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Abstract

The ongoing grid paradigm shift has resulted in synchronous generators currently being phased
out. As the generators have been providing ancillary services, such as frequency control regulation,
this means that new technologies to perform ancillary services need to be developed and evaluated.
Electric vehicles (EVs) is an energy source that today is being underutilized. Therefore, research
has been investigating the possibility to provide ancillary services trough vehicle-to-grid technology
(V2G) and especially utilizing EVs as frequency containment reserves (FCR). [1–6]. However, real
world data to evaluate this technology is lacking today.

The study in this thesis utilizes real world data from one of the world’s first commercial EV
fleets providing FCR-N (Frequency Containment Reserve - Normal Operation) [7], with the aim to
evaluate grid impacts from the V2G technology. Initially, the grid impacts in the studied system
is analyzed. Thereafter, a simulation model is created in Matlab Simulink. Through varying the
cable length (0.02 km to 1.6 km) and the installed power of the EV chargers (100 kW to 800 kW)
different scenarios are created and simulated, using the model. Thereby, it is evaluated if and when
problems will occur for the grid operation in the studied system. Additionally, it is investigated
if grid impacts in terms of voltage can be minimized through reactive power compensation. The
main focus of the analysis concerns voltage issues but load profiles are also analyzed.

For the studied system no voltage limit violations or thermal limit issues were found. However,
the FCR-N provision changes the shape of the load profile for the building, to which the EV fleet
belongs. For the reactive power compensation it was found that the suggested minimum power
factor (PF) for battery plants suggested by the transmission system operator (TSO) [8] was enough
to improve voltage profiles up to 0.2 km, however for longer cable lengths the suggested PF was not
enough. Instead a proportional Q(P) controller is suggested which improves voltage profiles up to
0.4 km as well as for lower installed power levels for 0.8 km. For 0.8 km cable length and longer it is
not possible to minimize grid impacts through reactive power compensation. Instead grid upgrades
would be required if the V2G technology is adapted in systems requiring cable lengths and installed
power levels of these sizes.

In the load profile analysis it was seen that the peak load in the morning increased severely as
a result of upscaling the installed power in the EV fleet. Additionally, the afternoon peak load
increased in magnitude and time for the higher installed power levels. Strategies to minimize the
peak loads such as smart scheduling are discussed but not tested for.

It is concluded that the V2G technology is a possible strategy to perform FCR-N in an under-
utilized grid. However, if utilized to such extent that grid updates are required, the cost of grid
updates needs to be weighted against the gains from FCR-N provision and cost of EV batteries for
further evaluation.

Keywords: Electric vehicles (EVs), grid impact, ancillary services, frequency regulation, FCR-
N, vehicle-to-grid (V2G), voltage, reactive power, load profile.
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Abbreviations and Nomenclature

BEV - Battery Electric Vehicle
DSO - Distribution System Operator
EV - Electric Vehicle
EVI - Electric Vehicle Initiative
FCR - Frequency Control Regulation
FCR-N - Frequency-Controlled Normal Operation Reserve
FF - Frederiksberg Forsyning
ISO - Independent System Operator
LL - Line to Line
LN - Line to Neutral
P - Active power
PEV - Plug-in Electric Vehicle
PF - Power Factor
PHEV - Plug-in Hybrid Electric Vehicle
Q - Reactive power
R - Resistance
RMS - Root Mean Square
SSC - Short Circuit Capacity
SOC - State Of Charge
TSO - Transmission System Operator
V - Voltage
V2G - Vehicle to Grid
Z - Impedance
X - Reactance
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Chapter 1. Introduction

1. Introduction

This initial chapter gives an introduction to the subject of this thesis. It formulates the problem
statement accompanied by the scope and limitations.

1.1. Background and Motivation
It cannot be denied that the planet and its climate is affected by human actives. The consequences
for our climate are especially severe as they become more and more noticeable due to our unsus-
tainable exploitation of energy resources. The situation is problematic since energy services often
are indications of the quality of life at the same time as the welfare of future generations will be
threatened if no radical changes are made now [9]. Today, 80 % of the global energy provision comes
from fossil fuels such as oil, coal and gas [10], whereas for the transport sector oil accounts for 96
% of the energy usage [11]. The oil reserves are predicted to last another 50 years with the current
exploitation [12]. Thereby, the fossil fuel dependency threatens the global growth. Furthermore,
with an increasing population and global living standards developing for the better this calls for
changes in our technical development to proceed in a sustainable way that does not risk the future
generations welfare neither economically, environmentally nor socially.

As the global leaders are becoming more and more aware of the situation during the last decades
several goals have been set to maintain a sustainable climate. Within the European Union the
states have agreed to, until the year of 2020 with respect to the values of 1990, decrease greenhouse
gas emissions by 20 %, decrease the energy usage by 20 %, that 20 % of the energy usage will
be from renewable energy sources and within the transportation sector the fraction of renewable
energy should be at least 10 %. In addition to the 20-20-20 goals, the union has also proposed
that the greenhouse gas emissions should be reduced by 30 % by 2030, the energy efficiency should
increase by 30 % until 2030 and the renewable energy should account for 27 % of the energy usage
by 2030. [10,13] Furthermore, countries in Scandinavia have been pushing on setting stricter climate
goals. The government of Sweden has stated that Sweden should have no net emissions in 2045 and
the government in Denmark has decided that the country should be independent of fossil fuels by
2050. [13, 14] With the goals being set this calls for research that enables renewables and cleaner
technologies and secures the future for the coming generations.

As previously mentioned the transportation sector is heavily dependent on fossil fuels, and in
order to achieve our sustainability goals radical changes are required within and around this sec-
tor. One strategy to mitigate the fossil fuel dependency is electrification of transportation through
the introduction of electric vehicles (EVs). However, it should be clarified that the EVs and the
electricity production in total should require lower net emission than the total emissions of the con-
ventional cars and the corresponding electricity production for this to be a successful strategy. The
electrification would supposedly result in less total energy consumption per distance but increased
electricity consumption. Furthermore, we now see a paradigm shift for the power grid as the power
flows are changing. Traditionally, the power flows in the grid has been going from centralized pro-
duction units, through transmission and distribution, to costumers unidirectionally [15]. However,
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Chapter 1. Introduction

because of the challenge to find new ways of producing clean and environmental friendly electricity,
the electricity production is becoming more and more decentralized, which changes the power flows.
Additionally, strategies to minimize the total energy consumption are being developed. Electricity
consumers have for a long time been considered as uncontrollable units but now techniques of op-
timized production and consumption are being researched, envisioning the consumers as variable
and controllable units.

As a result of the mentioned changes the traditional synchronized electricity production is be-
ing phased out in Denmark. This might evolve in different complications for grid operation as the
synchronous generators are one of the main providers of ancillary services due to their suitability
for the task. Thus, ancillary services need to be provided from other components in the future grid.
As understood from the reasoning above, controllable units that are integrated into the grid could
contribute to the operation of the grid, especially if the power flow can be bidirectional. EVs are
energy sources that most of the day are not being utilized. They can be integrated into the grid
and they also have the opportunity of bidirectional charging. Thereby, EVs could support the grid
through providing frequency control by utilizing the batteries in EVs when they are connected to
the grid. [1–6] This technology is known as Vehicle to Grid (V2G). Through electrifying the trans-
portation and through the ancillary services that they can provide while connected to the grid, EVs
could play an important role in our future infrastructure. This calls for research on electric vehicles
and their interaction with the grid, which is the theme of this thesis.

1.2. The Parker Project
The work of this thesis is associated with the Parker Project. The project is a collaboration between
Mitsubishi Corporation, Mitsubishi Motors, Nissan, NUVVE, PSA Groupe, PowerLab DK, Enel,
Frederiksberg Forsyning, Insero and DTU Institute for Electrical Engineering. The Parker Project
aims to evaluate series-produced EVs as a vertically integrated resources to support the power grid
both locally and system-wide. The project involves topics such as market, technology and users
applications. Furthermore, the project builds on three pillars - grid applications, grid readiness
certificate as well as replicability and scalability. More information about the project can be found
in [7] .

Additionally, the Parker Project is supported by one of the world’s first commercial pilot of se-
ries produced V2G cars providing system services. The pilot provides this thesis with data.

1.3. Thesis Objectives
The aim of the thesis is to do an impact study on how charging and discharging of EVs affects
the grid when providing frequency-controlled normal operation reserve (FCR-N). The thesis will
mainly focus on impacts in terms of voltage levels, but also discuss feeder load profiles in parallel.
Utilizing results from the impact study, the thesis will also investigate strategies to decrease the
impacts on the grid. The objectives of this thesis are further defined through the following questions:

How does the FCR-N provision through EVs affect the studied system today?
To answer this question the voltage and load profiles will be analyzed to evaluate if there are any
problems regarding the grid operation at Frederiksberg Forsyning today.

2
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If and when will there be issues for the grid operation?
This question involves creating a simulation model. With the model different scenarios will be
simulated through varying the installed power and the cable length in order to determine when
problems in the studied system will arise. Issues regarding voltage and load (and thereby thermal
impacts) will be taken into account.

Can reactive power compensation be utilized to minimize grid impact?
Here, it will be investigated if reactive power compensation can be utilized as a solution strategy to
mitigate voltage impacts. Thermal impact solutions will be evaluated in a subsequent discussion.

1.4. Methodology
Initially, a literature study will be provided to give the required background knowledge needed for
this project. Furthermore, data will be imported and filtered to take away time periods with non
usable data. Thereafter, an analysis of the studied case, referred to as base case, in terms of grid
impact will be conducted. The studied system will be modeled and simulated in Matlab Simulink,
where the variables will be determined through a theoretic model, the previous analysis and simu-
lation calibration. From the simulation model different possible scenarios will be simulated through
varying the installed power and cable length. Two different reactive power compensation methods
will be evaluated throughout the simulations. In parallel to the simulations the limitations of the
EV frequency control technology with respect to grid impacts will be investigated and discussed.
Furthermore, the load profiles for the different simulations will be evaluated in the analysis. The
work flow for the thesis (excluding the literature study) is visualized in Fig. 1.

1.5. Scope and Limitations
Due to the available data the work in this thesis will be limited in different directions. One of them
is for which time spectra that the data is available. The resolution of the data is given in one second
time steps and is available over a time period of three months (December 2017, January 2018 and
February 2018). Within these three months, the analysis will apply to the weeks that have usable
data.

Another aspect through which the work is limited is with respect to the type of EV user. The
data comes from an EV fleet belonging to a company and hence the following analysis will be valid
for suchlike users. A thorough analysis for household users is therefore not possible. Furthermore,
the study involves one point of connection and one consumer (Frederiksberg Forsyning). Addi-
tionally, the study looks at battery electric vehicles (BEVs) charging through charging posts and
therefore electric roads are not taken into account in the analysis.

There are many different ways of providing reactive power compensation. In this thesis the aim
is to evaluate whether it can be utilized as a solution strategy or not and therefore a functioning
controller will not be developed and not all possible solution strategies could be evaluated. Other
options could be possible, but this control strategy is considered sufficient to determine if and when
problems will occur in the studied system.

3



Chapter 1. Introduction

Figure 1: Work flow to determine grid impacts from the frequency regulating EVs at Frederiks bergs Forsyn-
ing (FF). Abbreviations: LN - line to neutral voltage, LL - line to line voltage, P - active power,
Q - reactive power, I - current, P EV feeder - active power in EV feeder (see Fig. 15), P FF
feeder - active power in feeder to Frederiksberg Forsyning (see Fig. 15), P Bornholm - active
power in feeders from an electric system in Bornholm (see chapter 4).
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Chapter 1. Introduction

1.6. Outline
In chapter 2 the required theory and background knowledge will be found together with a literature
review on the state of the art regarding frequency regulation and voltage control with EVs. Chapter
3 presents the data from the EV fleet. The data analysis for the base case regarding voltage and load
profiles is found in chapter 4. The procedure for developing the simulation model and the scenarios
is presented in chapter 5 and the results and analysis for voltage, load and system limitations are
presented in chapter 6. Finally, chapter 7 presents a discussion. Chapter 8 presents the conclusions
and chapter 9 future work.
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Chapter 2. Theory and Background

2. Theory and Background

This chapter will provide the theory and background knowledge laying the ground for this project.
Initially, the required theory on power grids, frequency and voltage regulation are presented. Fur-
thermore, the chapter continues with the state of the art regarding EVs and grid integration as well
as technical regulations for battery plants.

2.1. Power grid
In a traditional power system the electricity is produced in centralized production facilities such
as hydro power plants, nuclear power plants or thermal power plants. From the power plants the
electricity travels through AC high voltage transmission lines known as the transmission grid, where
the voltage normally is 400 kV [16]. Through substations the voltage is first leveled down to 150
kV in the subtransmission grid (in Denmark and in Sweden 130 kV). The voltage is further leveled
down to medium voltage (MV), 10 - 70 kV, and then to low voltage (LV) 0.4 kV. The distribution
grid consists of both MV and LV grids. [16] The normal electricity consumer is connected to the
LV grid, whereas larger industries are connected to the MV grid or even the subtransmission grid.
The Transmission System Operator (TSO) in each country is responsible for the operation and
maintenance of the transmission line system and in smaller countries there is normally only one
TSO as this is a natural monopoly. In Sweden the TSO is Svenska Kraftnät and in Denmark the
TSO is Energinet.dk. When it comes to the distribution grid there are more actors on the market
and in Denmark there are 50 Distribution System Operators (DSOs) [17]. In parallel to the physical
transportation of the electricity, the electricity is traded with through long-term bilateral contracts
and on electricity markets. In Scandinavia the electricity market is built up by three markets.
On a day-ahead market, Elspot (governed by Nord Pool), where electricity is bought and sold on
an hourly ahead basis. As a complement there is also a market where electricity can be sold and
bought during the day of delivery. This market is known as Elbas (governed by Nord Pool) and
works as a bidding market where the electricity can be bought up to one hour before the time of
delivery. Additionally, there is a financial market Nasdaq OMX Commodities Europe. [10]

2.1.1. Frequency regulation
In Europe there are several synchronous areas and within each area the frequency of the grid is
the same. As seen in Fig. 2 for example Germany has the same frequency as Greece [18]. Within
each synchronous area the power production has to equal the demand at every point of time. The
entire system can be described by one balance equation (eq. 1) and one can think of all generators
operating as one. [15] Denmark is divided in to two different areas DK1 and DK2 which are part of
two different synchronous areas. Jutland and Fyn belongs to DK1 and Zealand belongs to DK2. [19]

6



Chapter 2. Theory and Background

Figure 2: Synchronous areas of Europe, where each marked area
holds the same frequency in the the entire grid. [18]

To maintain a frequency around 50 Hz, which is the commonly utilized system frequency in Europe,
frequency control regulation is required. There are both primary and secondary frequency control
techniques, where the primary control usually is fast but normally gives a stationary error that is
reset by secondary control, which is automatic but slower. A general strategy for primary frequency
control is to let generators respond to the change in frequency with respect to their size. This is
known as droop control and is described through the following formulas:

ωnomJtotal2π
dfsystem
dt

= Pm,total − Pe,total (1)

dfsystem
dt

= ∆f = fsystem − fnom (2)

∆Pm = −∆f

R
(3)

where Pm,total and Pe,total denotes power production and demand respectively. fnom denotes the
nominal frequency (i.e. the setpoint 50 Hz), fsystem the actual frequency in the system, R denotes
the droop in Hz/MW or p.u/p.u and ∆Pm the change in power for the generator [15]. To let the
machines contribute according to their size the R is determined in p.u. In the Nordic countries the
total 1/R is required to be at least 6000 MW/Hz and the allowed ∆f is 0.1 Hz. Frequency control
reserves are traded on a market by Energinet.dk in Denmark (in Sweden this governed by Svenska
Kraftnät) [19]. If ∆Pm is positive, i.e. power is injected to the grid to raise the frequency. It is
called upregulation. If instead ∆Pm is negative, i.e. power is drawn from the grid to lower the

7



Chapter 2. Theory and Background

frequency. This is known as downregulation

Synchronous generators have been very suitable for frequency regulation control as their active
power is controllable. Additionally, the synchronous generators keep the frequency more robust
towards changes due to their inertia. With more and more renewable power production there will
be less synchronous generators and thus less inertia in the electrical system. Thereby, the frequency
will be more sensitive to changes in power production and demand. Thus, we need to both find
new units in the grid that can provide frequency regulation and units that respond faster. One
strategy to do this is to let the power demand follow the production, i.e. in eq. 1 to control the
demand (Pe,total) to follow the production (Pm,total), instead of vice versa which is the traditional
strategy to keep difference between the variables close to zero (and thereby minimizing the changes
in the frequency, fsystem). This have recently been investigated for smart grids applications [20]. It
is however debated whether it can be fully conducted as the only solution since some facilities in
society needs to operate regardless of the current power production, such as hospital, schools etc..
Other strategies are to install large batteries that can operate as a power reserve or to follow the
traditional solution and install more power production than required in a system. By installing
more power than required wind power plants and PVs can provide frequency upregulation. An-
other solution is to let the batteries of electric vehicles (EVs) jointly operate as one large battery
providing frequency regulation and this will be further explained later on in this chapter (2.2.4).

Frequency concepts
Frequency Containment Reserves (FCR) are active power reserves utilized for the primary frequency
control with the aim to dampen changes in the frequency. There are two types of FCR:

• Frequency Containment Reserve - Normal operation (FCR-N), which is FCR utilized for
frequency deviations within a ±0.1 Hz span. The work in this thesis concerns this type of
frequency regulation.

• Frequency Containment Reserve - Disturbance (FCR-D), which is activated for frequencies
below 49.9 Hz and over 50.1 Hz.

Fast Frequency Response (FFR) aims to manage faster deviations in the system frequency, but is
not available on the Nordic market today.

Frequency Restoration Reserves (FRR) is active power reserves utilized for the secondary frequency
control aiming to reset the frequency to nominal value. [21]

2.1.2. Voltage control and line loadability
It is of the TSOs and DSOs concern to keep balanced voltage levels in the grid. With a stable
voltage the grid is stronger and more robust. The transfer capacity of a line is improved and losses
are reduced if the voltage is higher. On the other hand too high voltages can lead to faults and
damage the insulation. Additionally, if the current is too high, the components of the system could
get overheated causing damage and thus, thermal limits are also set to not exceed the limitations of
the lines. Normally the thermal limit has a higher impact for the loadability at lower voltage lines.
Hence, the DSOs normally set limits within which the voltage is allowed to vary at the connection
to costumers in order to maintain a stable grid and to improve line loadability. [15] In Denmark the
voltage variation limits are ±10 % of the nominal voltage, whereas in Sweden the limits are often
set to ±3-5 % of nominal voltage. Thus for a line to neutral voltage of 230 V the limits are 207 to
253 V. [8] Within the grid the TSOs and DSOs have internal rules to maintain the voltage level.

8



Chapter 2. Theory and Background

The importance of keeping voltage stable for the stability of the grid can also be explained through
plotting the maximum power that can be extracted from a line versus the voltage. Fig. 3 below
shows the relation between the two variables. Here it can be seen that certain voltages will cause
the power to drop drastically.

Figure 3: The relation between the voltage at the receiving end of a line over sending end voltage (V/E)
and the maximum power at the receiving end over the short circuit capacity (P/SSC). Known as
nose curve because of the shape. (The power factor in the curve is 1 and thus reactive power is
0) [22]

There are of course different ways of modeling electrical systems, but a common way to do so is
through Thevenin equivalents. Illustrating a line with a load at the end would result in the Thevinin
equivalent below (Fig 4).

Figure 4: The above Thevenin equivalent represents a load at the end of a line, where V1 is the sending
end voltage. V2 denotes the receiving end voltage at load while Z1 represents the impedance of the
system ’upstream’ and Z2 the impedance of the load.
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According to Fig. 4 the voltage at the receiving end can be described through:

V1 = V2 + ∆V = V2 + Z1I (4)

V1 = (1 +
Z1

Z2
)V2 (5)

The voltage at two ends of a line can also be described through the line diagram in Fig. 5

Figure 5: The line diagram between a sending bus and a receiving bus.

In accordance with the figures above the voltage can be described through the equation.

V2 = V1 +
PR+QX

V1
(6)

where R and X are the resistance and the reactance of the line, respectively, and P and Q are the
active and the reactive power loads at the receiving bus.

The voltage profile for a low voltage line with no load is usually flat, i.e. the sending end voltage
equals the receiving end voltage. When active power is withdrawn at the end of the line the voltage
at the receiving end will be lower compared to the sending end voltage. For high generation at
the receiving end the voltage will instead be higher compared to the sending end. Since impedance
increases with the length of the line, the voltage profile steepness depends on the impedance per
length and the resulting voltage at the end thereby depends on the length of the line. [15] This
behavior is seen in Fig. 6.

Figure 6: Voltage profile illustrating the receiving end voltage.
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As previously stated and further realized through equations 4 and 6, the voltage at the receiving
end depends on R and X (i.e. P and Q) at the load or R and X in the cable. The effect that the
adjustment of P and Q at the load has on the voltage depends on the X/R ratio of the line. If
the line is inductive, i.e. X/R ratio is high, adjusting X (or Q) has a larger impact. On the other
hand, if the line is mostly resistive, i.e. X/R ratio is low, adjusting R (or P) has a larger impact.
Generally, overhead lines are inductive and cables are resistive. [15]

With more and more renewable energy integrated in the grid power flows will fluctuate more,
which makes voltage control a matter of concern. With higher penetration of PVs and wind power
plants in distribution networks voltage profiles will increase at remote parts of the network. On
the other hand with a higher penetration of EVs with unidirectional charging the voltage will drop
at receiving ends. Thus, the concern emerged that increased measures of control are required in
electricity grids and calls for new methods and strategies to solve this problem. This will be further
discussed throughout the report.

2.2. EV development and grid integration
This section will give an overview of the current development of the EV technology regarding charg-
ing strategies and grid integration with a special focus on frequency regulation and voltage control.

The number of new electric car registrations are continuously increasing since the transition of
electrifying the cars began about a decade ago. The global stock of electric cars is currently over
two million and the countries with the largest stocks are the US and China, where China increased
its stock from 100 thousand in 2014 to 650 thousand vehicles in two years and now holds 40 %
of the total amount of sold electric cars in the world. The largest market penetration is however
achieved by Norway with a market share of 29 % followed by the Netherlands with 6.4 % and
Sweden with 3.4 % (these numbers are from 2016). The market penetration in Denmark is 0.6
%, whereas Copenhagen has had bigger success introducing electric vehicles with a market share
of 3.6 %. Even though the mentioned numbers show a positive development, the global market
penetration is still low and electric cars only account for 0.2 % of all passenger light-duty vehicles
and the growth rate has been declining. However, in the EV3030 campaign the Electric Vehicle
Initiative (EVI) countries have set a goal to reach 30 % market share by 2030. [23]

Clearly, there is still a long way to full adoption of the electric car technology. In the Global
EV Outlook 2017 [23] the EVI states that policy support is the major driver for adoption. Within
policy support the EVI highlights the following keystones for electric car deployment - support for
research and development of innovative technologies; targets, mandates and regulations; and finan-
cial incentives. Among these research support is indispensable for cost improvements that could
further allow for scale-up production. Within this discussion the battery cost is of major concern
and in general seen as an obstacle for scaling up the electric car production. [23]

2.2.1. Charging strategies
There is not yet a universal standard for charging, but different standards have been defined re-
garding level, type and mode. Level refers to the power output of a charger outlet, whereas type
defines the socket and connector of the charger. In conventional EV charging cables, connectors and
communication technology between the vehicle and the charger is required, whereas communication
between the charger and the grid is optional. The communication protocol between vehicle and
charger is described by the mode. There are commonly three levels - level 1, for charging below 3.7
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kW, level 2, for charging between 3.7 and 22 kW and level 3 for charging above 22 kW and up to
150 kW. Level 2 chargers are known as slow chargers and level 3 as fast chargers and for the latter
DC charging is also possible as opposed the the more common AC charging. Regarding connectors,
i.e. type, there are many different solutions on the market as the actors have not agreed on a stan-
dard yet. There are however initiatives to create a standard solution, such as CharIN promoting a
combined charging system. [23]

Charging strategy is something that also differs extensively between different solutions. This area
of research has gained a lot of attention and development. The most traditional strategy is known
as dumb charging, where the electric car users simply connect their vehicle to the charger and the
battery is charged until maximum state of charge (SOC) is reached. The key motivations for this
strategy is that it is simple and easy to use. With another strategy, smart charging, the motivation
on the other hand is to charge in a more optimized way. A common optimization is to minimize
the cost and through this the charger requires a lot more in terms of communication as a signal
from the market and the electricity price is required. The optimization problem could also aim to
even out the power demand in the grid. Smart charging strategy usually requires more time and
can be more demanding for the electric car user, but on the other hand it can be both cheaper for
the EV user and cause less stress on the grid. [23, 24]

In terms of power flow, most chargers today are unidirectional. This means that the battery
can only be ’filled up’ through the charger and the power always flows from the grid to the battery.
However, bidirectional chargers are currently being developed, allowing for power flowing both ways
between battery and grid. Today, NUVVE, is branding their company as the only company provid-
ing an electric vehicle battery technology that is bidirectional and gives the user the opportunity to
generate, store and resell unused energy in the local grid. This is a technology that allows EVs not
only to do smart charging, but also to be integrated into the grid and perform frequency regulation
control, for which bidirectional power flow is a prerequisite. [25]

2.2.2. Effects of EVs on power grid and energy usage curves
It is especially interesting to analyze the impacts of EV loads on the grid since it differs from tra-
ditional loads. As opposed to traditional stationary loads, as a fridge for example, the EV load is
movable, i.e. it could be charged at a home once and the next time at a public charging facility. EV
load is also less predictable in comparison to many other kinds of loads since it depends on the user
which can change its behavior from one day to another. How EV charging will affect the power grid
and the societal energy consumption depends on many different factors. One obvious factor is to
which extent EVs will penetrate the market. According to the IEA the additional demand caused
by EV adoption will only be 1.5 % of the total electricity demand 2030. However, the adoption
of EVs could vary on a local basis and effects on the grid as well as energy usage should not be
ignored but taken carefully into account. [23] A Finnish study showed that with an integration of
5 million EVs in Finland the power demand would increase by 6 % at the most [26].

Impacts on the grid will also depend on which charging strategy or mode that is utilized as well
as where charging takes place. In other words, impacts will depend on whether dumb or smart
charging is most commonly used, unidirectional or bidirectional and if the charging takes place in
homes, businesses or public charging facilities. In the case of adoption to electric roads the driving
patterns could also have an impact, however this is not the focus of this study. Additionally, the
charging behavior depends heavily on the user, for example if the EV owner is a household or a
company, and thus the owner type also has a major impact on the grid. The IEA foresees that
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the EV charging will initially have a large impact on the local low-voltage grids in residential or
commercial areas. In a future scenario of high electricity demand and low production, additional
EV charging could lead to increasing prices on a wholesale market level. In addition, the IEA
expects consequences during peak times for system operators in terms of systems services such as
frequency control, which requires a careful maintenance of reserve power capacity. At distribution
level overloading of power lines and transformers as well as voltage drops could be a risk. [23]

Different strategies have been and are being developed to mitigate the impact that EVs, but also
other components, have on the grid. Very commonly discussed is to minimize the impact on the
grid through reducing the peak demand, which occurs in the morning and in the evening. One
strategy, highlighted in the Global EV Outlook, is to combine EV and PV technology and let the
EV charging coincide with the PV production. For this the IEA have created a possible scenario
with and without combined EV and PV technology for 2030 as seen in Fig. 7.

Figure 7: Demand profile for year 2030 with EV charging. In the upper graph EV charging is not combined
with PV production, whereas it is combined in the lower graph, i.e. EV charging is controlled
according to the PV production. [23]

In [27] the author investigates the grid readiness for EVs in terms of capacity or highest load per
costumer. This was done for two areas, Vallkärra and Stångby in southern Sweden, with real mea-
sured data. Previously, the grid in Sweden has been overdimensioned, since direct electric heating
was commonly utilized and caused an uncertainty of the load. Now, direct electric heating have
been replaced by heat pumps in many places. Thus, the author conclude that because of the pre-
vious over dimensioning the grid is ready for introduction of EVs. However, the DSO needs to be
informed if more EVs are connected to the grid since it might lead to changes in the accuracy of
formulas utilized by the operator and additionally it might be a problem for certain transformers
in the grid.
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In [28] a case study is done for E.ON on a stressed grid with high penetration of EVs in Jär-
fälla, southern Sweden. Additionally, the study investigates the impact of solar cells. Furthermore,
the authors evaluate the impact on substation transformers, cable loadings and voltage drops.
They conclude that even on a day with a more stressed grid the impact is generally within E.ONs
guidelines and they should not be worried in terms of grid readiness for a high penetration of EVs.

2.2.3. Vehicle-to-grid enabled EVs
The vehicle-to-grid (V2G) technology allows vehicles to be integrated with the grid, meaning that
the vehicle can both receive and provide electricity to the grid. This technology makes it possible to
utilize electric vehicles as power resources or reserves and thus the vehicles can support the grid with
load leveling and other ancillary services. Vehicles that are compatible with the V2G technology
and can be integrated are defined as Grid Integrated Vehicles (GIV). [7] Today there is no certificate
or common requirements for a vehicle to gain a GIV status. It is however understood through the
definition of V2G that bidirectional charging is a necessity for the technology as well as a GIV soft-
ware to give commands of charging or discharging in real time [1]. The V2G concept was developed
by NUVVE and its founder Prof. Willett Kempton about 20 years ago and as previously mentioned
this company is to my knowledge the only provider of bidirectional battery charging for GIVs. [7,29]

Up to this point it is clear that the grid is undergoing a paradigm shift. Thus, we need to develop
new technologies to produce electricity but also to provide grid support services, that traditionally
were provided by conventional power plants. [2]. This is why the V2G technology is interesting. It
is only a minor period of time that the car is actually utilized and most of the time electric vehicles
are parked somewhere and not utilized [2]. During the majority of time the EV is thus an energy
storage resource that is not being utilized [1]. When society now has realized that energy resources
needs to be utilized in smarter, more efficient and optimized ways V2G has become an interesting
topic of research.

The Parker project holds the first commercial V2G EV fleet [7], but more V2G projects and ini-
tiatives are being developed and implemented. GIVs utilized as energy sources are often referred
to as virtual power plants, which could be described as cloud-based distributed power plants (or
distributed energy resources). For example, NUVVE and University of California San Diego will
demonstrate how electric vehicles can be utilized as virtual power plants in a project based in San
Diego [30]. Additionally, NUVVE has been proceeding in other countries such as the Netherlands
where TenneT (the TSO in the Netherlands and one out of four TSOs in Germany) has approved
for the company to participate in the frequency regulation market. [1] Furthermore, in Japan Nissan
and TEPCO (Tokyo Electric Power Company) will collaborate to perform a study on how electric
vehicles can serve to support the power grid as virtual power plants. [31]

2.2.4. EVs and frequency regulation
As previously sated, the grid paradigm shift calls for new ways of supporting grid operation [2]. EVs
are energy storage units that are not passive loads and the majority of the day the EVs could be
available for the grid. Hence, several research initiatives are trying to evaluate the ability for EVs
to perform frequency regulation control [3]. It is also stated through [4] that traditional frequency
regulation is slow and not satisfying and that new technologies could provide the service with faster
response.

However, to implement the V2G technology to provide frequency regulation develops into a range
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of questions on how this distributed energy resource technology should be managed. Several arti-
cles propose an aggregator that would manage and efficiently utilize the distributed power of the
EVs and thereby also be the trading middle-hand between EV owners and the grid operator [4,32].
Supposedly, conflicts of interests would arise between the TSO, the aggregator and the EV owner
(in the article: PHEV owner) [4]. How the aggregator should operate has been discussed and solved
differently in research today. In [32] the authors suggests a mathematical formula through which
revenue is maximized. In their optimization problem they considered the energy capacity of the
battery important and designed their weight function to reflect the energy constraints. Further-
more, they claimed to have developed an optimal charging control using dynamic programming.
The authors also address the relative importance between final state of charge (SOC) and revenue.
They state that their control strategy increases revenue, but that this can be further increased
through seeing the final SOC, i.e. when the EV should be ready to use for the owner, as an interval
instead of a fixed point of SOC. The users are more interested in that their car can drive a certain
distance rather than that the battery is charged up to a certain point of SOC and through this
revenue could be increased.

The authors of [4] instead suggest a hierarchical game-theoretic approach for the aggregator to
optimize the frequency regulation. The authors state that their load frequency regulation manages
to coordinate the charging of the EVs (PHEVs) while participating in the frequency regulation. At
the same time they claim to have managed benefits between EV owners, aggregators and the TSO
through balancing the hierarchical game approach at different levels. Through this approach they
have also reduced the RMS frequency deviation from 0.028 Hz to 0.009 Hz and also reduced the
peak load through their intelligent charging.

The predictability of the availability of EVs for the market is clearly a matter of concern and
is addressed in the Parker Project through [33]. Additionally, EV owners might be concerned
about battery degradation and how this affects the overall economical picture of the EV. Refer-
ence [24] stresses this topic and proposes that unidirectional charging is the overall best charging
strategy for market participation when accounting for battery degradation today. In [2] the cost
of battery degradation in relation to gains from frequency regulation is addressed. It is suggested
that lowering the SOC set-point gives better outcome in revenue even though that this would give
less income through frequency regulation. This is due to the negative impact on revenue that
the frequency regulation causes in terms of battery degradation. However, research proposes ben-
efits such as increased revenue and an improved grid operation without the requirement of grid
reinforcement. [2, 5, 32]

2.2.5. EVs and voltage control
As previously mentioned, a well maintained voltage level in power lines increases the active power
transfer capacity [6]. Certain research articles point out that voltage regulation (with reactive power
regulation) close to loads would give especially efficient results compared to voltage control at cen-
tralized synchronous machines and capacitor banks [34]. Since, voltage regulation can be designed
in ways in which the active power flow is not distinctly affected EVs could be a suitable resource
to provide voltage control. [35] Among other changes that the grid is now facing, an increase in
penetration of PV installation and connected EVs, the voltage regulation of the grid will be more
complex and demanding [3, 36]. Historically, the DSOs have usually dealt with congestion and
voltage limitations through grid reinforcements. New technology however, allows the limitations to
be met through active demand management strategies [20]. If implementing voltage control for the
EV chargers, the EV technology will not only solve their own created problem in terms of voltage
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level but also be able to support the grid with voltage regulation when required due to other reasons.

The possible future case of high EV and PV penetration is especially interesting for voltage analysis.
EVs and PV installations are usually integrated in low voltage (LV) grids. Since power injection
to the grid increases the voltage level in the distribution grid (where R is larger than X) [15], PV
installations usually cause higher voltage levels whereas the effect of EV charging is the opposite.
With bidirectional charging of EVs that is utilized for frequency regulation the situation differs.
This enables the EVs to inject power to the grid. Thus, a worst case scenario for such grids is
when PVs are producing power at the same time as EVs are injecting power to the grid. This
scenario is highlighted in [3] as well as in [36]. Another factor that will make the voltage situation
more crucial is longer power lines, since this makes the grid weaker and less robust for load changes.

How to implement the voltage control with EV charging has been solved differently in research.
In reference [37], the authors suggest reactive power compensation through a three-phase ac-dc
converter that is able to operate in all 4 P-Q quadrants. Thus, this charger would also be able
to provide frequency regulation since the charger is bidirectional. Both power factor correction
and capacitive and inductive reactive power operation are investigated. Through their offboard
charging strategy the EV (PEV) owner requests a SOC until departure and the charger responds
to utility commands for reactive power. The authors highlight the importance of quick response
from the charger and designed their charger to respond within 3 grid cycles. Through their study
they conclude that smart charging with V2G applications such as reactive power compensation
is more advantageous in terms of grid operation than only smart charging. Other methods utilize
single-phase chargers, but through this concerns about unbalanced phases arise [3,34]. Reference [3]
suggests a reactive power injection between ±0.5 p.u.. In [38] the authors state that their investi-
gated charging strategy decreases voltage violations using duty-cycle charging. In [39] a capacitive
charger is implemented instead which reduces the voltage deviations through a capacitive power
factor of 1 to 0.95. The author claims that a power factor in this range does not cause any disad-
vantage in terms of residential peak load or grid losses.

To be able to provide both frequency regulation and voltage regulation, the charger needs to be
able to operate in all four quadrants. This results in 9 operating modes as seen in Fig 8 [40].
Such chargers are designed and evaluated both in [40] and [41]. In the design of these chargers
offboard chargers are desirable [40], since chargers with extended functions could be heavier due to
power electronics. Offboard charging increases the time and distance that the vehicle could manage
which is of major concern for EV owners. [40] Providing voltage regulation control through reactive
power compensation is beneficial since it does not require any active power flow and thus leave the
battery charged [35]. Additionally, several studies have claimed that reactive power compensation
does not have an impact on the battery degradation which is positive for the EV owner [6]. At the
same time it gives an opportunity to increase revenue if participating in reactive power markets.
Reference [42] states that it will be cheaper for the ISO (independent system operator) when EV
owners are included in market, whereas in [6] the authors suggest a theoretical monthly income of
5 USD for the EV owners when providing reactive power compensation and frequency regulation
as opposed to only providing frequency regulation. This is further reinforced through reference [43]
that has studied the benefits of voltage regulation in a parking lot and concludes that the revenue
of the parking lot is increased by 19 %.

Even though concluded by [36] that the benefits of voltage regulation are greater than the dis-
advantages, there are some concerns regarding this technology that require attention. When per-
forming voltage regulation cable loading is increased and might lead to violations of current limita-
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Figure 8: Operating modes for combined frequency regulation and voltage control with reactive power. I-IV
represents the area of the quadrants without the axes, V-VIII represent the modes along the axes
and IX represents the origin.

tions [3,36]. Thus, it is important to be aware of this when designing voltage control strategies for
EV chargers. If utilizing single-phase chargers phase unbalances is a concern which requires further
research [3,36]. Additionally, market models need to be developed to be able to make a profit out of
the technology. In [6] the authors suggest optimization through both a day-ahead command-based
and a day-ahead price based problem statement for both frequency and voltage regulation. The
authors also highlight the constraints in terms of maximal apparent power, charging deadlines and
battery capacity. Furthermore, the X/R ratio should be considered when designing voltage control
through reactive power compensation. For MV and especially LV grids the X/R ratio is lower and
thus reactive power compensation has less effect compared to high voltage transmission lines [39].

As stated in several references there is a lack of experimental verification of the V2G technolo-
gies in terms of frequency regulation and voltage control [6, 37, 38]. Studies involving real data is
crucial for the implementation of the technologies. To my best of knowledge there is yet no study
that has been investigating the impact on the grid in terms of voltage and thermal limits from EVs
performing frequency regulation using real world data.

2.3. Battery plant regulations in Denmark
Here, technical regulations for battery plants in Denmark will be addressed as this concerns the EV
fleet. Not all countries have battery plant regulations yet, and Sweden for example does not have
this type of regulations. According to the Technical Regulations for battery plants, provided by
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the Danish TSO Energinet.dk, a battery plant is a plant that is able to store and deliver electrical
energy according to at least one of their definitions [8]. One of which being to ’absorbing electrical
energy from the public electricity supply grid and, at a given time, delivering it back in the Point of
Connection’ [8]. This definition would suit the pilot EV fleet at Frederiksberg Forsyning as the aim
here is to perform frequency regulation and the definition is thus a requirement for this purpose [7].
Furthermore, the definition by Energinet.dk ’covers both permanently and temporarily connected
battery plants’ [8]. Thereby, V2G electric vehicle charging stations are included and regarded as
battery plants for which the defined regulations apply.

The regulations define different categories of battery plants with respect to their size. The pi-
lot fleet at Frederiksbergs Forsyning consists of 10 EVs charging 10 kW each (more information
regarding the EV fleet can be found in chapter 3). Hence, the battery plants size is 100 kW and
falls in to category B which includes battery plants above 50 kW up to and including 1.5 MW.

Battery plants of category B must, according to the regulations be designed in such manner that
they are able to operate within the active and reactive power range defined in Fig. 9 below. If
nothing else is given the battery plant should operate with a power factor of 1.00, but at any time
it should be able to operate the plant within the defined span if requested. Since, the battery plant
falls within the category B it is required to have Q control and power factor (PF) control according
to the TSOs regulations. Voltage control and automatic power factor control could be implemented
but is not required.

Figure 9: Requirements from Energinet.dk on operating point in the active and reactive power plane [8].

Q control, according to Energinet.dk, is the control of reactive power independent of active power
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and grid voltage at the point of connection. The Q control should operate with respect to a cer-
tain set point (the red line in Fig. 10) and should respond within 2 seconds and be completed
within 10 seconds when a change of the set point is given. The accuracy of the set point is not al-
lowed to deviate more than 1 % within a 1 minute time span. The Q control is illustrated in Fig. 10.

Figure 10: Q control (reactive power control) as defined by Energinet.dk [8]
.

’Power factor control function controls the reactive power proportionately to the active power in the
point of connection’ [8], as seen in Fig. 11. Thus, the power factor control is determined using a
droop. The required accuracy and resolution of the power factor set point is 0.01. The required re-
sponse time is the same as for Q control but the deviation is allowed to be 1 % over 0.01 minute only.
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Figure 11: Power factor control as defined by Energinet.dk [8].

Automatic voltage control controls the voltage according to a voltage reference set point automati-
cally, but is not required for the battery plant in this case study. The response time requirements
are the same as stated above, but is not allowed to deviate more than 0.5 % over a 1 minute time
period. The function of the automatic voltage control is seen below in Fig. 12.

Figure 12: Automatic control as defined by Energinet.dk. [8]
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Automatic power factor control operates through automatically activating and deactivating to keep
the voltage at a certain level in the voltage reference point. This is illustrated by Energinet.dk
below (Fig. 13). Comparing Fig. 13 to Fig. 11 it appears that automatic power factor control
is similar to power factor control but here a dead band is introduced, i.e. for lower active power
levels no power factor control is applied. Thus, this option could be a strategy to decrease the total
reactive power input.

Figure 13: Automatic power factor control as defined by Energinet.dk, where P/Pn is the normalized ratio
for rated power. (Pn is the delivered or absorbed rated power). [8].
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3. The Measurement Data and the
EV fleet

This chapter will give an overview of where the data was collected from followed by a presenta-
tion of the raw data.

3.1. Frederiksberg Forsyning
Frederiksberg Forsyning (FF) is a utility company providing gas, tap water, district heating and
cooling and sewage to about 100 000 residents. Additionally, they provide wind energy. FF is situ-
ated in the municipality Frederiksberg in Copenhagen, Denmark. They serve both households and
larger industries with maintaining utility pipes as well as expanding the pipe grid, customer support,
installations and repair of technical devices. The company has approximately 180 employees. [44]

3.2. The EV fleet
The EV fleet consists of 10 BEVs vans (battery electric vehicle vans) that are utilized by Frederiks-
berg Forsyning in their daily work. The vehicles are of the brand Nissan e-NV200. Each car has a
battery size of 24 kWh and is connected to a 10 kW charger which in total gives a charging capacity
of 100 kW (see Fig. 14). When parked at the utility, the cars are connected to the grid through
a bidirectional charger for both charging and providing frequency control regulation for normal
operation (FCR-N). The V2G technology is provided by NUVVE. The EV fleet is the world’s first
fully commercialized V2G hub, where the providers of the fleet define commercial as the project
being based on ’components and technology that can be purchased by consumers’. [45]

With the NUVVE V2G technology the EV user connects the vehicle, which then is charged to
50 %. When 50 % SOC is reached the charger switches mode to provide frequency regulation in
communication with an aggregation platform that gives commands of charging and discharging.
Through the aggregation platform (a cloud connected application) it is ensured that the vehicle has
enough SOC for the next trip at a certain time. The technology predicts revenue, travel distance
and time. [25]

The cars leave FF at 7 am at the earliest and return at 7 pm at the latest [33]. This means
that they are available for FCR provision at least from 7 pm to their charging deadline in the
morning. However, the cars might return during the day and be connected and thus occasionally
providing FCR during the day. [33] With the current EV fleet the charging deadline is around 7 am
and the chargers are connected with one phase AC charging.
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Figure 14: The line diagram illustrates how the EVs are connected to the ’EV feeder’. All 10 EVs have a
battery size of 24 kWh and are connected through a 10 kW bidirectional charger to the feeder.

3.3. Network and network model
The measured data is collected at three points in the network, which is illustrated as a single line
diagram in Fig. 15 below. Observe that this is a simplified line diagram where only the components
that are of concern for this project are included. There are two cables connected to FF. Out of
these only one phase of one cable is measured in ’Cable Outlet 2’ and it is assumed that for different
variables the measured value can be multiplied by 6 in order to get the total quantity of the two
three-phase cables. The measuring point ’Cable Outlet 1’ is the cable of the EV feeder (the line
at which all 10 cars are being charged) and here all three phases are measured. Voltages for all
phases are measured at ’Bus 1’, to which all feeders in the FF building are connected. ’Bus 1’ will
be utilized in the rest of the report when referring to this specific bus.
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Figure 15: Simplified line diagram for the analyzed system. In the red measuring point (Cable Outlet 2)
only one phase out of six (there are two cables) is measured. At the blue measuring point (Bus
1) voltages are measured. At the yellow measuring point (Cable Outlet 1) all three phases in the
EV feeder cable are measured.

Theoretical Model
From the theory presented in 2.1.2 it is understood that an electrical system can be approximated
as a Thevenin equivalent. This is of course a simplification of a complex system, but could be
utilized to roughly determine properties of the system and additionally the accuracy of simulated
results. The Thevenin equivalent in Fig. 16 represents the studied system where the upstream

Figure 16: Thevenin model/approximation of the system in Fig. 16
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network is included in V1 and Z1 (i.e. cables, transformers etc.). V2 represents the voltage at bus
1. Z2 is the load at the EV feeder and Zrest is the combined load of the remaining feeders at bus 1.
With this Thevenin model implementing eq. 4 gives the following formula:

V1 = (1 +
Z1

Z2Zrest

Z2+Zrest

)V2 (7)

3.4. Raw data
The measured data is collected with one second time resolution and a measurement is only collected
if the sensor detects a change of the variable. The data comes in a csv-file that does not contain
measurement for every second and also includes all approximately 50 variables unsorted. The data
was collected for three months (December 2017, January 2018 and February 2018). There are
however ’gaps’ in the data, possibly due to communication problems in the measuring devices.
Scripts were written in Matlab to sort out the variables of interest as well as extending the variable
vectors to contain measured values for ’all seconds’ within the data collection time frame. In Table
1 the collected variables are found.

Measured variable Variable name
RMS voltage L1-N LN1
RMS voltage L2-N LN2
RMS voltage L3-N LN3
RMS voltage L1-L2 L1L2
RMS voltage L2-L3 L2L3
RMS voltage L3-L1 L3L1
Average active power L1 cable outlet 1 Pow1_1
Average active power L2 cable outlet 1 Pow2_1
Average active power L3 cable outlet 1 Pow3_1
Average reactive power L1 cable outlet 1 Rea1_1
Average reactive power L2 cable outlet 1 Rea2_1
Average reactive power L3 cable outlet 1 Rea3_1
Average RMS current L1 cable outlet 1 I1_1
Average RMS current L2 cable outlet 1 I2_1
Average RMS current L3 cable outlet 1 I3_1
Average active power cable outlet 2 Pow1_2
Average reactive power cable outlet 2 Rea1_2
Average RMS current cable outlet 2 I1_2
Time in date format t_date
Time in numerical format t

Table 1: Table of collected variables and utilized abbreviations/variable names.

To illustrate the data availability the raw data for the load in cable outlet 2 for all three phases
from all three months is seen in Fig. 17. More data along with procedures for filtering are presented
in the next chapter.
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Figure 17: Raw data for the load in cable outlet 2, i.e. for entire FF building for December, January and
February (top to bottom). The gaps in the data are due to that no data collection occurred during
these times, possibly due to a communication problems in the measuring devices.
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4. Measurement Data Analysis

This chapter initially presents how data was ’filtered’ followed by a voltage analysis. Thereafter
load profiles are presented and analyzed. The analysis considers the studied system, i.e. the base
case where no variation of variables are introduced, and aims to answer the initial question ’How
does the FCR-N provision through EVs affect the studied system today?’

4.1. Data selection
To compare the behavior of the variables and to be able to pick out reasonable periods of data for
further analysis the time frame to visualize the data is chosen to be one week. One week is chosen
because it is hard to evaluate if the behavior of one day is representative, since the behavior might
depend on which day of the week that is being analyzed. To compare on a weekly basis thus makes
more sense. Hence, data periods of one week need to be extracted from the raw data. Since the raw
data contains ’gaps’, i.e. periods were no data was collected, this needs to be taken into account
and limits the selection (see Fig. 17). Additionally, whole weeks were preferred which introduced
further limitations for the selection. The chosen weeks are shown in Table 2 and will be referred to
as specified in the table for the rest of the thesis.

Time period of week Referred to as
11-Dec-2017 00:00:00 - 17-Dec-2017 23:59:59 Week 1
01-Jan-2018 09:50:09 - 07-Jan-2018 23:59:59 Week 2
08-Jan-2018 00:00:00 - 14-Jan-2018 23:59:59 Week 3
05-Feb-2018 00:00:00 - 11-Feb-2018 23:59:59 Week 4

Table 2: Table of weeks that the following analysis concern.

Observe that the data for week 2 begins at around 10 am. This is due to a gap in the data collection
up to this time, but the absent data for the period was considered too small to disregard the data
for the entire week.

4.2. Voltage analysis
This section will present the data analysis regarding voltage along with the methodology of the
analysis.

4.2.1. Voltage limitations/violations
An initial natural question regarding voltage impact analysis is whether the voltage limitations are
violated at any point already in the base case. As stated in 2.1.2 the voltage limits for a 230 V
line is 207 V to 253 V ( a ±10% variation range). In Fig. 18 it is seen that the voltage does not
reach these limits at any time during the four analyzed weeks. Another observation is however that
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all three phases frequently change quite radically. This is most probably due to tap changes in an
upstream transformer.

Figure 18: The three line to neutral voltages for week 1, 2, 3 and 4 (top to bottom). (blue - phase 1, red -
phase 2 and yellow - phase 3)
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4.2.2. Power - voltage relation
This analysis aims to evaluate how the load of the EV feeder affects the voltage at bus 1 and thereby
determine the impedance Z1 in Fig. 16. To be able to conduct this analysis and to plot power
against voltage, shorter time periods need to be extracted for evaluation. In order to find periods
where the EV load correlates with the voltage at bus 1, the following conditions are searched for:

• Periods where FF load and EV load follow the same behavior. This indicates that EV feeder
could have an impact on the total system.

• Periods where impact from other feeders are suspected to be low.

• Periods that do not contain tap changes for the voltage.

• Periods that contain large fluctuations in EV feeder load, i.e. that contain power levels close
to 100 kW or -100 kW, as this could possibly lead to crucial voltage conditions.

To have a reference for how the EV load might not relate explicitly well with the voltage at bus 1,
periods with the following conditions are searched for:

• Periods where FF load and EV load do not follow the same behavior.

• Periods where the impact from other feeders are suspected to be high or intermediate.

• Periods that do contain tap changes for the voltage.

Initially the EV feeder load was plotted against the FF load (EV load excluded) to roughly pick out
days where an analysis could be interesting. Thereafter the voltage profile was looked at to avoid
tap changes and the load profiles were analyzed further to evaluate the impact from other feeders
with respect to the EV feeder. For further reading on the method and graphs utilized to extract
periods of data with the above stated conditions are found in Appendix A.

In the graphs in Fig. 19 below a period with very low correlation between the EV and FF feeder
load can be seen. The impact from other feeders is expected to be high. As seen in the graph the
active power in the EV feeder and the voltage do not correlate.

29



Chapter 4. Data Analysis

Figure 19: Values of active power for each phase plotted against line to neutral voltage for time 01:58:00
to 04:15:00. The red line represents a linear regression respectively. The linear regressions were
calculated to be LN1=233.1843 – 0.0275* P1, LN2=233.5441 – 0.0273*P2, LN3=234.4753 –
0.0191* P3 where P1, P2 and P3 are in kW. Correlation coefficients are -0.074, -0.074, -0.049.

For the graphs in Fig. 20 and 21 below data are presented from periods where EV load and FF
load follow the same behavior and the impact from other feeders are suspected to be low.
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Figure 20: Values of active power for each phase plotted against line to phase voltage for time 04:15:00
to 05:15:00. The red line represents a linear regression respectively. The linear regressions
were calculated to be LN1=234.6051 - 0.0573 P1, LN2=235.3866 – 0.0458 P2, LN3=235.9130 –
0.0566 P3, where P1, P2 and P3 are in kW. Correlation coefficients are -0.88, -0.85 and - 0.88
respectively.
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Figure 21: Values of active power for each phase plotted against line to phase voltage for time 01:58:00 to
04:15:00. The red line represents a linear regression respectively. The linear regressions were
calculated to be LN1=231.5505 – 0.0294* P1, LN2=232.1196 – 0.0240*P2, LN3=232.8794 –
0.0277* P3, where P1, P2 and P3 are in kW. Correlation coefficients are -0.85, -0.81, -0.80.

The graphs above are examples from the collected data on how well the voltage and the EV load
can relate, but does of course not give the entire picture on how they relate. They can however,
be utilized to conclude that the EV load sporadically has a major impact on the voltage at bus 1.
Additionally, they can be used to roughly approximate Z1 at the EV feeder.

4.3. Load profile analysis
As a measure to analyze the thermal impact of the FCR providing EVs, this section presents an
analysis of load profiles for week 3 (January 8th to January 14th 2018). In Fig. 22 load curves
for weekdays are shown and in Fig. 23 load profiles for the days of the weekend are shown. From
these graphs it can be concluded that the highest load for the FF building (EV feeder excluded) is
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around 90 kW and for just maintaining the building with no workday activities the building requires
approximately 50 kW.

(a) Load curves for Monday (Jan 8th 2018) (b) Load curves for Tuesday (Jan 9th 2018)

(c) Load curves for Wednesday (Jan 10th 2018) (d) Load curves for Thursday (Jan 11th 2018)

(e) Load curves for Friday (Jan 12th 2018)

Figure 22: Load curves for the weekdays of week 3 (January 8th to 14th 2019) Black - FF and EV load
combined, Blue - FF load (EV load excluded), Red - EV load.

Regarding the EV feeder load, it can be observed that they are scheduled to have ’full tank’ around
7 am (also observe that ’full tank’ does not mean fully charged battery, but charged to the set SOC).
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This causes a morning peak around this time as the EVs changes from ’FCR providing mode’ to
’charging mode’ at the same time as the workday activity starts. Monday and Tuesday appears to
be the busiest days load wise and during these days the maximum EV load reaches values of the
maximum FF load, i.e. approximately 90 kW in the morning.

For the days during the weekend no clear peak can be observed. However, the EVs are avail-
able for FCR provision during the entire day which leads to the load profile reaching fairly high
values sporadically.

Thus, it can be concluded that the most critical hours during weekdays occur in the morning,
since the start of the workday and the EV charging occurs at the same time. Sporadic peaks can
occur during the afternoon of weekdays as well as weekends, but these peaks depends on the FCR
demand and do not always have a clear pattern. The morning peak during weekdays could possibly
lead to thermal impact problems when scaling up the EV feeder load.

(a) Load curves for Saturday (Jan 13th 2018) (b) Load curves for Sunday (Jan 14th 2018)

Figure 23: Load curves for the weekend of week 3 (January 8th to 14th 2019) Black - FF and EV load
combined, Blue - FF load, Red - EV load.
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5. Simulation and Control
Strategies

The aim of this part of the project is to first model the studied system and from this model simulate
possible variations of the existing case possibly being future scenarios. This is done in order to
evaluate if a voltage problem will occur for the different scenarios. This is followed by applying
different solution strategies (or control strategies) as well as analyzing the stability of the system
and different load curves.

5.1. Simulation model
A simulation model was built in Matlab Simulink to represent the studied network (Fig. 24). For
the input variables to the simulation, only measurements from week 3 were chosen, since choosing
all four weeks would result in too long simulation times that did not fit within the time frame of this
project. Here the properties for the transformer was applied according the actual transformer in
the studied network (10/0.4 kV 1000 kVA), whereas the properties for cables and upstream network
were not available and thus taken from another but similar low voltage network.

Figure 24: Network as simulated in Matlab Simulink

The initial hurdle in order to build different simulation scenarios is that the known properties of
the electrical systems are at the ’end of the system’ (at the right end of the system in Fig. 24). In
order to be able to simulate different scenarios with different properties at the end of the electrical
system (to vary for example the load of the feeders) known properties at the upstream network are
required, such as a voltage source vector. Thus, the initial step in the simulation process was to
find out the voltage and impedance of the upstream network. From Fig. 21 and 20 it is seen that
the inclinations are around 0.02 to 0.05. Hence, it was assumed that the impedance of the network,
Z1 in Fig. 16, would be in the range of 0.02 to 0.05 ohms. It should be noted that for the analysis
in chapter 4 the reactive power and the reactance was assumed negligible. However, looking at the
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graphs it appears that Fig. 21 is a ’better fit’ and the impedance might be closer to 0.02 ohms. In
the model above (Fig. 24) it can be seen that the system impedance was divided into ’upstream
impedance’, ’transformer impedance’ and ’cable impedance’, illustrated in Fig. 27 as Zupstream,
Ztransformer and Zline. The impedance for the transformer was, as stated, applied according to the
actual transformer and the impedances for the cables were taken from supposedly similar cables to
the ones in the system. The X/R ratio of the upstream network was set to 7 and the impedance
was then computed through the short circuit capacity of a similar network (from which the cable
properties were taken). An initial guess of the impedance was set between 0.02 and 0.05 ohms to
compute a voltage vector for the upstream network. The upstream voltage vector was utilized to
compute a new voltage vector for bus 1 through the simulation to compare the accuracy of the
model. From the simulation the impedance for the assumed model could be measured to 0.02 ohms
with a 73 degree angle. Since this was in the range suggested by the analysis in chapter 4 this
was considered acceptable and a new voltage vector for the upstream network was computed (Fig.
25). The simulated voltage and the measured voltage at bus 1 can be seen in Fig. 26. As seen in
the figure the simulated voltage is close to the measured voltage and the approximated model is
considered satisfactory.

Figure 25: Computed voltage for the upstream network for week 3.
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Figure 26: Measured voltage for week 3 (red) and simulated voltage (blue) according to the approximated
model.

Figure 27: Assumed model for the network.

5.2. Simulation scenarios
For the different simulated scenarios mainly two variables are considered - installed power and the
cable length. These variables were chosen in order to represent a variety of possible future scenar-
ios. Installed power was chosen because it could both represent an increase in cars but also larger
charging capacity for each car. Both are possible future scenarios as the total vehicle fleet at FF
is 40 cars and the EV fleet could be extended to include all cars. One could also prospect that
the batteries and chargers could be upgraded to respectively storing and charging more power. It
might also be of interest for other companies to evaluate the replicability of the technology and
thus also evaluate which number of EVs or size of batteries resulting in a specific installed power
that would suit their specific case. Five installed power levels for the simulations are chosen to
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be 100 (base case), 200, 400, 600 and 800 kW. As previously stated, the size of the transformer is
1000 kVA and the last installed power level 800 kW might result in a too high power flows for the
transformer. However, this installed power level is included in the analysis since the aim is to find
the limitations of the system. It is assumed that the frequency control regulation will be the same
as in the studied case and thus the EV chargers would respond in the same way, but stronger since
there is more installed power available.

Variations of the cable length from the transformer to FF are introduced to the simulations to
represent stronger or weaker grids. When the cable length increases the X/R ratio will be smaller
and thus the grid will be weaker in the sense that the voltage will be more sensitive to changes in
the active power (since R is larger than X). Different lengths for the cable from the transformer to
FF are chosen to be 0.02 (base case), 0.1, 0.2, 0.4, 0.8 and 1.6 km. It is assumed that the lengths
will represent different realistic ’cable length scenarios’ within an urban or suburban area. This is
done to evaluate the applicability of the technology and the need for voltage adjusting technologies.
The different cases (scenarios) that are evaluated are seen in Fig. 28 below.

Figure 28: Simulated cases/scenarios, where case 1 is the ’base case’ and cases 2 to 30 are scenarios created
through varying the cable length in the electrical system and the installed power level of th EV
fleet.

5.3. Control strategies
As will be seen later on in the results some of the simulated cases will result in violated voltage
limits. This calls for measures to control the voltage at the feeder. Even for the highest installed
power evaluated (800 kW) the EV fleet would still fall within category B for the battery plants reg-
ulations from the Danish TSO [17]. According to these regulations such battery plants are required
to have PF control and Q control. Additionally, it needs to be able to provide any, both positive
and negative, PF between 1 and 0.9 when assigned to do so. In this project PF control will be
evaluated as a measure to investigate if voltage can be controlled with reactive power compensation
for the studied scenarios.
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The controller of reactive power can be designed to have active power or voltage as input (Q(P) or
Q(V) respectively). Since Q(P) is a feedforward controller, this is usually an easier solution than
Q(V), which is a feedback controller. Thus, it is important to evaluate Q(P) for practical reasons.
The Q(P) control strategy additionally is a good starting point for analyzing possible limits for
reactive power input for the controller. If stability issues are experienced for this controller it might
be difficult to design a controller of the Q(V) type that does not cause the same stability issues.
As a Q(V) controller could be more accurate and the voltage is already being measured at bus 1
this option will be discussed. In the following section the evaluated Q(P) control strategies are
described.

5.3.1. Q(P) Control
Here the control strategies utilizing active power as input signal are described. First a PF controller
is described followed by a proportional Q(P) controller.

PF control
This function is designed similarly as the power factor controller proposed by Energinet.dk seen in
Fig. 11. However, here only one PF level is evaluated and set to ±0.9. For power flows this is a
common utilized PF level and is also the required minimum PF by Energinet.dk as seen in Fig 9.
Thus, PF= ±0.9 is chosen to evaluate the capability of this method. The equation for the controller
is seen in eq. 8 below where P is the total active power of the FF building including the EV feeder.
The control function is illustrated in Fig. 29 below.

Qc = −Ssin(α) = −Ptan(α)

where :

α = arccos(PF )

(8)

Figure 29: Illustration of the PF control function.

Proportional Q(P) control
The PF control above might not be able to provide enough reactive power to keep the voltage level
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stable for the more crucial scenarios. This is due to the fact that the X/R ratio is smaller than one
for the studied case and thereby, a change in reactive power will result in less proportional change
in voltage as it would for example for a case including overhead lines. That is - more reactive power
is required to achieve a change in the voltage behavior. If rearranging eq. 6 and assuming that ∆V
should be kept zero the following equation is achieved:

Qc = −kP
where :

k ≈ R
X

(9)

This equation is utilized to control the reactive power output and will have the same behavior as in
the previous method (Fig. 29). The R/X ratio was determined through measuring the impedance
of the network in the Simulink simulation.

To both methods a dead band, such as in Fig. 13, could be introduced to minimize the total
reactive power input. However, the aim is to evaluate if the voltage can be controlled with reactive
power without violating the system limitations. Thus, this option is not included in the simulations.

5.4. Limitations of the studied system
When evaluating the results both from the simulation of the scenarios but also for the possibility
to implement control strategies, the limitations of the system needs to be discussed and analyzed.
In this project the limitation analysis will be motivated through PV-curves, Thevenin models and
the short circuit capacity (SSC). As the length of the cable increases the impedance will increase
which in turn results in a decreasing short circuit capacity. Thus this will both limit the active
power transfer at the feeder but also the possibility to control the voltage through reactive power as
it might result in an apparent power (S) that exceeds the short circuit capacity. Additionally, the
reactive power compensation will give different PF factors which leads to changes in the PV-curve
and thereby changes for the voltage limits, for which the system is no longer stable. This analysis
will be presented in parallel with the other results and analysis.

5.5. Load curves
For the simulated scenarios a load curve analysis will be carried through. Here, the changes for the
FF load profiles as well as the changes for a transformer load profile will be analyzed. Through this
analysis the thermal impacts and the impacts on the peak load will be discussed.

40



Chapter 6. Results and Analysis

6. Results and Analysis

This chapter presents the results from the simulated scenarios as well as the accompanying control
strategies. The chapter is divided into the simulation scenarios and the control strategies. Together
with the next chapter it aims to answer the questions ’If and when will there be issues for the grid
operation?’, as well as ’Can reactive power compensation be utilized to minimize grid impact?’.

6.1. Simulated scenarios
For all of the simulated scenarios the results are summarized in Fig. 30. The results are divided
into three categories - cases for which the voltage was kept within the limits, cases for which the
voltage limitations were violated and cases that could not be simulated. As seen in the figure for
cases 1-14 and 16-17 the voltage is kept within the limits, but for cases 15, 18-23 as well as 26 the
voltage limits are violated. The voltage limits are also violated for cases 24-25 and 27-30, but here
it is to such extent that the system becomes unstable and therefore the cases are not possible to
simulate. This will be further discussed in the following section.

Figure 30: Results for the simulated scenarios, where green represents cases where voltage are kept within
the limits (207 - 253 V), red represents the cases that violate the voltage limits and black repre-
sents cases that could not be simulated.
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6.1.1. Electrical system limitations
In the following analysis the limitations of the electrical system will be evaluated to motivate the
outcome of the results in Fig. 30. Additionally, the aim of the control strategies in the next section
is to make the red and black cases green with reactive power compensation, but whether this is
possible or not can be further explained through this analysis. Here, relevant questions are if the
short circuit capacity is exceeded, how PV-curves for each cable length look like and how this relates
to the power and voltage levels for the different cases. Starting with the PV-curves the underlying
formulas are the described through the following equations:

P (R) = V (R)I(R) (10)

Q(P ) = Ptan(φ) (11)

Recalling Fig. 3 from chapter 2 the PV-curve has the shape of a ’nose curve’ and the maximum P
is reached at the ’tip’ after which the system faces a blackout, i.e. the power drops to zero. In the
case of a resistive load the maximum active power is reached when it equals the source reactance
(R=X) [46]. Thus, when load is added and the resistance goes from large to small, before the ’tip’
the resistance is larger than the source reactance (R>X) and after the resistance is smaller than
the source reactance (R<X). For ’weaker’ grids a change in active power has more effect on the
voltage compared to a change in reactive power, due to a small X/R ratio, and hence the curve is
steeper and reaches maximum P ’quicker’.

The PV-curves for each cable length that is evaluated can be seen in Fig. 31. Note that the
PV-curves depend on the short circuit capacity, thus also on the impedance of the system, and
thereby they are different for each cable length. The graphs in Fig. 31 were created through the
simulation in Simulink and by ramping up P with a load of P+jtan(φ)P. Recalling Fig. 3 it is
realized that only the top of the PV-curves are represented in Fig. 31. After the ’tip’ of the curve
the maximum power has been passed and there is a blackout in the system.

’Zoomed in’ versions of the PV-curves are found in Fig. 32. With the help of the lines for the
maximum ’measured’ active power for each installed power it can be visually evaluated for which
cases the voltage limits will not be violated. The minimum and maximum active power when having
the five different levels of installed power are found in Table 4. In Table 3 the maximum power
without violating the the voltage limits are found for tan(φ)=0 (no reactive power compensation)
and for tan(φ)=-1.

For the result in Fig. 30 no reactive power compensation is applied and thus tan(φ) could be
assumed to be approximately zero. Looking at the graphs for tan(φ)=0 in Fig. 32 it is seen that
for cable lengths 0.02 km and 0.1 km all levels of installed power will be kept within the voltage
limits. For a cable length of 0.2 km the highest power level will not be kept within the voltage
limits. Furthermore, for 0.4 km cable length the voltage limits will be violated for 400 to 800 kW
installed power, for 0.8 km this is further extended to 200 to 800 kW and for 1.6 km all of the in-
stalled power levels will cause voltage limit violations. This is well in line with the results in Fig. 30.

The PV-curves can also explain the appearance of ’black cases’ and why they are not possible
to simulate. Through a visual inspection of Fig. 31e and 31f it can be seen that for cable lengths
0.8 and 1.6 km voltages lower than approximately 140 V causes a blackout in the system. For case
23 the lowest voltage is 141 V and it can be suspected that the voltage for cases 24 and 25 would
drop further violating the voltage stability limits. Therefore, cases 24 and 25 are not possible to
simulate since the system blacks out. For case 26 the lowest voltage is 173 V. It is not entirely
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clear if the voltage would drop this low for the following case 27 when looking at Fig. 31. However,
when looking at maximum active power for which the system is still stable in Table 3 it is seen that
the limit for 0.8 km is 440 kW and for 1.6 km the limit is 227 kW. Comparing these values to the
maximum active power levels in Table 4 it is understood that case 24 and 25 for cable length 0.8
km and case 27 to 30 for cable length 1.6 km will violate the system limitations and thus cause a
blackout in the system. Thus, they cannot be simulated.

As stated, the aim for the control strategies in this chapter is to make the ’red’ and ’black’ cases
green through reactive power compensation. However, it can already be seen in Fig. 31 as well as
Fig. 32 that for cable lengths 0.4 km and longer, increasing the reactive power (tan(φ)<0) does not
increase the voltage enough. This can be further realized through Fig. 33. Furthermore, looking at
Fig. 32 it can be seen that for cable lengths 0.02 km to 0.2 km it is possible to adjust the reactive
power input (tan(φ)) in order to keep the voltage within the limits for the maximum power for all
installed power levels. For cable length 0.4 km it will be possible to keep all except for the last
case within the voltage limits with the suggested values of tan(φ). For 0.8 km only 2 cases will be
possible to solve with reactive power compensation and for 1.6 km none will be possible to solve.
The following section will present the results and the evaluated reactive power control strategies to
demonstrate this.

Cable length Pmax for tan(φ) = 0 Pmax for tan(φ) = 0 Pmax for tan(φ) = -1
(system limits) (voltage limits) (voltage limits)

0.02 km 3 568 kW 2 300 kW 1 302 kW
0.1 km 2 188 kW 1 082 kW 3 102 kW
0.2 km 1 426 kW 625 kW 1 513 kW
0.4 km 822 kW 335 kW 640 kW
0.8 km 440 kW 173 kW 279 kW
1.6 km 227 kW 88 kW 129 kW

Table 3: Maximum active power without violating the stability limits for tan(φ)=0, followed by maximum
active power without violating the voltage limits (207 to 253 V) for tan(φ)=0 and tan(φ)=-1 for
each cable length respectively.

Pinstalled Pmin Pmax

100 kW - 33 kW 169 kW
200 kW -102 kW 252 kW
400 kW -239 kW 420 kW
600 kW -377 kW 589 kW
800 kW -514 kW 770 kW

Table 4: Minimum and maximum active power for each installed power respectively when providing FCR-N
through the EV fleet. The values are from week 3.
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(a) PV-curve for cable length
of 0.02 km.

(b) PV-curve for cable length
of 0.1 km.

(c) PV-curve for cable length
of 0.2 km.

(d) PV-curve for cable length
of 0.4 km.

(e) PV-curve for cable length
of 0.8 km.

(f) PV-curve for cable length
of 1.6 km.

Figure 31: PV-curves for the investigated cable lengths. PV-curves are plotted for tan(φ) = 0, 0.25, 0.5,
0.75, 1 , -0.25, -0.5, -0.75 and -1 for lengths 0.02, 0.1, 0.2, 0.4, 0.8 and 1.6 km.

44



Chapter 6. Results and Analysis

(a) PV-curve for cable length
of 0.02 km.

(b) PV-curve for cable length
of 0.1 km.

(c) PV-curve for cable length
of 0.2 km.

(d) PV-curve for cable length
of 0.4 km.

(e) PV-curve for cable length
of 0.8 km.

(f) PV-curve for cable length
of 1.6 km.

Figure 32: PV-curves from Fig. 31. The vertical lines represent the maximum ’measured’ power for each
installed power; 100 kW, 200 kW, 400 kW, 600 kW and 800 kW from left to right.
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(a) QV-curve for cable length
of 0.02 km.

(b) QV-curve for cable length
of 0.1 km.

(c) QV-curve for cable length
of 0.2 km.

(d) QV-curve for cable length
of 0.4 km.

(e) QV-curve for cable length
of 0.8 km.

(f) QV-curve for cable length
of 1.6 km.

Figure 33: PQV-curves for the investigated cable lengths. PV-curves are plotted for tan φ = 0, 0.25, 0.5,
0.75, 1 , -0.25, -0.5, -0.75 and -1 for lengths 0.02, 0.1, 0.2, 0.4, 0.8 and 1.6 km.
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6.2. Control strategies - Q(P)
PF control
For this strategy a constant PF of 0.9 (tan(φ) ≈ 0.5) was chosen with a negative sign when active
power is positive and vice versa. Thus the reactive power input will be the same for each cable
length, but vary with installed power since it only depends on active power input. This control was
tested for to evaluate if the suggested PQ-operation minimum requirements from Energinet.dk (in
Fig. 9) would be enough to adjust the voltage. The line to neutral voltage for the original simulation
and with the PF control strategy applied are seen for cases 10 and 20 respectively in Fig. 34. Here,
improvements for the voltage are seen for case 10, whereas there are slight improvements for case
20 however, clearly not enough. The results are summarized in Fig. 36. As predicted, it is here
seen that this control strategy does not provide enough reactive power to adjust the voltage for the
longer cable lengths, but does make a change for cases 15 and 18 which with this control strategy
becomes green (Fig. 36).

(a) Results for case 10. (b) Results for case 20

Figure 34: Results for case 10 and 20 for the PF control strategy, where the blue line represents the line
to neutral voltage for week 3 for the original simulation and the red line represents the line to
neutral voltage with the PF control strategy applied.

Figure 35: Results for the reactive power - minimum and maximum reactive power during a week for each
installed power respectively (and valid for all cable lengths).

In Fig. 35 the maximum respective the total amount of reactive power compensation can be seen.
The values are for all cable lengths, since this strategy only depends on active power input.
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Figure 36: Results for PF control strategy. where green represents cases where voltage are kept within the
limits (207 - 253 V), red represents the cases that violate the voltage limits and black represents
cases that could not be simulated.

Proportional Q(P) control
For this method eq. 9 in chapter 5 suggests a proportional reactive power input of approximately
k=R/X, as this could ’even out’ the resistance and the reactance of the system and increase the
loadability of the cable. In Table 5 below the impedance for each cable length together with the
corresponding R/X is shown. Looking at Fig. 31 the most suitable k could be approximated
through determining for which tan(φ) that the voltage is kept within the limits when the active
power increases from zero to the maximum load. Here, the maximum load from the FF building is
approximately 90 kW and with the addition of the EV load the total maximum with the measured
values from week 3 can be found in Table 4. For each cable length the maximum load of the highest
installed power (800 kW) was utilized when approximating most suitable tan(φ) from Fig. 32. The
maximum tan(φ) that could be analyzed from the figures was ±1 and thus for cable lengths 0.4 km,
0.8 km and 1.6 km the reactive power compensation will not be enough (see Table. 5 for maximum
active power limits). Since, the tan(φ) was approximated through a visual inspection the R/X
values are probably more suitable as k-values for the Q(P) control and thus set accordingly. For
cable lengths 0.4 km, 0.8 km and 1.6 km a higher tan(φ) than ±1 might not be enough to increase
the maximum active power further, but was tested for to evaluate the option.
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Cable length Z1 (magnitude in ohms, angle) R/X tan(φ)
0.02 km 0.020, 73° 0.31 -0.25
0.1 km 0.034, 49° 0.87 -0.75
0.2 km 0.054, 38° 1.3 -1
0.4 km 0.098, 30° 1.7 -1*
0.8 km 0.19, 26° 2.1 -1*
1.6 km 0.36, 23° 2.4 -1*

Table 5: Impedances Z1 for each cable length respectively, together with the corresponding R/X ratio and
approximated most suitable tan(φ).
* For this tan(φ) the voltage limits are violated (see Table 3 and 4).

The results for the line to neutral voltage for case 10 and 20 are seen in Fig. 37. Here, it is seen
that the voltage profile for case 10 is improved. The voltage profile is also improved for case 20,
but here voltage violations still occur. It should however be noted that the voltage violations only
occur during the first 4 minutes of the simulation, but to be conservative this is marked red in
the results. The results for all cases are summarized in Fig. 38. Here, case 15, 18, 19, 21 and 22
has become green as predicted by the analysis in 6.1.1. While the results became better for the
mentioned cases it became worse for case 23. This is further discussed in the following section.

(a) Results for case 10. (b) Results for case 20

Figure 37: Results for case 10 and 20 for the proportional Q(P) control strategy, where the blue line repre-
sents the line to neutral voltage for week 3 for the original simulation and the red line represents
the line to neutral voltage with the PF control strategy applied.
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Figure 38: Results for the proportional Q(P) control strategy, where green represents cases where voltage
are kept within the limits (207 - 253 V), red represents the cases that violate the voltage limits
and black represents cases that could not be simulated.

6.2.1. System limitations
For the control strategies in this section the only variable that is added to the system compared
to the simulation cases is controlled reactive power (QC). Adding reactive power with the right
sign (positive or negative) should improve the voltage conditions. However, when adding more reac-
tive power to case 23 the system situation became worse. This section will explain why this happens.

Fig. 39 represents a circuit model for the Q controller. Looking at this circuit it can be in-
ferred that for very high reactive power inputs the apparent power will be high and thus also the
current. With a high Z1 and increasing current the ∆V will increase as well, leaving a small range
within the V2 could vary according to Kirchhoffs voltage law. Thus, for high tan(φ) the reactive
power input might decrease V2 instead of increasing V2. In Fig. 40 the voltage phasors for V1, V2
and ∆V representing the same load in active power (835 kW) for cable length 0.8 km can be seen.
With tan(φ)=0 the magnitude of the voltage is 160 V. Increasing the tan(φ) to -1 also increases
the voltage to 188 V. However, increasing tan(φ) further to -2 decreases the voltage to 182 V. It is
also seen that ∆V for tan(φ)=-2 is larger than for tan(φ)=-1, which ascertains the theory of that a
higher QC will decrease V2 because of an increased ∆V. It appears that a limit has been reached
for the system for which the addition of reactive power does not increase the voltage, but decreases
the voltage instead. For cable length 0.8 km tan(φ) is set to -2.1 which would explain why the
condition for case 23 became worse.
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Figure 39: Circuit model for the reactive power controller, where V1 is the source voltage, V2 is the voltage
at the load, Z1 is the system impedance (transformers, cables etc.), ∆V is the voltage drop over
Z1 and QC is the reactive power input from the controller.

Figure 40: Complex voltages for cable length 0.8 km where the black line represents V1 and the blue line
represents V2 and ∆V for tan(φ)=0 according to Fig. 39 for maximum power. The green phasors
represent V2 and ∆V for tan(φ)=-1 and the red phasors represent V2 and ∆V for tan(φ)=-2.
All phasors are for the same active power level, 835 kW. The magnitude for V2 is 160 V, 188
V and 182 V respectively.

Additionally, another aspect is that increasing the reactive power input will increase the apparent
power. Increasing the length of the cables and thereby increasing the impedance of the electrical
system will decrease the short circuit capacity. At the ’tip’ of the PV-curve, where Z1 equals the
reactance of the system and tan(φ)=0 this corresponds to SSC/2. Thus, after SSC/2 the system
would exceed the system limitations. Thus the blackouts for case 23-25 and 27-30 could be further
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realized through Fig. 41 and 42. The apparent power with the proportional Q(P) controller for
case 21-25 is found in Fig. 41. Here, it is seen that case 23 would exceed the short circuit capacity
and thus would cause the system to blackout. In Fig. 42 the apparent power for case 26-30 with the
proportional Q(P) controller is visualized. From these graphs it is seen that case 27-30 would exceed
the short circuit capacity and thus they are neither possible to simulate nor possible solutions for
the voltage limit problem.

It can thus be concluded that the ’red’ and ’black’ cases in Fig. 38 cannot be solved through
reactive power compensation. Therefore, different strategies are required such as changing the
cable or adding another transformer.

Figure 41: Here the apparent power (S) for the day with the most critical hour (Monday) is plotted for the
proportional Q(P) control for cable length 0.8 km. In the apparent power the active and reactive
power from the simulated cases are included as well as the added reactive power (QC). The
horizontal black line represents the short circuit capacity for the evaluated cable length. Green -
installed P=100 kW (case 21), purple - installed P=200 kW (case 22), yellow - installed P=400
kW (case 23), red - installed P=600 kW (case 24), blue - installed P=800 kW (case 25).
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Figure 42: Here the apparent power (S) for the day with the most critical hour (Monday) is plotted for the
proportional Q(P) control for cable length 1.6 km. In the apparent power the active and reactive
power from the simulated cases are included as well as the added reactive power (QC). The
horizontal black line represents the short circuit capacity for the evaluated cable length. Green -
installed P=100 kW (case 26), purple - installed P=200 kW (case 27), yellow - installed P=400
kW (case 28), red - installed P=600 kW (case 29), blue - installed P=800 kW (case 30).

6.3. Load profile analysis
This section presents a load profile analysis for the simulated scenarios. Initially, it compares the
FF load with and without EV feeder load for the different scenarios and thereafter it compares the
load profile for a transformer with and without adding FCR providing EVs to the system. As there
are five different levels of installed power these will be analyzed. This means that the analysis is
valid for each column in Fig. 30 that represent each installed power respectively.

In Fig. 43 to Fig. 47 below the FF load curve with and with out EV feeder load for the dif-
ferent installed power levels are presented respectively. Here, it can be noted that the frequency
regulation gives the load profile an unusual shape even for lower the lower installed power levels. As
predicted in chapter 4, the EV charging deadline at 7 am leads to a peak load in the morning. For
installed power of 400 kW and higher (Fig. 45 to 47) the EV load profile appears to be dominating
the profile behavior as it contributes to the majority of the load and the FF load is almost not
noticeable. Additionally, for the highest installed power level (800 kW), the highest active power is
around 700 - 800 kW which is not exceeding the transformer limit (1000 kVA) but might limit the
range in which other feeders could vary in active power as well as the reactive power.

53



Chapter 6. Results and Analysis

(a) Results for weekdays (January 8th to 12th
2018).

(b) Results for weekend (January 13th to 14th
2018).

Figure 43: Load profiles for the FF load excluding EV feeder load (black) and FF load including EV feeder
load with 100 kW installed power (red).

(a) Results for weekdays (January 8th to 12th
2018).

(b) Results for weekend (January 13th to 14th
2018).

Figure 44: Load profiles for the FF load excluding EV feeder load (black) and FF load including EV feeder
load with 200 kW installed power (red).
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(a) Results for weekdays (January 8th to 12th
2018).

(b) Results for weekend (January 13th to 14th
2018).

Figure 45: Load profiles for the FF load excluding EV feeder load (black) and FF load including EV feeder
load with 400 kW installed power (red).

(a) Results for weekdays (January 8th to 12th
2018).

(b) Results for weekend (January 13th to 14th
2018).

Figure 46: Load profiles for the FF load excluding EV feeder load (black) and FF load including EV feeder
load with 600 kW installed power (red).
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(a) Results for weekdays (January 8th to 12th
2018).

(b) Results for weekend (January 13th to 14th
2018).

Figure 47: Load profiles for the FF load excluding EV feeder load (black) and FF load including EV feeder
load with 800 kW installed power (red).

An interesting aspect when it comes to performing FCR with EVs is whether this will affect the
peak load for the transformers in the system or not. The data for the transformer in the studied
system, in which the FF building is situated, is not available and thus the data from a transformer
at Bornholm is analyzed instead. This transformer is rated 60/10 kV 10 MVA and is thereby 10
times larger than the transformer closest to FF, which is 1 MVA. When comparing the EV load
with the transformer load the transformer data was scaled down by a factor of 0.1 (divided by 10)
to represent the size of the transformer in the FF system. The data from the Bornholm transformer
are from the first week of the year, January 1st to 7th 2013 (Tuesday to Monday). Since January
1st 2013, a Tuesday, was a holiday it is not comparable to the load profile of Tuesday, January
9th 2018, and hence the Tuesday load profiles were excluded from the analysis. Additionally, only
apparent power values were available per minute and thus the apparent power for FF was computed
and averaged per minute. (The feeder loads for the transformer can be seen in Appendix D.). The
transformer load with and without the EV feeder load for weekdays and weekends respectively are
seen in Fig. 48 to 52. In Fig. 48 and 49 representing the installed powers of 100 kW and 200 kW
at the EV feeder it is seen that the overall shape of the load profile for the transformer does not
change considerably.

In Fig. 50 to 52 power profiles representing installed powers of 400 kW, 600 kW and 800 kW
are shown below. Here, it can be seen that the EV feeder load changes the shape of the load
profile for the transformer. It is realized that two major problems occur - a peak load is added
in the morning and the peak load in the afternoon becomes even higher and wider. Additionally,
at non-peak-hours the system occasionally reaches loads larger than the original peak. The lastly
mentioned change is especially noticeable for weekend days. Comparing the EV feeder load to this
specific transformer it appears as if especially the morning peak load would be severely exceeded
for 400 kW installed power and higher. This is of course dependent on the analyzed case and
transformer. For 600 kW the morning peak reaches values of approximately 1000 kVA which is
the limit for the transformer and thermal limits might be exceeded. For 800 kW installed power
the maximum load has more than doubled compared to the transformer load without EVs and
additionally, the peak exceeds the maximum capacity for the transformer. For this installed power
level the thermal limits would probably be exceeded.

56



Chapter 6. Results and Analysis

(a) Results for weekdays (January 8th, 10th to
12th 2018 and January 7th, 2nd to 4th

2013).

(b) Results for weekend days (January 13th to
14th 2018 and January 5th to 6th

2013).

Figure 48: Load profiles for the transformer excluding EV feeder load (black) and the transformer including
EV feeder load with 100 kW installed power (red).

(a) Results for weekdays (January 8th, 10th to
12th 2018 and January 7th, 2nd to 4th

2013).

(b) Results for weekend days (January 13th to
14th 2018 and January 5th to 6th

2013).

Figure 49: Load profiles for the transformer excluding EV feeder load (black) and the transformer including
EV feeder load with 200 kW installed power (red).
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(a) Results for weekdays (January 8th, 10th to
12th 2018 and January 7th, 2nd to 4th

2013).

(b) Results for weekend days (January 13th to
14th 2018 and January 5th to 6th

2013).

Figure 50: Load profiles for the transformer excluding EV feeder load (black) and the transformer including
EV feeder load with 400 kW installed power (red).

(a) Results for weekdays (January 8th, 10th to
12th 2018 and January 7th, 2nd to 4th

2013).

(b) Results for weekend days (January 13th to
14th 2018 and January 5th to 6th

2013)

Figure 51: Load profiles for the transformer excluding EV feeder load (black) and the transformer including
EV feeder load with 600 kW installed power (red).
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(a) Results for weekdays (January 8th, 10th to
12th 2018 and January 7th, 2nd to 4th

2013).

(b) Results for weekend days (January 13th to
14th 2018 and January 5th to 6th

2013)

Figure 52: Load profiles for the transformer excluding EV feeder load (black) and the transformer including
EV feeder load with 800 kW installed power (red).

As previously stated, it is seen that the EV feeder load leads to a morning peak load at around
6 pm (18.00) and an afternoon peak at around 4 to 8 pm (16.00 to 20.00), where the morning
peak is higher than the afternoon peak. During the morning peak the EVs change their mode
from ’FCR provision’ to ’charging’ at the same time as the activity in the building starts. For
the afternoon peak, where the peak is especially high for the transformer, residential load for the
transformer is probably high and at the same time the EVs are performing FCR in both direction,
i.e. both upregulation and downregulation. The downregulation adds power to the peak load since
this means that the EVs are charging active power. This would add stress to a system that already
is stressed due to the high load at this time. If performing downregulating FCR at peak load hours
this could have a thermal impact as high load leads to higher current and thus higher temperatures
in the cables and transformers. For the FF system there are probably less residential areas around
which might ease the stress of the afternoon peak, but crucial power levels would still occur for
the morning peak for 600 kW and 800 kW of installed power. A strategy to avoid affecting the
thermal impact as well as adding to the peak load could be to only perform upregulating FCR at
peak load hours, i.e. discharging the EVs. Often the EVs still have power left in their battery when
they return to FF in the afternoon and this could thus be a possible strategy for decreasing both
thermal impact and peak load.
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7. Discussion

This chapter presents a discussion on the performed work in this thesis. Mainly, it focuses on
load profiles, the simulations, control strategies and system limitations in the respective order. To-
gether with the previous chapter it aims to answer the questions as stated in the objectives: ’If and
when will there be issues for the grid operation?’, ’Can reactive power compensation be utilized to
minimize grid impact?’.

Frederiksberg Forsyning and their EV fleet is clearly an interesting case, being one of the first
commercial EV fleets providing frequency control regulation. This allows for real data analysis on
FCR provided by EVs such as the study performed in this thesis, which is lacking in the currently
available literature as seen in chapter 2. The following sections will discuss the FCR provision
through EVs and within which frames, set by the electrical system limitations, that the technology
is applicable.

7.1. Load profiles
In the load curve analysis in chapter 6 the following impacts on the FF load profile were noted:

• The frequency regulation is clearly noticeable in the load profile shape at all power levels.

• A morning peak is added around 7 am, as the charging deadline for the EVs occurs at the
same time as the workday activities in the building starts.

• For installed power levels of 400 kW and higher, the EV load profile is dominating and the
FF load profile is barely noticeable.

• The active power alone does not reach the capacity limit of the transformer (1000 kVA).

Additionally the following impacts on the transformer load profile in Bornholm were observed:

• Installed power levels of 400 kW and higher, changes the shape of the transformer load profile.

• The highest peak load occur in the morning around 7 am for 400 kW and higher.

• The afternoon peak load increases and becomes wider.

• Higher loads outside peak hours are observed, especially during weekends.

• For 600 kW installed EV power the morning peak reaches values around 1000 kVA, which is
the rated capacity of the transformer.

• For 800 kW installed EV power the morning peak exceeds the rated capacity of the trans-
former, and the afternoon peak reaches values around rated capacity (1000 kVA).

The observed impacts that occur around 400 kW installed EV power is that the peak loads are
noticeably changed. Generally, this might have an impact of the total installed power required in
the grid if the technology is heavily adopted, since the installed power required in a grid is deter-
mined by the peak load. The observed impacts that occur at 600 kW installed power and higher

60



Chapter 7. Discussion

will probably lead to stressed thermal conditions and exceeded thermal limits for 800 kW and higher.

There are however different solutions that could be implemented to solve the aforementioned prob-
lems. The morning peak could be avoided, or at least decreased, through not scheduling the EVs
to all charge at the same time. When the installed capacity of EVs increases and all EVs are
scheduled to charge to ’full tank’ at the exact same time this will of course result in an added
peak to the system. If this technology would be heavily adopted in a region this type of charging
scheduling will not be sustainable. If instead charging the cars to full load at different times the
peak could be decreased. However, the initial idea for performing FCR through EVs is to uti-
lize the energy source in an optimal way to minimize the time that the available energy source is
being underutilized. After charging to ’full tank’ in the morning the EV will not preform FCR
as the EV user would like the EV charged to the set SOC in the morning. Thus, the time that
the EVs could perform FCR would decrease, leaving the energy storage underutilized. Thus, in
the future, the problems concerning the morning peak needs to be balanced against the problems
regarding underutilized energy sources. Possibly, the morning peak problem could partly be solved
through only providing downregulating FCR, i.e. charging the EVs in the morning. The aspects
of optimized charging scheduling and downregulating FCR in the morning requires further research.

It was also recognized that the peak load in the afternoon was increased. This occurs due to
the fact that the EVs are performing FCR at the same time as the ’original’ peak load of the trans-
former. If increasing the peak load would be a problem for the grid operation, this could be solved
either through not performing FCR during peak hours or through only performing upregulating
FCR. In fact, the latter could even decrease the peak load as active power would be injected to
the grid. With this solution strategy, it could be of general concern that the battery would be
empty in the afternoon when the driver might need the vehicle later. For FF this should however
not be a problem since the cars are for the utility Frederiksberg Forsyning and not used outside
working hours. The EVs at FF often have energy left in their batteries when returning to FF in
the afternoon and this could be a realistic and possible solution. If private EV users would make
their vehicles available for FCR provision in the future, discharging the battery in the afternoon is
probably of major concern. Thus, further research concerning private users is required.

7.2. Simulation, control strategies and system limitations
Simulation
In chapter 6 several scenarios were simulated to test for the limitations of the studied system. It was
seen that with the cables and transformers that are utilized today it would be possible to increase
the installed power to 800 kW and the length of the cable could be extended to 0.1 km without
any violation of the voltage limits. If extended to 0.2 km voltage violations occur at 800 kW, but it
should be noted that this is only for two short time periods for case 15 as seen in the voltage profiles
in Appendix B. For cable lengths 0.4 km and longer voltage stability issues are noticeable for 400
kW installed power and higher. Studying the electrical system limitations in chapter 6 the system
becomes unstable at cable length 0.8 km with 400 kW and 1.6 km with 200 kW or higher. Thus,
these are the absolute limitations of the current system and of course limitations should be set more
conservative. This means that in Denmark, where the voltage limitations are ±10 % of 230 V, the
voltage should be kept well within this range and in other countries such as Sweden, where the volt-
age limits are ±3-5 %, this limits the possible variations of installed power and cable lengths further.

Comparing the results from the simulated scenarios and the corresponding load profile analysis
for the studied system, if both voltage stability and thermal impacts should be taken into account,
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the installed power should not be higher than 200 kW and the cable length should not be longer
than 0.2 km. With these values it should not be necessary with a reactive power compensation for
voltage control nor to change cables or transformers. However, this installed power might require
rescheduling of charging in the morning and changed settings for the FCR in the afternoon to only
provide upregulating FCR. The latter is a possible strategy since most of the vehicles have energy
left in their batteries when returning to FF in the afternoon. The vehicles occasionally return to FF
during the day and are then connected to the chargers. Additionally, it appears that the vehicles
might not need the the whole capacity of the battery for the workday.

Q(P) Control
With a Q(P) controller with a PF set to ±0.9 the voltage profiles are improved for cases with cable
lengths up to 0.2 km. For cable length 0.4 the voltage profiles up to 400 kW are improved. However
for other cases the reactive power input for this control strategy is not enough. Thus, the minimum
PF set by Energinet.dk in their battery plant regulations will not be enough for the studied system
with cable lengths of 0.4 km or longer. With an increased reactive power input in the proportional
Q(P) controller all variations for the cases up to 0.4 km cable length and 600 kW installed power
is possible. Even installed power levels of 100 kW and 200 kW for cable length 0.8 km will manage
a voltage profile within the set voltage limits. However, if increasing the cable length or installed
power level further the system limitations will be violated.

In the analysis for the system limitations in chapter 6 it was realized that it would not be possible
to design a voltage controller with reactive power power provision with respect to the electrical
system limitations for case 23-25 as well as 27-30 (i.e. cable length of 0.8 km with 400 kW installed
power or more and cable length of 1.6 km with 200 kW installed power or more). The analysis
was conducted for a Q(P) controller but similar conclusions can be made for a Q(V) controller.
However, the latter would probably require less reactive power input than the Q(P) controller if
the voltage is within reasonable values around the voltage limits. If on the other hand the voltage
is far outside the voltage limits, which is the case for the longer cable lengths, the Q(V) will try
to increase the reactive power until a voltage within the allowed limits is achieved. As seen in the
PQV-curves for the longer cable lengths increasing the reactive power does not increase the voltage
and the reactive power input for a Q(V) controller for the longer cable lengths would probably reach
unreasonably high values. In order to make these cases work changes in the electrical system are
required that would decrease the impedance and increase the short circuit capacity. Such changes
could be to change the cable to one with a larger cross section or to connect another transformer in
parallel. In the studied system there is a 1600 kVA transformer available and it could therefore be
possible to evaluate this solution. This solution would mainly aim to increase the possible power
flows of the system as well as to lower the total impedance. To increase the impact of a reactive
power controller the resistance in the cables needs to be decreased, which could be realized through
connecting another cable in parallel. However, these solutions did not fit within the time frame for
this thesis and could not be evaluated. If this this option would be evaluated it would also be highly
recommended to analyze the implementation of a Q(V) controller as this would be more accurate
and a practically possible solution since the voltage is already measured at bus 1.

The analysis regarding the need for power grid updates in the case of FCR performing EVs dif-
fers slightly from analyses associated with ’normal’ charging of EVs. In [27] and [28] the authors
suggested that the power grid would not require any severe changes with the predicted amount of
EV integration. For ’normal’ unidirectional charging the process can be optimized with respect to
other conditions of the grid. Since power grids in many cases are overdimensioned (especially in
Sweden) there is capacity available that could be utilized for different ancillary services, for example
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FCR provided by EVs. Hence, if synchronous generators are taken away from the grid, power grid
updates in terms of ancillary services might be avoided through utilizing the EVs. However, this
needs to be done carefully to not violate the limits of the electrical system. On the other hand,
if a grid, possibly a microgrid, would be operated with FCR provided only by EVs in the future
the system would probably need to be upgraded with respect to the grid operation studied in this
project. The thermal impacts, increased peak load and voltage stability issues could probably be
minimized with optimized bidirectional charging (FCR provision) with respect to the electrical sys-
tem limitations. However, this could probably be done only to a certain extent and the grid will
require updates if this technology is heavily adapted, especially in areas that require longer cable
lengths. The firstly mentioned optimization should of course be preferred in order to minimize the
environmental impacts of the grid, but when this method has reached its limits the grid might re-
quire an upgrade. The aforementioned solution, involving the available transformer however, would
probably not require any advanced optimization or investments in new power electronics.

Additionally, it should be mentioned that no economical aspects have been regarded when ana-
lyzing the different values of tan(φ). Thus, the tested reactive power input signals might be too
high to economically motivate the upgrading of power electronics that would be required.

7.3. Other aspects
In this thesis the EVs of a utility building have been analyzed. This means that the applicability
of the analysis for private EVs is limited. Private users could be an especially interesting topic to
analyze since the possibility to perform FCR through EVs would increase significantly, due to the
large number of vehicles that the private users posses. In order for private users to make their EV
available for FCR this would probably require more thorough analyses of the economical aspects of
FCR and how this affects the lifetime of the battery. The private user might be more economically
vulnerable than a company investing in this technology and this type of research would be crucial
for further adaptation of the technology.

The economical aspects of the lifetime of the battery is also related to the environmental aspects
- the longer you can utilize the battery the more sustainable it is - and frequently charging and
discharging the battery presumably have impacts on the battery lifetime. Additionally, topics such
as life cycle analysis, CO2 payback time and optimal charging with respect to CO2 emissions for the
electricity in the grid would be interesting to see more research from. Research regarding second life
batteries for EVs and whether these can be utilized for FCR would also be necessary and interesting.

Additionally, the EV fleet only consists of 10 cars which somewhat limits the variety of for ex-
ample different user behaviors. As the current EV feeder load is upscaled for the analyzed future
scenarios the limited selection could have an impact on the load curve analysis if the behavior
would look different with different drivers. Furthermore, different drivers could thus change the
appearance of the peak loads. Since, the data for the 10 EVs was available for analysis today it is
for future studies to analyze data from a larger variety of EVs and their users. Hopefully, this work
could contribute to increase the number of FCR performing EVs leading to more data to analyze.
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8. Conclusion

This chapter presents the conclusions from the work in this thesis.

This thesis presents data from one of the world’s first commercial EV fleet providing frequency
control regulation. An analysis of the data was conducted to evaluate the impacts on the grid from
the FCR performing EV fleet. Furthermore, the studied system was modeled in Matlab Simulink
through which different scenarios were modeled to evaluate grid impacts and system limitations.
These scenarios were created through varying the cable length, to simulate weaker grids, and the
installed power, to simulate higher penetration of EVs or increased charging capacity. Through the
scenarios it was evaluated if the voltage could be controlled through reactive power compensation.
In parallel the electrical system limitations were analyzed to find the limits of the studied case.
Load profiles were evaluated in terms of thermal impacts as well as impacts on a transformer peak
load.

Firstly, it can be concluded that there are no voltage limits violations or severe thermal impacts
in the studied system today. However, the shape of the load profile for FF is affected, where the
FCR provision is clearly noticeable. In the simulated scenarios, to account for the voltage limits
and to not change the load profile severely, the cable length should not be longer than 0.2 km and
an installed power should not be higher than 200 kW. However, if only looking at the voltage limits
and the maximum capacity for the transformer cases with cables up to 0.2 km and installed power
up to 600 kW, all cases are acceptable. Furthermore, the cable length is a crucial factor regarding
the electrical system limitations and for 0.4 km or longer voltage limits violations occur for the
majority of cases (Fig. 30). Similar voltage issues can be expected for a system with similar cables,
transformers and load.

Through implementing a power factor controller (with PF=0.9) the voltage profiles could only
be slightly improved. However, if implementing a proportional Q(P) controller (QC=- R/X P)
improvements for all cases up to 0.4 km cable length and 600 kW installed power are observed, as
they managed to keep the voltage within the limits (V=±10% Vnom). For the scenarios with cable
length 0.8 km and 400 kW or more, and 1.6 km with 200 kW or more installed power, there is no
solution to the power flow problem. For the mentioned cases the grid impacts cannot be minimized
through reactive power compensation. If cable lengths and installed power of these values are re-
quired, the transformer and cables need to be upgraded.

From the load profile analysis it was realized that when the installed power increased a peak
appeared in the morning, due to that all vehicles are scheduled to have the battery fully charged at
7 am in the morning. At 400 kW installed power this peak became larger than the initial afternoon
peak load and for 600 kW the peak reached values of the rated capacity for the transformer, whereas
the capacity was exceeded with 800 kW installed EV power.

From the performed analysis, utilizing the batteries in the EVs for FCR-N provision appears to
be a promising candidate for the mentioned ancillary service. However, it should probably be uti-
lized in such manner for which underutilized available grids are utilized to their potential capacity.
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Chapter 8. Conclusion

If the V2G technology would be implemented to that extend that grid upgrades are necessary, the
costs of the grid updates needs to be weighted against the gains from the FCR-N provision. For
such analysis it is important to take the whole life cycle of grid upgrades and EV batteries into
account.
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Chapter 9. Future Work

9. Future Work

This chapter discusses and suggests topics of future work.

In this thesis data from 10 EVs were available, of which all were utilized for utility service. Thus,
no private EVs were analyzed nor taken into account for the analysis. Private EVs would presum-
ably give very different results regarding the load profiles and thus affect the thermal impact and
peak load analysis. If this V2G technology would be adopted by private users, who could possibly
make economical earnings on providing FCR to the system operator, further analysis on private
EVs performing FCR would be required to determine the grid impacts. Additionally, economical
impacts (including environmental costs) for example in terms of battery life would be interesting
for the private user. As aforementioned the analysis only involved 10 EVs which might have limited
the variation of user behavior and thereby affected the result and as the technology becomes more
adopted research involving a larger variety of EV user behaviors would be possible and could give
more reliable results.

The analysis would only be applicable for a system with similar load, cables and transformer.
If the system is too different from the studied case a new analysis would be required. However,
the methodology could probably be applied. Furthermore, if a system would be comparable to
the studied case and cables longer than 0.8 km and larger installed power levels are required, the
transformer and cables would need to be upgraded. For such cases it could be beneficial to inves-
tigate a Q(V) controller as this might give a more accurately controlled voltage. Additionally, an
economical analysis including environmental costs would be required to evaluate the gains of FCR
with respect to the costs of transformers and cables.

Regarding how the V2G FCR technology affects the load curves it was seen that a peak load
appeared in the morning and the afternoon peak became higher and longer. As previously men-
tioned, the morning peak could be avoided through ’smarter’ scheduling in terms of charging to
’full tank’ in the morning. Regarding the peaks created through providing FCR, these could be
decreased through only providing upregulating frequency, i.e. discharging. This was however not
the aim of this thesis to investigate optimal FCR provision and further research on this topic would
be required.
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Appendix A.

A. Voltage Analysis Data
The graphs and method presented here was utilized to extract data for the voltage analysis in 4.1.2.
The EV feeder load plotted against the total FF feeder load can be seen in Fig. 53.

Figure 53: Shows measured values of active power. Red line represents one out of 6 phases for entire FF
feeder, blue represents one out of 3 phases for EV feeder.

With the conditions in section 4.1.2 and the graphs in Fig. 53 the following time periods look
especially interesting for further analysis; morning and daytime Jan 08 2018, morning Jan 09 2018,
morning Dec 14 2017, morning Feb 09 2018, night Feb 10-11 2018, evening Feb 08 2018. The
method to narrowing the time period down will be described for morning and daytime January 8th.

Morning and Daytime Jan 08 2018
This period contains time frames were the FF load and EV load both follow and not follow the
same behavior.
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(a) Active power for FF feeder (red) and EV feeder (blue) for January 8th,
assuming that one phase can be multiplied by three to get total power of
one cable.

(b) FF load without load from the EV feeder for one phase (assuming the
EV load can be subtracted from the FF load).

(c) Shows voltage for January 8th. (blue - phase 1, red - phase 2 and yellow
- phase 3)

Figure 54: Graphs utilized to pick out time frames for analysis.
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In Fig. 54a it is seen that a period from 00:00 to 06:00 appears interesting to find a time period
where FF and EV load follow same behavior. 07:00 to 14:00 looks interesting to find a time period
where they do not follow same behavior. As seen in Fig. 54c a tap change occurs at 05:06:52. Thus
the time frame needs to be “cut” at this time. In Fig. 54b a load from another feeder seems to be
added (possibly a machine starting) around 2:00 and around 4:30. A time frame with little impact
from other feeders is thus 01:58:00 to 04:15:00 and a period with intermediate impact is chosen to
be 00:00:00 to 05:00:00. To have a time period where the load of the both feeders do not follow the
same behavior 08:00:00 to 13:00:00 is chosen.

B. Voltage results - simulation sce-
narios
Results from the simulated scenarios are found below.

Figure 55: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 1 for week 3.
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Figure 56: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 2 for week 3.

Figure 57: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 3 for week 3.
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Figure 58: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 4 for week 3.

Figure 59: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 5 for week 3.

75



Appendix B.

Figure 60: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 6 for week 3.

Figure 61: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 7 for week 3.
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Figure 62: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 8 for week 3.

Figure 63: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 9 for week 3.
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Figure 64: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 10 for week 3.

Figure 65: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 11 for week 3.
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Figure 66: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 12 for week 3.

Figure 67: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 13 for week 3.
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Figure 68: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 14 for week 3.

Figure 69: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 15 for week 3.
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Figure 70: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 16 for week 3.

Figure 71: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 17 for week 3.

81



Appendix B.

Figure 72: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 18 for week 3.

Figure 73: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 19 for week 3.
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Figure 74: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 20 for week 3.

Figure 75: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 21 for week 3.
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Figure 76: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 22 for week 3.

Figure 77: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 23 for week 3.
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Figure 78: The red line represent the measured voltage for week 3. The blue line represent the simulated
voltage for case 26 for week 3.
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C. Active Power vs. Short Cir-
cuit Capacity

(a) P/SSC for cable length
of 0.02 km.

(b) P/SSC for cable length
of 0.1 km.

(c) P/SSC for cable length
of 0.2 km.

(d) P/SSC for cable length
of 0.4 km.

(e) P/SSC for cable length
of 0.8 km.

(f) P/SSC for cable length
of 1.6 km.

Figure 79: P/SSC for the different cable lengths. Green - installed P=100 kW, purple - installed P=200
kW, yellow - installed P=400 kW, red - installed P=600 kW, blue - installed P=800 kW.
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D. Load Curves for Bornholm Trans-
former
In Fig. 80 below the load curve for FF (excluding the EV feeder) is plotted in relation to load curves
from different feeders under a 60/10 kV 10 MVA transformer at Bornholm, Denmark. The feeders
are connected to a residential area (Kystvejen), an apartment complex (Boligselskabet), a city
center (Bymidten), a butcher (Slagteriet), a stadium (Stadion) and a university (Handelsskolen).
The measured values from the Bornholm transformer is from 1st to 7th of January 2013 (Tuesday
to Monday). Since the data from FF for the same week does not have data for the entire period,
week 3 (8th to 14th of January) is analyzed instead. Tuesday January 1st 2013 is a holiday, which
explains the deviation in the load curve behavior from a ’normal’ weekday.
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(a) Load curves for Monday (Jan 7th 2013 and
Jan 8th 2018)

(b) Load curves for Tuesday (Jan 1rst 2013
and Jan 9th 2018)

(c) Load curves for Wednesday (Jan 2nd 2013
and Jan 10th 2018)

(d) Load curves for Thursday (Jan 3rd 2013
and Jan 11th 2018)

(e) Load curves for Friday (Jan 4th 2013 and
Jan 12th 2018)

(f) Load curves for Saturday (Jan 5th 2013 and
Jan 13th 2018)

(g) Load curves for Sunday (Jan 6th 2013 and
Jan 14th 2018)

Figure 80: Load curves for each day of the week. Measurements are from 1st to 7th of January 2013 and
8th to 14th of January 2018.
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