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Abstract

In this thesis, an algorithm that calculates the hosting capacity of inde-
pendent PV, or EV charger systems was created. The hosting capacity is
based on slow voltage variations and voltage unbalances caused by worst
case PV generation and EV charging scenarios. The algorithm was run for
four different commercial and industrial networks, and a range of network
impedances. The outcome of the algorithm resulted into two figures for each
of the networks, representing the possible installed capacity of PV and EV
charger systems, respectively.
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Chapter 1

Introduction

1.1 Research Context

Climate change is a big factor in promoting technologies that support sus-
tainable electricity production and travel. The last decade’s carbon dioxide
(CO2) levels are the highest in millennia [1]. As a consequence, the European
Union is making efforts to cut its CO2 emissions by 80%-95% by 2050, and
aims to spend at least 20% of the EU budget towards climate change related
issues [2]. In the Netherlands, governmental financial support towards driv-
ing electric vehicles (EV) [3], is provided. Finally, government policies have
played a large role in reducing the costs of Photovoltaic (PV) systems [4].
Due to the climate change awareness amongst governments, it is believed
that sustainable technologies, which reduce CO2 emissions, will increase in
the future.

However, PV systems and EVs, which are sustainable technology advance-
ments, may impede the Power Quality (PQ) of low voltage (LV) networks.
PQ refers to the collection of the characteristics in voltage and current be-
haviour, with which you can analyze the total quality of power. PV and EV
charger systems in LV networks impede the PQ by impacting the voltage
level, and causing voltage unbalances [5] [6] [7]. The risks of impacting the
PQ beyond the LV network’s limits, affect the network’s hosting capacity of
PV and EV charger systems.

Good understanding of the LV network provides insight about the likeli-
hood and severity of these risks, and finally the hosting capacity. Moreover,
it is believed that network power monitoring can play a large role. Power
monitoring presents knowledge about the network’s occurring voltages and
currents, which is generally used to ensure safety, and improve efficiency [8].
However, it may be worthwhile to use this same information, about the
voltage and current, in determining the hosting capacity of PV and EV
charger systems.
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1.2 Research Question

The objective is to find the independent PV, or EV charger system host-
ing capacity of an analyzed industrial or commercial network based on slow
voltage variations and voltage unbalances. Evidently, this leads to the fol-
lowing research question.

”How can an industrial and commercial distribution network’s
hosting capacity of independent PV, or EV charger systems, be
determined, based on monitoring data, slow voltage variations

and voltage unbalances?”

The main research question is supported by the following sub-questions:

1. Which properties of PV and EV charger systems influence slow voltage
variations and unbalances?

2. Which properties of the industrial and commercial distribution net-
work influence the slow voltage variations and unbalances?

3. What are the power quality requirements of industrial and commercial
distribution network, PV, and EV charger system?

4. How can the above be incorporated within a model or algorithm that
provides the hosting capacity?

1.3 Research Methodology

The first step to finding the hosting capacity was to understand how slow
voltage variations and voltage unbalances, arise in the LV network with
independent PV or EV charger systems installed. In this research, this
understanding had come from literature work, but also measurement and
monitoring data. Based on this knowledge, the relevant characteristics and
behaviours, that effect these PQ aspects, of PV and EV charger systems
were determined.

The second step was to gather the information about the LV network,
and also determine its relevant characteristics and behaviours. This was
performed by analyzing the LV networks, of which certain information and
power monitoring data had been provided by the company HyTEPS.

The third step was to identify the slow voltage variation, and voltage un-
balance limits with respect to PV and EV charger systems, and the network.

The fourth step was to define a core model that predicts the slow voltage
and voltage unbalances in the LV network with either PV or EV charger
system installed. This was then incorporated within an algorithm that finds
the maximum capacity of the PV or EV charger system, based on the limits
given.
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The chosen programming language for the algorithm was Python. Python
is free to use, and an accessible programming language to many academics.

1.4 Thesis Structure

This thesis is split into several parts, containing individual chapters. In the
first part, ”Theory”, the theory behind slow voltage variations and voltage
unbalances, and how these arise in LV networks with PV and EV charger
systems, is explained. Chapter 2 focuses on the definition of these PQ
aspects, and their relation to the current. Chapter 3 shows how PV and EV
charger systems affect the current.

The second part, ”Ground Truth Data”, contains the analysis of PV and
EV charger systems, and the industrial and commercial networks’ data,
given by the company HyTEPS. The PV and EV charger system analyses,
in Chapter 4 and 5, are used as the foundation for the general PV and
EV charger behaviours. In Chapter 6, the behaviours of the industrial and
commercial networks, are also analyzed. Finally, the characteristics and
data of these networks are used directly in the final algorithm.

The third part, ”Hosting Capacity Algorithm”, contains the explanation
and application of the algorithm that calculates the hosting capacity of in-
dependent PV, or EV systems. The framework of the algorithm is explained
in Chapter 7. The algorithm requires constructed scenarios that represent a
LV network situation where either PV, or EV charger systems have been in-
stalled. The construction of these scenarios are explained in Chapter 8 and
9. Additionally, the algorithm contains a core model, which is explained
in Chapter 10. Finally, the algorithm requires slow voltage variations and
voltage unbalance limits, which are defined in Chapter 11. The results of
the algorithm with the network data from Chapter 6, are shown in Chapter
12.

The fourth part, ”Discussion, Conclusion, Future work and Recommend-
ation” contains the final thoughts about the research, and the proposed
algorithm.
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Part I

Theory
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Chapter 2

Slow Voltage Variations and
Voltage Unbalances in LV
networks

2.1 Slow Voltage Variations

2.1.1 Definition

The slow voltage variations are the changes in the 10 minute average RMS
voltage magnitudes [9]. One of the causes of slow voltage variations are the
daily load patterns of customers [10].

2.1.2 Causes

Figure 2.1 shows the relation between the voltage at the load, the utility
voltage and the transport losses. In the electric network, the transport losses
result in a voltage drop, which causes the voltage at the load to decrease
with respect to the utility voltage.

Utility Load
Transport Losses

UUtility

ULoad

ΔUTransport

ILoad

Figure 2.1: The voltage drop is the result of the transport losses, which
occur in between the utility supply and the load.
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This phenomena can be described in Equation 2.1. Here, ULoad, repres-
ents the load voltage in volts, the utility voltage, UUtility, the transport
impedance, ZTransport, in ohms, and the load current, ILoad, in amps, which
together represent the voltage drop ∆UTransport, in volts. The utility and
load voltage and load current are phasors, whereas the voltage drop and
impedance are complex numbers.

ŪLoad = ŪUtility − ĪLoad · Z̄Transport = Ūutility −∆ŪTransport (2.1)

One of the key characteristics of AC systems is the presence of active
and reactive power in the network. The load demand can be a combination
of both powers. Moreover, the reactive power can either be inductive, or
capacitive. Depending on the resistive and reactive characteristics of the
transport impedance, the load demand can result in a positive or negative
voltage drop. For example, the active part and inductive part of a load
will lead to a positive voltage drop, decreasing the RMS voltage at the load.
However, the capacitive part of the load will lead to a negative voltage drop,
increasing the RMS voltage at the load.

In LV networks, the network resistance is much greater than the reactance,
meaning that the reactive power influence on the voltage drop is negligible.
However, at the beginning of the LV network, directly behind the trans-
former, the reactive power can significantly influence the voltage drop due
to the higher reactance to resistance (X/R) ratio of the transformer.

2.1.3 Regulations

There are regulations for the voltage levels in the LV network and the in-
between voltage drop. The voltage in the LV network should not deviate
more than 10% of the nominal voltage of 230 Volts [11]. Secondly, as il-
lustrated in Figure 2.2, the IEC suggests a permissable voltage drop of 8%
between the secondary side of the transformer and the final load, and 5%
between the start of the installation and the final load.

8



Figure 2.2: Maximum Voltage drop according to [a], the IEC60364-5-52. [12]

2.2 Voltage Unbalances

2.2.1 Definition

The definition of voltage unbalance, %V UF , is defined as the ratio between
the negative sequence, Vnegative, and positive sequence, Vpositive, component
magnitude of the 10 minute average three-phase voltage [13], as shown in
Equation 2.2.

%V UF =
Vnegative
Vpositive

· 100% (2.2)

The positive and negative sequence component are derived from the three-
phase voltage, as described in Equations 2.3 and 2.4. Here, UL1, UL2, and
UL3 are the line to neutral voltages.

V̄positive = ŪL1 + a · ŪL2 + a2 · ŪL3 (2.3)

V̄negative = ŪL1 + a2 · ŪL2 + a · ŪL3 (2.4)

Where, the definition of a and a2 are the following:

a = 120◦ (2.5)

a2 = 240◦ (2.6)

9



2.2.2 Causes

Voltage unbalances in the LV network arise due to unbalanced utility voltages,
and/or unbalanced voltage drops between the phases. The latter are caused
by unbalanced currents and/or unbalanced network impedances.

As an example, Figure 2.3 shows an unbalanced network where both loads
are unequal, and no load is connected to the third phase. The unbalanced
load lead to an unbalanced current, and a current flow in the neutral wire.

N

L1

L2

L3

Load 1

Load 2

Figure 2.3: An unbalanced network where only the first two phases are
loaded, and Load1 6= Load2.

The voltage level in each phase can be described in Equation 2.7, where
ŪLxLoad

represent the phase voltage on the load. Indeed, Equation 2.7 is
similar to Equation 2.1. However here, the voltage, current, and impedance
differences between the individual phases are acknowledged as well.

For phase Lx in phases L1, L2, and L3:

ŪLxLoad
= ŪLxUtility

− ĪLxLoad
· Z̄LxTransport

(2.7)

2.2.3 Regulations

The IEC has provided limits for the voltage unbalance in the network. The
10 minute averages of the voltage unbalances, according to the definition,
should not be more than 2% [14].

2.3 Responsibilities

Three main groups are involved with the voltage levels and voltage unbal-
ances in the electric network. These groups are the device manufacturers,
grid operators and customers.

10



The grid operator is responsible for the voltage at Point of Common Coup-
ling (PCC). PCC is the point where the public grid ends, and the customer’s
network starts. Here, the slow voltage variations, and voltage unbalances
must not exceed the limits as described in the Dutch regulations, NEN-EN
50160 [15].

The device manufacturer creates devices with a certain electromagnetic
compatability (EMC). This means that the device is compatible with certain
levels of voltage magnitude, or voltage unbalances. The most commonly used
international standards for the EMC are stated in the IEC 61000 series.

Finally, the customer is responsible for the current at PCC. The customer
is allowed to draw as much current as stated per contract with the grid
operator. By installing electric devices, the customer controls the current
flow in the network. Therefore, to manage the current flow, the customer
should design their network accordingly.

11
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Chapter 3

Slow Voltage Variations and
Voltage Unbalances in PV
and EV Charger Systems

3.1 PV System

3.1.1 Definition

A PV system is a system that directly converts sunlight into electrical energy,
which is then transformed into usable electricity for the intended load. The
PV system contains a PV array, where light is converted in DC electricity,
and an inverter, where the DC electricity is converted to AC electricity.

3.1.2 Voltage Level

As illustrated in Figure 3.1, the PV system injects current into the network.
As described in Equation 3.1, the current, ĪPV , affects the voltage drop,
∆ŪTransport, and finally the voltage level at the PV system, ŪPV . The same
principle as described in section 2.1.2 is present. Here, due to the opposite
direction of the current, the voltage drop leads to a voltage raise at the PV
system.

13



Utility PV

Transport Losses

UUtility

UPV

ΔUTransport

IPV

Figure 3.1: PV injection leads to a voltage raise at the PV system.

ŪPV = ŪUtility + ĪPV · Z̄Transport = Ūutility + ∆ŪTransport (3.1)

As described in Figure 3.2, PV systems that are connected in the lower
levels of the customer’s network may affect the higher levels as well.

Utility PV
Higher Level
Transport Losses

UUtility

UPV
ΔUL-L Transport

IPV Lower Level
Transport 
Losses

Loads

ULoads

ΔUH-L Transport

Figure 3.2: PV injection in lower levels of the network leads to a voltage
raise also at higher levels of the network.

However, if the load exactly matches the PV generation, there will be no
voltage raise at the load. Moreover, it will reduce the slow voltage variations
at the load, because no power support from the utility is needed [16]. PV
systems ususally operate at unity power factor [17], meaning that it only
covers the active power load in the network. Therefore, the reactive power
may still cause voltage variations.

3.1.3 Voltage Unbalance

Both single phase and three-phase PV systems can lead to current unbalance
between the three phases. In the presence of an unbalanced load, three-phase

14



PVS can aggravate the unbalance in the network. This may lead to the PV
system satisfying the load in one phase, but not the other. In the worst case,
some phases may inject power in the external grid, while the other draws
power.

3.2 EV Charger Systems

3.2.1 Definition

An Electric Vehicle (EV) is a battery powered car that requires an external
power source to charge its battery. To provide this demand, EV Charging
Systems, with available charging sockets, are installed.

3.2.2 Voltage Level and Unbalances

Depending on the connected EV(s) and EV charging statiosn, and the im-
pedance of the network, there can be substantial network losses. In the same
way as described in section 2.1.2 and section 2.2.2, these losses may result in
voltage drops that risk undervoltage and unbalance at the system’s feeder.

15
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Part II

Ground Truth Data
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Chapter 4

PV System Data Analysis

4.1 Background

The voltage at a certain node is the combination of the utility voltage and
the in-between voltage drop. To analyze the effect of the PV system on the
voltage drop, the current must be inspected. If the behaviour of the current
is aligned with the behaviour of the node’s voltage, there is a significant
influence.

Current injection of PV systems can lead to voltage fluctuations in the
feeder. Additionally, even with three-phase PV systems, voltage unbalances
may be the result due to unbalanced currents. Although unbalanced loads
alone may lead to voltage unbalances, the presence of a three-phase PV
system may aggravate it.

In the Netherlands, the company HyTEPS has installed a monitoring
device that monitors the power quality of a single household in a residential
neighbourhood. The house has a 9 kWp PVS installed on its roof with a
built-in measurement device.

In this analysis, raw data from the household and PVS was used to charac-
terize the PVS effects on an electric network. The main points of focus were
the slow voltage variation, and voltage unbalance. To do this, the three-
phase line current, active and reactive power, and voltage were observed.
The analysis was performed by plotting the data using Python.

4.2 Goal

The goal of the analysis is to characterize the PVS behaviour that lead to
voltage unbalance and effects on the slow voltage variations.
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Figure 4.1: Configuration of the household in the neighbourhood.
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Table 4.1: PV Module Characteristics [18]

Brand WINAICO

Total Capacity ∼9kWp

Peak Power per Module 295 Wp

Amount Modules 30

Cell Surface 156.75*156.75 mm2

Amount cells per Module 60

Module Efficiency 17.7%

Temperature Coefficient -0.48%/K

4.3 Configuration

The configuration of the household system is shown in Figure 4.2. The house
was located in a residential neighbourhood. Within this neighbourhood,
other PV systems had been installed as well. In the monitored house, three-
phase power was available, and a 9 kWp three-phase PV system was installed
on the household’s main feeder.

The household monitoring device was a SATEC EM133 Smart Energy
Meter. It measured the voltage on the switchboard, and the current on the
incoming feeder. The features of the PV modules are displayed in Table 4.1.
The wires of the PV system were connected to the switchboard according
to Table 4.2. The PV system had a monitoring device that measured the
voltage and current on the AC and DC side of the converter.

4.3.1 Time Line

Two weeks of monitoring data was extracted from the months July and
December 2018, which represented the best and worst sunlight conditions,
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Table 4.2: Wiring of the PV System and the Household’s main feeder.

Household PVS

Phase L1 Phase L3

Phase L2 Phase L1

Phase L3 Phase L2

Figure 4.3: Sunlight recorded in July 2018, De Bilt, The Netherlands [19].

in that year. The amount of sunlight for both months are plotted in Figure
4.3 and Figure 4.4, respectively. Table 4.3 and Table 4.4 show the start
and end times of the extracted monitoring data for the household and PV
system measuring device, respectively.

Figure 4.4: Sunlight recorded in December 2018, De Bilt, The Netherlands
[20].
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Table 4.4: Start and End times of the extracted PVS monitoring data.

PVS
Monitoring

Start End
Date
(d/m/y)

Time
(h:min)

Date
(d/m/y)

Time
(h:min)

July 15/7/2018 00:02 21/7/2018 23:54

December 16/12/2018 00:01 22/12/2018 23:56

Table 4.5: Values extracted from the Household and PVS monitoring data.
X stands for extracted.

Name
Household
Monitoring
Device

PVS
Monitoring
Device

Date and Time x x

Three-Phase RMS Current x x

Three-Phase L-N Voltage x x

Three-Phase Active Power x

Table 4.3: Start and End times of the extracted household monitoring data

Household
Monitoring

Start End
Date
(d/m/y)

Time
(h:min:s)

Date
(d/m/y)

Time
(h:min:s)

July 15/7/2018 00:16:06 21/7/2018 23:45:41

december 16/12/2018 00:33:26 22/12/2018 22;50:38

4.3.2 Data Extraction

Table 4.5 shows which values had been extracted from the monitoring data.
The household monitoring device sent its measurements to a server where
SATEC eXpertpower had been installed. The raw datasheet for the house-
hold monitoring device was acquired via this software. According to the
data, the household monitoring device had sent values every 10 to 15 minutes.
Sometimes, there were gaps of roughly 30 minutes in-between the recordings.

Raw data had been extracted from the PV system monitoring device
directly. According to this data, the measurement device recorded the data
every 5 to 6 minutes. These recordings also had a few gaps up to 14 minutes
in-between the recordings.

This means that the data for both measurements were non-uniform. Fur-
thermore, because of the different time recordings, the data from both
devices cannot be exactly compared.
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4.3.3 Processing

The extracted data was transformed into 12 and 30 minute averages to over-
come the data’s non-uniformity. Additionally, the neutral current caused by
unbalanced currents was calculated, and the voltage unbalance was approx-
imated, to evaluate its impact.

The reason for using the neutral current instead of the current unbalance
is because current unbalance in percentages does not indicate the current
difference in magnitude. For example, phase currents of 200A, 100A, and
50A have the same current unbalance as a set of phase currents of 2A,
1A, and 0.5A. However, the first set has a bigger influence on the voltage
unbalance due to the higher magnitude of the current difference. In this ex-
ample, the unbalance induced neutral current would be 132.29A and 1.32A,
respectively.

12 minute Average

For the PV system data, a 12 minute average had been created according
to Equation 4.1. Since the most common time gap between the recordings
had been 6 minutes, most 12 minute average values were based on two
measurements.

For every 12 minutes, starting at 0 : 00 :

average data =
Sum of Data

Amount of Recordings
(4.1)

30 minute Average

For the household data, a 30 minute average had been created according to
Equation 4.2. The amount of values, of which these averages were based
upon, ranged from 1 to 3.

For every 30 minutes, starting at 0 : 00 :

average data =
Sum of Data

Amount of Recordings
(4.2)
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Neutral Current

L1

L2 L3

-120 ° +120 °

Figure 4.5: Phasor drawing of three-phase currents, in clockwise rotation,
with a phase difference of 120◦.

The neutral current induced by unbalance is the sum of the current phasors.
However, only the RMS magnitudes of the phase currents are available in
the measurements. This means that the phasor angles are not available.

Therefore, it is assumed that the phase difference between the phases is
120◦, as shown in Figure 4.5. Then, the measured RMS current magnitudes
and their respective phasor angles are used to calculate the neutral current
according to Equation 4.3.

Ī0 = ĪL1 + ĪL2 + ĪL3 (4.3)

Voltage Unbalance

Similarly to the current, there are only RMS Magnitudes and no phasor
angles available for the voltage measurements. Therefore, it is assumed that
the phase difference between the phase voltages is 120◦.
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4.4 Results

4.4.1 Apparent Power

Figure 4.6: PVS: Three-Phase Power 12 minute Average

Figure 4.6 shows the recorded apparent power at the PV system.

4.4.2 Current Level

PV System

Figure 4.7 shows the PV system’s three-phase 12 minute average current
during a week in July and December. There was less current production in
December than in July. The peak production in December was roughly 20%
of the peak production in July. Additionally, the timespan where current
was produced was shorter in December than in July. Current production in
December occurred between 12:00 and 16:30, and between 5:00 and 23:00 in
July.

The overall behaviour in July resembled a bell curve. This is expected,
since the position of the sun, in relation to the PV modules, influences the
solar irradiance on the modules. This curve was disrupted due to shading,
which is represented by the current variations in the July curve.

In Figure 4.7, the July and December curves do not align. The December
curve is slightly shifted to the left, in comparison to the July Curve. This
is due to daylight saving time. In July, the clock is set an hour in advance,
from UTC +1 to UTC +2, and leads to the PV curve shifting to the right.

Finally, the July curve had corners at the beginning and end of each day.
To understand this phenomena, the apparent power had been calculated by
multiplying the measured phase voltages and currents. This lead to Figure
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4.8, where the measured active power was compared to the apparent power
from Tuesday and Wednesday. This Figure shows that these injected powers,
between 6:00 and 8:00, and between 18:30 and 21:00, exist of a significant
amount of reactive power. At these particular time instances, there had not
been enough electricity production, which lead to a non-optimal operation
of the inverters. Additionally, Figure 4.9 shows that, in the December curve,
the inverter was mostly in non-optimal operation.

Figure 4.7: PVS: Three-Phase Current 12 minute Average

Figure 4.8: PVS July: Three-Phase Apparent Power and Active Power 12
minute Average
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Figure 4.9: PVS December: Three-Phase Apparent Power and Active Power
12 minute Average

Household

Figure 4.10 shows the three phase current measured at the household feeder.
In July, the PV curves are recognizable. This suggests that the household
feeder was injecting current into the grid at this time. In December, this
phenomena was less apparent, suggesting that the household was drawing
current from the grid.

Figure 4.10: PVS December: Three-Phase Apparent Power and Active
Power 12 minute Average
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4.4.3 Current Unbalance

PV System

Figure 4.11 shows the 12 minute average phase current difference of the
PV system for July and December. Differences L1-L2, L2-L3, and L3-L1,
represent the absolute phase current magnitude difference between phases
L1 and L2, L2 and L3, and L3 and L1, respectively. The current difference
was up to 0.15 A. The unbalance results in the neutral current presented in
Figure 4.12. The highest recorded neutral current was 0.14 A. The neutral
current is 1.3% of the maximum current of 10.8 A measured in July.

Figure 4.11: PVS: Three-phase Power Factor and Current

Figure 4.12: PVS: Neutral Current 12 Minute Average
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Household

Figure 4.13 shows the difference in phase current, measured at the House-
hold’s feeder. The phase current difference was higher than the phase current
difference at the PV system’s feeder. This implies that this current unbal-
ance was caused by the combined unbalanced loads and balanced generation
at the household’s main feeder.

In December, there were overall more phase current differences, than in
July. As the current differences exceeded the current differences at the
PV system, it seemed that the different neutral currents between July and
December was mainly due to changes in loading.

The neutral current caused by unbalances is presented in Figure 4.14. The
household showed neutral currents up to 12 A in July and December. This
is consistent with calculated current differences.

Finally, Figure 4.15 shows the neutral current while the PV system was
injecting current. This figure shows that the largest neutral currents were
present during PV generation.

Figure 4.13: Household: Three-phase Current Difference 30 Minute Average
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Figure 4.14: Household: Neutral Current 30 Minute Average

Figure 4.15: Household: Neutral Current 30 Minute Average During Gen-
eration

4.4.4 Voltage Level

PV System

Figure 4.16 and Figure 4.17 show the voltage vs current graphs for the PV
system in July and December, respectively. In both figures, there is a clear
rise in voltage, as current injection increases. However, in December, less
current was produced overall, which lead to a small increase in voltage.
Additionally, the PV systems installed in the rest of the neighbourhood
influence the voltage as well.
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Figure 4.16: PVS July: Three-Phase Voltage vs Current 12 Minute Aver-
age. The dots represent the measurements, whereas the line represents the
resulting regression plot.

Figure 4.17: PVS December: Three-Phase Voltage vs Current 12 Minute
Average. The dots represent the measurements, whereas the line represents
the resulting regression plot.

Household

Figure 4.18 and Figure 4.19 show the voltage vs current graphs for the
Household’s main feeder in July and December, respectively. By compar-
ing Figures 4.18 and 4.16, both PV system and Household show similar
behaviours. Remember that the PV system is wired as shown in Table 4.2.

Figures 4.19 and 4.17 show different behaviours. Here, the voltage on the
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PV system rises to inject current into the main feeder. However, the loading
behind the household’s feeder is larger than generation. This results in the
downwards or straight regression line.

Figure 4.18: Household July: Three-Phase Voltage vs Current 12 Minute
Average. The dots represent the measurements, whereas the line represents
the resulting regression plot.

Figure 4.19: Household December: Three-Phase Voltage vs Current 12
Minute Average. The dots represent the measurements, whereas the line
represents the resulting regression plot.

4.4.5 Voltage Unbalance

The voltage unbalance vs neutral current of both the PV system and House-
hold data is plotted in 4.20. There was more voltage unbalances in Decem-
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ber than in July. However, no clear relation was found between the voltage
unbalance and the neutral current.

Figure 4.20: PVS and Household: Voltage unbalance vs Neutral Current

4.5 PV System Behaviour

In this analysis, raw data from the household and three-phase PV system was
used to analyze the PV system effects on the electric network. The goal was
to distinguish how PV affects the slow voltage variations and unbalances.

Figure 4.7 shows that the general behaviour of PV generation depends
on the solar irradiance, the position of the sun, relative to the module, the
amount of clouding during the day, and the characteristics of the PV system.

PV generation increases and decreases as the sun rises in the morning and
sets in afternoon, respectively. There is more PV generation in Summer than
in Winter. This is because the duration of daylight is longer, and there is
generally less clouding, which is represented in Figures 4.3 and 4.4.

Additionally, PV generation depends on the characteristics of the PV sys-
tem, namely the module characteristics, the angle placement of the module,
and also the inverter. The behaviour of the inverter was noticeable in the
measurements. Non-optimal operation of the inverter lead to the injection of
reactive currents into the network as shown in 4.9. Nevertheless, the highest
currents that may have a significant effect on the voltage were recorded at
nominal operation of the inverter. Therefore, for determining the hosting
capacity, it is correct to assume a unity powerfactor.

However, the connected loads are also important to determine the total
effect on the household’s voltage.

The PV generation raises the voltage level on the PV system by injecting
current as seen in 4.16. However, a significant raise at the main feeder will
only occur if the generation exceeds the load at the main feeder. This was
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shown in Figure 4.18 and Figure 4.19. In July, the generation exceeded
the load, which caused a voltage raise. In December, the load exceeded
production, which lead to a voltage decrease.

Although a three-phase PV system could cause a voltage unbalance, in
this analysis, there was too little connection found between PV generation
and voltage unbalance. Current unbalances during PV generation were es-
tablished as shown in Figure 4.15. As the highest neutral currents were
measured during generation, it seemed that PV generation aggravated the
current unbalance. However, it did not affect the voltage unbalance signi-
ficantly.

Daylight savings time should be considered as well. Although these dif-
ferent times do not affect the position of the sun, relative to the module.
Daylight savings time does affect human behaviour, and therefore the time
at which loads are used.
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Chapter 5

Electric Vehicle Chargers
Data Analysis

5.1 Background

EV charger systems (EVCS) can affect the slow voltage variations and unbal-
ances. The line current combined with the network impedance cause voltage
drops and reduces the load voltage. Moreover, the difference in phase cur-
rent will lead to voltage unbalances. Both phenomena can be found by
measuring the three-phase voltage RMS magnitude and current.

The company HyTEPS had observed the power quality effects of com-
mercial EVCS at an office site at an urban area in the Netherlands. In
this research, the raw data from these measurements was used to analyse
the EVCS effects on slow voltage variations and voltage unbalances. To do
this, both the RMS of the line current and three-phase voltage were ob-
served. The analysis was performed by processing and plotting the data
using Python.

First, the goal of the analysis is explained, followed by the set-up of the
analysis. Here, the original configuration of the previous measurement is
defined. Then, the extraction and processing of the data for this analysis
is explained. This is followed by the results of the analysis, and finally a
conclusion

5.2 Goal

The goal of the analysis is to characterize the EVCS load behaviour that
lead to influences on the voltage unbalance and slow voltage variations.
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Figure 5.1: Configuration of the Measured network.

Table 5.1: Start and end times of the EVCS measurement.

First Measurement Last Measurement

Date (d/m/y) Time (h:min:s) Date (d/m/y) Time (h:min:s)

21/08/2018 10:39:49 24/08/2018 10:22:29

5.3 Set-Up

5.3.1 Configuration

As shown in Figure 5.1, a total of 16 EVCS sockets had been installed on
the EVCS main feeder. This was connected to the main distribution feeder,
which was connected to a transformer and finally the grid.

The measurement device measured the voltage on the EVCS switchboard
and the current on the incoming feeder of the EVCS switchboard. The
measurement device was a portable device called the Fluke 435-II Power
Quality Analyzer [21].

5.3.2 Timeline

Table 5.1 shows the start and end times of the measurement. The measure-
ment was conducted during the course of three working days. At the start
of the measurement 16 cars were connected.

5.3.3 Data Extraction

In the previous Part Theory, it had been explained that the voltage level is
affected by the current combined with the transport impedance. Moreover,
unbalanced currents lead to an unbalanced voltage. However, instead of
using the current unbalance, the neutral current was used to indicate the
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impact of current unbalance. This is because current unbalance in percent-
ages does not indicate the phase difference magnitude.

Therefore, the following raw data had been extracted from the Fluke:

1. 10 seconds Average Three-phase RMS Current

2. 10 seconds Average Three-phase RMS L-N Voltage

3. 10 seconds Average Voltage Unbalance

4. 10 seconds Average Neutral Current

5. Date and Time

To evaluate the load based on its slow voltage variations influence and
unbalances, the measurement data was transformed into 10 minute averages.
This was achieved using Equation 5.1. Here, t represents the time steps of
the raw data.

For t = 1..2..3..4..

10 min average data(t) =

∑60t
i=60t−59 data(i)

60
(5.1)

The Fluke calculated the voltage unbalance according to the IEC sugges-
ted method [21].

Finally, all 10 minute averages were plotted and analyzed using Python.

37



5.4 Results

5.4.1 Apparent Power

Figure 5.2: The Three Phase Apparent Power

Figure 5.2 shows the apparent power measured at the EV charging system.

5.4.2 Current Level

Figure 5.3: The total combined current

Figure 5.3 shows the combined three-phase current of the total recording
period. It appears that most cars had been connected starting in the morn-
ing. No cars were connected after 19:00.
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The highest loads were recorded at 10:49 on day 1, 9:29 on day 2, 9:39 on
day 3, and 9:59 on day 4. However, day 1 and day 4 were not fully recorded.

On day 2, the current in phase L1 raised from 0 A to 167 A within 70
minutes, starting at 8:19. On day 3, the current raised from 0 A to 211 A
within 110 min, starting at 7:49. The flow of current ended at 17:39, and
14:59 on day 2 and day 3, respectively.

Figure 5.4

Figure 5.5

Figure 5.4 and Figure 5.5 show the 10 second and 10 minute comparison
of individual phase currents for for day 2 and 3, respectively. It shows that
the 10 minute average current increase in the morning was the cause of a
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continuous summation of similar size step responses, of roughly 16 A. The
declining of the current were both caused by step and smooth decrease.

On day 3, in Figure 5.5, at around 13:30, the pattern of current showed a
block with an indented corner. Since there was no deviating behaviour, and
as the maximum current was around 16 A, it is assumed that this pattern
represented a single car. The single car showed a step increase, followed by a
smooth decrease and step decrease, which seems to represent the connection,
later battery stages, and disconnection, respectively.

This supports the fact that the summation of step responses was the
result of multiple cars being connected. Subsequently, the drop in current
was either due to disconnection or later battery stages. However, it isnt
clear whether the disconnection was performed by the battery control or
the user.

Finally, since day 3 had a higher maximum current than day 2, it appears
that more cars were connected in the morning of day 3 than of day 2.
However, day 2 had more cars connecting later during the day. This is
shown by the bigger amount of deviations after the maximum current.

5.4.3 Current Unbalance

Figure 5.6
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Figure 5.7

Figures 5.6 and 5.7 show the measured phase currents and measured neutral
current. Figure 5.6 shows that most current flow was present in phase L1,
whereas phase L3 had the least current flow. The current unbalance lead to
a neutral current.

5.4.4 Voltage Level

Figure 5.8

Figure 5.8 shows the 10 minute average voltage versus the 10 minute average
current. The average voltage was 237.8 V, 238.4 V, 237.4 V, for phase L1,
L2, and L3, respectively. There is no clear relation between the voltage and
the current in each phase.
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5.4.5 Voltage Unbalance

Figure 5.9

Figure 5.9 shows the 10 minute averages of the voltage unbalance versus the
neutral current. There seemed to had been a linear relationship between
the neutral current and the voltage unbalance. The voltage unbalance per-
centage, according to both methods, raised around 0.3 % between a neutral
current of 20 and 120 A.

Figure 5.10: Voltage Phase Differences in voltage, according to Equation 5.2
and Equation 5.3, versus the neutral current.

∆UL1−L2(t) = UL1(t)− UL2(t) (5.2)
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∆UL1−L3(t) = UL1(t)− UL3(t) (5.3)

Figure 5.10 shows the voltage difference between phase L1 and L2, and L1
and L3, and the neutral current. The phase voltage difference was calculated
according to Equation 5.2 and Equation 5.3. Here, ∆U represents the phase
difference in Volts, and ULx is the voltage in phase x. This Figure shows
that the relationship, in Figure 5.9, was not in direct correlation with the
current flowing through phase L1. If the current had influenced the phase
voltage, by creating a bigger voltage drop in phase L1, the voltage in phase
L1 should had gotten lower in comparison to phase L3. Instead, the voltage
in phase L1 did the opposite. This means that the voltage was mostly the
reflection of the source voltage.

5.5 EV Charging Behaviour

In this analysis, the raw data from a power quality measurement, performed
by the company HyTEPS, was used to research the EVCS effects on the
electric network. The observation was conducted at an office site in an
urban area in The Netherlands. The goal of the analysis was to characterize
the EVCS load behaviour that lead to influences on the voltage unbalance
and slow voltage variations.

Results show that the power behaviour of EVCS depend on the the time
at which cars are connected, the time that it takes to charge a car, the
maximum phase power of the cars and the charger, the amount of cars
connected, and finally the three-phase charging capability of the cars and
chargers.

Figure 5.3 shows the car connecting behaviour related to the office work-
ers. The same type of behaviour had been recorded in [22] and [23]. Gener-
ally known office times in the Netherlands are between 9:00 and 17:00. This
was represented by the EVCS behaviour during the measurement, consid-
ering that the first and last people arrive and leave, respectively, up to an
hour and a half outside office times.

Subsequently, a high charging peak is expected in the morning. This is
followed by a period where more cars are disconnecting, than connecting.
This could be due to the fact that drivers do not tend to move their car
when their battery is full, decreasing available space [23]. It is therefore
possible that, due to this reason, at the end of the working period, another
driver decides to charge their car. Usually, this peak is small, as shown in
5.3 and in [22] and [23].

The time of connection also affects the daily duration of the charging.
If connection is more spread out during the day, it is expected that the
charging duration is longer. However, if the connection happens within a
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short time frame, the total duration is shorter. This difference is shown in
Figures 5.4 and 5.5.

The total amount of drawn power also depends on the type of cars, char-
gers, and amount of cars connected. Electric vehicles differ in charger capab-
ilities. However, the charger must be able to support it as well [24]. During
the measurements, considering Figures 5.4 and 5.5, it seemed that either
the chargers, or every EV, was limited up to around 16 Amps per phase.
Finally, the amount of charging cars determine the total amount of power.

The three-phase capabilities of the cars and chargers affect the current
unbalance. Both cars and chargers can be characterized as to only support
single phase charging. This leads to unbalanced currents as shown in 5.8.

However, the total effect on the voltage depend on both the utility voltage
and voltage drop. Figures 5.9 and 5.10 show that the unbalance did not have
a significant impact on the voltage drop and therefore it can be determined
that the combined current and impedance did not have a significant influ-
ence.
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Chapter 6

Network Data Analysis

6.1 Background

EV charger systems and PV systems introduce additional currents into the
network. These currents may raise the voltage or cause unbalanced voltages
in the installation. However, the magnitude of this effect is dependent on
the total combined three-phase current and network impedance. Therefore,
it is important to analyze the loads and impedances of the network without
the inclusion of EV charger or PV systems.

In this analysis, two weeks of real monitoring data, provided by a client
from the company HyTEPS, was analyzed. The data contains information
about the powers, currents, and voltages measured at four different install-
ations. Each of these installations represent a loaded LV network connected
to the MV network. This data was used to evaluate the hosting capacity of
either PV or EV charger systems later in this thesis.

6.2 Goal

The goal of the analysis is to characterize the network’s impedance and load
behaviour that risk the voltage level and voltage unbalance, when either a
PV system or EV charger system is added.
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6.3 Set-Up

6.3.1 Configuration

GRID

Measurement Device 

CableTransformer Loads

Figure 6.1: Configuration of the Measured network.

Figure 6.1 shows the network configuration and placement of the measure-
ment device. From left to right, the analyzed network contains the grid,
a MV/LV transformer, a cable in-between the transformer and the main
distribution feeder, and loads at the main feeder. In each of the five cases,
the monitoring device measured the distribution feeder directly behind the
transformer that connected the LV network to the MV network.

6.3.2 Time Line

Table 6.1: Start and End times of the provided monitoring data.

Start End

Date (d/m/y) Time (h:min:s) Date (d/m/y) Time (h:min:s)

02/12/2018 00:15:00 16/12/2018 00:00:00

Table 6.1 shows the start end times of the monitoring data provided by the
client.

6.3.3 Data Extraction

Table 6.2: Transformer characteristics of each network

Network Transformer Capacity Transformer Ratio

N1 2500 kVA 10kV/420V

N2 1000 kVA 10kV/420V

N3 630 kVA 10kV/400V

N4 1000 kVA 1000kV/420V
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Table 6.2 shows the information that was acquired about the transformers.
Every 15 minutes, the monitoring devices saved the measurements. From
these measurements, the following values were analyzed:

1. Three-Phase Active Power

2. Three-Phase Reactive Power

3. Three-Phase Current

4. Three-Phase Voltage

5. Date and Time

6.3.4 Processing

The impedance of the transformer is calculated using the transformer in-
formation, which is provided by the client. The maximum voltage drop
case is assumed for the calculation of the cable impedance between the
transformer and the main feeder. Finally, the neutral current and voltage
unbalance was calculated in the same way as in section 4.3.3.

Transformer Impedance

The transformer’s base impedance, Zbase, impedance magnitude, |ZT |, res-
istance, RT and reactance, XT , in ohm in each phase is calculated according
to Equations 6.1-6.4 [25]. Here, cap is the total capacity of the transformer
in V A, Usec is the secondary voltage from Table 6.2 in V , UT L−N is the sec-
ondary line to neutral voltage, pk in W and uk in % are the short circuit loss
and voltage, respectively. The values pk, and uk depend on the transformer
capacity and are based on the Dutch norm [26].

Zbase =
U2
T L−N
cap · 1

3

=

(
Usec · 1√

3

)2

cap · 1
3

(6.1)

|ZT | = Uk · Zbase (6.2)

RT =
Pk

cap
· Zbase (6.3)

XT =
√
|ZT |2 −R2

T (6.4)
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Cable Impedance

As shown in Equation 6.5, the maximum drop, ∆Umax over the cable is 3%
of the nominal voltage, Unom, which is 230V. This means that the maximum
voltage drop is equal to 6.9 V. Then, the cable resistance per phase, RC , is
calculated using the nominal current of the transformer, IT nom, according to
Equations 6.6-6.7. Since the LV network’s resistance is considerably larger
than the reactance [25], the cable reactance is neglected.

∆Umax = 0.03 · Unom (6.5)

IT nom =
cap · 1

3

UT L−N
(6.6)

RC =
∆Umax

IT nom
(6.7)

Neutral Current and voltage unbalance

For the neutral current and the voltage unbalance, it is assumed that the
phase difference between the phase values is 120◦. By using the measured
RMS currents and voltages, the voltage unbalance and neutral current were
calculated according to Equations 2.2 and 4.3, respectively.

6.4 Results and Behaviour

6.4.1 Impedances

Table 6.3: Transformer and Cable impedance of the network

Name

Transf.
Nominal
Current

(A)

Transformer
Impedance

(ohm)

Cable
Imp.

(ohm)

Total
Impedance

(ohm)

N1 3437 6.21E-4 + 4.19E-3j 2.01E-3 2.63E-3 + 4.19E-3j

N2 1375 1.85E-3 + 1.04E-2j 5E-3 6.85E-3 + 1.04E-2j

N3 909.3 2.62E-3 + 9.81E-2j 7.59E-3 10.2E-3 + 9.81E-2j

N4 1375 1.85E-3 + 1.04E-2j 5.02E-3 6.87E-3 + 1.04E-2j

Table 6.3 shows the impedance of the transformers and cables of the analyzed
networks.
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6.4.2 Network N1
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Figure 6.2: Active and Reactive Power of N1
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Figure 6.3: Three-Phase Current of N1

Figures 6.2 and 6.3 show the three-phase active and reactive power, and
the current, respectively. Within this period, the maximum apparent power
was 909.6 kVA, meaning that the transformer was loaded up to 36.3%. The
minimum apparent power was 37.7 kVA, which is 1.51% of the available
transformer loading.

Both active and reactive power was measured as positive. This meant
that the reactive power was inductive. Subsequently, the power’s related
current contributed to the drop in voltage at the main feeder.
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Furthermore, there does not seem to be a clear weekly or daily pattern
in the power and the current. As a clarification, the dates 2/12, 8/12, 9/12
and 15/12 were weekend days.

The daily patterns do not match PV generation. Still, the largest power
demands are recorded during daytime, which is beneficial for having PV
generation.

The load behaviour isn’t reliable considering EV charging. On 4/12, and
7/12, highest daily demand was recorded after 10:00. However, on 10/12
and 13/12 highest demand was recorded before 10:00.
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Figure 6.4: Neutral Current of N1

Figure 6.4 shows the neutral current at the main feeder. There isn’t a
clear pattern in the neutral current. The measured neutral current was up
to 51 A. This is 1.5% of the nominal transformer current. Therefore, no
significant effect on the voltage unbalance is expected.
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Figure 6.5: Voltage vs Current of N1
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Figure 6.6: Voltage Unbalance vs Neutral Current N1

Figures 6.5 and 6.6 show the current and unbalanced current effect on the
voltage level and voltage unbalance, respectively. As expected, the mag-
nitude of the current difference is too low to show a significant effect on the
voltage unbalance.

However, the magnitude of the current is sufficiently high. This is because
a clear relation between the voltage and the current can be observed in
Figure 6.5.
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6.4.3 Network N2
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Figure 6.7: Active and Reactive Power of N2
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Figure 6.8: Three-Phase Current of N2

Figures 6.7 and 6.8 show the three-phase active and reactive power, and
the current, respectively. The maximum and minimum apparent power was
248.3 kVA, and 16.8 kVA, respectively. This is 24.8% and 1.68% of the total
transformer loading, respectively.

Throughout the acquired monitoring period, the reactive power was neg-
ative, meaning that the loads behind the feeder were capacitive. Therefore,
reactive part of the current contributed to a voltage increase at the main
feeder, whereas the active part contributed to a voltage decrease.
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The load in network N2 has a clear pattern. Highest loads were recorded
during weekdays, whereas the least load was recorded at night and in the
weekends.

During weekdays, the load is comparable to the generation of PV. How-
ever, it will pose a problem during the weekends, because the load is con-
siderably lower. Moreover, the reactive part of the load is higher than the
active part, which cannot be covered by PV systems with a unity power
factor.

For the hosting capacity of EV charging, an inverse pattern of the EV
behaviour is desired. This means a load behaviour which is relatively low
in the morning, and increases in the afternoon. However, in this case, the
load increases, starting at 6:00, deviates between 20 and 40 Watts during
the day, and decreases around 20:00.
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Figure 6.9: Neutral Current of N2

Figure 6.9 shows the neutral current of the network. The neutral current
shows a similar pattern as the three-phase current. The highest neutral
current is calculated at 61 A. This is 4.44% of the transformer’s nominal
current.
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Figure 6.10: Voltage vs Current of N2

0 10 20 30 40 50 60
Neutral Current (A)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Vo
lta

ge
 U

nb
al

an
ce

 (%
)

N2 : Voltage unbalance vs Neutral Current

Figure 6.11: Voltage Unbalance vs Neutral Current N2

Figures 6.10 and 6.11 show the current and unbalanced current effect on
the voltage level and voltage unbalance, respectively. There did not seem
to be a relation between the three-phase voltage and current. However, this
could had be caused by the higher capacitive current that compensated the
voltage drop caused by the active current.

Finally, Figure 6.11 tends to show a small relation between the neutral
current and the voltage unbalance. However, the relation is more noticeable
than Figure 6.6, because the neutral current is relatively higher, considering
the transformers’ capacities.
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6.4.4 Network N3
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Figure 6.12: Active and Reactive Power of N3
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Figure 6.13: Three-Phase Current of N3

Figures 6.12 and 6.13 show the three-phase active and reactive power, and
the current, respectively. Within this period, the maximum apparent power
was 271 kVA, meaning that the transformer was loaded up to 43.0%. The
minimum apparent power was 36 kVA, which is 5.71% of the available trans-
former loading.

The reactive power was capacitive in the weekends, and neared zero dur-
ing the weekdays. This means that, in the weekends the reactive current
contributed to a voltage rise at the main feeder.
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The weekday pattern was very clear. However, both weekend patterns
weren’t the same. The load acted similarly to N2. Moreover, it had the
same start and end times of the loads, with the exception of the weekend
load. However, the change from no load to full load, in the morning, was
more abrupt.
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Figure 6.14: Neutral Current of N3

Figure 6.14 shows the neutral current of the network. The maximum
neutral current is 53 A, which is 5.8% of the nominal current.
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Figure 6.15: Voltage vs Current of N3
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Figure 6.16: Voltage Unbalance vs Neutral Current N3

Figures 6.15 and 6.16 show the current and unbalanced current effect on
the voltage level and voltage unbalance, respectively. These Figures show
there is a difference in measurement accuracy between network N1 and N3.

There wasn’t a clear relation between the phase current and the phase
voltage. A relation was expected, considering that the transformer was
loaded up to 43 %. However, it was possible that the network impedance
was lower than expected. On the other hand, the accuracy of the voltage
measurements, could have made it difficult to determine a pattern between
the voltage and the current.

Similarly to network N1 and N2, the voltage unbalance is not significant.
However, a relation between the neutral current and voltage unbalance could
be established.
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6.4.5 Network N4

12/02 00:00

12/02 10:00

12/02 20:00

12/03 06:00

12/03 16:00

12/04 02:00

12/04 12:00

12/04 22:00

12/05 08:00

12/05 18:00

12/06 04:00

12/06 14:00

12/07 00:00

12/07 10:00

12/07 20:00

12/08 06:00

12/08 16:00

12/09 02:00

12/09 12:00

12/09 22:00

12/10 08:00

12/10 18:00

12/11 04:00

12/11 14:00

12/12 00:00

12/12 10:00

12/12 20:00

12/13 06:00

12/13 16:00

12/14 02:00

12/14 12:00

12/14 22:00

12/15 08:00

12/15 18:00

Time (m/d h:min)

20

0

20

40

60

80

100

120

140

Ac
tiv

e 
Po

we
r (

kW
) a

nd
 R

ea
ct

iv
e 

Po
we

r (
kV

AR
)

N4 : Active and Reactive Power
P L1
P L2
P L3
Q L1
Q L2
Q L3

Figure 6.17: Active and Reactive Power of N4
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Figure 6.18: Three-Phase Current of N4

Figures 6.17 and 6.18 show the three-phase active and reactive power, and
the current, respectively. Within this period, the maximum apparent power
was 404 kVA, meaning that the transformer was loaded up to 40.4%. The
minimum apparent power was 45 kVA, which is 4.5% of the available trans-
former loading.

Network N4 showed a clear pattern in daily loading during the week-
days and the weekend. In the weekends, the reactive power was capacitive,
meaning that here, the current contributed to a voltage raise at the main
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feeder.

During the weekdays most of the loading is expected in the morning and
early afternoon. In the weekends, the loading is significantly lower. It is
expected that the installation capacity of the PV system is limited by this.

For EV charger systems, the loading isn’t ideal, as most of the main feeder
loading is situated around the morning and early afternoon.
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Figure 6.19: Neutral Current of N4

Figure 6.19 shows the neutral current of the network. The maximum
neutral current is 99 A, which is 7.2% of the nominal current.
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Figure 6.20: Voltage vs Current of N4
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Figure 6.21: Voltage Unbalance vs Neutral Current N4

Figures 6.20 and 6.21 show the current and unbalanced current effect on
the voltage level and voltage unbalance, respectively. Similarly to Network
N3, there isn’t a clear pattern between the phase voltage and current. How-
ever, it is possible to see a relation between the neutral current and voltage
unbalance. However, the voltage unbalance is still very low.

6.5 Behaviour of the Networks

All networks, with the exception of Network N1, showed a reliable daily
load pattern during the weekdays and the weekends. Networks N2, N3,
and N4 showed a significantly smaller loading in the weekends. This could
potentially limit the hosting capacity of PV.

The analysis of Network N2 showed a high capacitive power during the
weekdays. Subequently, if the active power demand from the utility side
would drop, due to PV, the voltage might raise even more. Therefore, high
capacitive power can limit the hosting capacity of PV as well.

During the weekdays, all main feeders’ loading showed the highest load
demands in the morning. This may limit the hosting capacity of EV charger
systems. However, the high capacitive power of Network N2 can improve
this.

Finally, the impedance characteristics of the networks were established.
Network N3, which had the lowest transformer capacity had the highest net-
work impedance, whereas Network N1 had the lowest network impedance.
This is because the design of the network should maintain the nominal cur-
rent flow.
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Part III

Hosting Capacity Algorithm
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Chapter 7

Hosting Capacity

7.1 Algorithm

The goal of the algorithm is to calculate hosting capacity, while considering
the different behavioural characteristics of the network, PV System and EV
Charger System. Figure 7.1 shows the flowchart of the proposed algorithm.
Table 7.1 shows the inputs and outputs of the program, respectively.

63



Scenario	NxEV	or	NxPV
with	Installation	Capacity

P

Core	Model

Scenario	
Maker

Network	Nx	Impedance
Characteristics

PV/EV	Charger	-System
Impedance

Characteristics

Limits
	Reached?Raise	P

Hosting	Capacity	
=	Previous	P

Chapter	8	&	9

Chapter	10	

Chapter	11	
No

Yes

Chapter	12	

Figure 7.1: Pseudo-algorithm for calculating the hosting capacity of Network
Nx.
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Table 7.1: Aspects of the Algorithm.

Name Description Chapter

”Scenario Maker”
Desiscion algorithm that creates
the worst case scenarios,
NxPV and NxEV.

8 & 9

”Scenario NxEV
...

Capacity P”

Scenarios NxPV and NxEV,
containing the power behaviours
of the network, and
PV, or EV charger systems.

9

”Network
...

Characteristics”
The impedance of network Nx. /

”PV/EV
...

Characteristics”

The impedance of PV, or EV
charger system’s feeder.

/

”Core Model”
The core model that calculates
the slow voltage variations and
voltage unbalances

10

”Limits Reached?”

Part of the algorithm that decides
whether the voltage variations
and unbalances have reached the
predetermined limits.

11

”Raise P”
If limits aren’t reached, installed
capacity P is raised with a
predetermined number.

/

”Hosting
..

P”

The hosting capacity of PV or
EV Charger system is the
capacity P, from previous cycle.

12

The algorithm starts by importing the network’s characteristics, and chosen
scenarios for the utility voltage, network loading and either independent PV
generation or EV charging. The choice for these scenarios and network char-
acteristics are explained in chapter 8 and 9. These inputs are then used for
the calculation of the voltage level and voltage unbalances in the network,
in chapter 10. Afterwards, the results of the calculation are compared to
the chosen limits, explained in chapter 11. If the limits aren’t reached, the
cycle starts over with a raised value of installed capacity of the PV, or EV
charging scenario. Finally, if the limits are reached, the previous cycle’s in-
stalled capacity, is saved as the hosting capacity for this input. The outcome
of the algorithm is explained in Chapter 12.
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Chapter 8

Scenario Models

8.1 PV System

8.1.1 PV Model

AC

DC

PV System

SPV

Figure 8.1: Output of the PV System

Figure 8.1 shows the output of the PV System. The PV system model gen-
erates a set of apparent power values, that represent this output. Moreover,
it is assumed that the system’s inverter operates at unity power factor,
meaning that only active power is generated.

Equation 8.6 shows the formula for the active power output of a PV
system, Poutput(t), in Watts. The equation was derived from Equations, 8.3
and 8.5, which represent the total irradiance on the module, SM (t) in Watts
per square meter, and the temperature coefficient cT (t), respectively. These
last two equations were extracted from [27].
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Table 8.1: Input of the PV System Model

Input Description Unit

SDNI KNMI Direct Irradiance W/m2

SDHI KNMI Diffused Irradiance W/m2

As KNMI Azimuth Angle deg

as KNMI Zenith Angle deg

Ta KNMI Temperature C◦

θM PV Module Tilt deg

AM PV Module Zenith Angle deg

ηM PV Module Efficiency %

ηinverter PV Inverter Efficiency %

Area PV Module Area m2

PNom PV Module Nominal Power Wp

TNOCT PV Nominal Operating Temperature C◦

Λ PV Temperature Coefficient %/C◦

Pinstalled PV Installed Capacity Wp

Table 8.1 shows the inputs of the PV system model. The model requires
weather station data, and PV system’s characteristics. The weather station
data is acquired from KNMI [28].

Calculate the solar irradiance on the module, SM (t):

SDNIM (t) =SDNI(t) · (sin θM · cos as(t) · cos(AM −As(t))

+ cos θM · sin as(t))

(8.1)

SDHIM (t) = SDHI(t)

(
1 + cos θM

2

)
(8.2)

SM (t) = SDHIM (t) + SDNIM (8.3)

Calculate the total temperature coefficient, cT (t):

TCell(t) = Ta(t) +
Smodule(t)

800
(TNOCT − 20) (8.4)
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cT (t) = 1− λ (Tcell(t)− 25) (8.5)

Calculate the output of the PV system, Poutput(t):

Poutput(t) = Smodule(t) · ηM · ηinverter · cT (t) ·Area · PInstalled

PNom
(8.6)
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8.1.2 Model vs Reality

In this example, the output of the model is compared to the real set of PV
output from Chapter 4. The model input are the PV system characteristics
from Table 4.1, an inverter efficiency of 95%, and KNMI weather data. The
KNMI data that was utilized in this case, is the average recorded hourly
irradiation and temperature data over the last 28 years [28]. This resulted
in Figures 8.2 and 8.3.

Figure 8.2: Model and Measurements comparison in July.

Figure 8.3: Model and Measurements comparison in December.

It seems that the combined KNMI data and model is less suited during
cloudy conditions. This is shown by the lack of fast power deviations in
both Figures 8.2 and 8.3. Cloud formation is harder to predict, which lead
to a difference in solar irradiation incident, between the real and the average
situation provided by KNMI.

On the other hand, by comparing the model and the outline of the meas-
urements in Figure 8.2, it seems that model is capable of providing a realistic
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PVS output during non or less cloudy conditions in July. This is especially
useful in determining the maximum hosting capacity.

8.2 EV Charger System

8.2.1 EV Charger Model

SEV

EV  Charger System

System’s Main
Feeder

EV
Socket

Figure 8.4: The output of the EV charger system. Mind that the charger
system is drawing power from the network.

Figure 8.4 shows the output of the EV Charger system. The EV charger
system model creates a set of apparent power values that represent the daily
output. Similarly to the PV system, it is assumed that the EV charger
system has a unity power factor.

Equations 8.7-8.9 represent the equations for the daily power output,
PEV CS(t). These equations were derived from the measurements presen-
ted in Chapter 5.
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EVCS: Combined Three-Phase Power, parts speci�ed

Part I

Part II

Part III

Part I

Part II

Part III

Figure 8.5: The power measured at the EV Charging System of Chapter 5,
with parts specified.

PART A
PART B

PART C

PART A

PART B

PART C

EVCS: Combined Three-Phase Power, model parts speci�ed

Figure 8.6: The proposed model behaviour of the system

Figure 8.5 represents the total power output of the EV charger system,
as presented in Chapter 5, with three parts specified. The first part (I) is
the simultaneous connection and charging during the morning. Here, the
power quickly increases, and then flattens. In the afternoon, part (II), the
power drops. Here, more EVs are disconnecting than connecting. The last
part (III), represents the postponed connection of EVs due to unavailable
chargers during the day.

The proposed model of the EV Charger system behaviour is presented
in Figure 8.6. The proposed behaviour leads to Equations 8.7-8.9. The
part that represents the increase and flattening of the power behaviour is
summarized as part A. Similarly to part (II), part B represents the decrease
in power. Finally, part C represents the constant available power.

72



For tstart, and the end time, tend. tBstart and tBend
are the start end end

times of part B.

PEV CS(t) = a+ c

For tstart < t < tBstart (8.7)

PEV CS(t) = a+ c− a

tBend
− tBstart

· (t− tBstart)

For tBstart < t < tBend
(8.8)

PEV CS(t) = c

For tBend
< t < tend (8.9)

8.2.2 Model vs Reality

Table 8.2: Input of the EV Charger model’s equations.

Name
Value
Day 2 Day 3

a + c 40 kVA 51kVA

c 1.5 kVA 4 kVA

tstart 8:09 7:59

tend 17:49 15:09

tBstart 10:09 10:09

tBend
16:49 13:09
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22/08 10:09
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Figure 8.7: The modelled outputs versus the measurements.

Figure 8.7 shows the measured power from chapter 5, the model based on
the second day and the model based on the third day. Table shows the input
values for the Equations 8.7-8.9. The day 2 model uses a total energy of
208.8 kWh, whereas day 3 model has a total energy of 189 kWh.

8.3 Utility Voltage

8.3.1 Utility Voltage Model

GRID

CableTransformer Loads

BMBU

Figure 8.8: One-line diagram of the network with named buses. Based on
Figure 6.1

BMBU

   ZT+C

   I 

Figure 8.9: Simplification of Figure 8.8
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Figures 8.8 and 8.9 show the configurations of the network, which are based
on the measurement configuration in Chapter 6. Thus, the calculation of
the utility voltage is based on the networks’ measurements.

Equation 8.12 shows the equation for the utility voltage UU (t), for a net-
work with a three-phase voltage, UM (t), and a three-phase apparent power,
SM (t). This is derived from Equations 8.10- 8.11. Finally, Table 8.3 shows
the inputs.

Table 8.3: Inputs of the Utility voltage’s model equations.

Input Description Unit

UL1M

UL2M

UL1M

The three-phase voltages,
measured at the main feeder.

V

ZT+C

The combined transformer
and cable impedance in the
network.

Ω

SL1M

SL2M

SL3M

The Three-Phase apparent
powers measured at the
main feeder.

VA

For Phase Lx in Phases L1, L2, L3:

The utility voltage is equal to the sum of the main feeder’s voltage and
in-between voltage drop:

ULxU
(t) = ∆U + ULxM

(t) (8.10)

Using Ohm’s Law, U = I · Z:

ULxU
(t) = ZT+C · I + ULxM

(t) (8.11)

Using Power Law, S = U · I∗:

ULxU
(t) = ZT+C

(
SLxM

(t)

ULxM
(t)

)∗
+ ULxM

(t) (8.12)
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8.3.2 Model vs. Reality

Table 8.4: Input values of Equation 8.12

Name Value

UL1M

UL2M

UL1M

Three-phase
voltages
of Network N1

ZT+C
Impedance of N1
from Table 6.3

SL1M

SL2M

SL3M

Three-Phase
Active and Reactive
Powers of Network N1

240

245

250

Vo
lta

ge
 (V

)

Phase L1
Measurements
Model

240

245

250

Vo
lta

ge
 (V

)

Phase L2
Measurements
Model

12/2/ 00:15

12/2/ 10:15

12/2/ 20:15

12/3/ 06:15

12/3/ 16:15

12/4/ 02:15

12/4/ 12:15

12/4/ 22:15

12/5/ 08:15

12/5/ 18:15

12/6/ 04:15

12/6/ 14:15

12/7/ 00:15

12/7/ 10:15

12/7/ 20:15

12/8/ 06:15

12/8/ 16:15

12/9/ 02:15

12/9/ 12:15

12/9/ 22:15

12/10 08:15

12/10 18:15

12/11 04:15

12/11 14:15

12/12 00:15

12/12 10:15

12/12 20:15

12/13 06:15

12/13 16:15

12/14 02:15

12/14 12:15

12/14 22:15

12/15 08:15

12/15 18:15

Time (h:min)

240

245

250

Vo
lta

ge
 (V

)

Phase L3
Measurements
Model

Network N1: Voltage Measurements vs Utility Voltage Model

Figure 8.10: The voltage measurements from Chapter 6, and the modelled
utility voltage.

Table 8.5: Range of the Utility Voltage.

Phase Max Min Difference
Percentage
Nominal

L1 250.3 240.6 9.7 4.2%

L2 250.9 241.0 9.9 4.3%

L3 249.9 240.5 9.4 4.1%

Figure 8.10 shows the modelled voltages and the measured voltages of Net-
work N1. Table 8.5 shows the range of the modelled voltages. The measured
voltages are the voltages at the main feeder, as described in Chapter 6, since

76



there are no measurements of the actual utility voltage. Subsequently, a dif-
ference between the modelled voltages and measured voltages is expected.

The three-phase utility voltage difference is 9.7, 9.9, and 9.4, which is
between 4.1% and 4.3% of the nominal voltage of 230V. On average, the
utility voltage is 15 V higher than the nominal voltage. It is likely that this
is due to the transformer’s tap settings. As expected, the difference between
the voltage measurements and the utility voltage is related to the active and
reactive power measurements shown in Figure 6.2.
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Chapter 9

Scenarios

9.1 The Scenario Maker

The goal of the scenario maker is to create and combine ’worst’ case subscen-
arios for PV generation, EV charging, network loading and utility voltage.
Figure 9.1 shows which worst case subscenarios combine to create the worst
case scenarios NxPV, and NxEV, for a Network Nx. Subsequently, each
network has two different scenarios that represent the worst case situations
for PV generation and EV Charging.
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EV	or	PV?

Get	Worst	Case	EV	Scenario

Get	worst	Case	Network
Loading	Scenario	in	case	of

EV

Get	worst	Case	Utility	Voltage
Scenario	in	case	of	EV

For	Network	Nx

Scenario	NxEV

Get	Worst	Case	PV	Scenario

Get	worst	Case	Network
Loading	Scenario	in	case	of

PV

Get	worst	Case	Utility	Voltage
Scenario	in	case	of	PV

Scenario	NxPV

START

Figure 9.1: Operation of the scenario maker.

9.2 Worst Case PV Subscenario

Figure 9.2 shows the extreme case PV subscenario, utililized for calculating
the hosting capacity of a PV system.
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Figure 9.2: Output of the PV Subscenario.

Table 9.1: PV System Characteristics

Input Value

θM 28 ◦

Am 180 ◦

ηM 22.6 %

Area 1.690*1.046 m2

PNom 400 Wp

TNOCT 45◦C

λ -0.29%/◦C

ηinverter 99.2%

PV generation may risk overvoltage and unbalances by injecting too much
current into the network. Since PV generation is related to the amount of
solar irradiance, the highest PV generation is expected on a clear sunny day.
The data used for finding the highest irradiance is extracted from KNMI.
This datasheet shows the hourly average over one year, based on 28 years
weather data.

Table 9.1 shows the PV characteristics of a PV system with an installed
capacity of 400 Wp. In the Netherlands, for generating maximum power,
the optimal tilt is 28 degrees, and the most optimal azimuth angle is 180
degrees [29]. The PV module characteristics are based on the highest ef-
ficiency module on the market, according to [30]. The nominal operating
temperature of the module is unknown. Therefore, a TNOCT of 45◦C is
assumed.

Recent commercial large scale inverters have efficiencies up to 99.2% [31].
Additionally, the PV system is wired three-phase, meaning that each phase
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injects equal amount of power.

9.3 Worst Case EV Subscenario

Figure 9.3 shows the extreme case EV Charging Subscenario. EV charging
may risk undervoltages and unbalances by drawing too much current from
the network. As shown in Chapter, there are different behaviours possible for
the same installation. The subscenario with the highest power is subscenario
day 3. Finally, in the worst case scenario, all EVs draw power singularly
from Phase L1. The installed capacity is the maximum power drawn.
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Figure 9.3: Output of the EV Charging Subscenario.
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9.4 Worst Case Network Subscenario

Figures 9.4 and 12.9 show the extreme case network subscenarios of Net-
work N1, for PV generation and EV charging, respectively. The worst case
network loading scenario for PV generation is the day where the active and
reactive power demand lead the least, or most negative voltage drop, while
the PV system is generating. On the other hand, the worst network scenario
for EV charging, is when the active and reactive power demand lead to the
highest voltage drop at the main feeder, while the EVs are charging.
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Figure 9.4: Loading of Network N1 during the PV Generation Subscenario.
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Figure 9.5: Loading of Network N1 during the EV Charging Subscenario.

83



9.5 Worst Case Utility Voltage Subscenario

Figure 9.6 shows the extreme case utility voltage subscenario for PV gener-
ation and EV charging.

Figure 9.6: Three-phase voltage during the EV Charging Subscenario.

The highest and lowest utility voltages are the worst case utility voltages
for PV generation, and EV charging, respectively. This is because these
utility voltages provide the biggest risks for creating overvoltages and un-
dervoltages, respectively. Moreover, unlike the other subscenarios, the worst
case utility voltages are kept constant during the entire scenario.
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Chapter 10

Core Model

10.1 Input and Outputs

Scenario	NxEV	or	NxPV
with	Installation	Capacity

P

Core	Model

Network	Nx	Impedance
Characteristics

PV/EV	Charger	-System
Impedance

Characteristics

Figure 10.1: Input and output diagram of the Core Model.
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Table 10.1: Core Model’s inputs

Inputs Symbol Unit

Utility Phase Voltages
UL1UT

(t)
UL2UT

(t)
UL3UT

(t)
V

Network Loading
SL1M (t)
SL2M (t)
SL3M (t)

VA

Extension Loading,
or Generation

SL1E (t)
SL2E (t)
SL3E (t)

VA

Transformer, and
Cable Impedance

ZL1T+C

ZL2T+C

ZL3T+C

Ω

Extension Cable
Impedance

ZL1E

ZL2E

ZL3E

Ω

Table 10.2: Core Model’s outputs

Outputs Symbol Unit

Main Feeder
Phase Voltages

UL1M (t)
UL2M (t)
UL3M (t)

V

Extension
Phase Voltages

UL1E (t)
UL2E (t)
UL3E (t)

V

Main Feeder
Voltage
Unbalance

V UFM (t) %

Extension
Voltage
Unbalance

V UFE(t) %

Transformer
Total
Loading

ST (t) VA

Figure 10.1 shows the placement of the equations within the program. Tables
10.1 and 10.2 describes the input and outputs of the core model.
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10.2 Core Model Explanation

10.2.1 Present Situation

The present situation represents a network where EVCS and PVS have yet
to be installed. A single line diagram of this situation is shown in Figure
10.2. This single line was inspired by the single line configuration in Chapter
6.

The Figure shows where the modelled part of the network starts. From left
to right, the diagram consists of the grid, a transformer, a cable impedance
and a load.

GRID

    SYSTEM

LoadsCable

Figure 10.2: Single line diagram of the present situation where EVCS and
PVS have yet to be installed.

The secondary side of the transformer is Wye grounded. The complete
installation contains at least five wires, in which the first three represent the
three phases L1, L2 and L3, and finally a neutral, and ground wire. Figure
10.3 represents the system in this Wye-connection.

N

   Transformer: secondary side    Cable 
   Main Board 
   Load

BMain Board

Figure 10.3: Three-phase circuit diagram of the present situation where
EVCS and PVS have yet to be installed.

This three-phase circuit is simplified by separating it into three single
phase systems, which is shown in Figure 10.4. The primary side of the
transformer is modelled as a voltage source. The transformer and line im-
pedance are summed. Finally, the load is modelled as a constant power
load.
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V

B L1source B L1Main Board

   S L1 Main Board

V

B L2source B L2Main Board

   S L2 Main Board

V

B L3source B L3Main Board

   ZT+C    S L3 Main Board

   ZT+C

   ZT+C

   IL3

   IL2

   IL1

U L1

U L2

U L3

Figure 10.4: Three single phase diagrams: a simplification of Figure 10.3.

10.2.2 New Situation

The new situation represents the network with an extension added to the
main feeder. This is shown in Figure 10.5. Subsequently, the three phase
simplification is illustrated in Figure 10.6. The configuration of the PV and
EV charger system are inspired by the configurations from Chapter 4 and
5.

N

   Transformer: secondary side    Cable 
   Main Board 
   Load

BMain Board

BExtension

PExtension
Q Extension

 Extension 
   Load/Generation

Figure 10.5: Three-phase circuit diagram of the new situation where EVCS
or PVS have been installed.
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   S L1 Main Board

   S L1 Extension

V

B L1source B L1Main Board

   ZT+C

U L1

   ZCE

B L1Extension

   I L1Extension   I L1Main Board

   S L2 Main Board

   S L2 Extension

V

B L2source B L2Main Board

   ZT+C

U L2

   ZCE

B L2Extension

   I L2Extension   I L2Main Board

   S L3 Main Board

   S L3 Extension

V

B L3source B L3Main Board

   ZT+C

U L3

   ZCE

B L3Extension

   I L3Extension   I L3Main Board

Figure 10.6: Three single phase diagrams of the new situation where PVS
or EVCS has been added to the network.

10.3 Core Model Equations

10.3.1 Load-Flow Equations

Equations 10.11-10.10 are utilized to calculate the phase voltages at the
main feeder, UL1M , UL2M , UL3M , and at the extension, UL1E , UL2E , UL3E .
These Equations were derived from Equations 10.1 - 10.6.

The equations in each of the three phases are the same. Firstly, Kirchoff’s
current law is used to determine the currents at each node, BM , and BE .
Then, Ohm’s law is used to rewrite the currents in their respective voltages,
UM and UE , and impedances, ZT+C and ZE . Using the electric power law,
the apparent power at each node is determined. Then, the apparent powers
at each bus are rewritten as the active and reactive power. The direction
of the power relative to the node determines the polarity of the power. For
example, if the power leaves the node, the polarity of the power is negative.

Subsequently, the end results of this derivation are four equations for PM ,
PE , QM , and QE , and four unknowns, |UM |, |UE |, δŪM

and δŪE
, which are

the nodes’ voltage magnitudes and phases, respectively. These equations
are solved by using the fsolve function in Python [32]. The resulting voltage
magnitudes, and their respective phases, represent the phasor voltages at
each node.

For Phase Lx in Phases L1, L2, L3:

Using Kirchoff’s Current Law:
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ĪLxSM
(t) = ĪLxBM

→LxBUT
(t) + ĪLxBM

→LxBE
(t) (10.1)

ĪLxSE
(t) = ĪLxBE

→LxBM
(t) (10.2)

Using Ohm’s Law: U = I · Z

ĪLxSM
(t) =

ŪLxM
(t)− ŪLxUT

(t)

Z̄T+C
+
ŪLxM

(t)− ŪLxE
(t)

Z̄E
(10.3)

ĪLxSE
(t) =

ŪLxE
(t)− ŪLxM

(t)

Z̄E
(10.4)

Using Power Law: S = U · I∗ [33]

S̄M (t) = ŪLxM
(t) · ĪLxSM

(t)∗ (10.5)

= ŪLxM
(t) ·

(
ŪLxM

(t)− ŪLxUT
(t)

ZT+C
+
ŪLxM

(t)− ŪLxE
(t)

Z̄E

)∗
(10.6)

S̄E(t) = ŪLxE
(t) · ĪLxSE

(t)∗ (10.7)

= ŪLxE
(t) ·

(
ŪLxE

(t)− ŪLxM
(t)

Z̄E

)∗
(10.8)

The Apparent power at each node can be rewritten as the active and
reactive power at each node. [33]

PLxM
(t) =

|ŪLxM
(t)|2

Z̄T+C
· cos

(
θZ̄T+C

)
− |ŪLxM

(t)||ŪLxUT
(t)|

|Z̄E |
· cos

(
θZ̄T+C

+ δŪLxM
(t)− δŪLxE

(t)
)

+
|ŪLxM

(t)|2

|Z̄E |
· cos

(
θZ̄E

)
− |ŪLxM (t)||ŪLxE

(t)|
|Z̄E |

∗ cos
(
θZ̄E

+ δŪLxM
(t)− δŪLxE

(t)
)
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(10.9)

QLxM
(t) =

|ŪLxM
(t)|2

Z̄T+C
· sin

(
θZ̄T+C

)
− |ŪLxM

(t)||ŪLxUT
(t)|

|Z̄E |
· sin

(
θZ̄T+C

+ δŪLxM
(t)− δŪLxE

(t)
)

+
|ŪLxBM

(t)|2

|Z̄E |
· sin

(
θZ̄E

)
− |ŪLxM

(t)||ŪLxE
(t)|

|Z̄E |
· sin

(
θZ̄E

+ δŪLxM
(t)− δŪLxE

(t)
)

(10.10)

PLxE
(t) =

|ŪLxE
(t)|2

|Z̄E |
· cos

(
θZ̄E

)
− |ŪLxE

(t)||ŪLxBM
(t)|

|Z̄E |
· cos

(
θZ̄E

+ δŪLxE
(t)− δŪLxM

(t)
)

(10.11)

QLxE
(t) =

|ŪLxE
(t)|2

|Z̄E |
· sin

(
θZ̄CE

)
− |ŪLxE

(t)||ŪLxM
(t)|

|Z̄E |
· sin

(
θZ̄E

+ δŪLxE
(t)− δŪLxM

(t)
)

(10.12)

By solving the four load equations, the voltages at each bus are determined.

ŪLxE
= |ŪLxE

(t)|∠δŪLxE
(10.13)

ŪLxM
= |ŪLxM

(t)|∠δŪLxM
(10.14)
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10.3.2 Voltage Unbalance

The voltage unbalances, at each node, V UM and V UE , are calculated by
using the IEC definition for voltage unbalance V U , as described in Chapter
2.

10.3.3 Transformer Total Load

The total loading of the transformer is calculated according to Equations
10.15 and 10.16.

For Phase Lx in Phases L1, L2, L3:

ĪLxT
= ĪLxBUT→BM

(10.15)

ST =
3∑

x=1

ŪLxUT
· ĪLxT

(10.16)
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Chapter 11

Limits

Figure 11.1 shows the voltage and voltage unbalance limits, which are eval-
uated in the framework. Table 11.1 shows the descriptions of the illustrated
limits.

GRID
Cable
Impedance

Transformer
Impedance

Loads

Extension

Cable 
Impedance

L ΔUM

L ΔUE

L UM

L UE

L VUM

L VUE

Figure 11.1: Voltage and Voltage unbalance limits in relation to the analyzed
network.
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Table 11.1: Descriptions of the limits

Name Description

L∆UM

Limit for voltage drop over
the transformer and cable impedance

LUM

limits for the maximum and
minimum voltage level at the main feeder

LV UM

Limit for the voltage unbalance at
the main feeder.

L∆UE

Limit for voltage drop over
the extension’s cable impedance

LUM

limits for the maximum and
minimum voltage level at the extension’s
feeder

LV UE

Limit for the voltage unbalance at
the extension’s feeder.

11.1 PV System

Table 11.2 shows the limits for the PV system, which were used for calcu-
lating the hosting capacity.

Table 11.2: limits for the PV system.

Input Name Values

L∆UE
L∆UPV

1%

LUE
LUPV

184V - 253V

LV UE
LV UPV

2%

The suggested voltage drop Limit between the start of the installation
and the PV installation is 1% [34]. For PV systems of every size, the in-
verter must trip at a voltage equal to or higher than 253 V for 2 seconds.
Additionally, the system must trip at a voltage equal to or lower than 184 V
for 2 seconds [15]. In case of a load imbalance, most standards set a general
limit of 2% for the PV system voltage unbalances [35].
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11.2 EV Charger System

Table 11.3: limits for the EV system.

Input Name Values

L∆UE
L∆UEV

1%

LUE
LUEV

207V - 253V

LV UE
LV UEV

2%

As stated in Chapter 2, the voltage drop, between the start of the installation
and the load, should be no more than 5% of the nominal voltage. However,
the EV charger installation consists of a main feeder, and a socket, to which
the EV, the final load, is connected. Therefore, this voltage drop must be
taken into account, not only up to EV charger installation, but also inside
the installation. As there were no suggested voltage drops between the main
feeder and the EV charger installation available to the author, it was decided
to estimate the maximum voltage drop with a thought experiment.

Especially for large EV charger installations, with many separate car char-
ging points, the total car park can take up a lot of space. Then, it would be
suggested to leave a voltage drop range, for the connection of the sockets,
that takes up the majority of the maximum allowed voltage drop. Therefore,
the maximum voltage drop up to the EV charger system is 1%.

Finally, as stated in Chapter 2, the IEC suggest a voltage range between
207V and 253V for devices. For the voltage unbalance, an unbalance limit
of no more than 2% is advised. The limits are summerized in Table 11.3

11.3 Network

For the rest of the network, the same limits as discussed in Chapter 2 are
used. These are shown in Table 11.4.

Table 11.4: limits of the network

Input Values

L∆UM
3%

LUM
207V - 253V

LV UM
2%
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Chapter 12

Outcome of the Algorithm

12.1 Background

In this chapter, the hosting capacity was calculated for four different net-
works, using the proposed algorithm as explained in Chapter 7. Subsequently,
the outcome of the algorithm was analyzed on its performance. The net-
works of which the hosting capacity was calculated are the same networks
from Chapter 6. Firstly, the exact input of the algorithm is described. Then,
the outcome of the algorithm is plotted.

12.2 Algorithm Input

12.2.1 Network Impedance and limits

The network impedances are drawn from Table 6.3. Furthermore, the limits,
as described in Chapter 11, are used.

12.2.2 Scenarios

Using the Scenario Maker, for every network, two scenarios, that represent
the worst case situation for either PV generation, or EV Charging, were
created out of multiple subscenarios.
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Scenario N1PV and N1EV

Table 12.1: Utility Voltage Subscenario for N1

Scenario Voltage (V)

N1PV 250.2

N1EV 240.0
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Figure 12.1: Network Subscenario for Scenario N1PV
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Figure 12.2: Network Subscenario for Scenario N1EV
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Scenario N2PV and N2EV

Table 12.2: Utility Voltage Subscenario for N2

Scenario Voltage (V)

N2PV 249.1

N2EV 238.6
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Figure 12.3: Network Subscenario for Scenario N2PV
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Figure 12.4: Network Subscenario for Scenario N2EV
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Scenario N3PV and N3EV

Table 12.3: Utility Voltage Subscenario for N3

Scenario Voltage (V)

N3PV 246.4

N3EV 233.9
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Figure 12.5: Network Subscenario for Scenario N3PV

00:00
01:15

02:30
03:45

05:00
06:15

07:30
08:45

10:00
11:15

12:30
13:45

15:00
16:15

17:30
18:45

20:00
21:15

22:30
23:45

Time (h:min)

0

20

40

60

80

Ac
tiv

e 
(k

W
) a

nd
 R

ea
ct

iv
e 

Po
we

r (
kV

AR
)

Network Loading Subscenario N3EV: Active and Reactive Power
P_L1
P_L2
P_L3
Q_L1
Q_L2
Q_L3

Figure 12.6: Network Subscenario for Scenario N3EV
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Scenario N4PV and N4EV

Table 12.4: Utility Voltage Subscenario for N4

Scenario Voltage (V)

N4PV 246.2

N4EV 234.1
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Figure 12.7: Network Subscenario for Scenario N4PV
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Figure 12.8: Network Subscenario for Scenario N4EV
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12.2.3 PV or EV Charging System feeder impedance

The hosting capacity was calculated for a range of PV or EV charger system’s
feeder’s resistances, in ohms. The chosen range is explained in Equation
12.2.

For 0 < n < 45:

RE =
1.2n

1000
(12.1)

12.2.4 Installed Capacity P

As explained in Equation 12.2, for every cycle, the installed capacity P, in
Watts, was raised with steps of 10 kW. This cycle went up to the maximum
capacity of the transformer.

For 0 < n < Transformer Capacity
10000 :

P = 10000 · n (12.2)
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12.3 Algorithm Output

12.3.1 Network N1
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Figure 12.9: Hosting Capacity of Network N1

Figure 12.9 shows the hosting capacity of the independent PV, or EV charger
systems. For the PV system, between a hosting capacity of 970 kW, and
340 kW, the reason for limiting is the reached voltage level limit at the PV
system’s feeder. Below 340 kW, the reason is the reached voltage drop limit
on the feeder. For the EV charger system, the reason for limiting is the
reached voltage drop limit on the feeder.
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12.3.2 Network N2
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Figure 12.10: Hosting Capacity of Network N2

Figure 12.10 shows the hosting capacity of the independent PV, or EV char-
ger systems. For the PV system, between a hosting capacity of 340 kW and
60 kW, the reason for limiting was the reached voltage levels at the PV
system’s feeder. Below a hosting capacity of 60 kW, the reason for limiting
are both the voltage drop limit as the voltage level limit.

Finally, for the EV charger system, between a hosting capacity of 250 kW
and 230 kW, the reason for limiting was the voltage unbalance at the EV
charger system’s feeder. Below 210 kW, the reason for limiting the hosting
capacity was the reached voltage drop limit on the EV charger system’s
feeder.
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12.3.3 Network N3
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Figure 12.11: Hosting Capacity of Network N3

Figure 12.11 shows the hosting capacity of the independent PV, or EV char-
ger systems. The figure of N3PV shows a straight line at the start of the
figure. Here, the maximum iteration for raising P was reached. Between a
capacity of 600 kW and 520 kW, the reason for limiting the hosting capacity
is the reached voltage level limit. Below 520 kW, the reason was the reached
voltage drop limit.

For the EV charger system, between a hosting capacity of 190 kW and
180 kW, the reason for limiting was the voltage unbalance at the EV charger
system’s feeder. Below a hosting capacity of 180 kW, the reason for limiting
was the reached voltage drop limit on the system’s feeder.
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12.3.4 Network N4
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Figure 12.12: Hosting Capacity of Network N4

Figure 12.12 shows the hosting capacity of the independent PV, or EV char-
ger systems. Similarly to N3PV, N4PV shows a straight line at the start
of the graph, meaning that the maximum iteration was reached. Between
a capacity of 960 kW and 760 kW, the reason for the hosting capacity was
the reached voltage level at the main feeder. Below a capacity of 810 kW,
the reason was the reached voltage drop limit on the system’s feeder.

In N4EV, between a capacity of 210 kW and 190 kW, the reason for
limiting the capacity was the unbalance limit at the system’s feeder. Below
a capacity of 190 kW, the reason for limiting was the voltage drop limit at
the system’s feeder.

12.4 Discussion of the Algorithm’s Results

For low impedances, the hosting capacity of the PV system was mainly
limited by the utility voltage. This is because the utility voltage in these
analyzed networks was relatively high. For higher impedances, the voltage
drop limit on the PV system’s feeder was reached, before the total voltage
drop between the grid and the PV system would lead to breaching the
voltage level limit.

In all networks, with the exception of Network N1, for low impedances,
voltage unbalance limits were reached, while calculating the hosting capacity
of EV charger systems. The unbalanced voltage drop on the network’s main
feeder and EV charger system’s feeder had become sufficiently high to reach
the voltage unbalance limit at the EV charger system. However, for higher
impedances, the voltage drop limit on the EV charger system’s feeder was
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reached sooner.
The reason for Network N1 not reaching voltage unbalance limits at low

impedances is because the network impedance of Network N1 is already low.
It would take a much lower EV system’s feeder’s impedance before the total
voltage drop between the grid and the EV system would lead to a voltage
unbalance sooner.

Essentially, another question that could be answered using this algorithm
is the following. ”At which cable impedance and installed capacity, of the
PV or EV charger system, would the network be more likely to reach voltage
drop limits, or voltage level and voltage unbalance limits?” An answer to
this question could be very beneficial for the design of the PV or EV char-
ger system. The system designer may be more inclined to design the system
based on voltage drop limits. This is because reaching voltage drop lim-
its does not necessarily risk the tripping or damaging of devices, whereas
reaching the voltage unbalance and voltage level limits do.
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Part IV

Discussion, Conclusion,
Recommendations and

Future Work
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Chapter 13

Discussion

The operation of the hosting capacity algorithm was successful. Next to
finding the hosting capacity, the outcome also provided answers with relation
to the design of the PV or EV charger system. This is because the algorithm
not only considered the voltage levels and unbalances in the network, but
also the voltage drops as suggested by the IEC. This makes it different than
other algorithms that calculate hosting capacity. Many studies seemed to
have focused on the perspective of the grid operator [36] [37] [38] [39]. As
the grid operator is responsible for the voltage levels and unbalances, other
limits are omitted.

A great part of the hosting capacity algorithm were the scenarios. The fact
that the modeling, behind the PV generation and EV charging subscenarios,
were based and compared to real measurements, provided a stronger case
for the final scenarios. In the algorithm, a choice of subscenarios was made,
using the Scenario Maker. The goal of the Scenario Maker was to create
the worst case situations for the calculation of the hosting capacity. This
lead to a decision algorithm. Subscenarios of PV generation, EV charging,
and network loading were chosen based on the highest expected voltage
drop. This is advantageous since the voltage drop also considers the effect
of reactive power. The worst case subscenario of EV charging was also based
on the highest expected voltage unbalances.

The core model of the algorithm was based on power-flow equations. It
was advantageous to build the model from the ground up, and finally create
a dedicated code. It is believed that this was a big factor in limiting the
time that it takes to calculate the voltage variations and unbalances.

The outcome of the hosting capacity also depends on the monitoring data.
Monitoring data is useful for determining the worst case scenarios. This is
because a lot of information about the daily load patterns are available.
However, the device type and programming of the monitoring device should
be considered. For calculating the slow voltage variations and unbalances,
10 minute averages of the active and reactive power demand is required. In

111



this case, 15 minute snippet measurements were provided by the monitoring
devices. It is believed that the outcome of the algorithm was less accur-
ate because of this reason. However, the operation of the hosting capacity
algorithm could still be demonstrated.

Finally, the Scenario Maker was an unexpected part of the thesis project.
The research questions focused much on the behaviour of different aspects
that influence slow voltage variations and unbalances. Also, the creation
of a model that calculated them was considered. However, later in the
thesis, the importance of choosing relevant scenarios had come up, which
had resulted into the Scenario Maker. The Scenario Maker has proven to
be a constructive part of the algorithm, because it had resulted in more
accessible results.
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Chapter 14

Conclusion

In this thesis, an algorithm that calculates the hosting capacity of independ-
ent PV, or EV charger systems was created. This algorithm was used to
calculate the hosting capacity for four different industrial and commercial
LV networks, of which the monitoring data was provided by the company
HyTEPS.

The hosting capacity is based on slow voltage variations and voltage un-
balances. These aspects depend on the utility voltage as provided by the
grid, the impedance of the network, and finally the current flow in the net-
work.

In a network where a PV system is installed, the network may experience
voltage raises due to a mismatch in power generation and loading. Further-
more, the PV generation may aggravate the current unbalances, and finally
the voltage unbalances in the network. The generation of PV depends on
the PV module’s characteristics, the tilt, and the azimuth angle. Secondly,
PV generation depends on the position of the sun relative to the module.

Additionally, a network, where and EV charger system is installed, may
be subject to a voltage level decrease and voltage unbalances. This depends
on the time of EV connection to the network, the time that it takes to charge
a car, the maximum phase power of the cars and the charger, the amount of
cars connected, and finally the three-phase charging capability of the cars
and chargers.

Commercial and industrial loading typically show high loads during the
weekdays, and low demand during the weekends. The weekend demand
could limit the PV generation, because the voltage may increase too much.
The weekday demand could limit the EV charging, because it contributes to
the voltage drop in the network. Finally, the loads in the analyzed networks
were mainly balanced. Therefore, it is not expected that three-phase PV
generation would aggravate the current unbalances too much. However, EV
charging may still create significant voltage unbalance due to single phase
charging.
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The behaviour of the PV and EV charger systems have been modelled.
Subsequently the worst case subscenarious of the PV and EV charger sys-
tems were created. Finally, the worst case subscenarios for the network
loading and utility voltage were drawn from the analyzed networks. These
subscenarios were combined into two scenarios for the PV, and EV charger
system, respectively. Then, the hosting capacity was calculated for a range
of PV and EV charger system’s impedances. This resulted into two figures
for each of the networks, which are helpful for the design of the independent
PV and EV charger systems.
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Chapter 15

Recommendations and
Future Work

The Scenario Maker is a large part of the algorithm. Therefore, improve-
ments of the Scenario Maker could make a lot of difference in the outcome of
the model. The Scenario maker could be improved by adding the element of
time by (mis)matching the the exact behaviours of PV generation and the
network loading, or EV charging and the network loading. However, trying
to mismatch each daily pattern, especially when a lot of monitoring data is
available, is likely very time consuming, and requires optimization.

The scenarios created by the Scenario Maker was based on the worst case
situations. Alternatively, the Scenario Maker could be based on the most
frequent PV generation or EV charger situations. For example, the Scen-
ario Maker could be based on the most frequent network loading situations
throughout the year. However, this alteration may require a risk/benefit
analysis, considering the risk of the worst case scneario actually happening.

Finally, due to the variability of the models, if more information about
the installed PV and EV charger system is known, it is possible to alter the
PV generation and EV charging modelled inputs. For example, when the
network can only expect three-phase EV charging, the worst case scenario
will be different. Moreover, a difference in tilt or azimuth angle, of the PV
system, will lead to a different worst case scenario as well.
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