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Abstract: The hosting capacity approach is presented as a planning, improving, and communication
tool for electrical distribution systems operating under specific uncertainties, such as power quality
issues, power stabilities, and reliability, among others. In other words, it is an important technique,
when renewable sources are present, to answer the amount of power that is possible to supply to the
system without trespassing power performance limits. However, the power flow in a distribution
system, for instance, can change throughout time due to the penetration of distributed generation,
as well as load consumption. Based on the dynamic nature existing in distribution grids nowadays,
it is important to highlight that the hosting capacity should not be calculated in a specifically
chosen time only, but must be analyzed throughout a period of time. Thus, this paper introduces
an extended concept of hosting capacity in relation to an integrated impact of harmonic voltage
distortion and voltage rise as a function of time for daily, weekly, monthly, or even yearly periods.
This extended concept is named as Dynamic Hosting Capacity (DHC(t)). General aspects of DHC(t)
are demonstrated via measured data on a photovoltaic system (PV) connected at a low-voltage (LV)
side of a university building.

Keywords: distributed generation; distributed energy resources; dynamic hosting capacity; power
quality indexes; voltage rise; and harmonic voltage distortion

1. Introduction

The integration of distributed energy resources (DER) (for example, large amounts of roof-top
photovoltaic systems—PV) is expected to increase as fast as predicted. Over the last years, there has
been growing interest in DER installations at the low-voltage (LV) residential side and commercial
sites, or even as solar farms, given the substantial price reductions that resulted from a stretched
manufacturing capacity of PV modules [1-3]. Therefore, voltage rise problems have been described in
the literature as the biggest problem of integration of a large amount of DERs [1,2,4,5]. Some studies
regarding voltage rise and harmonic injection by DER in electrical networks have been carried
out [6]. However, there are still some critical issues in control, protection, operation, and planning
of distribution systems with high penetration of DER, due to change in network settings. Therefore,
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along with interruptions, voltage regulation, and voltage sags, voltage rise issues have become a
serious and increasing concern in distribution systems [1,2,7].

In accordance with Reference [7], the maximum permissible voltage rise caused by a DER, is defined
as “the one that brings the maximum voltage magnitude exactly to the regulatory overvoltage limit.”
The maximum amount of generation that can be introduced without compromising the power quality
indexes, while still ensuring the reliability of the system, is defined as hosting capacity [4,7-10].
Throughout the next few years, hosting capacity analysis is expected to become an important tool for
planning and design improvement in distribution networks.

Several studies, for example References [8-13], have been carried out on the hosting capacity
concept in many different paths. Those studies calculated the hosting capacity for distribution networks
regarding voltage rises, caused by PV systems of new “prosumers” (producers and consumers at
the same time). Different approaches have been applied to determine the hosting capacity value of
existing distribution networks to evaluate increasing levels of DERs. The most recent evidence suggests
statistical approaches, aiming at defining the optimal DER generation location and sizing [12,14-16].
The hosting capacity value has been estimated by large network operators, when evaluating the large
integration number of renewable electricity production into the electrical networks under analysis [10].
It is important to highlight that what makes the hosting capacity method unique is the integrated use
of power quality indexes in order to calculate a global value of hosting capacity, in order to provide
system reliability. More recent studies [9-11,16-19] suggest that other performances indexes, such as
power stability and philosophy protection, can be defined as well as mathematical-technical variables
to be considered in the hosting capacity method. Other authors have analyzed different impacts and
methods to define the hosting capacity concept.

One important issue is addressed in Reference [14] in which a methodology, based on an extension
lead of the hosting capacity concept, is described and aimed at evaluating the effects of plug-in electric
vehicles (PEVs). Moreover, an index called time-dependent hosting capacity was proposed by the
authors, thus making it possible to incorporate in its formulation the charging duration of PEVs, as well
as the grid’s constraints. Additionally, in Reference [17], studies have indicated that a high photovoltaic
(PV) penetration can result in voltage rises as well as reverse power flow concerns in the distribution
network. It shows that the hosting capacity for PV systems depends on various fundamental factors,
such as the feeder’s voltage classification, PV allocation, short circuit levels, among others. The main
focus of the author was to calculate the sensitivity of the hosting capacity to various factors affecting
it. Moreover, a study from 2011 [9] addressed the hosting capacity as a “tool for distribution-system
planning under uncertainties”. The tool was illustrated by estimating the ability of two low-voltage
networks for rising amounts of customers with PV panels on their roofs or with EV chargers. Moreover,
general aspects of the hosting capacity calculations have also been discussed, such as performance
indices, limits, and calculation methods. Those aspects are discussed in relation to other phenomena
as well (overcurrent, voltage unbalance, harmonic, among others) [4,10,11,13,14,18-37].

However, there has been little discussion on the integration of different disturbances characteristics
in order to determine the hosting capacity value for the electrical system in a distribution or transmission
level. The community has raised some concerns about a large integration scale of active power
electronics [4,23-28] in the electrical systems, where it can result in further disturbances, such as
voltage rise due to harmonic distortion [4], interharmonics or supraharmonics [10], among others.
Thus, integrating different disturbances in order to find a global value of the hosting capacity has
been discussed by different authors according to our previous state of art. Despite the integration of
different electrical disturbances phenomena, one of the main issues what it is known about hosting
capacity approach and analysis regarding the lack of considerations throughout different periods
of time. For instance, another aspect addressed in current studies is the amount of capacitance and
the number of inverters connected to the grid, both of which are expected to increase at all voltage
levels in the grid through different values in different time windows [4]. Seemingly, those phenomena
are variant in time, which means that its power quality indexes are changeable throughout a period
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of time. Consequently, the maximum amount of generation permissible to connect to the grid will
change. Therefore, the dynamic behavior of the hosting capacity throughout a period of time is still
not widely understood.

The aim of this research is to analyze the behavior of the levels of harmonic distortions and voltage
profile over a specific period of time. These power injections will directly impact the voltage rise profile
of the system, as well as the global hosting capacity value [4].

This paper provides a new approach to find a time-varying hosting capacity behavior through
instants of time. This extended hosting capacity approach can better represent external and internal
variations of the system along the time, as for example, the impact of voltage rise and harmonic
distortion caused by non-linear loads and DERs. Thus, this paper is an overview and the applicability
of the new methodology to determine the Dynamic Hosting Capacity (DHC(t)) for voltage rise due to
power injections and harmonics introduced by the DERs [4].

DHC(t) is defined as the time-varying hosting capacity within a dynamic profile determined for
a PV installation in a university building, as a practical example. Thus, it is important to highlight
the real case in a university building was chosen, as a way to illustrate the discussed methodology
presented in this paper.

This paper is divided into five sections. The Section 1 contains a brief overview of the distributed
energy resources and their impact on distribution systems. The hosting capacity approach as well
as its evolution and strategies concerning distribution systems are outlined in Section 2; a general
concept is also presented in this section. In Section 3, a new hosting capacity approach is put forward,
called Dynamic Hosting Capacity (DHC(t)) where a new methodology is described in order to bring
further discussion in relation to time-variant hosting capacity. Finally, in Sections 4 and 5, a case study
is described in detail and its results discussed.

2. Hosting Capacity Approach

Initial studies on hosting capacity considered its contributions in order to apply those concepts
into distribution systems. Moreover, its terminology according to Reference [6], “was brought about
in 2004 during discussions within the integrated European EU—DEEP project”. Some preliminary
work [10,13,22,29,37] involving the term hosting capacity was carried out in different fields, such as
for internal servers, for watermarking of images and for the settlement of refugees, for instance.
Since then, the hosting capacity concept has gained considerable attention as a part of the planning
process, where the idea of developing better assessments of DER, involving power quality issues,
is paramount [10].

Hosting capacity has been investigated as an important strategic instrument applied into
distribution network systems due to its connection with distributed generation. Previous studies have
focused on planning and improving a strategy using the hosting capacity approach as an instrument
of calculation [3,6-16,24,26-28].

In Reference [6], the authors define the hosting capacity approach as a transparent tool in order to
communicate with stakeholders concerning the grid to which the DER is connected. An increasing
number of studies have reiterated that the hosting capacity is “defined as the maximum amount
of new energy generation, as well as energy consumption, which can be connected to the electrical
grid without endangering its reliability or compromising power quality” [3-10,16-18,20-29]. In other
words, the hosting capacity is the amount of DER that can be integrated into a given system to the
point where the performance index reaches its limits [4,8-10]. The maximum amount of generation can
be classified as: The worst-hosting capacity, usual hosting capacity and the best-hosting capacity [4].
As shown in Figure 1, the curve range can be defined as the acceptable deterioration region between
the best-hosting capacity ranges, which is attached to the best background distortion level of the
system, and the worst-capacity range, which is attached to the worst background distortion level of
the system, defines the region where it is possible to retain the system operational, free of uncertainties
disturbances, while in respect to its limits index which depends on local standards.
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Figure 1. Hosting capacity general approach—worst, usual, and best cases.

It is strongly suggested that it is important to take into account uncertainties when performing
hosting capacity studies, in order to determine the region referred to as deterioration region, shown
in Figure 1, where it is possible to improve the DER production [4,10]. For example, a recent review
of the literature on PV generation topic [10] discovered that uncertainties in its production can
include: The type of installations, whether the configuration is a three-phase or a single-phase one,
the orientation of the PV panel, the type and size of inverters, active and reactive controls implemented,
among others.

In the literature, there are several examples of the hosting capacity approach into electrical systems.
What it is known about hosting capacity, so far, is largely based on studies where the exact amount of
generation is solicited, which can be set up considering power quality indexes. A lot is known about
different methods to find a global number for the chosen systems under analysis.

Many studies have been published on the hosting-capacity-based planning approach mentioned
previously. Those approaches are based on high PV penetration, which can cause overvoltage in the
system. Moreover, there is even a risk of undervoltage, due to the no-load considerations, as well as a
risk of voltage unbalance as a consequence of large single-phase connection devices. In this context,
harmonic voltage distortions occur due to current injection by electronic devices, system existent
background harmonics, electrical losses caused by heating—a consequence of overcurrent—among
others [4,10,12,18].

In the traditional approach, hosting capacity is calculated considering each phenomenon described
before, separately. This has proven to be effective, especially taking into account that hosting capacity
approaches have received an enormous deal of awareness given their practicality and efficiency in
determining the maximum amount of generation for distribution systems under DER’s connections.

However, in Reference [4], a new approach in order to calculate the hosting capacity regarding
different phenomena was addressed, where two important phenomena in the power quality field are
addressed into the same equation. In order to understand the local hosting capacity dependence on
harmonic voltage distortion, the maximum active power injected by DER source can be assumed by
Equation (1), assuming that the maximum of AV" is V'™ " _vh where Vg™ " is the voltage limit for
each frequency imposed by standards, for instance, IEEE 519. It can be composed for all harmonic
orders as in Equation (1),

ymax, h (Vmax, h_ Vh)
Pgmx, h _ 8 8 0 (1)

hX
R(1 +tan((p)R—ff)

where
Ve " is the voltage magnitude limit for harmonic order J;
V! is the actual voltage magnitude of harmonic in relation to order & at the PCC;
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@ is the arcos (PF) where the PF is the power factor measured at the PCC;

Ry is the Thévenin's resistance calculated at the PCC.

As mentioned by Reference [3], the modelled DER includes electronic components, which are
capable of injecting harmonic currents. For PV systems, their inverters are represented as the sum of
harmonic current sources in parallel at the PCC, which will impact the RMS voltage at the PCC [3],
as given by Equation (2).

@)
The generated power, as a function of the RMS voltage, is given by Equation (3).
5.2
V2 (JEZV?)  ©v2
P, = RMS _ _ h 3)

Ry Ry Ry

In accordance with Reference [3], the voltage rise due to the fundamental and the harmonic
insertion/injection is analyzed and discussed with the aim of validating the previous discussed model.
Several recommendations were presented for connecting PV generation, for instance, across other
electrical network systems. Assuming Equations (1) and (3), the P'g””x is given by Equation (4).

1 N ngax, h(ngax, h_ Vg)

Ry = (1+tan((p)%)

max __
8

(4)

Extensive work on the potential applications of an integrated hosting capacity approach is still
lacing. However, some critical issues should be analyzed, as shown in Reference [3], which depicts
the integration of two different performance index, which refers to voltage rise and harmonic voltage
distortion, beneath background harmonic distortion existing at the PCC for different electronic loads
or DGs.

As described before through the state of art, recent research has tended to focus on hosting
capacity calculation at specific instants of time [30,32,33,37]. These references mostly show the hosting
capacity related to voltage regulation and reverse power flow. However, it is necessary to also consider
the impact of harmonics on the voltage regulation caused by renewables, according to Reference [4],
as well as given by Equations (3) and (4).

Based on this fact, a dynamic harmonic injection is considered in order to properly assess the
impact on the resultant voltage profile, and consequently, the global hosting capacity. It is important
to consider that a dynamic harmonic injection is composed by the background harmonic distortion
as well as distortions produced by the inverters (for PVs). Moreover, the resultant voltage harmonic
vector can be represented by Equation (5).

h h h
V(t)o = V(t)Background + V(t)Inverters ©)

The fundamental characteristic of Dynamic Hosting Capacity (DHC(t)) allows to increase and
improve the usual hosting capacity by applying a time-gap, which can describe its behavior against
external and internal variations of the system, such as load conditions, background harmonic distortion,
irradiation index, among others. Based on Equations (4) and (5), as mentioned before, the hosting
capacity at the PCC can be defined as the sum of maximum power to be injected for each frequency [3,4]
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into the network system. Furthermore, in this analysis, time variation is set as a relevant parameter as
defined in Equation (6).

h h
Pmax meax h _ 1 i ;’nax ' Vm”x Vlg(t)) 6)
- R_ hX
h= f

It is important to underline that the maximum amount of power depends on the harmonic voltage
values, which are defined for each instant of time. A generic graph of DHC(t) is shown in Figure 2.
Moreover, the time resolution in order to find the global value of the hosting capacity and its profile

can be defined as daily, weekly, monthly, or even yearly.

A
Maximum Hosting

capacity

Acceptable
Region

Dynamic Hosting Capacity

Minimum Hosting
capacity

\J

Time

Figure 2. Dynamic hosting capacity (DHC(t)) approach.

The maximum and minimum hosting capacity values do have analytical consequences to the
grid. The minimum value will be the deterministic value used to describe the effectiveness of the grid,
since the region under the minimum value can be considered unacceptable for working conditions.
That is, the harmonic background at the PCC, as well as the voltage values, are almost crossing their
respective limits imposed by standards. On the other hand, the maximum value determines that the
region has the lowest power qualities indexes. But to achieve these values it is necessary to carry out
conditioning improvements, which can be led by previous studies in the grid. This range of values
suggests that there is a satisfactory work region defined between the minimum and maximum hosting
capacity value. Thus, the region can also be defined as the region where DER systems will no longer
work properly considering power quality issues. As a conclusion based on the previous fact, the larger
the accepted region is, the more efficient the system performance will be.

This implies that the DHC(t) analysis is important to evaluate the time varying robustness
conditions of the grid, considering DERs. These findings add to a growing body of literature on the
hosting capacity concept and its derivations.

3. Case Study

In order to understand the DHC(t), a case study has been used according to [4,31,32]. The model
was implemented using specific measurement data of the voltage RMS profile and harmonic spectrum,
mainly. Power Quality monitoring equipment were used to record the RMS magnitude of the nodal
voltage as well as the current injection at the 220 V bus, for one week in a row, with a 10 min
time interval.

The studied system is composed of a 220 V feeder connected to a busbar, a 150 kVA
transformer connected to 13.8 kV-220 V, and one PV system with 15 KW}, (Solar panels + Inverter +
autotransformer) [4,31,32]. The maximum PV generation is approximately 15 KW, even though the
maximum load for the considered building is 4 kW since it was not fully operational. The exceeding
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power supply other buildings in the campus through the 13.8 kV distribution feeder. The electric
schematic is shown in Figure 3. Table 1 shows the values of the factors for the simulations.

li CEMIG 13,8kV

N | PY-15Kwp

+ Inverters

l () ~18m

3Fx6 mm?

I

Transformer 150 kVA
45 kVA
380/230 - 220/127V BE kVZfii’O/HJ !
7=1,2% -

220V

Figure 3. One-line diagram for the PV System of the Center of Excellence in Smart Grids situated in
UNIFEI's campus (Federal University of Itajuba) [4,31,32].

Table 1. Parameters of the CERIn System [4,31,32].

Parameter Default Value
Autotransformer 45 kVA, 380/230-220/127 V, Z. = 1.2%
Transformer 150 kVA 13.8 kV-220/127 V, Z = 4%
PV Cable 18 m, 3P X 6 mm?, Cu
PV system + Inverters 15 kWp, + 2 Inverters (7.5 kW)
CEMIG 13.8 kV Scc = 1000 MVA

In order to illustrate the calculation of DHC(t) using the maximum power capacity equation given
in Equation (6), the voltage rise and harmonic source injection are based on measurement data of the
voltage profile, harmonic injection, THD profile, frequency, and others. Therefore, two power quality
analyzers were installed on the 220 V side of the transformer and of the autotransformer.

This seems to be a useful approach to get a weekly power quality measurement. Thus, the DHC(t)
capacity can be calculated in order to define a hosting capacity profile considering the maximum
amount of power calculated by Equation (6).

4. Results

4.1. Global Maximum Hosting Capacity Daily

The first set of analysis examined the impact on the calculation of the DHC(t) by using the
measurements of the system. The correlation between the data measurements of generated power and
the maximum power generation calculated by Equation (6) was tested and plotted for all the days in
the week of measurement. That is, for all measured values of generated power, a maximum amount
of power generation was calculated using Equation (6), creating a linear dependency, which linear
regression using the y = ax + b formulation is shown in Figures 4 and 5.
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Figure 4. Voltage variation x generated power and the linear dependency in relation to the maximum
amount of power calculated by (5)—April 9th, 2015.
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Figure 5. Voltage variation x generated power and the linear dependency in relation to the maximum
amount of power calculated by Equation (5) for 10th of April 2015 and 11th of April 2015.

If a linear extrapolation is created using these points, it is possible to determine the hosting
capacity when the calculated line crosses the overvoltage limit index at 5%. For example, for the
9th of April 2015, the linear regression found regarding the maximum amount of power calculated
is equal to y = 0.0035 x — 0.0333, where the variable y represents the overvoltage margin of the
system, and x represents the calculated power for any overvoltage margin considered. In this case,
the overvoltage margin of 5% will be replaced in y in order to find its respective x value. Thus, the final
solutions contained represent the average hosting capacity in relation to the chosen day. In Figure 4,
it is possible to see that the hosting capacity calculated is 24 kW for the 9th of April 2015.

These tests were also reproduced for other days. The results are shown in Figures 5-7.

Technically, ordinary least squares (OLS) regression minimizes the sum of the squared residuals.
It is important to mention that the coefficient of determination from our analysis has achieved 99.98%.
As mentioned before, a linear extrapolation is created using these points to determine the hosting
capacity when the line crosses the overvoltage limit index at 5% for all days.

These tests highlighted that there is a possible DHC(t) profile for the measured week in order to
draw a better view of the behavior of the system. The results on local hosting capacity for all days can
be seen in Table 2.
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Figure 6. Voltage variation x generated power and the linear dependency in relation to the maximum
amount of power calculated by Equation (5) for 12th of April 2015 and 13th of April 2015.
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Figure 7. Voltage variation x generated power and the linear dependency in relation to the maximum
amount of power calculated by Equation (5) for 14th of April 2015 and 15th of April 2015.

Table 2. Hosting Capacity values for the measured week crossing 5V = 5%.

Date
HC

April 9th
24 kW

April 10th  April 11th  April 12th  April 13th  April 14th  April 15th
23.5 kW 23.4 kW 19.5 kW 23.3 kW 23.6 kW 23.6 KW

4.2. Dynamic Hosting Capacity Profile

This method represents a useful and initial alternative to drawing the DHC(t) profile considering
the day mentioned before, where for each instant of measurement, a maximum power generation,
using Equation (6), has been calculated. Therefore, as stated earlier, a linear correlation is calculated
for all these instants of time using the overvoltage margin as well as the measured power from the PV.
These factors will be responsible for this result. Let us take a look at Figure 8 where an exemplification
of the calculation of the daily DHC(t) is given.

As in the local hosting capacity method, when these lines cross the limit index at 5%, a group
of lines will be drawn as a result of the hosting capacity value. These lines are created due to the
existence of the ordered pairs: The measured pair (6V; Pg) and the calculated pair (6Vuax; Pgl”x ) by
Equation (5). It is important to notice that all ordered pairs are related by an instant in time. In Figure 8,
as an example, we have defined two ordered pairs in order to illustrate the method. For each ordered
pair, as mentioned before, we will extend those lines until they reach the limit index set as 5% of
the overvoltage margin. In the example, the purple line created by the first ordered pair will reach
a hosting capacity value of 5% of the maximum overvoltage margin of 25 kW. On the other hand,
the yellow line created by the second ordered pair will reach 23 kW of hosting capacity for a certain
instant in time. Based on this methodology, we will repeat the procedure for all ordered pairs created
by Equation (5). Thus, the daily DHC(t) profile for April 9th is shown in Figure 9.
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Dynamic Maximum Power Generation Capacity Daily - 9th April 2015
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Figure 8. Exemplification of calculation of dynamic daily hosting capacity in relation to April 9th, 2015.
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Figure 9. The dynamic daily hosting capacity in relation to April 9th, 2015.

The average score for the 9th of April was 24 kW, as calculated through the daily DHC(t)
profile. Remarkably, some values of hosting capacity are slightly higher and lower than the average.
These phenomena might have occurred because some external and internal factors had contributed to
these differences. In this case, the maximum daily hosting capacity is 24.8 kW, whereas the minimum
value is 22.6 kW. In relation to one of the highest value, it is possible to offer an explanation. This result
is only significant at a moment when there is almost no solar production because it is early in the
morning or there are clouds covering the panels. Thus, the voltage rise will be low due to the lack of
solar production, coupled with the fact that the building is empty. For example, one of the highest
DHC(t) found was at 12 p.m., which is defined as lunch time and all the building’s equipment are
turned off, while of the presence of some clouds in the sky might have decreased the solar production
as well. On the other hand, the smaller values observed in the daily DHC(t) could be explained as a
result of a huge solar production and no load being fed at that moment. Moreover, the minimum value
reached was at 06:00 p.m., which might have happened because most of the electronic equipment of
the building was turned on and injecting high levels of distortion at the PCC. Unfortunately, it cannot
be ruled out that the factors cited before may have influenced the extreme local hosting capacity values.
Further analysis must be conducted.
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As a conclusion, due to the special characteristic of the building connected to the system, the lower
the solar production is, the lower the voltage rise will be. Finally, it can be offered as an explanation
regarding the region between the maximum value and the minimum value. As mentioned in the
section before, the smaller the acceptable region is, the worse the conditions of the grid will be. In this
case, the performance regarding the 9th of April could be related to the fact that the day has presented
one of the biggest solar production, as shown in Figure 10. Thus, if the load of the building is lower
than expected and the PV production is almost reaching its peak, the range of harmonic distortion,
as well as the voltage rise, would impact its DHC(t) profile.

PV generation at QMAP - April 2015

[kw]
o

NONB O

Days of Measurement

——P Méx [kW] ——P Méd [kw] P Min [kW]

Figure 10. PV generation for one week of measurement.

Applying this calculation process to the other days results the daily profile for each day, as shown
in Figures 11-13.

These tests highlighted that there is a relation between the PV production and the area, which can
be calculated in relation to the maximum and minimum daily hosting capacity.

Hostmg Capacnty Apnl 10th 2015

LI) 22

21 F — — —maximum

— — —minimum

7 8 9 07 11 12 13 14 18
time (h)
Hosting Capacity - April 11th 2015

ZLE) 22 r
21 F — — —maximum
— — —minimum

7 8 9 7 11 12 13 14 15 16 17 18
time (h)

Figure 11. The daily DHC(t) for the in relation to April 10th and 11th, 2015.
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Figure 12. The daily DHC(t) for the in relation to April 12th and 13th, 2015.
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Figure 13. The daily DHC(t) for the in relation to April 13th and 15th, 2015.

4.3. The Energy-Hosting Capacity Area (EHC)

Strong related evidence was found, making it possible to sustain that the higher the PV production
is, the worse the performance of the grid will be or the smaller the daily hosting capacity area will be,
according to the analysis in Section 4.2. Therefore, the daily hosting capacity area can be defined as
energy-hosting capacity (EHC) and this relation can be calculated, as given in (7).

EHCdaily = (Hcmax - HCmin)-(24 h) [kWh] @)

The average score for the daily EHC was calculated using (7) based on the maximum and minimum
values discussed in Figures 9-13. Moreover, the values of PV production were taken from Figure 10.
The data and results are shown in Table 3.
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Table 3. Daily EHC and PV maximum production.

Day Daily EHC (kWh) Max PV Production (kW)
09/04/2015 50.95374 14.7561
10/04/2015 82.81773 12.8069
11/04/2015 36.94982 13.1786
12/04/2015 80.47586 11.7228
13/04/2015 69.1255 13.6711
14/04/2015 84.26921 13.6245
15/05/2015 82.18106 14.2848

Based on the values from Table 3, the daily EHC profile and the maximum PV generation can be
drawn, which is shown in Figure 14.

90 16

80 /\ /\ 4
=70 ~ 12
i 60 10 %
o 8 %
= 40 g
?30 0 E
S 20 4

10 2

0 0

4/9 4/10 4/11 4/12 4/13 4/14 4/15

Week of measurement

e EHC Pg max

Figure 14. Daily EHC profile versus maximum PV generation.

These results are only significant for the performance of the grid based on the PV production.
Interestingly, this correlation is related to the maximum PV production, as well as the load conditions at
the PCC. It is important to highlight that our results could not be tested on loading conditions, because
there was no exclusive measurement of the load level. Thus, the single most marked observation to
emerge from the data comparison was the larger the PV production is, the smaller the energy-hosting
capacity (daily hosting capacity area) will be, which can be mitigated by power quality improvement
processes. These mitigation processes can be found in the next sections.

4.4. Weekly Dynamic Hosting Capacity throgh Upper and Lower Limit

As mentioned before, it is important to mention that these results weren’t exclusively for one day
of measurement, since they were also calculated for other days during the week of measurement as
shown in Figure 10. The most remarkable result which emerges from the set of data is that the weekly
DHC(t) profile is drawn for the system using the values of Table 2. Interestingly, the results are related
to the maximum and minimum points in the final curve, as shown from Figure 4 till Figure 7 and from
Figure 11 till Figure 13, where the maximum hosting capacity found remained at 23.8 kW and the
minimum hosting capacity was 19 kW, describing a 4.8 kW gap between these two values. The DHC(t)
profile, as well as the lower and upper limits of the maximum amount of generated power, are shown
in Figure 15.
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Figure 15. The Weekly Dynamic Hosting Capacity Profile.

4.5. The Relation between the THD and DHC

It is fundamental to note that the DHC(t) profile has a strong correlation to external and internal
phenomena into the system, which will be shown in the next figures. These analyses will demonstrate
what has been discussed in Reference [3] in relation to the impact of the harmonic distortion into
the voltage rise due to DERs, where the Total Harmonic Distortion (THD) was used to confirm the
correlation with the voltage rise.

Firstly, in Figure 16a, the THD profile of the system is shown. Additionally, it is possible to
estimate that the highest value of the measured THD regarding the week of measurement is related
to the high incidence of the 5th harmonic, which is a consequence of the inverters connected to the
system. Nevertheless, this value has been found to be typical of PV systems. It is worth observing
in Figure 9 that the day 12th of April had the highest THD distortion regarding the measured week.
The most striking result to emerge from the data, shown in Figure 16b, is that the highest voltage value
was on the 12th of April as well. Thus, the correlation between the THD and the voltage rise is worth
mentioning. Consequently, Equation (5) captures the exact response of the voltage rises due to the
harmonic distortion. Therefore, there is a satisfactory agreement between the THD and the voltage
profile as well as the hosting capacity value. These results are only significant at a DHC(t) profile level.

Total Harmonic Distortion - Phase A[%] Voltage Profile Weekly

St/v/ot
SU/p/TT
st/vfet
ST/v/ET
SU/vivT
ST/p/ST

——THD MAX [%] Week of measurement

(@) (b)

Figure 16. (a) The Total Harmonic Distortion for the System and (b) voltage rise profile for the system.
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These results further expand the usefulness of the DHC(t) and its consequences about the system.
The minimum value of the local hosting capacity is directly connected to the THD, which impacts the
voltage rise, as shown in Figure 16b. As a conclusion, the higher the THD is, the higher the voltage rise
is, and the more limited the local hosting capacity will be. On the other hand, the lower the THD is,
the lower the voltage rise is and the less limited the local hosting capacity will be, providing a bigger
range to increase the local power generation.

From this perspective, the results emphasize the validity of the proposed model to calculate
a DHC(t) due to harmonic voltage distortion and its consequences on the voltage rise. These tests
revealed that the DHC(t) approach must be considered and calculated for the systems in order to
minimize issues of planning and re-fitting projects. Thus, the experiments are in line with the previous
discussion shown in Section 3 and its consequences cited. Regarding this correlation, the results were
plotted in Figure 17, where the relation between the voltage rise and the hosting capacity value is
clearly shown.

DHC Profile x Voltage Profile Weekly
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-] = — = = — —
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Voltage Values Hosting Capacity Values

Figure 17. The DHC(t) profile versus the voltage profile and its meaning.

5. Conclusions

The evidence from this study suggests that the DHC(t) is an important tool in order to get
further understanding of the distribution systems capacity in the presence of distributed renewable
generation. This work has helped to conclude that the local hosting capacity should not be analyzed
only statically because its dynamic nature can help operators to better deal with intermittent distributed
renewable resources.

As hypothesized, the paper demonstrates that the hosting capacity must be considered as a time
variant function. There is satisfactory agreement among the previous studies in the hosting capacity
field, which have been considered as a very useful tool for distribution systems planning.

Through this work it was obtained satisfactory results demonstrating that the DHC(t) has the
potential to predict the hosting capacity consequently facilitating the planning and operation of the
system under constantly varying and unpredictable generation and demand conditions. Applications
in more complex systems are encouraged.
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