be reached for about 50% of the feeders.

Last but not least, the results for the DER-scenario eof and PF=0.9-
control (ind.) are given in Figure 22. It is apparent, that above 1.05p.u. the
median HC remains stable at around 80kW. Thus, a voltage limit of 1.06p.u.
can be justified for dedicated feeders supplying a single customer. Moreover,
for 1.04p.u. and 1.05p.u. a similar median HC is reached. Also in this case, a
voltage limit of 1.01p.u. cannot be recommended. This scenario is equivalent
to the control scheme VoltVAr and the DER-scenario eof.

In Figure 23, the share of voltage and loading constrained feeders (U/I
share) is investigated for the depicted DER-scenarios, voltage limits and
PF=1. Additionally, the U/I share is also given for the VoltVAr-control. Ob-
viously, there is no significant difference between the DER-scenarios uniform
and weighted. For u,,q, = 1.01p.u. nearly all feeders are voltage constrained
(share below the line). Increasing the available voltage band for in-feed, leads
to a higher share of loading constrained feeders. E.g. for u,,,, = 1.06p.u.,
already 50% of the feeders are loading constrained for the DER-scenarios
uniform and weighted. For the DER-scenario eof this share is reached at
Umae = 1.07p.u. and already at .. = 1.05p.u. for the VoltVAr-control

o4



HC @ PF=0.9 (eof)
0.4 T T T T T T T T T T

038
0.36
034
032
03
0.28
0.26
024
% 022
£ 02
Rous
0.16
014
0.12
01
0.08
0.06
0.04
0.02

Lo e )

T T T T T T T T T T T T T T T T T T T

1

1.03 H

1.01
1.02 -

1
<
S
i
u S

cenario in p.u.
max

Figure 22: DSO 1 and DSO 2 - Hosting capability for different admissible
voltage rise limits - boxplot showing 1th/5th/median/95th and 99th per-
centile (DER-scenario end of feeder, powerfactor 0.9 (ind.))
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Figure 23: DSO 1 and DSO 2 - Share of U/I constrained feeders as a function
of the admissible voltage rise for the investigated DER-scenarios with a power
factor of 1 and for the DER-scenario uniform with a VoltVAr-control. One
means all feeders are voltage constrained

(DER-scenario uniform).

After investigating the HC results for several DER-scenarios, voltage lim-
its and control strategies and the share of voltage and loading constrained
feeders, the following recommendations can be given: For the DER-scenario
eof, a voltage limit could be suggested: 1.04p.u. for PF=1 and 1.06p.u.: for
PF=0.9 (ind.). For the DER-scenario uniform the voltage limit 1.01p.u.
cannot be recommended due to the significant lower HC, when compared
to the other voltage limits. However, no upper limit can be suggested. In
addition, to the discussed boxplots, the ratio between HC values for differ-
ent voltage limits (according to the definition in section 3.3) may provide
further information about feeders. Therefore, the ratio between the DER-
scenarios uniform and eof is calculated for all feeders and selected voltage
limits. In Figure 24 for example, the parameter ueofl and ueof8 are plotted
for both DSOs. For this plot, four load flow calculations are necessary: Two
HC calculations for each admissible voltage limit of u,,,, = 1.01p.u. and
Umaz = 1.08p.u., for the DER~scenarios uniform and eof are required. After
that, the ratio of the HC obtained for the two DER-scenarios for each volt-
age limit is calculated. The blue points indicate voltage constrained feeders
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Figure 24: DSO 1 and DSO 2 - hosting capability sensitivity evaluated for
an admissible voltage rise of 1% (ueofl) and 8% (ueof8) - Points are colored
according to the constraint reason (voltage or loading) for the DER~scenario
end of feeder at ueof8 (powerfactor 1)

and red points indicate loading constrained feeders at ;.. = 1.08p.u. and
the DER-scenario eof. Logically, feeders on the median (x=y), feeders which
have the same ueof value for both voltage limits are mostly invariant to the
loading constraint and are in both cases voltage constrained. Remaining blue
points are mainly below the median. Points below the median have a higher
ueofl than a ueof8 value. Loading constrained feeders are mostly located
along a particular ueof8 value and are horizontally distributed. However, in
all areas of the plot, red points can be observed, but about 90% of all feeders
have a ueofl and ueof8 value smaller equal three.

Coloring the same Figure for the DER-scenario uniform, gives a different
distribution of a significant number of points. Voltage constrained feeders
that were below the median now appear above the median and feeders below
the median are now loading constrained. It is apparent, that the coloring of
the median and the horizontal distributions at particular ueof8 values remain
unchanged. For the point ueofl=1 and ueof8=1 the same HC is calculated
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Figure 25: DSO 1 and DSO 2 - hosting capability sensitivity evaluated for
an admissible voltage rise of 1% (ueofl) and 8% (ueof8) - Points are colored
according to the constraint reason (voltage or loading) for the DER~scenario
uniform at ueof8 (powerfactor 1)

for all four HC calculations (t4e = 1.01p.u. e, = 1.08p.u. and the DER-
scenarios uniform and eof ). Hence, a topology could be designed for this
particular case. Indeed, if for the DER-scenarios uniform and eof the same
HC value is calculated, the DER-distribution must be identical. If the DER-
scenarios uniform and eof are identical, there must be only one load in the
feeder at the end node. Hence the most simple topology containing a slack,
one line and a load (two node feeder model) could be applied. However, the
overall ueofl or ueof8 values show, that these variables are continuous.

5.2 Feeder Statistics

In this section, the results of statistical analysis of feeder parameters are pre-
sented. Firstly, a justification on why several nominal current definitions are
considered is given. Secondly, the correlation analysis between 72 HC sce-
narios and statistical feeder parameters are presented as well as the results
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Figure 26: DSO 1 - Empirical cumulative distribution function (ecdf) of the
minimal nominal current. Blue: minimal nominal current on the main path
- red: minimal nominal current in feeders

of the probability tests for statistical parameters. In addition, the most rele-
vant parameters to classify feeders accurately regarding the HC are identified.
Thirdly, the distribution of the parameter HCS is discussed.

To begin with, the justification for considering several ampacity defini-
tions is presented. In Figure 26, for example the ecdf of the minimal ampacity
on the main path and in the feeder is depicted for DSO 1. Thereby the data
of all feeders with plausible values are considered (including feeders without
HC results). The Figure demonstrates that for a high number of feeders the
minimal nominal current on the main path is higher compared to the over-
all feeder. Only for 35% of the feeders are these two parameters are equal.
Therefore, a clear distinction between these two parameters is necessary.

Similarly to Figure 26, the difference for DSO 2 is depicted in Figure 27.
Once again, the importance of distinguishing between these two definitions
of the minimal nominal current is demonstrated. However, in case of DSO
2, for almost 50% of the feeders, the two parameters are equivalent.

The next three figures (Figure 28, 29 and 30) show the correlation coeffi-
cient according to Pearson, Spearman and Kendall respectively. Each figure
is split into six areas. Thereby, all considered statistical parameters are listed
twice on the x-axis and divide the figure in two parts, whereby the left part
covers the correlation under the control scheme PF=1 and the right part
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Figure 27: DSO 2 - Empirical cumulative distribution function (ecdf) of the
minimal nominal current. Blue: minimal nominal current on the main path
- red: minimal nominal current in feeders

PF=0.9 (ind.). The y-axis is split into 3 areas, namely the DER-scenarios
uniform and eof and the control scheme VoltVAr (also DER-scenarios uni-
form). Each block of the y-axis consists of eight lines representing one of the
eight considered voltage limits as listed in Table 7 and Table 8. One should
note that the combination of the control schemes PF=0.9 (ind.) and Volt-
VAr are identical for the DER-sceneario eof at nominal power. The lower
left part of the figure also contains the VoltVAr results, as on the lower right
of the figure. Since the approach of this work is to define a DSO-independent
reference feeder methodology, the feeder data of both DSOs is considered for
the correlation analysis to avoid the identification of parameters that may be
suitable for only one DSOs and not for other DSOs.

In Figure 28 the heat map of the absolute Pearson correlation coefficient
of the HC and statistical parameters is depicted. Obviously, rather low cor-
relation coefficients are observed for most of the parameters for all simulation
cases. The highest correlation between the HC of one simulation case and
one parameter is reached for the parameter I,,,,,—rrin (Minimal cable rating
of a line in the feeder). Another important result of this figure is that the
correlation coefficient differs depending on the simulation case. For example,
the parameter I,om_nrn correlates best (0.7) with the HC of the simulation
case: DER-scenario eof, tyq, = 1.08p.u. and PF=0.9 (ind.). Also for PF=1
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Table 7: Voltage limit of simulation cases (y-axis of figures 28, 29 and 30)

Voltage limit | Sim case | Sim case | Sim case
Umae = 1.01p.u. 1 9 17
Umaz = 1.02p.u. 2 10 18
Umaz = 1.03p.u. 3 11 19
Umaz = 1.04p.u. 4 12 20
Umaz = 1.05p.u. 5 13 21
Umaz = 1.06p.u. 6 14 22
Umae = 1.07p.u. 7 15 23
Umaz = 1.08p.u. 8 16 24

Table 8: DER-scenario of simulation cases (y-axis of figures 28, 29 and 30)

Sim case | Scenario | Sim case | Scenario | Sim case Scenario
1 uniform 9 eof 17 uniform (+VoltVAr)
2 uniform 10 eof 18 uniform (+VoltVAr)
3 uniform 11 eof 19 uniform (+VoltVAr)
4 uniform 12 eof 20 uniform (+VoltVAr)
5 uniform 13 eof 21 uniform (+VoltVAr)
6 uniform 14 eof 22 uniform (4VoltVAr)
7 uniform 15 eof 23 uniform (+VoltVAr)
8 uniform 16 eof 24 uniform (+VoltVAr)
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Figure 28: DSO 1 and DSO 2 - Heat map of the Pearson correlation. The
plot shows the correlation between statistical parameters and the hosting
capability for various scenarios (y-axis). The plot is divided into 6 areas
according to the DER-scenario and powerfactor. The bottom left and right
part are identical (The VoltVAr-control is overruling PF=1 and PF=0.9)

a relatively high correlation coefficient is reached (0.68). On the contrary, for
the parameters dvdP and dvd( the highest correlation coefficient is reached
for lower voltage limits.

In Figure 29 the Spearman rank correlation coefficient is calculated in
analogy to the previous plot. It is apparent, that much higher correlation
coefficients are observed compared to the Pearson correlation. High corre-
lation coefficients are found for the parameters dvdP and Ry (Resistance at
the end node) for rather low voltage limits (1.01p.u. to 1.03p.u.) and the
DER-scenario eof. In general the higher correlation coefficient with a PF=1
control scheme decrease under a PF=0.9-control (ind.) scheme. Alongside
the two parameters Rj and dvdP, additionally the sum impedance Ry, the
feeder length and total cable length of the feeder show a higher correlation
coefficient compared to other parameters. For the correlation coefficients of
the parameter I,,,,,,_nrrin and the DER-scenario eof, a similar trend as in Fig-
ure 28 can be observed. The correlation coefficient is increasing for higher
voltage limits. The dependency of the correlation coefficient on the voltage
limit can be explained with Figure 23, since the share of voltage constrained
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Figure 29: DSO 1 and DSO 2 - Heat map of the Spearman correlation. The
plot shows the correlation between statistical parameters and the hosting
capability for various scenarios (y-axis). The plot is divided into 6 areas
according to the DER-scenario and powerfactor. The bottom left and right
part are identical (The VoltVAr-control is overruling PF=1 and PF=0.9)

feeders decreases for higher admissible voltage limits.

The third correlation analysis according to Kendall, is presented in Figure
30. Since the Kendall correlation is also a rank correlation, similar results
compared to the Spearman correlation were obtained. However, the corre-
lation coefficients reach a lower level compared to Figure 29. Nevertheless,
the same parameters Ry, dvdP, Ry, the feeder length and total cable length
of the feeder show a higher correlation coefficient compared to the other
parameters.

The aim of this work is to identify parameters that are suitable for defining
representative feeders. Identifying the most relevant parameters to generate
representative feeders requires, that the parameters identified also be DSO
independent. Therefore, the hypothesis that particular parameters follow a
probability distribution was tested for the considered statistical parameters.
Tests were conducted, if parameters follow one of the a Weibull, Rayleigh,
Lognormal, Normal or Exponential distributions with a significance level of
5%. Even though all feeders with valid parameters could be considered, only
feeders which passed the plausibility test (plausible feeder data and valid
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according to the DER-
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HC results) were considered. It turned out that only two parameters follow
a normal distribution for both DSOs. These parameters are the ADTN
(average distance to neighbors) and the Ry (equivalent sum impedance).
However, the correlation between ADTN and the HC results is rather low. In
contrast, the correlation between Ry and the HC results is high for the DER-
scenario eof and a admissible voltage rise of 1%. However, the correlation
coefficient for the parameter Ry is always higher.

The correlation analysis showed that several parameters have a rather
high correlation coefficient for particular simulation scenarios only. This
demonstrates the dependency of the correlation coefficient on the admissible
voltage limit and DER-scenario. With the Pearson and Spearman correla-
tion, the minimal nominal current in the feeder (parameter I, azin) Was
identified as the only parameter that shows an increasing correlation coef-
ficient for higher voltage limits, particularly for the DER-scenario eof. In
Table 5 several parameters regarding the nominal current of feeders were
defined: the minimal and maximal nominal current of lines as well as the
weighted average nominal current of all lines in the feeder and on the main
path. However, only one of these parameters (minimal nominal current in
the feeder 1,0, arin has a high correlation coefficient with the HC. Using the
Spearman and Kendall correlations, several parameters related to the end
node of the feeder and the total cable length were discovered as highly cor-
related parameters regarding the HC of conservative voltage limits (1.01p.u.
and 1.02p.u.). In conclusion, two parameters, namely R and o, azin could
be selected as most relevant parameters (for covering the voltage constraint
and loading constraint, respectively).

Using the correlation analysis, the two most relevant parameters of feed-
ers, with regards to the defined HC scenarios, R and I,,,,,_nsin, Were found
to be sufficient to parametrize a radial feeder. For a two node feeder model
(slack, line and load), the parameter Rj could be reached with various
line types and an appropriate length. However, considering the parame-
ter I,om—nrin, the line type can be determined. As a consequence, with the
parameter pair Ry and I, arin, the length of the feeder can be defined. For
the DER-scenario eof, more complicated topologies (e.g. including branches),
can still be reduced to a two node feeder model. Hence, the parameters Ry
and I,om— i could still be utilized to parametrize the simplified topology.
Nevertheless, for the DER-scenario uniform no accurate calculations could
be performed with a simplified topology. Therefore, there is still a lack of
information available to define reference feeders, in particular a lack of some
topological information. The topology of a feeder contains information that
is crucial for HC studies. In section 4.4, three points were listed: the relative
location of cables in the feeder, branches as well as the location of customers.
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Figure 31: DSO 1 and DSO 2 - Empirical cumulative distribution function
of the hosting capability sensitivity. Blue: DSO 1, red: DSO 2

There is a need for a simple measure covering topological information which is
influencing HC results. In section 5.1 measures were presented, that contain
topological information in form of HC ratios. For example, it was discussed,
that for an ueofl or ueof8 value of one, an accurate two node feeder model can
be defined. Since these ratios can be defined for any admissible voltage limit
(ueofl, ueof2, ueof3, ..., ueof8), a new measure is introduced: HCS is the ra-
tio of the HC for the two DER-scenarios uniform and eof at ,,,, = 1.01p.u.,
thus a measure that implicitly contains the topology of the feeder is derived.
Unfortunately, HCS values depend on the voltage limit (e.g. different values
of ueofl and ueof8 for the same feeders as depicted in Figure 24). However,
while for ueofl, most of the feeders are voltage constrained, for ueof8 more
than 50% of the feeders are loading constrained. Therefore, to consider only
one constraint in the defined topology measure, HCS relates to ueofl. Fur-
thermore, HCS is a continuous value and therefore not directly suitable for
defining topologies. Therefore, the parameter HCS obtained for real feeders
is rounded to the nearest quarter. The ecdf of the measure HCS, rounded
to the nearest quarter, for both DSOs is depicted in Figure 31. The ecdf of
the plot shows that less than 10% of the feeders have a HCS value greater
than three. Hence, the eight most relevant HCS values can be identified (1
to 3 in 0.25 steps). Since for a HCS value of 1, a two node reference feeder
model was already defined, however there still remains seven more reference
topologies to be developed.

The distribution of the parameter HCS for the investigated DSOs is given
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Figure 32: DSO 1 and DSO 2 - Distribution of the hosting capability sensi-
tivity (rounded to quarters). Blue: DSO 1, yellow: DSO 2

in Figure 32. In the case of DSO 1, approximately 11% of the feeders and
in the case of DSO 2, about 17% of the feeder, could be modeled simply by
a two node feeder model. For a value of 1.25 and values above 2.25, similar
shares are observed for both DSOs. DSO 1 has a higher share of HCS values
between 1.5, 1.75 and 2 when compared to DSO 2.

In Figure 33, the distribution of the end node resistance Ry, for both DSO
is shown. For about 90% of the feeders, the resistance is below 300m$2 and
for more than 70% of the feeders below 200mS). The ecdf below 200mS2 is
almost linear. The distribution of the parameter R; may be used to select
a number of values and permutate with the other parameters I,,,,,_in and
HCS to define reference feeder input data. Thereby the number of reference
feeders has to be chosen according to the desired accurcy of results.

In this section, the parameters Ry and I,,o,,_pin Were identified as most
relevant parameters according to the correlation analysis. Together with the
introduced topology measure HCS, a input parameter triple was defined that
will be used to define and validate reference feeders. The parameters Rj and
Lom—nrin can be relatively easily obtained for any feeder by DSOs. However,
the parameter HCS may require more efforts (currently). In conclusion, the
problem to define a reference feeder can be split into two smaller problems,
namely, the topology selection and the parametrization of a reference feeder
as already shown in Figure 14. Ideally these three parameters can be retrieved
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Figure 33: Empirical cumulative distribution function of the end node resis-
tance for the investigated DSOs

from the DSO. Based on this parameter triple, a equivalent reference feeder
can then be generated. A total of 24.364 feeders in the case of DSO 1
and 12.355 feeders in the case of DSO 2 were used for the validation of
the reference feeder methodology in this work.

5.3 Reference Feeder Topologies

In this section, the reference topologies developed during this work are pre-
sented. One should note that the HCS is a continuous parameter. Conse-
quently, there is a priori an infinite number of reference feeder topologies that
could be defined. For both DSOs only very few feeders have a HCS value
greater than 4. As previously discussed, to reduce the complexity for the
utilization of the reference feeder methodology and at the same time limiting
the number of reference topologies, HCS values were rounded to the nearest
quarter from 1 to 5.75. In total, 20 reference topologies were defined. The
reference feeder topologies were developed by designing topologies, where
the same HCS value for the investigated voltage limit borders 1.01p.u. and
1.08p.u. is obtained. The reference feeder topologies are on the median in
Figure 25 (ueof1 = ueof8). Hence, a line type and length was used to ensure
that the parametrized reference topology remains voltage constrained. Nev-
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ertheless, during the parametrization of reference topologies with the correct
parameters Ry and [, ain, the loading constraint effect should automati-
cally arise with the considered ampacity value. The reference topologies are
grouped by their first digits (e.g. l.xx = A, 2.xx= B, 3.xx=C, etc.) and
the quarters are counted from 1 to 4 (e.g. HCS=1.75 equals reference topol-
ogy A4). One should note that the presented reference feeder topologies for
particular HCS values are not inimitable. Other reference topologies leading
to the same HCS value exist. Furthermore, in real feeders, many different
line types with a specific length can be expected. Furthermore, even cables
in parallel may be found in real grids. Moreover, either underground cables
or over-head lines cables could be used to connect customers. Having ac-
knowledged this, the need to consider this variation in the reference feeders
is evident. However, since this information is not covered by the identified
input parameter triple, another approach is required. Even though in the de-
veloped reference feeder topologies the same line type for all cables is used,
lines with cables in parallel, have different nominal currents and resistances
per length. Thus, the discussed variations are considered in the presented
reference topologies in this section. Furthermore, a pattern describing the
relation between reference feeder topologies can be described.

Figure 34 shows the first and most trivial reference topology. At Termi-
nal 2, a feeder segment I is connected, supplying a single load. Basically, the
feeder topology A1l could be equivalently reduced by bypassing Terminal 2
with a single line between Terminal 1 and Terminal 3 (Two node feeder equiv-
alent). However, to ease understanding of the following reference topologies,
Terminal 2 is introduced. The HC for the DER scenario uniform and eof
will be identical, which gives an HCS value of 1. It is apparent, that this
particular topology, independently from any line type or voltage limit, leads
to a HCS value of 1.

The second reference topology (HCS=1.25) is depicted in Figure 35. This
topology is characterized by two feeder segments I at Terminal 2. Thereby,
by definition the line type, line length and the number of lines in parallel of
Line 12, Line 23 and Line 24 are identical. Consequently, customers located
at Terminal 3 and Terminal 4 may not use the full transmission capacity of
their dedicated lines (Line 23 and Line 24) simultaneously, otherwise Line 12
would be overloaded by 100%. Therefore, this kind of topology is suitable for
supplying customers with a rather low coincidence factor. In regard to DER-
integration - with a rather high coincidence factor on LV-level - Line 12 would
be limiting in this case the HC. Therefore, for RF'T A2, a reinforcement of
Line 12 could be a suitable option to increase the HC of the feeder. This
would lead to the RF'T, which is presented next.
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In Figure 36, the reference topology for the HCS value of 1.5 is depicted.
Compared to Figure 35, the restriction that both customers could together
overload Line 12 is lifted and the full capacity of Line 23 and Line 24 can be
utilized in terms of HC. Thus, reference topology A3 is a 'reinforced’ version
of topology A2.

The last RE'T of group A is A4 and is depicted in Figure 37. This topology
is characterized by a load introduced at Terminal 2 and with a stronger
connection to the slack compared to Load 1 and Load 2. However, the three
customers have to share the Line 12. Technically, a concentrated placement
of DER at Terminal 2 would be favored to reduce network losses caused by
the in-feed which would be unfair against other customers. Allocating the
same amount of DER on the Terminals 2, 3 and 4, will lead to higher losses
in the feeder compared to placing the DER at Terminal 2 only. Also in this
topology, all lines have the same length but a different number of lines in
parallel. It is apparent, that a 'design rule’ can be noticed. Starting from
the base topology of a group, e.g. Al (Figure 34), three extensions are needed
to reach A4. A feeder segment I is added at Terminal 2, which leads to the
reference topology A2 (Figure 35). In a next step the nominal line rating of
Line 12 is doubled - introducing a parallel line of the same line type - and
topology A3 is obtained (Figure 36). Last but not least, Load 3 is connected
to Terminal 3 and characterizes the reference topology A4 (Figure 37).
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Next, the first reference topology of the group B is depicted in Figure 38.
This topology contains a feeder segment I and a feeder segment II with a
total number of loads of three. Line 12 has three lines in parallel and Line
23 has two lines in parallel. There are two customers located at Terminal 3.
Thus, the full transmission capacity of the Line 23 has to be shared by Load
1 and Load 2. Also in this topology the length of the lines is equal. Thus,
Terminal 4 is the end node (weakest node), since there is only one line in
parallel. For the remaining reference topologies of group B, the same pattern
as for group A applies.

Moreover, in Figure 39 the first reference topology of group C is depicted.
The feeder contains 4 feeder segments II and one feeder segment I. In analogy
to A1l and B1, Line 12 is not a ’bottleneck’ concerning simultaneous in-feed.
If a fair distribution of DER per customer is chosen (determined by the HC
at Terminal 7), no restrictions occur concerning overloading a line. The line
type and the length of the lines is equal, therefore Terminal 6 is the node
with the highest impedance. Thus, another ’design rule’ can be observed
between the base topologies (Al, B1, C1, D1, E1). For example B1 (Figure
38) consists of the reference topology Al with one additional feeder segment
IT at Terminal 2. Thereby the number of parallel cables of Line 12 is the sum
of the number of loads in the feeder (for A1, B1, C1, D1, E1). C1 is based on
B1 plus an additional feeder segment II at Terminal 2. This 'design rule’ can
be extended respectively for D1 and E1. Starting from each base topology,
the described pattern for the group Al to A4 can be applied. The complete
set of reference topologies is given in appendix A.
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In [48], authors report that the decision to branch, and also how often to
branch, is handled randomly provided that sufficient connections are assigned
to the branch. This is contrary to the presented methodology whereby the
topology of the reference feeder is selected according to the input parameter
HCS. Even though only the parameter HCS is used to select a topology, some
electrical properties are defined as well, such as the number of parallel lines
and that all lines have the same length.

The input parameters for the reference feeder methodology were defined
and their distributions discussed. Since RF'T were developed, findings based
on the available input data can be immediately discussed. For all feeders,
the input parameter triple Ry, I,om—nin and HCS are available. Hence, a
classification can be performed according to the topology measure HCS. In
Figure 40, the ecdf of the parameter I,,,,,_ i is depicted for the HCS values
between 1 and 1.75 (group A). It is apparent, that significant differences
in the ecdf of each group are visible. For dedicated feeders (HCS=1, A1)
with one load at the end node, the ampacity of the weakest line is higher
compared to the other shown feeder topologies. 40% of these feeders have
a rating higher than 0.25kA (cable-cross section higher than NAYY 4x120).
Only about 15% of the feeders contain a cable with a rating below 0.1kA
(NYY 4x16 which is mainly used for the service line). Contrary to Al, 50%
of the feeders related to topology A4 (HCS=1.75) contain a cable with such
a low rating. The ecdf of the parameter I,,,,,_ i for topologies A2 and A3
show that four distinct areas are covered. Moreover, for each distribution, the
share of the overall feeders is given. About 13% of the investigated feeders
can be described by reference topology Al (HCS=1) and another 13% by A2
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Figure 40: Empirical cumulative distribution function of the minimal nom-
inal current in feeders for the defined hosting capability sensitivity group

A

(HCS=1.25). The reference topology A3 (HCS=1.5) or A4 each are suitable
to describe even about 16% of the feeders. Hence, 58% of all feeders are
linked to HCS group A.

The ecdf of the parameter 1,5, nrin for HCS group B is depicted in Figure
41. Tt is apparent, that the ecdf of these subgroups are less distinct compared
to Figure 40. For all plots, the share of feeders containing a cable with a
rating below 0.1kA is nearly 60%. Furthermore, the overall share of feeders
is significantly lower compared to HCS group A. Group Bl (HCS=2), has the
highest share of about 13% and the share is continously decreasing. About
9% of the feeder can be described with B2 (HCS=2.25), almost 7% by B3
(HCS=2.5) and only 4% of the feeders by B4 (HCS=2.75). Hence, 33% of the
feeders are linked to the HCS group B. Consequently, about 90% of all feeders
can be either described with one of the eight reference feeder topologies of
HCS group A or B as identified according to Figure 31. The ecdf plots of
the remaining HCS groups C and D can be found in appendix B.

The second input parameter Ry, the resistance at the end node, can also
be clustered with the developed reference feeder topologies. In case of HCS
group A, again more distinct ecdf curves are observed. For example, due to
the higher cable-cross section of reference feeder topology A1, the resistance
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tance in feeders for the defined hosting capability sensitivity group A

at the end node is lower compared to the other reference feeder topologies.
The 90th percentile for A1 is about 130mS2, for A2 210mS2, A3 about 240mS2
and for A4 about 260mS).

The ecdf of the parameter R for HCS group B is depicted in Figure
43. The trend of all group members is similar, hence less variation can be
observed compared to HCS group A. However, considering only one distri-
bution, e.g. the ecdf of B2 or B3, for the entire group may lead to inaccurate
input parameter R which consequently leads to an error in results regarding
the HC. The ecdf plots of the remaining HCS groups C and D can be found

in appendix C.

5.4 Reference Feeder Parametrization

In this section, the parametrization of the developed RFT is presented.
Therefore the parameters I,,,,,—ain and Ry are required. In the most simple
case of Figure 34 (RFT Al), a feeder can be parametrized by one line type
and the length of the feeder. The resistance at the end node depends then
on the line type and the length of the line. However, the resistance at the
end node can be reached by various pairs of line types with an appropri-
ate length or lines in parallel. Therefore, the resistance per length is not
a unique measure to select a particular line type. A line type is character-
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tance in feeders for the defined hosting capability sensitivity group B

ized by the ampacity (nominal current) and the resistance and reactance per
length. Therefore, the line type to be used is determined by the input pa-
rameter [,,,,,_rrin. Accordingly, the resistance per length of the line type can
be retrieved. Finally, the input parameter Rj determines the length of the
cables such that the weakest node has the resistance R under the condition,
that all lines have the same length. The approach can be summarized as
follows:

1. Identification of the parameter HCS of the feeder:
o With the parameter HCS, the reference topology is selected.
2. Gathering the line with the lowest ampacity ,om— arin:

e With the lowest nominal current of the feeder, the line type is
obtained.

3. Calculation of Ry at the end node:

e With the (short circuit) resistance at the end node, the length of
the lines can be calculated.
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An example for the parametrization with HCS=2, a particular I,,,,—_nin
and Ry is given: According to HCS=2, reference feeder topology B1 is se-
lected (Figure 38). Next the line type is determined by I,om—arin and applied
to all lines in the reference feeder topology. Thus, the resistance per length
(R’) is known. According to eq. 3, the length of a line can be calculated.
Since all lines have the same length and Line 23 has two lines in parallel,
Terminal 4 is the weakest node in the reference feeder topology. The resis-
tance at the end node (Rp4 - which is the input parameter Rj) can then be
formulated:

Rry = Rpia + Rias (11)
The length of lines is identical:

Rry = Rrio + Rrog = R/Ll2 x [+ RILM X [ (12)

The number of parallel lines has to be considered. Line 12 has three lines in
parallel, thus the resistance per length is a third compared to Line 24:

/
/le = —524 (13)
Applied to eq. 12:
R/
Ry = §24 X 1+ Ry %1 (14)

Exchanging Ry, with the known input parameter Ry and solving equation
to 1 gives:
- R
R x(1+3)

Finally, all three lines in the reference feeder topology are parametrized with
the obtained length according to eq. 15. For the validation presented in the
next section, a script was written performing the parametrization of feeders,
following the calculation approach. In all RFT, a feeder segment I exists.
Therefore the calculation can be performed without the need to customize
the calculation for any reference feeder topology.

(15)
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6 Validation

In this section the defined reference topologies are validated based on the
HC results. First, the mismatch between the HC of the investigated feeders
and the HC of their equivalent reference feeders is presented. After that,
the dependency of the parameter HCS on the investigated voltage limits is
discussed. Next, the methodology is extended to a fixed PF-control and the
resulting HC mismatch is evaluated. Furthermore, the proposed methodology
is applied to an external network data set for the uncontrolled and the fixed
PF-control scenario. Moreover, Monte-Carlo simulations are performed for
selected real feeders and their equivalent feeders. Last but not least, real
networks are scanned for the identified RFT and a statistic of most common
reference topology combinations in networks is discussed to identify whether
a few representative networks exists or not.

6.1 Reference Feeder Validation

In this section, the generated reference feeders are benchmarked against the
real feeders. Therefore, the mismatch between the real HC of feeders and
the obtained HC for the equivalent reference feeder is compared to the DER-
scenario uniform. For both DSOs the relative error and absolute error is
discussed. Furthermore, the rural and urban feeders of DSO 2 are analyzed
separately. Regarding the absolute error, the overestimation of the overall
HC of a feeder by more than 10kW for 10% of the feeders is considered as an
important threshold level. The replacement of real feeders by their respective
reference feeders leads to a loss of information in terms of number of cables,
different line types, loads and exact topology. Therefore an exact level of
accuracy for all considered voltage scenarios may not be reached. The HC
mismatch results for the DER-scenario eof can be found in appendix D.

The HC mismatch results evaluated for each investigated voltage limit
in case of DSO 1, are depicted in Figure 44. Obviously, the mismatch re-
mains rather stable for the voltage limits of 1.01p.u. to 1.03p.u. and is then
increasing for higher admissible voltage limits. Thereby the HC is overesti-
mated. The mismatch is between £20% up to 1.04p.u. for 90% of the feeders
(range of the box). At 1.05p.u., the range of the box reaches already 60% and
increases to about 130% at an admissible voltage rise of 8% of the nominal
voltage. For most of the investigated voltage limits, the median remains little
higher than 0 mismatch. However, the overestimation error is significantly
higher compared to the underestimation error. The figure demonstrates that
the HC in case of DSO 1 can be reasonably estimated for 90% of the feeders,
up to a voltage rise of 4% and with a mismatch of £20%.
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Figure 44: DSO 1 - Hosting capability mismatch for different admissible volt-
age rise limits - boxplot showing 1th/5th/median/95th and 99th percentile
(DER-scenario uniform, powerfactor 1)

The absolute HC mismatch in case of DSO 1 is depicted in Figure 45.
In this figure, the absolute mismatch in MW is shown for all investigated
voltage limits. For example, the overestimation of the HC by more than
10kW is exceeded for 10% of the feeders at a voltage limit of 1.04p.u. and
the underestimation by more than 10kW for 7% of the feeders at the same
voltage level. Hence, at a voltage limit of 1.04p.u., the mismatch is within
a +10%kW range for about 83% of the feeders. For lower voltage limits,
even more feeders are within this range. At a voltage limit of 1.08p.u., the
mismatch is underestimated by more than 10kW for already almost 14% of
the feeders and overestimated by more than 10kW for 33% of the feeders.
Hence, only 53% of the feeders remain within a +10%kW range, indicating
that the methodology is not suitable to accurately estimate the HC at higher
voltage levels, since the full feeder model is simplified to a few nodes.

In case of DSO 2, the evaluation of the HC mismatch for the DER-
scenario uniform is depicted in Figure 46. It is apparent, the mismatch is
also increasing proportionally with a higher admissible voltage level. The
mismatch is within a +20% range for the lower voltage limits (1.01p.u. and
1.02p.u.). At already 1.03p.u., the £20% range is exceeded and at 1.04p.u.,
already doubled (£40%). Furthermore, the size of the box at 1.08p.u. is
compared to DSO 1 is a little higher and about 140% (4+90% to -50%). In
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uniform, powerfactor 1)

conclusion, the proposed methodology could only be suggested for a voltage
rise limit of 2% of the nominal voltage in case of DSO 2.

The absolute HC mismatch in case of DSO 2 is depicted in Figure 47. The
threshold level of overestimating the HC by more than 10kW for 10% of the
feeders occurs at a voltage rise limit of 3%. For the same voltage limit, the HC
is underestimated by more than 10kW for 11% of the feeders. At 1.03p.u.,
86% of the feeders remain within a +£10%kW range. Hence, compared to
the previous figure, the proposed methodology could be extended also to a
voltage limit of 1.03p.u., if overestimating the HC for 10% of the feeders by
more than 10kW would be acceptable.

The HC mismatch for feeders of DSO 2 located in urban areas is depicted
in Figure 48. Since the share of urban feeders is rather low compared to
all feeders of DSO 2, significant differences can be identified. For example,
beside the voltage limits 1.01p.u. and 1.08p.u. the 5th percentile is always
lower compared to Figure 46 while the median shows no significant devia-
tion. However, for the 95th percentile a additional overestimation by 10% is
observed for several voltage limits. Hence, the methodology is sensitive to
the classification of feeders as being either rural or urban.

The performance of a feeder located in rural areas of DSO 2 is given in
49. One important result is that for a voltage limit of 1.03p.u., the mismatch
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Figure 48: DSO 2 urban feeders - Hosting capability mismatch for different
admissible voltage rise limits - boxplot showing 1th/5th/median/95th and
99th percentile (DER-scenario uniform, powerfactor 1)

for 90% of the feeders remains almost in a £20% range. Furthermore, the
95th percentile for several voltage limits is lower compared to the overall HC
mismatch results (Figure 46). Hence, the size of the box from the 5th per-
centile to the 95th percentile is smaller compared to the combined evaluation
of rural and urban feeders.

The evaluations presented in this section showed, that the HC mismatch
is sensitive to the investigated voltage level. Thereby the sensitivity is DSO
dependent. While for DSO 1 the proposed methodology could be applied
to voltage limits up to 1.04p.u., this is not valid in the case of DSO 2. For
DSO 2 a more conservative voltage limit of 1.02p.u. or 1.03p.u. (for rural
feeders) may be suitable. In conclusion, the sensitivity may depend on several
assumptions. Firstly, the RFT were developed to meet a HCS value for the
voltage constraint case only. Hence, for a high share of loading constrained
feeders, such as at the upper voltage limits, the developed RF'T may not
be suitable any more. Secondly, only three parameters are used to describe
feeders, which leads to a loss of information of feeders. Thirdly, the parameter
HCS which is used to describe topologies is also voltage dependent.
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Figure 49: DSO 2 rural feeders - Hosting capability mismatch for different
admissible voltage rise limits - boxplot showing 1th/5th/median/95th and
99th percentile (DER-scenario uniform, powerfactor 1)

6.2 Hosting Capability Sensitivity Dependency Anal-
ysis

In this section, the voltage sensitivity of the parameter HCS is investigated.
The parameter HCS is obtained for the voltage limit of 1.01p.u. where most
of the feeders are voltage constrained. In this section, the agreement of
HCS values for different voltage limits (ueof2,ueof3, ..., ueof8) is analyzed.
Moreover, for ueof4 and ueof8, the HC mismatch between real feeders and
reference feeders is evaluated.

The parameter HCS can be calculated for other voltage limits as well.
Therefore the HC results for the DER-scenarios uniform and eof obtained
for a particular voltage limits are required. In Figure 50, the ratios obtained
at other voltage limits (ueof2 to ueof8) are compared to the parameter HCS
(ueofl). At 1.02p.u., for more than 90% of the feeders ueofl and ueof2 are
equal. Therefore, HCS is still accurate for a u,,q, = 1.02p.u. However, for
higher voltage limits, the parameter HCS does not match the ueof value of the
particular voltage limit. In case of 4, = 1.08p.u. for example, 50% of the
feeders have a different HCS than a ueof8 value. Hence, another RF'T would
be selected. Referring to Figure 23, more than 50% of the feeders are loading
constrained for both the DER-scenarios uniform and eof at t,,,, = 1.08p.u.
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Hence, the ratio ueofl, where nearly all feeders remain voltage constrained is
dissimilar to ueof8, where a significant share of feeders is loading constrained.
Furthermore, due to the simplification of feeder topologies and feeder param-
eters there is an impact on the accuracy as well.

The ecdf of the continuous parameter HCS is depicted for all consid-
ered voltage limits in Figure 51 for DSO 1 (PF=1). The continuous values,
without rounding to quarters, were obtained from the real HC of feeders.
Moreover, increasing the voltage limits leads to a higher share of the ueof
value of 1 (Topology A1l). This means, that A2 topologies (Ratio 1.25) are
transformed to the topology Al at higher voltage limits. The ueof ratio near
the value 2 (Topology B1) are rather constant and are not changing. How-
ever, above 2.75 (Topology B4), again a small voltage sensitivity is observed.
However, due to the rounding to quarters, insignificant changes do not affect
the RF'T of a feeder.

Figure 52 demonstrates, that in case of DSO 2 the HCS dependency on
the voltage limit is higher. First of all, a higher share of the topology A1 (1)
is observed (almost 25% of all feeders) if ueof8 would be considered instead
of ueofl. For increasing voltage limits, a few reference topologies become
more dominant (e.g. between 1.75 and 2, or 2.5 and 2.75). Consequently,
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Figure 51: DSO 1 - Dependency of the hosting capability sensitivity on the
admissible voltage rise (powerfactor 1)

a higher sensitivity of the parameter HCS is observed. Topologies above 3
occur more often (10%) compared to DSO 1 (5%).

Next, the ratio ueof is presented with a fixed PF-control (PF=0.9 (ind.))
in Figure 53. Compared to the uncontrolled case, more feeders can be de-
scribed with the reference topology Al (1) for higher voltage limits (about
23% instead of 19%). Further, for ratios between 2.5 and 2.75, a difference
can be noted: the ecdf becomes steeper, meaning that nearby values can
be grouped to one RFT. Moreover, the distance between the lines is higher
compared to the uncontrolled case. Hence, rounding to the nearest quarter
is less suitable for reducing the dependency of the parameter HCS on the
powerfactor.

Activating a fixed reactive power control (PF=0.9 (ind.)), in the case
of DSO 2 (Figure 54) leads to a even steeper ecdf-curve. The higher the
voltage limit, the steeper the ecdf becomes. This means, that most of the
feeders can be described by a small number of reference topologies (compared
to Figure 52). While the shares at ueof=1 do not change significantly, the
difference between ueof2 and ueof3 are significant. In conclusion, a significant
dependency of the parameter HCS on the voltage limit under a PF-control
scheme is observed.

After revealing the dependency of the parameter HCS on the investigated
voltage limit, the question arises if the ueof value and the respective RFT at
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Figure 54: DSO 2 - Dependency of the hosting capability sensitivity on the
admissible voltage rise (powerfactor 0.9 (ind.))

a higher voltage limit leads to a generally higher accuracy of the calculated
HC of reference feeders. Therefore, a sensitivity study of the HC for differ-
ent ueof values and voltage limits was performed. Thereby the RFT are not
selected according to the parameter HCS values (at ueofl), but other ueof
values (ueof2 to ueof8). The parameter Ry and I, i Were not changed
during this analysis. In Figure 109, for example, the HC mismatch is depicted
when ueof4 is utilized instead of HCS (ueofl) to select the RFT. A decrease
of the HC mismatch until 1.04p.u. is observed, followed by a significantly
higher increase at higher voltage limits . The variation of the HC mismatch
for 90% of the feeders reaches a minimum at an admissible voltage rise of 4%.
Compared to 106 the HC mismatch at lower voltage limits is increased. For
the first and 99th percentile the HC mismatch increase is significantly higher.
For an admissible voltage rise of 1% or 2%, the range of the box violates the
+20% range criterion for a number of feeders where the HC is underesti-
mated. However, the HC mismatch for overestimated values is reduced at
higher voltage limits significantly, while changes for underestimated feeders
are negligible. E.g., at 1.08p.u., the 99th percentile is reduced from more
than 140% to 110% and the 95th percentile from more than 100% to about
70%. The analysis demonstrates that utilizing ueof4 instead of HCS would
allow the methodology to be extended to cover another 1% of the voltage
band to 1.04p.u. in case of DSO 1.
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Figure 55: DSO 1 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 4% (ueof4) - boxplot showing 1th/5th/median/95th and 99th
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Considering the use of ueof4, and not ueofl, moved the minimum of the
HC mismatch to 1.04p.u., the question then arises on whether this is also
true for the highest voltage limit (1.08p.u.). According to Figure 113, where
ueof8 is utilized instead of HCS to select the RF'T, this presumption cannot
be confirmed. Rather a constant error over all voltage limits is observed. For
almost all voltage limits the range of the box (90% of the feeders) would fit
a +40% range with an offset of 5% to 10%. The 5th and 95th percentile
vary by about 10% of the full range of investigated voltage limits. Hence,
the dependency of the parameter HCS as an RFT selection criterion, for
the admissible voltage limit, could be significantly reduced if HCS would
be determined by ueof8 instead of ueofl. Compared to Figure 106 the HC
mismatch is about 4 times higher from 1.01p.u. to 1.03p.u. for the 5th and
95th percentile. At 1.04p.u., the HC mismatch of the 5th and 95th percentile
is doubled and at 1.05p.u. the HC mismatch is at a comparable level. From
1.06p.u. to 1.08p.u., the HC mismatch of the 95th percentile is reduced by
10%, 30% and 50%, respectively. Hence, a trade-off between HC accuracy
and voltage dependency of the parameter HCS can be achieved.

The evaluation of selecting a different measure as HCS to select the equiv-
alent RFT was also performed for DSO 2. In Figure 117, the HC mismatch
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Figure 56: DSO 1 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 8% (ueof8) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER~scenario uniform, powerfactor 1)

for HCS=ueof4 is depicted for the investigated voltage limits. The trend
observed for DSO 1, that the minimum of the HC mismatch is moved to
1.04p.u., can only be confirmed for the 99th percentile. While the HC mis-
match of the 1th and 5th percentile is rather stable for the first 4 voltage
limits. The HC mismatch of the 95th percentile is increasing from about
40% at 1.01p.u. to little more than 60% for the highest investigated voltage
limit. Compared to Figure 114, the HC mismatch at higher voltage limits
can be significantly decreased. For example, at 1.07p.u. and 1.08p.u., the
HC mismatch of the 95th percentile is reduced by 20% and 30% and also
the mismatch of the 5th percentile is reduced by about 10%. Unfortunately,
the HC mismatch is increased for the first, 5th, 95th and 99th percentile.
Furthermore, the HC mismatch is also significantly higher compared to DSO
1, when using the same approach (Figure 109).

Finally, the HC mismatch caused by considering ueof8 instead of HCS
to select the RF'T is depicted in Figure 121. As already observed for DSO
1, a rather stable HC mismatch for 90% of the feeders is obvserved. An
equilibirium of the HC mismatch between utilizing ueofl and ueof8 is reached
at an admisible voltage rise of 5%. Above 5%, the HC mismatch is lower
compared to Figure 114. Unfortunately, the HC mismatch is significantly
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Figure 57: DSO 2 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 4% (ueof4) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER~scenario uniform, powerfactor 1)

higher at lower voltage limits. The range from the 5th percentile to the
95th percentile reaches 100% with the trend that the HC of feeders is more
overestimated than underestimated.

In conclusion, it was shown, that the identified parameter HCS is voltage
dependent. This voltage dependency has an effect on the HC mismatch,
however the results in this section showed, that a trade-off between accurate
results for lower voltage limits and equal mismatch over all limits can be
partly performed. Depending on the DSO, another measure than HCS=ueof1
could be suggested for specific investigations. Nevertheless, the favorable HC
accuracy for lower voltage limits (1.01p.u. to 1.03p.u.) justify the selection of
ueofl as a measure for selecting the RFT. The full analysis for different ueof
parameters for both DSOs can be found in appendix E and F, respectively.

6.3 Extension of the Methodology for a Fixed Powerfactor-
Control

Until now, the validation of the HC accuracy was only performed for active
power in-feed and not for reactive power control strategies. Nevertheless, the
dependency of the parameter HCS on the reactive power control strategies
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Figure 58: DSO 2 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 8% (ueof8) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER~scenario uniform, powerfactor 1)

was already demonstrated in the previous section. The developed methodol-
ogy with the identified parameters to select and parametrize a representative
feeder may suggest that the methodology can be easily extended by intro-
ducing the reactance as a fourth parameter. In this section the HC results
with a fixed PF=0.9-control (ind.) of the real feeders and their respective
representative feeders is validated for the investigated voltage levels. Aim
of the validation is to clarify if the developed methodology and reference
topologies are suitable for the study of reactive power control strategies as
well. This would be of course an additional benefit of the proposed method-
ology. In analogy to the end node resistance Ry, the end node reactance Xy
is considered in parameterizing a reference feeder topology. This information
could be gathered simultaneously with the resistance at the end node and
the used line types within the main path of the feeder. In the previous sec-
tions, only one line type was identified for each reference feeder depending
on the cable with the lowest ampacity of the feeder. However, the selected
line type determines the resistance and reactance per length. Since the reac-
tance was not considered until now, every value of a given resistance at the
end node could be reached for standard line types by adapting the length
of the lines. Nevertheless, due to varying resistances and reactances of line
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types, no existing line type can be found fulfilling both the resistance and
reactance requirements for a reference topology with a given length at the
same time. Achieving both a required resistance and reactance at the end
node of the feeder with only one selected line type requires an adaptation of
the methodology. The selected solution to solve this issue is for a selected
line type and determined feeder length to match a required R; at the end
node the following: The reactance per length of the line type is changed to
meet the desired reactance at the end node. Consequently, the line type is
not a standard line type any more but a customized line type that meets the
required nominal current, resistance and reactance of the reference feeder
simultaneously.

Figure 59 shows the mismatch of the HC with a fixed PF=0.9-control
(ind.) of the real feeders and their respective representative feeders and the
investigated voltage levels for DSO 1. It is apparent, that the mismatch is
rather low for 1 and 2% voltage rise. At 3% voltage rise, the mismatch for
90% of the feeders is almost within the range of +20%. For higher voltage
limits, the trend that the hosting capacity is overestimated is obvious and
for a voltage limit of 1.08p.u., the mismatch of the 95th percentile exeeds
100% while still for almost 50% of the feeders the HC is underestimated
between 0 and —40%. Thus, the extension of the methodology to cover
also reactive power control approaches is reasonably limited to 1-3% of the
nominal voltage. Maintaining that the HC mismatch of 90% of the feeders
are within a +£20% range, means a reduction of the admissible voltage rise
by 1% compared to the uncontrolled case.

The ecdf of the absolute mismatch of all feeders of DSO 1 is depicted in
Figure 60. Depending on the voltage limit, the HC is underestimated for
about 10-20% of the feeders. For example, the HC is underestimated for a
voltage limit of 1.01p.u. by more than 3.5kW for 10% and more than 10kW
for about 2.1% of the feeders. The overestimated HC in the case of a voltage
limit of 1.01p.u. for feeders above the 90th percentile is above 1.6kW and for
less than 1% of the feeders above 10kW. Increasing the voltage limit, leads
to higher over- and underestimation of the HC. The mismatch for a voltage
limit of 1.03p.u. is overestimated for 10% and underestimated for 10% of
the feeders by more than £10kW. Consequently, the mismatch is within a
+10kW range for about 80% of the feeders. For the highest voltage limit
of 1.08p.u., the HC is overestimated for about 49% and underestimated for
18% of the feeders by more than 10kW. Hence, the mismatch is lower than
+10kW for only 33% of the feeders. It is apparent, that the referene feeder
methodology is only suitable for the estimatation of the HC for a limited
voltage rise from 1% to 3%.

For DSO 2, the mismatch of the HC with a fixed PF=0.9-control (ind.)
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Figure 59: DSO 1 - Hosting capability mismatch for different admissible volt-
age rise limits - boxplot showing 1th/5th/median/95th and 99th percentile
(DER-scenario uniform, powerfactor 0.9 (ind.))
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Figure 60: DSO 1 - Empirical cumulative distribution function of the hosting
capability mismatch for different admissible voltage rise limits (DER-scenario
uniform, powerfactor 0.9 (ind.))
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Figure 61: DSO 2, all feeders - Hosting capability mismatch for different
admissible voltage rise limits - boxplot showing 1th/5th/median/95th and
99th percentile (DER-scenario uniform, powerfactor 0.9 (ind.))

of the real feeders and their respective representative feeders and the in-
vestigated voltage levels is depicted in Figure 61. It is apparent, that the
mismatch is always higher than for DSO 1. The mismatch exceeds the £20%
range, even at an allowed voltage rise of 2% even though the median values
are not significantly different compared to DSO 1. The 5th percentile and
the 95th percentile are lower for most of the boxplots compared to DSO 1. At
an admissible voltage limit of 2% the range of the box is between —26% and
+13% and in total below 40% points. Therefore an offset could be introduced
to remain within a range of £20%. In conclusion, the proposed methodology
would only be suitable for a allowed voltage rise of 1% considering both rural
and urban feeders. The range could also be extended to 1.02p.u. due to the
performed investigations for this DSO by introducing an offset of about 5%.

The ecdf of the absolute mismatch of all feeders of DSO 2 is depicted in
Figure 62. For a voltage limit of 1.01p.u., the hosting capability is under-
estimated by more than 5.3kW and overestimated by more than 2.2kW for
about 10% for each of the feeders. The hosting capability is overestimated by
more than 10kW for less than 2% of the feeders while for 3.5% of the feeders
the HC is underestimated by more than 10kW. For an allowed voltage rise of
3%, the HC is overestimated by more than 10kW for 15% of the feeders and
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Figure 62: DSO 2, all feeders - Empirical cumulative distribution function
(ecdf) of the hosting capability mismatch for different admissible voltage rise
limits (DER-scenario uniform, powerfactor 0.9 (ind.))

underestimated by more than 10kW for 19% of the feeders. Hence, for 66%
of the feeders the mismatch remains within a £10kW range. The share of
feeders within a +=10kW range for a voltage limit of 1.02p.u. is 80%. In case
of DSO 1, this share was reached at a higher voltage limit (1.03p.u.). For
the highest voltage limit (1.08p.u.), the HC is underestimated by more than
10kW for about 27% of the feeders and overestimated by 10kW for 54% of
the feeders. Consequently, only 29% of the feeders remain within a +10kW
range.

When separating the feeder results of rural and urban feeders of DSO 2,
differences can be observed at several voltage levels. The HC mismatch for
rural feeders is depicted in Figure 63. Since most of the feeders are classified
by the DSO as rural, no significant changes can be observed for rural feeders.
Only for the 95th percentile at the voltage limits 3% to 5%, a slightly lower
value is reached.

In Figure 64, the HC mismatch for urban feeders of DSO 2 is depicted.
Compared to the previous Figure 63, the inaccuracy is higher for several
voltage limits. For the three highest voltage limits (1.06p.u. to 1.08p.u.), a
similar mismatch can be observed for both rural and urban feeders while the
99th percentile for rural feeders is even higher compared to urban feeders.
However, for lower voltage limits, the range of the box (5th percentile to
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Figure 63: DSO 2 rural feeders - Hosting capability mismatch for different
admissible voltage rise limits - boxplot showing 1th/5th/median/95th and
99th percentile (DER-scenario uniform, powerfactor 0.9 (ind.))

95th percentile) for urban feeders is between 10% (1.05p.u.) to 20% (1.03p.u.)
higher when compared to rural feeders. Hence, the extension of the voltage
band for urban feeders cannot be suggested, since the range of the box still
exceeds £20%.

The extension to cover also reactive power control strategies is limited
when compared to active power in-feed only. The limited accuracy is caused
by several issues. Firstly, with the presented approach, only one line type
(with a given R and X) can be considered. Hence, if a feeder contains both
overhead-lines and underground cables, the R to X ratio at the end node is
utilized to parametrize the feeder. Thus, this has an impact on the effec-
tiveness of reactive power control strategies. In particular the effectiveness
of installations near the transformer station may be overestimated if only
the last section of feeders consists of overhead-lines. To consider different
effective R/X ratio at nodes in the feeder, more input parameters for the
reference feeder methodology would be needed. For example, the share of
overhead-lines and underground cables in the feeder and their respective
lengths. Secondly, only one line type is defined which is applied all over the
feeder. This may result in feeders with several branches to an additional HC
mismatch. The defined RFT lead to a loss of information of the real feeder
topology and also the number of connected loads which also affects the HC
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Figure 64: DSO 2 urban feeders - Hosting capability mismatch for different
admissible voltage rise limits - boxplot showing 1th/5th/median/95th and
99th percentile (DER-scenario uniform, powerfactor 0.9 (ind.))

of the representative feeder. The analysis in this subsection shows that the
performance is depending on the DSO and applicable to a limited voltage
range compared to active power in-feed only. In case of DSO 2, only at 1%
voltage rise, the HC mismatch remains within £20% for 90% of the feeders,
while for DSO 1, this criterion is satisfied for an admissible voltage rise up
to almost 3%.

6.4 Methodology Performance for External Network
Data

In this section, the developed methodology is applied to a number of available
LV-networks. In the project U-Control, the defined reference LV-networks
in [36] were updated and a new set of representative reference networks were
defined. Thereby 358 LV-networks with 1.550 LV-feeders from different re-
gions of Germany were considered. The updated reference networks are pre-
sented in [53]. These reference LV-networks contain in total 26 radial feeders
without branches and were selected for voltage control studies in a supply
area in the south of Germany. The secondary transformers in these net-
works were replaced by a slack and the methodology presented in this work
was applied to each feeder of the LV-networks. For the presented LV-feeders
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in [53], only two I,om_ain values occur. This is caused by the consider-
ation of the service line in the network models, with a rather small cable
cross section. The corresponding I,,om—arin Value for the cable cross section
of NAYY — 4x35mm? is 1194 (observed in 19 feeders). For the cable cross
section of NAYY — 4x50mm?, the nominal current is 1414 (observed in 7
feeders). The comparison with the ecdf of the minimal nominal current in
feeders of DSO 1 and DSO 2 (Figure 26 and 27, respectively) shows that
the line type with the nominal current of 1794 is rarely observed. Whereas,
the nominal current of 7414 is also observed for the investigated DSOs and
significantly in case of DSO 2.

In Figure 65 the share of U/I constrained feeders is depicted for the inves-
tigated voltage limits and the DER-scenarios uniform (with and without a
VoltVAr control) and eof (For the investigated feeders, no yearly consump-
tion values were available). Compared to Figure 23, the feeders are more
sensitive to a higher admissible voltage rise. Without a VoltVAr-control, at
5% voltage rise, 50% of the feeders are already loading constrained. Due to
the given topologies of the feeders, no significant difference can be observed
for the uncontrolled considered DER-scenarios uniform and eof . The share
of loading constrained feeders in the case of activated VoltVAr-control is
higher. At 1.05p.u., already more than 80% of the feeders are loading con-
strained, while this value was not reached in Figure 23 even for 8% admissible
voltage rise.

In Figure 66, the share of the parameter HCS is depicted. More than
50% of the feeders can be represented by the RFT Bl. Topology B1 is
described by a branched feeder with a feeder segment I and II. Further, 15%
of the feeders can be described by RFT A1l which matches the number of
dedicated feeders in [53]. Compared to Figure 32 these two topologies are
overrepresented and the topology A2 does not even occur.

For the uncontrolled (PF=1) DER-scenario uniform, the HC mismatch
between real HC and estimated HC with the reference feeders is depicted in
Figure 67. The trend of an increased mismatch for higher voltage limits is
clearly visible. Thereby the median remains in a band of -5% to +10%. For
lower voltage limits, the HC is rather underestimated than overestimated.
Compared to Figure 44 and 46, the increase of the mismatch for higher
voltage levels is smaller. However, the median of the HC mismatch increases
significantly. Nevertheless, at 1.04p.u., the mismatch is rather symmetrically
distributed within a +20% range for 90% of the feeders. Hence, a suitable
mismatch range for half of the investigated voltage range is oberserved.

In Figure 68, the HC mismatch for the DER-scenario uniform with an
activated PF=0.9-control (ind.) is depicted. For a voltage limit of 1.01p.u.,
the mismatch is within a +10% range and remains in that range also for a
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Figure 65: UC feeders - Share of U/I constrained feeders as a function of the
admissible voltage rise for the investigated DER-scenarios with a powerfactor
of 1 and for the DER-scenario uniform with a VoltVAr-control
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Figure 66: UC feeders - Distribution of the hosting capability sensitivity
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Figure 67: UC-feeders - Hosting capability mismatch for different admis-
sible voltage rise limits - boxplot showing 1th/5th/median/95th and 99th
percentile (DER~scenario uniform, powerfactor 1)

voltage rise of 2%. However, after that, the HC is overestimated by 40%
for the 95th percentile with an admissible voltage rise of 3%, whereas at
the same time, the error for 50% of the feeders is within 0 and -10%. A
similar boxplot is observed for the next higher voltage level. However, after
that, the median HC mismatch value increases to 20% and further to almost
40%. It is apparent, that for loading constrained feeders, the mismatch
becomes significantly higher according to Figure 65. In conclusion, at higher
voltage levels the HC is overestimated for most of the feeders. Thereby the
range from the 5th percentile to the 95th percentile ranges between 50% (at
1.03p.u.) and 100% (at 1.08p.u.). Hence, even introducing an offset to reduce
the maximum error would still result in an error range of £50%. Therefore
the proposed methodology is with an activated PF=0.9-control (ind.) only
suitable for an admissible voltage rise up to 2%.

In conclusion, the performance for the presented and investigated external
data set is comparable to the results of DSO 1. In the uncontrolled case,
the mismatch remains within a +20% range for the first 4 voltage limits
(1.01p.u. to 1.04p.u.). In the case with an activated PF=0.9-control (ind.),
the methodology is only suitable for a voltage limit up to 2% of the nominal
voltage.
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Figure 68: UC-feeders - Hosting capability mismatch for different admis-
sible voltage rise limits - boxplot showing 1th/5th/median/95th and 99th
percentile (DER~scenario uniform, powerfactor 0.9 (ind.))

6.5 Monte-Carlo simulations for real and reference feed-
ers

In [62], about 250 feeders were investigated and classified by electrical and
non-electrical parameters on feeder and network level. For each cluster, a me-
dian feeder/network were found and discussed. In this section, the median
feeders found by clustering the feeders, according to electrical parameters,
are considered. For each median feeder, Monte-Carlo simulations were per-
formed and repeated for their individual equivalent feeders. A Monte-Carlo
simulation with 1000 iterations was performed where the active power con-
sumption of each load was defined randomly between 0 and 5kW and the
reactive power between -2kVAr and 2kVAr. After linking the loads of real
feeders with the loads of the respective equivalent feeder, the simulation of
the RFT were performed with the consumption data used in the Monte-Carlo
simulation. In Table 9 the input data for selecting and parameterizing the
RFT feeders for the median feeders presented in [62] is listed. It is apparent,
that two RFT topologies (Al and B1) are selected for more than 2 feeders.
However, the remaining input parameters are significantly different, which
justifies the investigation of all listed feeders.

During the Monte-Carlo simulations, for each load the active and reactive
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Table 9: Reference feeder topologies and parameters of investigated feeders

RFT Ry, Lnom—nrin | R/X
@ | (A) | (D

Feeder 1 | B1 0.1213 0.098 2.1393
Feeder 2 | Al 0.0265 0.363 1.0584
Feeder 3 | B3 0.1157 0.098 2.631
Feeder 4 | Bl 0.2303 0.098 1.726
Feeder 5 | A2 | 0.07715 0.098 2.6719
Feeder 6 | A4 | 0.23053 0.098 2.6468
Feeder 7 | Al | 0.03641 0.128 1.7696
Feeder 8 | A3 | 0.23994 0.098 2.584
Feeder 9 | Al | 0.12897 0.098 2.0459

power was randomly chosen. Thereby, the range for active power was defined
between 0 and 5kW and -2kVAr to 2kVAr for reactive power. Therefore, the
range of active and reactive power consumption of feeders was determined by
the number of loads per feeder. In Table 10 the resulting range of active and
reactive power exchange of feeders with the upstream network is listed. For
feeders with the a high number of loads (Feeder 1, 3, 4, 5, 6, 8), a minimal
load between 29kW and 75kW is observed. For three feeders with only a
few loads (Feeder 2, 7, 9) the lower limit remained between 0 and 1kW. The
highest active power consumption was observed for Feeder 6 (130kW).

Table 10: Test range of active and reactive power

REFT | Pmin (kW) | Pmax (kW) | Qmin (kVAr) | Qmax (kVAr)
Feeder 1 B1 32 90 -18 22
Feeder 2 Al 0 18 -7 7
Feeder 3 B3 29 65 -15 20
Feeder 4 B1 65 115 -20 22
Feeder 5 A2 42 87 -15 18
Feeder 6 A4 75 130 -21 28
Feeder 7 Al 1 15 -5 5
Feeder 8 A3 40 82 -15 17
Feeder 9 Al 0 10 -3.5 4

The accuracy of the results of equivalent feeders for the feeders 1 to 9
is summarized in Table 11. For each feeder three plots are depicted: The
results of the active power losses, the maximal loading of lines and the min-
imal voltage of the feeder. For five of the feeders, the absolute error of the
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active power losses is very low and can be compared with the losses of the
real feeders. Even though Feeder 1 and Feeder 4 have the same RFT (B1),
the accuracy of the losses are significantly different. The loading of lines is
only underestimated for feeder 6, meaning that the loading of the highest
loaded line in the real feeder is higher compared to the equivalent feeder. In
the case of 5 feeders, the mismatch is below 10%. The highest accuracy is
reached, of course, for the RET A1 (A feeder with one line, node and a load).
The estimation of the minimal voltage is relatively accurate for most of the
feeders. For two feeders (Feeder 4 and 6), the minimal voltage is underesti-
mated, meaning that the voltage in the real feeder is higher compared to the
minimal voltage in the equivalent feeder. Related plots of the Monte-Carlo
evaluation can be found in appendix H.

Table 11: Accuracy of equivalent feeders

RFT Losses (kW) Max. loading umin

Absolute error | Absolute error Accuracy

Feeder 1 B1 < 0.6 < 10% good
Feeder 2 | Al < 0.001 < 0.001% good
Feeder 3 B3 < 0.9 < 15% good
Feeder 4 B1 | overestimated < 30% | underestimated
Feeder 5 A2 | overestimated | overestimated good
Feeder 6 A4 | overestimated | underestimated | underestimated
Feeder 7 | Al < 0.001 < 0.001% good
Feeder 8 A3 | overestimated | overestimated good
Feeder 9 | Al < 0.001 < 0.001% good

6.6 Identification of Reference Networks

In this section, the distribution of the identified RFT in the real networks
is analyzed. Thereby, the feeder parameters Ry and I, arin are neglected.
Since, the study was performed on feeder level, networks with a number
feeders with a lack of data were not completely discarded, but only the feeder
with missing data. Hence, out of the 54,000 feeders, 36,723 feeders were
analyzed, meaning that about 30% of the feeders were discarded. Hence,
a significant share of feeders was discared without obtaining the parameter
triple HCS, Ry and I,,,,,—arin. Therefore, the number of feeders per network
is underestimated due to the missing data of these feeders.

The first question that arises is, what combination of topologies are
present in the networks and how often certain topologies can be found. In
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Figure 69: DSO 1 and DSO 2 - Heat map of found reference feeder topologies
(RFT) in real networks, colored with the number of occurrences within the
same network. The electrical parametrization of the RFTs is disregarded

Figure 69 the identified reference topologies per network are depicted for
both DSOs. Each line in the colormap corresponds to a network and the
color of each segment indicates the number of feeders of a particular refer-
ence feeder topology. In total about 11,000 networks are depicted and the
highest number of feeders of one specific reference feeder topology is eight.
The networks are sorted by the occurrence of reference topologies starting
from A1, A2, to E4. Thereby certain configurations are found several times.

In a next step, the unique configurations shown previously in Figure 69
were obtained. These unique configurations are depicted in Figure 70. For
example, about 45% of the networks contain at least one reference topology
of type Al. In this way, about 3,100 RFT combinations remain. Thus, each
of these 3,100 networks is representative in average for 4 to 5 networks of
the investigated 14,000 networks. Hence, 3,100 unique networks are not ade-
quate to be defined as representative networks. Even though the parameters
Ry and I, arin as well as the secondary transformer was neglected in the
analysis, such a high number of unique networks remain. Therefore, a further
simplification is necessary to identify reference networks from a topological
point of view.
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reference feeder topology combination, colored with the number of occur-
rences within the same network. The electrical parametrization of the RFTs
is disregarded.

107



U

=]

ique Networks

IH\

1
‘h I \NMI\ | \I\W

I\

Unique network
)
@
Existent reference topologies in network (boolean)

ALA2A3A4B1B2B3B4C1C2C3C4D1D2D3D4E1E2E3E4
Reference feeder topology

Figure 71: DSO 1 and DSO 2 - Heat map of real networks containing the
same reference feeder topology (RFT) combination, where each RFT is at
least one time present or not (Boolean). The electrical parametrization of

the RF'Ts is disregarded.

The number of unique networks can be further reduced using the following
justification: since secondary transformers are discarded and replaced by a
slack, the number of feeders in a network can neither lead to overloading
the grid nor to influence results of other connected feeders. Consequently,
several feeders with an identical parameter triple HCS, Ry and Iom_nrin
could be studied by one feeder of that kind. Moreover, if only the RFT is
investigated, the reduction of feeders with the same HCS is valid as well.
Based on this assumption, the combination of reference topologies in Figure
70 can be further reduced by neglecting how often a certain topology occurs
in networks. The analysis whether a RFT combination was identified in
a network or not is depicted in Figure 71. Therefore a boolean variable
is used to indicate whether a certain RFT is present in a network or not.
The networks in this plot are sorted by first Al, B1, C1, D1 to E1. By
applying this assumption, the number of reference networks can then be
reduced to 1,300 networks. Hence, on average each of the depicted RFT
combinations represent about 10 networks. As already discussed in section
5.2, topologies of group D and E are rarely present. Hence, even with the
introduced simplifications, a rather low number of representative networks
cannot be given for the entire set of networks.

If all RFT combinations are considered, millions of combinations would
be possible. Presumably only a limited number would be relevant however.
A further reduction of representative networks can be achieved by counting
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reference topology groups instead of each reference topology. If, for example,
reference topologies from Al to A4 are counted as group A and respectively
for the other reference feeder topology groups, 5 reference topology groups
remain. Theoretically, 31 combinations would be possible. In Table 12,
only occurring combinations of identified reference feeder topology groups
(A, B, C, D, E) in the real feeders is listed. The aggregation of the reference
feeder topologies (e.g. Al, A2, A3 and A4, etc.) to the corresponding group
(A, etc.), leads to 25 combinations. How often these combinations occur is
analyzed next.

Table 12: Reference feeder topology group combinations (e.g. Al to A4 are
considered as group A)

Reference Network | A | B| C | D | E
1 0[0]0|O0]|1
2 0O(0|O0|11]O0
3 0O(0|1/01|O
4 O[0|1 |01
5 O(0|1 /|10
6 0O[1]0101|O0
7 0O[1]0/|0]|1
8 O(1]0|11]0
9 O(1]1/01|0

10 O[1]1]011
11 O(1(1]110
12 1]10[0[0]0
13 110(0]0]|1
14 1170101110
15 1101010
16 1101011
17 1170|1110
18 1{1[0[0]0
19 1710|071
20 111101 1]0
21 1110111
22 111,010
23 111,011
24 111110
25 171111

In Figure 72, the share of occurring RFT groups is depicted. It is appar-
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Figure 72: DSO 1 and DSO 2 - Bar plot of identified representative networks

ent, that 5 combinations of RFT with a share higher than 5% are observed.
For example, representative network 6 contains only reference topologies of
group B and is representative for almost 10% of the networks of both DSOs.
The share of representative network 12 reaches almost 25% among all net-
works and contains only reference topologies of group A. The next network
with a share higher than 5% is network 15. In such networks, reference
topologies of group A and C are present. The network with the highest share
is network 18. In more than 40% of the real networks, reference topologies
of group A and group B are present. Last but not least, the representative
network 22 with a share of 10% contains reference feeder topologies of group
A, B and C.

The number of feeders per network for each DSO is depicted in Figure
73. In this plot, only feeders which passed the plausibility tests and were
validated, are considered. Since 30% of the feeders were discarded, findings
based on this Figure have to be read carefully. The Figure shows, that
for a number of feeders higher than 3, similar shares occur for both DSOs.
However, in case of DSO 1, about 11% and in case of DSO 2 nearly 16% of
the LV-networks supply a dedicated feeder. Furthermore, about 50% of the
LV-networks supply two or three feeders in case of DSO 1 and 44% of the
LV-networks supply two or three feeders in case of DSO 2. The share for
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both DSOs is thereby almost equal. The share of LV-networks, supplying
more than 3 feeders is decrasing significantly. For both DSOs, 16% of the
LV-networks supply 4 feeders and about 10% of the feeders supply 5 feeders.
Finally, only 6.2% (DSO 1) or 8.4% (DSO 2) of the LV-networks are supplying
more than 6 feeders.

The presented data in this section shows that a high variation of reference
feeder topologies can be observed within networks. Thereby, the parametriza-
tion of the RFT was neglected as well as how often certain RFT occur within
the same network. Nevertheless, 5 probable RFT group combinations with
a probability of occurrence above 5% were found. To generate representa-
tive networks, two tasks have to be performed. First, a methodology to
realistically select RFTs of a RFT group for a representative network and
second the parametrization of these RFTs. Hence, the definition of a set of
fully parametrized reference networks requires further investigations and a
validation of course. However, considering all available data in this work a
methodology to define such a network generator can be defined and validated
in the future.
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7 Conclusion

On the basis of the LV-grid data of two DSOs, a methodology was devel-
oped and validated to select equivalent representative feeders for particular
voltage limits. In total, 14,000 LV-networks with about 54,000 feeders were
imported into DigSILENT PowerFactory to perform load flow studies. After
plausibility tests (e.g. complete line data, radiality of feeders), about 36,720
feeders were found to be suitable for further investigations.

The hosting capability (HC) was defined as DER-penetration level that
leads to either a voltage or loading constraint in a feeder. Furthermore the
ratio of two specific DER-scenarios (uniform and eof) was introduced as a
topological measure.

The HC was calculated for the DER-scenarios uniform and eof for 8 ad-
missible voltage limits ranging from 1 to 8% of the nominal voltage. More-
over, the HC was evaluated with and without reactive power control strate-
gies. In particular, the VoltVAr-control and the fixed PF-control were in-
vestigated, in addition to the uncontrolled case for real and their simplified
feeder topologies.

Due to the significant HC increase from 1.01p.u. to 1.02p.u., an admissi-
ble voltage rise limit of 1% cannot be recommended at all. The HC results
showed, that increasing the admissible voltage rise for in-feed is only reason-
able if a high share of feeders remain voltage constrained. If an admissible
voltage rise of 4% is feasible, for the DER-scenario uniform more than 50%
of the feeders have a HC higher than 100kW. With a VoltVAr-control, even
a median value of 120kW can be reached. In the worst case scenario (DER-
scenario eof) significantly lower median values are achieved. Moreover, ex-
tending the voltage band for loading and utilizing a reactive power control
strategy leads to a significant HC reduction for loading constraint feeders.

To find representative feeders that are suitable to estimate the HC of real
feeders, a high number of parameters were investigated. It was demonstrated
that statistical parameters, which are basically invariant to scenario assump-
tions, show a dependency on the constraint limiting the HC. For example,
the correlation coefficient between the HC and the parameter I,,,,—nrin in-
creases with the admissible voltage rise. Hence, with the increasing share
of loading constrained feeders, a higher correlation coefficient is obtained.
Furthermore, the correlation coefficient of Ry, the HC for u,,,, = 1.01p.u.
and the DER-scenario eof show almost a perfect correlation, due to the fact
that all feeders are practically voltage constrained. Therefore the parameters
Lyom—nrin and Ry were identified as the most important parameters describ-
ing feeder properties. Moreover, the probability tests showed that for both
DSOs only two common parameters follow a normal distribution. These
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parameters are ADTN and Zy.

Even though three line types with nominal currents of 100A, 125A and
270A are widely used, the required parameter I,,,,,_ i, need to be provided
accurately to select the matching cable type. If the exact ampacity is not
provided, the error for loading constrained feeders will be too high. How-
ever, the parameter I,,,_min iS a rather discrete parameter, whereas the
resistance at the end node Ry is continuous value. Thus, a limited num-
ber of representative feeders cannot be given based on these two electrical
parameters.

The parameter HCS was introduced, as the ratio of the HC of the DER-
scenarios uniform and eof. Hence, HCS allows describing the topology of a
feeder with an electrical measure (ratio of two HC values). For both inves-
tigated DSOs, the 8 most relevant topologies were found (Al to A4 and Bl
to B4) covering about 90% of all feeders. However, it was shown that the
parameter HCS is voltage dependent.

A methodology was developed to select RFTs and also parametrize them.
So once a RFT is selected, it can be configured with only two electrical
parameters (Ry and I,om—arin). The RFT are easy to understand and consist
of two basic feeders structures. The RFT, determines the number of lines in
parallel for each cable. Moreover, by definition only one line type is used in
the RFT and all lines have the same length.

It is apparent, that design rules were observed for the RFTs. For each
group of RFT (e.g., A, B etc.), a pattern can be given to modify a RFT to
obtain the following RFT. Thereby, the pattern can be applied irrespective
of the RFT group. Furthermore, a pattern between RFT groups (Al, B,
etc.) was observed. Therefore, well defined inter- and intra-rules for RET
groups were defined.

Thus, a comprehensive kit to select a RF'T and configure reference feeders
was developed. Moreover, the proposed methodology is scalable to any size
in terms of number of feeders and highly adaptive (simple parametrization
of the RFT). Furthermore the ecdf of the parameters Ry and I,,om—nrin Were
given for defined RFTs which allows to automatically build parametrized
RFTs based on distribution functions.

The parametrized reference feeders were validated with the HC results
of the real feeders. The validation was performed with and without reactive
power provision. The reference feeders were validated first for active power
flows. The analysis showed that the HC accuracy is DSO dependent. More-
over, the dependency on the admissible voltage rise was demonstrated. A
voltage rise of 4% was found to be the upper limit for the estimation of the
HC with a +20% error for DSO 1. A lower limit was found in the case of
DSO 2. The validation of the reference feeders showed that the HC accuracy
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for all voltage limits cannot be reached, since a loss of information occurs
due to the reduction of the full feeder model.

Thus, the proposed methodology allows the clustering of feeders according
to the parameter triple HCS, I, min and Ry. A classification based on
these 3 parameters allows the parametrization of a RFT, which is suitable
for the estimation the HC of real feeders for an admissible voltage rise limit.
Consequently, the methodology is suitable for the substitution of real feeders
with an equivalent feeder. Thereby the number of nodes is reduced as well,
requiring less computation time. This is relevant if an entire grid of DSOs
needs to be investigated.

Additionally, the validation was also performed for the PF-control. There-
fore the reactance at the end node X}, was considered as fourth feeder param-
eter to parametrize a custom line type. Thereby the RF'T remain unchanged.
Unfortunately the accuracy observed for the uncontrolled case could not be
met. As a consequence, the extension of the methodology to cover also reac-
tive power flows is only valid for a very conservative voltage range.

The methodology was also applied to some external network data. The
obtained results correspond to the results of DSO 1.

Even though some DSOs may have already or will have powerful GIS
systems allowing to perform grid studies, the proposed methodology is still
suitable for the replication of findings. E.g. for feeders with a similar param-
eter triple (HCS,I,,om—nrin and R), corresponding results can be expected.

Due to the reduced number of nodes, the RF'T methodology is suitable to
provide simplified feeder models for multi-voltage load flow studies. In such
studies, where the entire supply area of a DSO is studied simultaneously,
loadflows are performed for the LV, MV and HV grids of a DSO. Hence,
simplified feeder models for LV-feeders reduce the calculation time and the
complexitiy. In the SCADA systems where the medium voltage grids are
modeled in detail, the simplified LV-feeders could be integrated as under-
lined networks, to study the impact of setpoints within the MV-grids on
LV-networks and vice verca. Replacing a feeder by the equivalent reference
feeder leads to a loss of information. For example, the loads in the real
feeder have to be assigned to load location of the respective RFT. The close-
ness centrality is a suitable method to link loads of real feeders to nodes in
equivalent feeders. Thereby, the Monte-Carlo simulation results show that
the accuracy of results (voltage levels, loading of lines, losses) is comparable
for most investigated feeders.

The development of RFT allowed the classification of feeders from a topo-
logical point of view. Unfortunately, a high number of unique network con-
figurations remained, which could not be reduced to a small number of rep-
resentative networks. The analysis of the occurrence of reference topologies

114



showed, that more than 40% of the networks contain only RFTs of group A
and B. Moreover, almost 25% of the networks contain only RFTs of group
A. Networks containing only RFTs of group B have a share of 10%, as well
as networks with RFTs of group A, B and C.

In conclusion, a limited set of RFT topologies were defined and validated
with the LV-grid data of two DSOs. Furthermore sensitivity studies were
performed on the admissible voltage rise and the input parameter HCS. Ad-
ditionally, the HC accuracy with an activated PF-control was investigated
and limitations discussed.
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8 Outlook

In this work, a methodology was proposed and validated to select reference
feeders that are equivalent in terms of the HC of feeders under defined as-
sumptions. Based on the results of this work, several research questions
arise.

In a LV-network with several feeders, the HC of all feeder in a network
may exceed the rating of the secondary transformer. However, the HC plau-
sibility of the calculated HC values per feeder need to be checked with e.g.
solar resource maps. Further studies could be conducted for the investigated
DSOs, to identify such secondary substations that could be theoretically
overloaded in the future if a high share of DER is expected. The HC of
all feeders supplied by a secondary stations may exceed the rating of the
secondary transformer. However, the overloading could be prevented by ap-
plying e.g. a VoltWatt-control to all inverters. Since secondary transform-
ers were neglected, the methodology is also suitable for micro grids. The
presented statistical analysis of the LV-grid data of the two DSOs, allows
identifying the HC of the entire LV-supply area. In combination with so-
lar resource maps, DER integration action plans could be developed while
minimizing grid reinforcements costs.

Furthermore, the methodology could be included in GIS-Systems of DSOs
to automatically calculate the parameter HCS to identify the RFT of real
feeders.

Based on the introduced RFT and their descriptions, a hand book could
be developed to support network planners and operators. Such a hand book
could for example include guidelines if a voltage band extension or a smart
grid solutions could be favored against grid reinforcements for particular RE'T
and parameters Ry and I,,om—1rin-

The performance of the methodology is distinct for each of the investi-
gated DSOs. Additionally, divergent accuracies were observed for the feeders
classified as rural and urban of DSO 2. Additional investigations are required
to identify these variances which are not covered by the considered input pa-
rameter triple.

The definition of the feeder end node is suitable for radial feeders as well
as for meshed feeders. Therefore, another open question is if the proposed
methodology performs well for meshed feeders.

In this work, secondary substations were excluded from the running ar-
rangement. However, by considering the resistance, reactance and nominal
current of the secondary transformer the methodology could be extended to
cover also the secondary transformer.

The methodology is suitable to be extended easily to consider also the end
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node reactance Xj. However, the accuracy of representative feeders is lower
compared to active power in-feed only. If the performance could be increased,
effects of smart grid schemes based on reactive power control could be studied
for a higher admissible voltage rise as well.

To run automated power flow studies for a high number of real feeders
requires to automate the assigment of loads in real feeders to appropriate
locations in equivalent feeders. Hence, an algorithm utilizing the closeness
centrality is needed.

Further, the proposed methodology could be improved with investigations
to predict HCS precisely. Then, the HC calculation for the DER-scenarios
uniform and eof would be obsolete. However, at the same time it should be
considered that the number of DSOs having a powerful GIS-tool to run load
flows is increasing.

Indeed, the parameter HCS requires most of the efforts to define a ref-
erence feeder. However, if a suitable network model is not available to run
load flow calculation, then, a set of parameters could be found to estimate
the parameter HCS. With the investigated LV-grid data, neuronal networks
or decision trees could be developed to estimate the parameter HCS or even
the HC of feeders which would replace power flow calculations. Nevertheless,
such an approach would not provide a set of reference feeders that could be
utilized for load flow studies.

A remaining open question is the accuracy regarding reactive power flows
under a VoltVAr-control scheme of the proposed reference feeders and real
feeders. This question is relevant for the investigation of larger grid areas
including LV/MV and HV voltage levels.

The defined RFT are suitable for LV-feeders. Another open question is
if the methodology could be expanded to MV-feeders.

The proposed RFT could be improved to increase the HC accuracy. For
example, radial RFT without any branches could be developed and compared
to the proposed RFT.

For training and educational purposes realistic grid data shall be utilized.
However, realistic grids may complicate the understanding of concepts and
studies for beginners. Hence, the proposed reference feeders are suitable to
ease understanding and reduce the complexity of feeders allowing to focus
on the study.

The analysis of the RFT distribution in networks showed that a few
number of representative network topologies cannot be defined. Further in-
vestigations are needed to define such reference networks.
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A Reference Topologies

In this section all defined reference feeder topologies are presented. One
should note that the parameters R, and I,,,, are needed to configure the
reference feeder topologies before being able to run load flow calculations.
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B Variation of the Ampacity of the Weak-
est Line in a Feeder Per Reference Feeder
Topology Group

In this section, the ampacity of lines, as one input parameter for the RFT
parametrization, is investigated. The ecdf of this parameter is provided for
each RFT, to generate a realistically parameterized RF'T for synthetic large
scale studies.
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Ecdf of | . for HCS group D
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C Variation of the Short Circuit Resistance
at the End Node Per Reference Feeder Topol-

ogy Group

In this section, the short circuit resistance of the end node, as one input
parameter for the RFT parametrization, is investigated. The ecdf of this
parameter is provided for each RFT, to generate a realistically parameterized

RFT for synthetic large scale studies
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Figure 99: Empirical cumulative distribution function of the end node resis-
tance in feeders for the defined hosting capability sensitivity group A
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Ecdf of R for HCS group B
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Figure 100: Empirical cumulative distribution function of the end node re-
sistance in feeders for the defined hosting capability sensitivity group B
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Figure 101: Empirical cumulative distribution function of the end node re-
sistance in feeders for the defined hosting capability sensitivity group C
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Ecdf of R for HCS group D
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Figure 102: Empirical cumulative distribution function of the end node re-
sistance in feeders for the defined hosting capability sensitivity group D
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Figure 103: Empirical cumulative distribution function of the end node re-
sistance in feeders for the defined hosting capability sensitivity group E
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D Hosting Capability Mismatch for the dis-
tributed energy resource-scenario end of
feeder

In this section, the HC mismatch results for the DER-scenario eof are pre-
sented. In the methodology, the lowest ampacity in the feeder is considered.
Therefore, the minimal ampacity on the main path of the feeder, which is the
relevant ampacity for the DER-scenario eof may be higher. Hence, the HC
can only be underestimated for loading constrained feeders. Since the end
node resistance Ry is a input parameter of the methodology, the mismatch
for voltage constrained feeders is neglible. Thus, the mismatch is basically
caused by the mismatch between the parameters I,,om—ap and Lom— Avg-
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Figure 104: DSO 1 - Hosting capability mismatch for different admissible
voltage rise limits - boxplot showing 1th/5th/median/95th and 99th per-
centile (DER-scenario end of feeder, power factor 1)
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Figure 105: DSO 2 - Hosting capability mismatch for different admissible
voltage rise limits - boxplot showing 1th/5th/median/95th and 99th per-
centile (DER-scenario end of feeder, power factor 1)

E Hosting Capacity Sensitivity Dependency
Analysis for Distribution System Operator
1

In this section, the results of the HCS dependency analysis for DSO 1 are
given.
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Figure 106: DSO 1 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 1% (ueofl) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER-scenario uniform, power factor 1)
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Figure 107: DSO 1 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 2% (ueof2) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER~scenario uniform, power factor 1)
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Hosting capacity mismatch (uniform) - ueof3 - DSO 1
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Figure 108: DSO 1 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 3% (ueof3) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER-scenario uniform, power factor 1)
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Figure 109: DSO 1 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 4% (ueof4) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER~scenario uniform, power factor 1)
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Figure 110: DSO1 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 5% (ueof5) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER-scenario uniform, power factor 1)

Hosting capacity mismatch (uniform) - ueof6 - DSO 1

T
HCT
HCTH
LT
T
FTH
-

Mismatch in p.u
o o
N oOoN
HC T

101 1.02 103 1.04 105 106 1.07 108
u__scenario in p.u.
max

Figure 111: DSO 1 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 6% (ueof6) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER~scenario uniform, power factor 1)
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Figure 112: DSO 1 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 7% (ueof7) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER-scenario uniform, power factor 1)
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Figure 113: DSO 1 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 8% (ueof8) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER~scenario uniform, power factor 1)
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F Hosting Capability Sensitivity Dependency
Analysis for Distribution System Operator
2

In this section, the results of the HCS dependency analysis for DSO 2 are
given.
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Figure 114: DSO 2 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 1% (ueofl) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER-scenario uniform, power factor 1)
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Figure 115: DSO 2 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 2% (ueof2) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER-scenario uniform, power factor 1)
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Figure 116: DSO 2 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 3% (ueof3) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER~scenario uniform, power factor 1)
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Hosting capacity mismatch (uniform) - ueof4 - DSO 2
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Figure 117: DSO 2 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 4% (ueof4) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER-scenario uniform, power factor 1)
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Figure 118: DSO 2 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 5% (ueof5) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER~scenario uniform, power factor 1)
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Hosting capacity mismatch (uniform) - ueofé - DSO 2

M.smamhmpu
A ——
S
S —

o —

- —

- —

i —

 ——

L L L L L L L L
1.01 102 103 104 105 106 107 1.08

u__scenario in p.u.
max

Figure 119: DSO 2 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 6% (ueof6) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER-scenario uniform, power factor 1)
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Figure 120: DSO 2 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 7% (ueof7) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER~scenario uniform, power factor 1)
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Hosting capacity mismatch (uniform) - ueof8 - DSO 2
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Figure 121: DSO 2 - Hosting capability mismatch for different admissible
voltage rise limits; Hosting capability sensitivity obtained for an admissible
voltage rise of 8% (ueof8) - boxplot showing 1th/5th/median/95th and 99th
percentile (DER-scenario uniform, power factor 1)

G Feeder Analysis Algorithms

The described methodology requires performing a high number of scenarios
for a large number of feeders. Therefore an adaptable and flexible design
of scripts is required to work with this high amount of data and calculate
the results in an automated way. An algorithm was developed which was
designed to calculate all HC scenarios and statistical parameters (Algorithm
6) in a modular way. First the subscripts are presented, followed by the main
algorithm for the feeder analysis.

CheckPlausibility: In this function, the plausibility of the number of
nodes, lines and loads is tested. Furthermore, it is tested if a power flow
calculation can be calculated without errors. If the plausibility check fails,
the network is omitted and no results are written:
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Data: Network data
Result: Boolean: Network is suitable for network calculations or not
initialization;
Set AllLoadsInNetworkToZero();
NrLoads = GetNumberOfLoadsInNetwork();
NrNodes = GetNumberofNodesInNetwork();
iErr = RunLoadFlowCalculation();
oTransformer = GetHighestLoaded TransformerObject();
transformerLoading = oTransformer.loading;
oLine = GetHighestLoadedLineObject();
lineL.oading = oLine.loading;
INVALID = NrLoads < 1 or NrNodes <=1 or iErr == 1 or
transformerLoading > 100 or lineLoading > 100;
Algorithm 1: Check network plausibility
DefineFeeders: First, feeders that were already defined in the network

are deleted. Next, the feeder starting points are identified. Feeder starting
points can be identified since these nodes are drawn both in the ’internal
world’ of the substation as well as in the 'real world’. Third, the feeders of a
network are defined. After the definition of feeders, it is possible to perform
calculations for each feeder independently.

® N O Uk W N -

Data: Network data
Result: Feeder definitions
initialization;
DeleteAllFeeders();
setOfNodesGrid = FindNodesInTheGrid();
setOfNodesInternal = FindNodesInInternalWorld();
setFeederNodes = getCommonNodes(setNodesGrid,setNodesInternal);
for each node in setFeederNodes do

| DefineAFeederStartingAtNode(node);
end

Algorithm 2: Feeder definition

SetSlackToLV: In some LV-networks, more than one secondary sub-

stations may be found. To calculate the hosting capability of feeders, all
secondary substations need to be deactivated and replaced by a slack on
low-voltage side of the transformers.
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Data: Network data
Result: All secondary substations replaced by a slack
initialization;
ListOfTransformers = Find TransformersInSecondarySubstations();
for each transformer in ListOfTransformers do

DeactivateTransformer(transformer);

slack = CreateSlack(transformer);

ConnectSlackToLVsideOf Transformer(transformer,slack);
end

Algorithm 3: Replace secondary substation by a slack

RunStatistical Analysis: With this script, statistical parameters that
do not require either a power flow calculation or a short circuit calculation
are obtained both on feeder and network level.

N O Rk W =
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Data: Network
Result: Feeder and Grid Statistics

initialization;

NrLoadsGrid = GetNumberOfLoadsInNetwork();

NrNodesGrid = GetNumberOfNodesInNetwork();

NrCablesGrid = GetNumberOfCablesinNetwork();
TotalLineLengthGrid = 0;

ListOfLines = GetAllLinesInNetwork(); for each Line in ListOfLines

do
‘ TotalLineLengthGrid += Line.length;

8 end
9 GridADTN = CalculateAverageDistanceToneighbors(Network);

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

GridANON = CalculateAverageNumberOfneighbors(Network);
TotalRating = 0;
for each SecondaryTransformer do

‘ TotalRating += SecondaryTransformer.rating;
end
for each Feeder in Network do
LoadsFeeder = GetNumberOfLoadsInFeeder(Feeder);
NodesFeeder = GetNumberOfNodesInFeeder(Feeder);
CablesFeeder = GetNumberOfCablesInFeeder(Feeder);
ListOfLines = GetAllLinesInFeeder(Feeder);
Line = GetLineWithHighestRating(ListOfLines);
InomMax = Line.Inom;
cable = GetCableWithLowestRating(ListOfLines);
InomMin = Line.Inom,;
TotalLineLengthFeeder = 0;
for each Line in ListOfLines do

‘ TotalLineLengthFeeder += Cable.length;
end
InomAvg = CalculateAverageCableRating(setCables);
FeederADTN = CalculateAverageDistanceToneighbors(Feeder);
FeederANON = CalculateAverageNumberOfneighbors(Feeder);

end

Algorithm 4: Gather statistical parameters
RunGeographicalAnalysis: Calculation of the straight line distance

and electrical distance from the secondary transformer to the most distant
node.
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Data: Network

Result: Electrical length and linear distance to end node;
BooleanRadialFeeder

initialization;

RunPowerFlow();

setNodes = GetAllNodesInNetwork();

refNode = GetReferenceNode(setNodes);

for each Feeder in Network do

ListOfNodes = GetAllNodesInFeeder(Feeder);

endNode = GetEndNode(ListOfNodes);

electricalDistance = endNode.distance;

linearDistance = CalculateLinearDistance(refNode,endNode);

BooleanRadialFeeder = Feeder.isRadial;

end
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Algorithm 5: Run geographical analysis study
RunShortCircuitStudy: A short circuit calculation is performed for
each feeder in the network. The short circuit impedance, resistance and re-
actance for the end node is obtained.

Data: Network

Result: Short circuit parameters of end node

1 initialization;

2 for each Feeder in Network do

3 SetStandardLoad Consumption();

4 ListOfNodes = GetAllNodesInFeeder(Feeder);
5 endNode = GetNodeWithLowest Voltage(ListOfNodes);
6 RunShortCircuitCalculation();

7 R;. = endNode.Rshc;

8 X = endNode.Xshc;

9 7 = endNode.Zshc;

10 end

Algorithm 6: Run short circuit study
RunSumImpedanceStudy: The equivalent sum impedance of the feeder
is calculated for the DER-scenarios uniform and eof.
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Data: Network
Result: Specific feeder parameters
1 initialization;
2 for each Feeder in Network do
3 SetLoadConsumptionWeighted();
RunPowerFlow();
ListOfNodes= GetAllNodesInNetwork();
refNode = GetReferenceNode(ListOfNodes);
endNode = GetNodeWithLowest Voltage(ListOfNodes);
SumImpedanceWeighted =
CalculateSumImpedance(refNode,endNode);
9 setPath = GetPath(refNode,endNode);
10 ListOfLines = GetAllLinesInFeeder(Feeder) cable =
GetCableWithLowestRating(ListOfLines);
11 InomMinMainPathWeighted = cable.Inom;
12 SetStandardLoad Consumption();
13 RunPowerFlow();
14 ListOfNodes = GetAllNodesInNetwork();
15 refNode = GetReferenceNode(ListOfNodes);
16 endNode = GetNodeWithLowest Voltage(ListOfNodes);
17 SumImpedanceStandard =
CalculateSumImpedance(refNode,endNode);
18 setPath = GetPath(refNode,endNode); cable =
GetCableWithLowestRating(setCables);
19 InomMinMainPathStandard = cable.Inom,;
20 RunSensitivity Analysis();
21 dvdP = endNode.dvdP;
22 dvdQ = endNode.dvdQ);
23 end

o N o o s

Algorithm 7: Run sum impedance study
RunHCStudy: This algorithm calculates the hosting capability consid-
ering all DER-scenarios and voltage levels for a PF of 1 and 0.9 (ind.) for
the activated network. The function CalculateHostingCapability utilized the
secant method (newton-raphson) for faster convergence. Thereby two scaling
factors are calculated: one for the estimated voltage rise and one for the esti-
mated loading. The lower scaling factor then is used for the next interation.
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Data: Network
Result: Hosting Capability results for a given scenario

1 initialization;

2 voltageScenario = 1.01:0.01:1.08;

3 ListOfPV = GetAllPVInstallations(Network);

4 setAllPVInstallationsToZero(ListOfPV);

5 for each voltageScenario do

6 for each Feeder in Network do

7 ListOfPV = GetFeederP VInstallations(Feeder);

8 endNodePV = GetPVInstalaltionAtEndNode(ListOfPV);
9 setAlllnstallationsToZero(setPV);

10 setInjectedPVPower (ListOfPV, uniform’);

11 setPowerFactor(ListOfPV,1);

12 CalculateHostingCapability (ListOfPV ,voltageScenario);
13 setPowerFactor(ListOfPV,0.9);

14 CalculateHostingCapability (ListOfPV voltageScenario);
15 setAlllnstallationsToZero(ListOfPV);

16 setInjection(ListOfPV'weighted’);

17 setPowerFactor(ListOfPV,1);

18 CalculateHostingCapability (ListOfPV,voltageScenario);
19 setPowerFactor(ListOfPV,0.9);

20 CalculateHostingCapability (ListOfPV,voltageScenario);
21 setAlllnstallationsToZero(ListOfPV);

22 setInjection(endNodePV,’eof’);

23 setPowerFactor(endNodePV,1);

24 CalculateHostingCapability (endNodePV voltageScenario);
25 setPowerFactor(endNodePV,0.9);

26 CalculateHostingCapability (endNodePV voltageScenario);
27 setAlllnstallationsToZero(endNodePV);

28 end

29 end

Algorithm 8: Run hosting capability study

RunVoltVArStudy: This algorithm calculates the hosting capability
considering the DER-scenario uniform and all voltage levels with an acti-
vated VoltVAr control for the activated network. The function Calculate-
VoltVArHostingCapability utilized the secant method (newton-raphson) for
faster convergence. Thereby to scaling factors are calculated: one for the
estimated voltage rise and one for the estimated loading. The lower scaling
factor then is used in the next step.
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Data: Network

Result: Hosting Capability results for a given scenario
initialization;

voltageScenario = 1.01:0.01:1.08;

ListOfPV = GetAllPVInstallations(Network);
setAlllnstallationsToZero(ListOfPV);
distributionScenarios = "uniform’,’'weighted’,’eof’;

for each voltageScenario do

for each Feeder in Network do

for each scenario in distributionScenarios do
ListOfPV = GetFeederPVInstallations(Feeder);
setPVInjection(ListOfPV scenario);
CalculateVoltVArHostingCapability (ListOfPV voltageScenario);

© 00 N O Uk W =
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12 WriteAllFeederResults();
13 setAllPVInstallationsToZero(ListOfPV);

14 end

15 end
16 end
Algorithm 9: Run hosting capability study (VoltVAr)

MainAlgorithm: After the definition of all subscripts, the overall algo-
rithm to calculate all parameters and the hosting capabilities for a particular
scenario (DER-scenario, voltage limit, reactive power control strategy) is
given in algorithm 10. Starting with an initialization (reading yearly con-
sumption data), for each network a plausibility check is performed. After
that the feeders are defined and the secondary transformer is replaced by a
LV-slack. Next, for each feeder HC scenario independent analysis are started
to gather relevant statistical parameters. Finally, for each voltage, control
scheme and DER-scenario, the HC is calculated. The developed algorithm,
was implemented in DIgSILENT Programming Language (DPL). The reader
will note, that this algorithm contains subscripts that can be run indepen-
dently from each other. Hence, skipping parts of the main algorithm can be
easily implemented by commenting out the appropriate function. Moreover,
the analysis can be performed for specific voltage limits only.
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Data: Network data
Result: HC and parameters for defined scenarios
1 initialization;
2 for each network do
3 INVALID = CheckPlausibility();
4 if INVALID == 1 then
5 ‘ continue;
6 end
7 DefineFeeders();
8 SetSlackToLV();
9 RunStatistical Analysis();
10 RunGeographical Analysis();
11 RunShortCircuitStudy();
12 RunSumImpedanceStudy();
13 RunHCStudy();
14 RunVoltVArStudy();
15 DeleteCustomSlacks();
16 end
Algorithm 10: Hosting capability and parameter calculation

The execution of the algorithm is depicted in Figure 122. Thereby the
networks of the two DSO are assessed from the PowerFactory Database.
Further the annual consumption data of loads needed for the DER-scenario
weighted is read. Thanks to the modular scripting of the tasks, each simu-
lation scenario can be performed independently of other scenarios. This is
achieved by storing simulation results per network and simulation case. For
example, the HC calculation for a particular voltage limit and DER-scenario
can be recalculated for a single network, if needed. The results of each sim-
ulation case are stored in a specific text file (comma-separated), where the
particular results for each feeder are stored in one line. In a second step,
the txt-files are aggregated per DSO into a matrix in the correct order of
networks and feeders.
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Figure 122: Algorithm execution

H Methodology Validation with Monte-Carlo
Simulations for Selected Feeders

In this section, the detailed results of the investigation of real and equivalent
feeders with Monte-Carlo simulations are presented. The closeness centrality
descibred in section 3.5 was utilized to assign the consumption data of loads
in the real feeder to the most appropriate load location in equivalent feeders.
The investigated feeders can be found in [62].

The individual results are depicted from Figure 124 to 149. For that
purpose, x-y plots have been utilized to present the results for each power
flow for the real and equivalent feeders. Therefore, points on the red line
indicate a perfect match between real and equivalent feeders. Points above
the median mean that the results of the equivalent feeders are overestimated
compared to the real feeders. Respectively, points below the median indicate
that results are underestimated compared to the real feeders.
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Figure 123: Feeder 1 - Active power losses comparison
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Figure 124: Feeder 1 - Comparison of the maximal loading in the feeder
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Figure 125: Feeder 1 - Comparison of the voltage drop in the feeder
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Figure 126: Feeder 2 - Active power losses comparison
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Figure 127: Feeder 2 - Comparison of the maximal loading in the feeder
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Figure 128: Feeder 2 - Comparison of the voltage drop in the feeder
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Figure 129: Feeder 3 - Active power losses comparison
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Figure 130: Feeder 3 - Comparison of the maximal loading in the feeder
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Figure 131: Feeder 3 - Comparison of the voltage drop in the feeder

176



Feeder 4

0.01aF - S - - 7 Loss
3 .
S 0012 L : 1 1.080
<
4
2 0.010 1 : ; ; 1 1.065 <
] S
= 5
0 &
@ 0.008 - 1.050 ®
3 5
£ °
€ 0.006 - | 1.035 &
©
S
2 0.004 1.020
g

0.002 i i 1.005

L i L i
0.002 0.004 0.006 0.008 0.010 0.012 0.014
Real feeders Losses in MW

Figure 132: Feeder 4 - Active power losses comparison
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Figure 133: Feeder 4 - Comparison of the maximal loading in the feeder
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Figure 134: Feeder 4 - Comparison of the voltage drop in the feeder
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Figure 135: Feeder 5 - Active power losses comparison
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Figure 136: Feeder 5 - Comparison of the maximal loading in the feeder
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Figure 137: Feeder 5 - Comparison of the voltage drop in the feeder
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Figure 138: Feeder 6 - Active power losses comparison
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Figure 139: Feeder 6 - Comparison of the maximal loading in the feeder
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Figure 140: Feeder 6 - Comparison of the voltage drop in the feeder
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Figure 141: Feeder 7 - Active power losses comparison
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Figure 142: Feeder 7 - Comparison of the maximal loading in the feeder
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Figure 143: Feeder 7 - Comparison of the voltage drop in the feeder
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Feeder 8
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Figure 144: Feeder 8 - Active power losses comparison
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Figure 145: Feeder 8 - Comparison of the maximal loading in the feeder
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Figure 146: Feeder 8 - Comparison of the voltage drop in the feeder
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Feeder 9
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Figure 147: Feeder 9 - Active power losses comparison

Feeder 9

16 T T T T T T T
® 1.095
c
o 14T R
g
$ 1.080
812 ; H |
s
£ 10} : : E 1065 5
£ &
2 gl | 1.050 rsn
n
4 °
5 T
T 6 ; : R 1.035 £
&
§ 4r : : : 1 1.020
™ .
2
S 21 d i
g \.. I I I I 1.005

I I
2 4 6 8 10 12 14 16
Real feeders Maxmimal loading in %

Figure 148: Feeder 9 - Comparison of the maximal loading in the feeder
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Figure 149: Feeder 9 - Comparison of the voltage drop in the feeder
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