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Abstract

This thesis examines the role of microgrids in moderating the additional stress put on
the electrical grid caused by the growing share of renewable energy sources and the
electrification of our society as part of the fight against climate change and the need for
decarbonization.

By coupling a stochastic model based on practical data with a linearized load flow
model, this work has developed an algorithm capable of efficiently simulating various
DC microgrid architectures. They constitute the base cases from which scenarios are
developed by adding charging stations for electric vehicles, allowing their impact on
the microgrids to be studied through a load flow analysis. This study, together with
forecasts of the challenges these systems will face in 2030 as a result of Belgian policy
on company cars, enables conclusions to be drawn about their future and the main
objectives of this thesis.

Key findings suggest that current existing microgrids are not well-suited to accommodate
this increased fleet of electric vehicles and their performance will diminish unless an
unrealistic area is dedicated to photovoltaic production. Significant variations in the
results indicate the importance of carefully planning the integration strategy for electric
vehicle charging stations and the difficulty of drawing unanimous conclusions for every

possible architecture.
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Introduction

Background

Climate change is one of the most pressing challenges facing humanity requiring
adaptation and innovation from all humankind. The increasing emissions of greenhouse
gases (GHG), particularly carbon dioxide (CO2) since the beginning of the industrial
era due to the burning of fossil fuels is identified as the main reason for this global crisis.
Among the various contributors to CO2 emissions, the transportation sector stands out

as a significant player, reaching close to 22% of global emissions [1].

The solution that has been brought to tackle this sector as many others is the
electrification of it preventing the additional direct release of CO2 due to the traditional
combustion engines. By transitioning from conventional gasoline-powered vehicles
to electric vehicles (EVs), additional stresses are put on the electric grid due to the
increase in loads that it brings with it. The increasing share of renewable energy
sources (RES) and the green electricity that it allows to produce has further lightened
the environmental footprint of global mobility while simultaneously intensifying the
instability of the grid because of the intermittency due to their reliance on weather

conditions.

In response to these challenges, decentralized and distributed generation systems
have become more and more popular. Microgrids (MGs), in particular, have emerged
as a viable solution to enhance grid reliability, energy efficiency, and resilience. This
localized and small-scale energy system is constituted of several loads and distributed
energy resources (DERs) and can operate autonomously or in conjunction with the
main grid. This decentralized approach enables efficient management of electricity

generation, consumption, and storage within a defined geographical area.

Moreover, additional studies are made about this new concept with the idea of
implementing it in direct current (DC) as many modern loads like batteries and EVs

consume DC power and photovoltaic panels (PV) produce DC power [2].



The main advantage that lies behind it is the easy integration of those consumption
and generation sources without requiring the conversion from DC to alternating current
(AC) power and conversely allowing to decrease the losses it implies and the costs

inherent to the purchase of inverters and rectifiers.

This thesis focuses on the analysis of DC microgrid load flow, with a specific emphasis
on electric vehicle loads. More specifically, it’s based on a linear power flow method
for droop-controlled DC microgrids [3] and studies the voltage and current quality and
other variables by modifying several independent parameters to measure their impact.
Comparisons of cases with and without EVs are made to highlight their effect on the
MG.

Microgrid

Microgrids were born out of the need for DERs because of the growing share of RES to
deal with global warming. They enhance power system reliability, reduce grid stress,
and promote renewable energy integration. They are small-scale, localized, low-voltage
networks that can operate in AC or DC. The choice of implementation depends on the
share of the load and the resulting economic benefit. In the context of this work, a
DCMG was chosen because the loads are mainly DC loads, which avoids the additional

costs due to losses and the purchase of converters.

Characterized by distributed generators, energy storage systems, and telecommunica-
tion elements, MGs operate either connected to or independently from (islanded mode)
larger grids. In islanded mode, the MG regulates power quality itself by balancing
consumption and production at all times. When the MG is connected to the main grid,
the voltage is set by the connection point. There is at least one point of connection
with a larger electrical grid that can be triggered depending on the equilibrium of the
MG. The generation and consumption loads present in the MG studied in this paper
consist of industrial loads, photovoltaic generation, batteries and EV charging stations

(EVCS).

The main advantages of MGs are the reduced dependence on the main grid, the
ease of integrating new resources, the ease of increasing or decreasing capacity and the

equitable role of each resource in determining the operation of the MG.

In short, MGs show great potential as efficient and reliable solutions for meeting our
energy needs, relieving pressure on the grid and promoting the integration of renewable
energy sources. With their intelligent control strategies, simplified installations and

focus on maintaining power quality, they are well-equipped to meet today’s energy



challenges and support the transition to sustainable energy.

Motivation

In light of the considerations mentioned in [Background] it is clear that direct current
microgrids (DCMGs) are a relevant concept to explore and can constitute a powerful
tool against climate change. Despite all the advantages they present, DCMGs are facing

many challenges that need to be studied and well understood.

Although a lot of research on power flow analysis of a traditional AC grid has been
conducted, few have been done on DCMGs. In addition, those that have been carried
out are often based on incomplete or too sophisticated techniques. The one used for
this thesis presents the advantages of considering the droop control aspects and of
simplifying the non-linear algebraic equation by linearizing them resulting in a far

smaller computation time and has proven to keep a good precision [3].

This thesis stands out by the fact that it features a realistic simulation of a MG by
implementing industrial loads and plausible stochastic load profiles of electric vehicle
charging stations (EVCS) as well as power production based on collected irradiance
data and photovoltaic panels. It is a macro study of several independent assets that
goes thoroughly through the problem and observes the behaviour of the MG depending
on its interconnection with the main grid.

Additionally, it goes beyond a simplistic power-oriented perspective by considering the

different phases of EV charging, including constant current (CC) and constant voltage
(CV) modes.

Finally, given the current regulatory landscape, which incentivizes the adoption of
EVs through fiscal advantages and mandates the transition to 100% EV company cars
by 2030, it becomes increasingly pertinent to study their impact on the grid, especially
within the context of a MG.

Research questions and objectives

The following research questions clarify the objectives that this thesis aims to achieve

and give a common thread to follow.
- What are the electric vehicles’ charging dynamics ?
- What is the impact of integrating an EV charging station into a DCMG 7

- How does the DCMG react to variations in parameters that can be considered as



changes in people’s social behaviour such as arrival and departure times, vehicle size,

carpooling, etc 7

- What is the effect of different kinds of architecture on the DCMG (number of

nodes, location of the nodes, distribution of the share of the load/production, etc) ?

Thesis structure outline

This thesis is organized into several chapters and sections:

Chapter 1 provides readers with the necessary background to understand EV charging
to have sufficient comprehension of it for the coming discussions. It delves into various
charger technologies, power modes and sources. Moreover, it explores battery cell

dynamics and defines the one used in this paper.

Chapter 2 describes the two models employed in this thesis that have been combined
to carry out this study. It explains the purpose of each model while providing a clear
and brief overview. Their literature review has been resumed to put in context why
they have been chosen for this work. Additionally, their limitations are exposed and
the modifications made to adapt them to the objectives of the thesis are cited.
Finally, the novelty of this work is mentioned. It is also based on a literature review of

what already exists but focuses more on the subject of this thesis.

Chapter 3 exposes the methodology and scenarios utilized to obtain the results.
First, some are aimed at understanding the behaviour of the DCMG and its responses
to variations. Then, a specific case is chosen to illustrate the difference between CC
and constant power (CP) load and the interest of studying them separately. Scenarios
that allow to isolate the impact of EVCS are presented, followed by forecasts for the
year 2030.

Chapter 4 presents and discusses the simulation results. They are separated in the
same way as the scenarios to highlight the different results targeted. Most of the time,

comparisons are made against the base case or other relevant scenarios.

Chapter 5 concludes the thesis by summarizing key findings and lessons learned. It

also suggests future work ideas that could be done based on the outcomes of this work.



Chapter 1
Electric vehicles charging

This chapter is an introduction to EV charging operations. More precisely, there are
three main EV charging methods which are: conductive charging, inductive charging
and battery swapping. This section focuses on the first one and aims to provide
comprehensive insights necessary for a proper understanding of this thesis. The content

is strongly based on the paper of Veneri et al. [4].

1.1 The electric vehicle

Before delving into the specifics of EV charging, it is important to understand the
different types of existing electric vehicles.

In the broadest sense, the term EV refers to a vehicle that runs at least partially on
electricity. It encompasses a range of different types of EVs that have been created and

are classified in the following list [5].

EV (Electric Vehicle) also called BEV (Battery Electric Vehicle) is exclusively

powered thanks to electricity which is stored in a battery.

HEV (Hybrid Electric Vehicle) has both a combustion and an electric engine.
They can’t be plugged in to recharge so the battery is replenished through regenerative

braking or deceleration.

PHEV (Plug-in Hybrid Electric Vehicle) is an HEV but with the added benefit
of being able to charge the electric battery while connected to an electric socket or

charger. They have a larger battery.

FCEV (Fuel Cell Electric Vehicle) is an EV in which electricity is produced

thanks to hydrogen which is stored. It requires less charging than a conventional EV.



EREV (Extended Range Electric Vehicle) is similar to PHEV but the com-

bustion engine is only used to charge the electric battery.

1.2 AC vs DC charging

Conductive charging of EVs distinguishes itself from the two other methods by the fact
that electricity is brought to the vehicle through a cable connected to an electric socket.
Then we can distinguish two kinds of charging: AC charging and DC charging. The
saying of AC charging isn’t completely right as batteries are supplied in DC so it always
occurs technically in DC. It serves to know which type of current is going through the

cables and where the conversion occurs.
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Figure 1.1: AC vs DC charging [6]

[Figure I.T]highlights the fact that in AC the inverter is in the vehicle so the conversion
is taking place on board while for DC charging, the inverter and the conversion are
off board. The rationale behind that lies in the fact that as previously said batteries
are fed in DC and the traditional grid is fed in AC which means that a conversion is
necessary and it is not wanted to have a big and heavy inverter inside a car.

In comparison, for DC charging, the conversion takes place outside such that a massive
inverter can be placed as shown. This off-board inverter can handle the conversion
of important power while the small ones inside vehicles can only accept a moderate

amount of power. That explains why DC charging is often referred to as fast charging.

1.3 Charging modes

Conductive charging speed and infrastructures are classified into four charging modes

as defined by the International Electrotechnical Commission (IEC) Technical Standard



61851 [7].

The first three modes are directly connected to the AC supply network which means
that conversion is taking place on board while the last mode is indirectly connected
such that the vehicle is charged via an external charger and the conversion occurrs

off-board providing DC as explained in the previous section.

Mode 1 is the slowest charging mode. It uses a non-dedicated power socket, like a
domestic socket, with a simple cable which implies a risk of overheating. The voltage
and current do not exceed 250V in single-phase AC and 480V in three-phase AC, with
a maximum current of 16A. It results in a maximum power of 4 kW for single-phase

charging and 7.5 kW for three-phase charging.

Mode 2 is classified as slow charging. It’s also charging via a non-dedicated power
socket but through a cable with a communicating charge monitoring device. It’s
connected to the grid with the same voltage limit as mode 1 but with a maximum
current of 32A resulting in a power limitation of 8 kW and 15 kW for single-phase and

three-phase charging, respectively.

Mode 3 is a "semi-fast" charging solution where a dedicated cable and socket,
which incorporates charge monitoring, are used. The same voltage limitations are
applied, while the current can reach 63A. In this configuration, users can expect a
maximum power output of 15.5 kW to 30 kW for their vehicle, depending on the current

configuration.

Mode 4 is known as fast charging. The DC external charger embeds charge
monitoring and utilizes a dedicated cable. The limitations vary depending on the cable
used but generally imply a maximum voltage of 500 V and a maximum current of 400
A, i.e. a maximum power of 200 kW. However, more recent charging points offering up
to 500 kW have recently been introduced [§].

The following figures summarize the security and specifications of each charging

mode.
.Charging Max Current per Charging Vehicle Battery
Mode phase Time Charger
Mode 1 16 A 4+8 h On Board
Mode 2 32A 2+4h On Board
Mode 3 63A 1+2h On Board
Mode 4 400 A DC 5+30 min Off Board

Figure 1.2: Charging mode specifications [4]
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protection
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Figure 1.3: Schemes of the 4 charging modes

Other factors influencing the vehicle’s power supply include the charging station
itself as well as the distance between them. As these charging stations represent a
large amount of power, in some cases if many of them are used in the same location,
the power supplied can be reduced to avoid deteriorating the stability of the grid. As
previously mentioned, the choice of cable is important and paying attention to the
specifications of the battery’s car is also crucial.

For example, despite the Tesla Model 3’s similar battery size and higher peak power,
it takes longer to charge than the Kia E'V6 which technically has a lower peak power
capacity. The difference lies in the voltage of the batteries. The Tesla Model 3 has
a 400V battery while the Kia EV6 has a 800V battery. By using Ohm and Joule’s
law ﬂgﬂ, it appears that halving the voltages doubles the current while maintaining the
power constant. Most importantly, it says that it quadruples the thermal losses. This
explains why it can be seen on the fast charging curve of both vehicles in and
that the Tesla Model 3 isn’t able to maintain its peak power for a long time.

DC Fast Charging :: Power DC Fast Charging :: Power

—Tesla Model 3 LR AWD 2021 (V3 5C) INSIDE= Vs . —Kia EV6 Prototype (77.4 kWh, AWD) (Europe) INSIDE
300

200

Charging Power (kW)
Charging Power (kW)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 0% 10% 20% 30% 40% 50
State-of-Charge (SOC)

60% 70% 80% 90%
State-of-Charge (SOC)

Figure 1.4: Tesla Model 3 fast charging Figure 1.5: Kia EV6 fast charging curve

curve [11]
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1.4 Battery cells

EV batteries are composed of battery cells arranged in parallel and series. There are
various types of battery cells, each with its own specifications. They can differ in many
features, such as their specific energy or charging rate.

They can also be distinguished by their charging profile as can be seen in
and showing the power demand and related battery state-of-charge (SOC)

profiles of a non-exhaustive sample of battery types.

The lithium-ion profile (on the right) is chosen for simulating the EV batteries used
in this thesis. The plot highlights that for this type of battery, the power delivered is
constant until the SOC reaches 90%.
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Figure 1.6: Lead-acid battery cell charging Figure 1.7: Lithium-ion battery cell charg-
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Chapter 2
Model description

This chapter’s goal is to provide a detailed explanation of the algorithm used to address
the research questions of this thesis. It describes the two mathematical models upon
which this thesis is based, explains their purposes and limitations in the context of
this work and develops the modifications and assumptions made to adapt them to this
study.

Once described, motivation and novel elements that this thesis brings are put in
relief with the help of a state of the art on what led to the development of the two
aforementioned models and the interest in combining them.

The details of the numerical values assigned to the parameters are discussed in [chapter 3|

2.1 Stochastic model

A stochastic model was necessary for simulating the comings and goings of EVs and
determining the associated power requirements at the charging stations of the MG
while taking into account the randomness of several factors influencing it. Indeed, the
outcomes depend on the variability of the inputs that define the probability distributions
used for computations. These factors include the distribution of vehicle arrival and
departure times, the initial mean and standard deviation of SOC, the types of EVs,

commuting distances, penetration levels and charging modes.

2.1.1 Literature review

While various EV charging profiles exist, very few meet the specifications of this
thesis. Many studies focus on domestic data [13], [14], so they can’t be adapted to
industrial /business applications or are based on AC grid [15], making them unsuitable

for adaptation to DC applications due to factors such as the impact of reactive power

10



and phase angle.

Moreover, the dynamic nature of load behaviour is of great importance in the simulation
of the results. Models that only provide daily analyses instead of hourly studies [16] or
that only consider the energy required for the charging without accounting for power
variations |17] aren’t suitable for this thesis’s purpose as they don’t capture the rapid
load fluctuations when working with charging stations or PVs.

In |12], Qian et al. proposed a promising model but it does not take into account the
different charging modes. EV battery charging is generally separated into CC and CV
modes which will be discussed in In [18], Marra et al. discussed this aspect
but focused on a single vehicle rather than an aggregate.

The objective of this model is to predict daily EV load profiles while statistically
separating the CC and CV portions for different deterministic values and stochastic
distributions of the relevant factors mentioned above. The strength of this model lies

in the fact that it is based on practical data collected at the University of Queensland.

2.1.2 Model overview

This subsection describes more shortly what is said in the document on which the

stochastic model is based [19] to make it clear for the reader.

Arrival and departure of vehicles

The arrival (V4) and departure (Vp) of vehicles are known which allows to determine
the total vehicle present at the charging station (V) by using :

Vi) = Vit — T) — Vo (t) + Va(t — Ts) (2.1)

where T is the time step.
Arrival SOC

The distribution of arrival SOC, X 4;, can be determined based on the normal
distribution of the previous day’s departure SOC, Xppp;, and the normal distribution
of driving distance between home and workplace, d;. By using the following equations,

the mean and variance of SOC on arrival, j14; and 0%;, can be computed.

T
1 HPDDi
1= 2.2
e —Ci/dpi [ [hdi ] (22)
0'1242_ - 1 U%’DDi pliUPDzDiadi 1 23)
—Ci/dRi P1iOPDDiO di oy —C;/dpi
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Where py; is the correlation coefficient between the previous day’s SOC and driving
distance, C; is the choice factor of battery and dg; is the driving range of the vehicle.
The choice factor of battery, C;, is the percentage of the total distance covered using
electric propulsion. It is less important for a hybrid vehicle than for a fully electric
vehicle, which by definition is 100%.

Departure SOC

Considering that the probability of any vehicle leaving the charging station during
the period between each time step is equal, it implies that removing Vp;(t) number of
vehicles at time ¢ doesn’t impact the distribution of SOC of the remaining cars. The
vehicles arriving during this interval have the SOC distribution as described by the
previous equation. Taking that into account, the normal distribution of the overall
SOC at time t~, X;(¢7), is identical to the departure SOC at time ¢, Xp;(t), and the

following relations can be established.

pi(t) = pi(t™) = ppi(t) ; 012(75) = 01'2(?5_) = UQDi(t) (2.4)

Finally, it can be determined as in [Equation 2.5 and [Equation 2.6|

| Van(tT) ' pi(t™)
plt) = m(@] Lm@)] 29
o2(t) = VTN(t:> T! Ufgt_) p2i0i(t™)opi(t) VTN(t:) (2.6)
Vpn(t7)| | paioi(t™)opi(t) opi(t) Vpn (")

Where VTN(ti) = VT<t7)/(VT(t7) - VD(t)), VDN(t7> = —VD(t)/(VT(tf) - VD(t)) and
p2i is the correlation coefficient between the SOC at time t~, X;(¢7), and the SOC of
the departing vehicles, X p;(t).

After adding V4(t — Ts) and removing vp(t) at time ¢, the normal distribution

of the overall SOC at time t* (X;(¢*)) can be determined using [Equation 2.7| and
Fqmton 73

o [ven®]" [t

S Lm)] 20

i) - VTN@_)]T[ A0 o) [Vie]
Vas(0)] - |psnont) oA | [Vav()

Vrn(t) = Vr(t)/ (Ve (t)+Va(t)), Van(t) = Va(t)/(Vr(t)+Va(t)) and ps; is the correlation
coefficient between the SOC at time ¢, X;(t), and the SOC of arriving vehicles, X 4;(¢).

Knowing this distribution and the number of vehicles present at the charging station,
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the demanded power can be computed and separated into CC and CV loads. The paper
on which this model is based [19] uses the criterion specified by BS EN 61851-23:2014
[20] to segregate CC and CV loads. It defines the following :

CC: 0% < SOC < 80% ; CV :80% < SOC < 100% (2.9)

The different ways the power is computed are defined in the following equations :

(2.10)
Peo(t) = s Pt - (U0 (2.11)

Povsolt) = si<t>Pc@-KMi<@<W> - @<W» (2.12)
Pevoo(t) = Si(t)SBiiggsAXgm(t) (2.13)

Pcv(t) = Pcvgo(t) + Pcvg()(t) (214)

Pr(t) = Pev(t) + Poc(t) (2.15)

where Sp; is the size of the battery [kWh], A; and B; are the battery-specific constants,
®; and ¢, are respectively the cumulative distribution function (CDF) and the probability
density function (PDF) of X;, K is the penetration of EV, M; is the market share of the
different vehicles, s;(¢) is the charging set-point or charging efficiency in percentage, Pc; is

the charging power and Q(z;) is the error function of X; where Q(z;) = 1— Pr(X; < z;).

The SOC distribution at time ¢ + Ts can finally be updated as in and
the delivered SOC is computed by using [Equation 2.17]

e+ 2 = () + (1= QL) BRDIE  Axy) (210
Apalt) = D Milpat) = plt) (2.17)

Methodology
Step 1: Input of start-up parameters and arrivals Vy4(t), departures Vp(t) and total
number of vehicles Vr(t).

Step 2: Computation of arrival SOC distribution, X 4,(¢), and actual mean at time ¢ by

using |[Equation 2.2| and [Equation 2.3|

Step 3: Computation of departure SOC distribution, Xp,(¢) and actual mean at time ¢
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by using and |Fquation 2.6,
Step 4: Computation of delivered SOC at time ¢ as in [Equation 2.17|

Step 5: Update the number of total vehicles at time ¢* and update their overall SOC
distribution using [Equation 2.7| and |[Equation 2.8|

Step 6: Computation of CC, CV, and total power during ¢t to t + Ts thanks to
[Equation 2.10] to [Equation 2.15]

Step 7: Update SOC distribution at time ¢ + Ts by using [Equation 2.16|

2.1.3 Limitations of the model and adaptations made to suit
the thesis

Only one modification has been implemented in the model to align it with the load
flow model. The above-described model is designed for SOC levels ranging from 10% to
100% while the stochastic model used for this thesis is limited to levels ranging from
20% to 90%. Although this adaptation can be seen as a limitation, it doesn’t present
any significant drawbacks as it is based on logical reasoning and serves to simplify the

model.

Setting a lower limit of 20% for the SOC poses no complication while the upper
limit of 90% is based on practical considerations. It’s unlikely that the average SOC of
a large number of EVs will be less than 20% or more than 90%.

Moreover, it’s preferable to restrict the range as charging or discharging beyond these

limits is harmful to the battery’s lifespan [18].

Limiting the model to this range simplifies the dynamic of the battery because it
can be seen that up to 90% of SOC, the delivered power is constant as observed in
[Figure 1.7} Given this consideration and the fact that the model is based on the BS
EN 61851-23:2014 criterion [20] to segregate CC and CV loads, the charging mode is
considered as CC up to 80% and CP up to 90%.

In addition, this approach avoids the use of CV mode, which isn’t defined in the load
flow model and the parameters that define the evolution of the charging load beyond

90% aren’t given.

Concretely, [Equation 2.10] and [Equation 2.13| can be removed such that
tion 2.14] which is now actually renamed Pgp(t), is simply equal to [Equation 2.12| and
Equation 2.15|is finally equal to Poy () + Pop(t). The part about AXgg;(t) can also be

removed from [Equation 2.16, The normal distributions have also been truncated such

that they are defined between 20% and 90%.

Some details make the model a bit less accurate than it could be. The fact that

it doesn’t implement the self-discharge of batteries and the changing efficiency of the
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charge as a function of the SOC can be mentioned but they are negligible considering

the overall model.

2.2 Load flow model

A load flow analysis is carried out to assess voltage differences and power losses in
the MG. It also provides information on the power flowing through the transmission
lines to and from the main grid. It solves a set of algebraic equations and ensures that
they converge, meaning that the power system is operating within acceptable voltage
and current limits. It uses various power system parameters, including line resistance,
industrial and EV load demands and photovoltaic generation. This investigation is
crucial for effectively planning, designing, operating, and optimizing the performance of

the system.

2.2.1 Literature review

This subsection highlights the relevant features of the load flow model used for this
thesis [3] and summarizes them. It fits perfectly this work as it is able to solve load
flow in DC rather than in AC [21], it’s not limited to DCMG that are connected to
a stiff grid [22], [23] so it applies to islanded DCMG. It also distinguishes itself from
studies that are only valid for radial configuration [24] or that don’t account for the
primary-level droop-control effect [25]. Finally, it has the advantage of solving a linear
set of equations which simplifies and fastens the execution and it takes into account all
the different load types CP, CC and constant resistance (CR).

2.2.2 Model overview

A concise overview of the content discussed in the paper [3] which describes the linear
power flow used in this work is provided in this subsection to offer clarity and brevity

to the reader.
Dispatchable distributed generation (DG) units

The power outputs of dispatchable generators are independent of weather condi-
tions and can be controlled. Typically, dispatchable DG units in DCMGs operate
in droop mode for autonomous power sharing. While several technologies can serve
as dispatchable DGs for DCMGs, this thesis focuses only on batteries. The point of
connection with the main AC grid functions also as a dispatchable DG unit and can
also operate using droop control. According to the droop operating characteristic, the

current injected by the generator is influenced by the bus voltage. It means that a lower
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bus voltage results in a higher current as depicted in [Figure 2.1}

[Equation 2.18| describes the phenomenon explained in the previous paragraph about

dispatchable units.

V; and Vj; are the bus voltage and no-load voltage reference, Rd; is the droop value

and I; is the current injected by the dispatchable unit.

From |[Equation 2.18| the current injection at the bus ¢ can be written as follows :

Voi — Vi
o=t 't _ VK. 2.1
i Rd, (Voi — Vi) Kd; (2.19)

where Kd; = 1/Rd;.

Node 1

Node NB

> Ibing
|irmed I:

Figure 2.1: Droop control in a DCMG [3] [ it
Jio Iy

Figure 2.2: DC network [3]

Non-dispatchable DG units

Non-dispatchable or renewable DG units are reliant on weather conditions. Re-
newable units generally operate in maximum power point tracking (MPPT) mode to
maximize energy production from natural sources. As a result, they are often not
droop-controlled and inject CP according to weather conditions. In the case of this
thesis, the only non-dispatchable DG energy produced comes from PV panels and is
modeled as a negative CP load. The irradiance data used to determine the output of

the PV panels were supplied by the teaching staff and are based on practical data. The
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bus current resulting from their operation is described in [Equation 2.20]

Pn 7
Lnggi = ‘jg (2.20)

Load model

In a DC power system, loads can be classified as CP, CI or CR. The power absorbed
by a CP load is not affected by the magnitude of the node voltage [26]. Conversely, the
power absorbed by a CI load varies proportionally to the node voltage [26], while the
power absorbed by a CR load varies quadratically with respect to the node voltage |26].
The composite load can be expressed as the sum of these three types of load and is
described as follows :

PL; = Pp; + hP;V; + h*Pg;V? (2.21)

where Pp;, Pr; and Pg; are respectively the CP, CI and CR components of the bus load

at the rated DCMG voltage V,qeq. The parameter h represents the per unit of the

rated system voltage and is calculated as h = 1/V,41eq-

The load current expression at bus 7 is obtained immediately and is given as follows :
Pr, :
v + hPr; + h*Pg;V; (2.22)

(2

IL; =

Network model

The DCMG is represented by a network of supply lines, where only the real com-
ponent of the impedance is present in steady state. A G-bus matrix is constructed to
represent the interconnectivity between the different nodes of the system, consisting
of conductances instead of admittances. The relationship between nodal currents and

nodal voltages is expressed as follows:
1] = [G][V] (2.23)

where I is the nodal current matrix, V is the nodal voltage matrix and G is the system
conductance matrix.

The diagonal elements G;; of the bus conductance matrix represent the sum of all
conductances connected to node i, while the non-diagonal elements of G;; (where i # j)

indicate the negative value of the conductance between nodes i and j.

Referring to which illustrates a DC network where g;; represents the line

conductance between nodes 7 and 7 and g;o represents the shunt conductance at node 17,
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the current injection [,; can be determined as in [Equation 2.24|

I = Lig + Ibjy + Ib;; + Ibing
=Vigio+ (Vi —Vi)ga + (Vi = V})gi; + (Vi — VNpging (2.24)
= —9aVi + (9o + gi1 + 95 + gin)Vi — 6i;V; — ginsVB)

It can be compressed as follows:

NB
L= GyV;
j=1

NB
= Z GV + GiV;

J=1j#

(2.25)

where N B is the number of buses, G = gio + gi1 + gi; + ging and Gij = —g;;.
Overall system model

The node current injection for a system bus ¢ connected to a dispatchable unit, a

renewable unit and a composite load can be expressed as follows:

I =1 + Lagi — IL;

LOi - Lz 1 ndgi 1 Pi 2 (226)
Rd,; * Vi Vi ! "

By replacing the expression of [,,; in [Equation 2.26| with what has been written in

[Equation 2.25| the following equation is obtained :

NB
Voi = Vi Paagi Ppi
GV + G,V = o — hPy; — h®Pg;V; 2.27
R R

Linear approximation

It can be observed that [Equation 2.26|is linear in V;, except for the terms linked to

the CP load and the renewable generator. The CP terms are approximated to linearize
the equation, transforming the problem into a linear power flow model. Node voltages
are expressed in per unit (pu) in this work such that under normal operating conditions,
the bus voltage generally remains within +£10% of the nominal value of 1.00 pu. The

node voltage V; can therefore be expressed as follows :
Vi=1-AV, (2.28)

where AV} is the deviation from the node voltage reference value.
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To exploit the fact that the non-linear terms in [EEquation 2.26| have V; in the denominator,
the following function is defined and the Taylor series around zero is developed, which

is analytical for all |AV; # 1];

1 1

PAV) = =T A (2.29)
1 o0
1— AV = Z(AM)k =1+ AV; + (A‘/;)z + ... (230)
i k=0

If the node voltage is 0.90 pu, the value of AV; is 0.10. Similarly, the value of
the term AV;? is 0.01. The other higher-order terms are even smaller and can be

neglected without significant loss of accuracy. Therefore, neglecting the higher order

terms, [Equation 2.30]is reduced to :

Ay LAV (2.31)

Using |[Equation 2.28| the following equation can be written :

1 1
Ay i tAN=2- (2.32)

By injecting this result in [Equation 2.26| the nodal current approximation can be

written as in [fLquation 2.33|

Voi = Vi
Ini = ORd. + (Prdgi — Ppi)(2 = Vi) — hPr; — h*Pg,V; (2.33)

By replacing the expression of I,; obtained in [Equation 2.25| in [Equation 2.33] the

following equation can be written :

NB
Y. GV + Vi(Gy + Kd; + Pp; + Puagi + h* Pr;)
j=1i#i (2.34)

= VoilKd; — 2(Pp; — Pragi) — hPp;

Algorithm

A set of NB linear equations are solved simultaneously to get the power flow solution
as shown in [Equation 2.34 No Jacobian computation is required since the equations are
linear and the operation remains non-iterative if the limits of the converter/generator
aren’t exceeded. The algorithm which describes the operations and handles the current

limits is described below.
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Line data storage [nl x 3] : There is nl number of rows that correspond to the lines of

the system and 3 columns for the transmit and receive node numbers and line resistors.

Bus data storage [nb x 7] : There is nb number of rows that correspond to the nodes
in the DCMG. The first column stores node numbers, the second column stores non-
dispatchable or CP generations, the third column stores CP load demand, the fourth
column stores CI load demand, the fifth column stores CR load demand, the sixth
column stores the no-load voltage reference value, and the seventh column stores the

droop value. For CP or load buses, the droop value is set to infinity.

Variables used : The iteration count (IT), the maximum number of iterations (ITMAX)
and the termination indicator (CONV) are among the variables used. The process is
finished if CONV = 1. PG and Plim refer to production and the maximum power limit

and VIOL counts the number of units that have exceeded their maximum power limit.

Listing 2.1: Algorithm of the proposed linear power flow.

IT = 0; CONV = 0; ITMAX = max_ number_ of iterations;
Gbus = zeros(nb, nb);

for ii = 1:1:nl

fb = linedata (ii, 1
tb = linedata (ii, 2
)
s

r = linedata (ii, 3);
Gbus(fb, fb) = Gbus(fb, fb) + 1/r;
Gbus(tb, tb) = Gbus(tb, tb) + 1/r;
Gbus(fb, tb) = Gbus(fb, tb) — 1/r;
Gbus(tb, fb) = Gbus(tb, fb) — 1/r;
end for
while IT < ITMAX & CONV = 0
IT =1IT +1

A = zeros(nb, nb);
for ii = 1:1:nb
Rd = busdata(ii, 7)
VO = busdata(ii, 6);
Pp = busdata(ii, 3);
( 4)
5)

I

PI = busdata (ii ,
Pr = busdata(ii :
Pndg = busdata(ii, 2);
for jj = 1:1:nb do
if ii = jj
A(ii,jj) = Gbus(ii,jj)+h*+x2xPr+1/Rd-Pp+Pndg;

9

20



else
A(ii,jj) = Gbus(ii,jj)+h**2xPr+1/Rd—2%(Pp—Pndg);

end if
end for
B(ii, 1) = VO/Rd-h*PI—2%(Pp—Pndg);
end for
v = linsolve (A, B);
VIOL = 0;

for ii = 1:1:nb
% Calculate PG(ii)
if PG(ii) > Plim(ii)
PG(ii) = Plim(ii);
busdata(ii, 7) = inf;
busdata (ii, 2) = busdata(ii, 2) + PG(ii);
VIOL = VIOL + 1;

end if
end for
if VIOL = 0

CONV = 1;
else

CONV = 0;
end if

end while

2.2.3 Limitations of the model and adaptations made to suit
the thesis

No modifications have been made to the model and no limitations can be identified or at
least none that could be detrimental in the context of this study. The only non-ideality
is that it solves algebraic equations that have been linearized which introduces a small
percentage of error. However as studied in the paper [3], it’s negligible and this approach
results in a better computational time.

It may be noted that no CR loads are introduced in the thesis such that some of the
terms in the equations in the previous subsection are unnecessary. The CP loads are
the industrial loads and the EV load which can also be a CI load depending on the
vehicle’s SOC as explained by the segregation criterion, see [Equation 2.9, The only
non-dispatchable unit present is the solar panel, which is represented by a negative CP
load.
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2.3 Novel elements of this work

The objective of this work is to further explore the DCMGs and more precisely to
study the impact of EV charging stations on it. To do so, the two aforementioned

models are combined. They were used to fulfill their role explained at the beginning

of [section 2.1| and [section 2.2| and they were chosen for the reasons detailed in their

literature review, [subsection 2.1.1] and [subsection 2.2.1] Assembling these 2 models has

enabled to distinguish this work from many other existing works on load flow analysis.
Indeed, many works exist but they are mainly focused on main grid load flow analysis
[27], |28] or if they are suited for MG analysis, they are done in AC so not suitable for
DCMG [27]-[31].

In [32] and [33], a power flow analysis for a DCMG was made but it doesn’t study
the impact of EVs on it.

Wang et al.[34] and Sayed et al.|35] both proposed great studies but they aren’t
based on practical data and don’t extend their study to a large time interval which

loses in exhaustiveness as it doesn’t account for seasonal effects.

Finally, combining the 2 models allows the study of a macroscopic DCMG based on

practical data which evaluates the impact of EVs and projects a simulation for 2030.
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Chapter 3
Methodology and scenarios

This chapter describes the methodology employed and the scenarios implemented as
part of this thesis.

The methodology justifies the rationale behind the choice of each scenario and explains
its objective while the scenarios are the tool that apply the methodology and enable
the various expected results to be highlighted.

Most of the numerical values assigned to the parameters and the justifications for the

assumptions on which they are based for the sizing and design of the scenarios are

justified in [Appendices)

3.1 Methodology

The used methodology provides an independent parametric study of the model. By
changing one parameter per scenario, a behavioural study of the DCMG is carried out.
The origins of these parameter variations can be socio-cultural or technical. It allows
to understand the way the DCMG interacts and the way it’s impacted by changes.
Comprehending these dynamics facilitates the interpretation of the results and validates
the model since its outputs are predictable and common to the conventional studies of
power flows on power grids.

The analysis then shifts to evaluating the impact of EVs on the DCMG. Initially, the
duality between CC and CP loads is examined. Following this, the effect of integrating
EVs is described. Lastly, a simulation of what should be the situation in 2030 due to

the policy of Belgium concerning company cars is provided and discussed.

Scenarios are constructed on a flexible architecture where loads, batteries, PVs, and
grid connection point can be positioned at various nodes, defining different base cases.

Those are then developed from these base cases, with the placement of the EVCS at
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specific nodes distinguishing each scenario.

3.2 Load profiles

Several load profiles have been generated using different arrivals and departures data.
They were obtained thanks to the stochastic model which has been described in
section 2.1l The parameters used to simulate them (initial SOC, standard deviation
of SOC, characteristics of the vehicles in the fleet,...) are gathered in

[Stochastic model| and are the same for each profile except if it is mentioned.

Weekday

This profile is based on the data of arrival and departure that can be found in the
paper upon which the stochastic model is based [19] but it has been resized to fit the
figures of the scenarios. [Figure 3.1]is displaying it while shows the power

requirement profile that corresponds to it.
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Figure 3.1: Number of arrival (VA), de- Figure 3.2: Power requirement resulting
parture (VD) and total number of vehicles  from the EVs demand of workers during a
present (VT) during a regular workday normal working day

Weekend

These profiles are identical to those shown in 'weekday’ but the inputs have been
divided by 10. This adjustment is based on the fact that people are less likely to come
to business premises during the weekend but some comings and goings can be expected.
As a result, the corresponding graphs mirror those presented above, but with a scaling
factor of 10.

Punctual workers

In this case, it is assumed that people are punctual, resulting in shorter intervals
for arriving at and leaving their offices. The profile is designed such that the total
number of vehicles at the EVCS during the peak period matches the 'weekday’ profile

representing the maximum capacity of the car park.
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Figure 3.3: Number of arrival (VA), de- Figure 3.4: Power requirement resulting
parture (VD) and total number of vehicles  from the EVs demand when workers are
present (VT) when workers are punctual — punctual

Global models

Two yearly models are created from these three profiles. In both cases, the five days
of the week are exclusively generated from either the "weekday" profile or the "punctual
workers" profile. The two weekend days are made from the "weekend" profile. From
now on, "Weekday&weekend" and "Punctual&weekend" will respectively refer to these
two annual profiles.

It is assumed that every day the initial parameters are set again to what they were at
the beginning of the day supposing that workers have access to a charging station at

home.
2030 models

These models have been generated to simulate the fleet of vehicles expected at
a business premise in Belgium by 2030. Indeed, from this date, company cars are
supposed to be only electric vehicles.
Here the two global models are based on the same as those described in "Global models"
but the parameters of the vehicle fleet have been changed. Compared to the parameters
given in [Figure 5.2 which is in the only the characteristics relating to
the four 100% EVs have been taken which are the Nissan Leaf, the Toyota RAV/, the
Mini E Cooper and the Tesla Roadster. Moreover, the parameter K, representing the
penetration level, has been increased to 100% instead of 25%.

Since the arrivals and departures haven’t been changed, the plots are the same as those

in "Weekday" and "Punctual" which respectively correspond to [Figure 3.1]and [Figure 3.3|

However, the figures for the resulting power requirements are described in
and for "Weekday 2030" and "Punctual 2030". In the same way that it has
been done before, "Weekend 2030" mirrors "Weekday 2030" but with a factor of 10.
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3.3 Scenarios

This section describes the base cases on which scenarios are based. They are relatively
simple DCMG architectures where the EVCS hasn’t been added yet.

The systems include an industrial load behaving as a constant power load which has

been provided by the teaching staff and which is described in [Appendix B : Scenarios|

There are also non-dispatchable DG units represented by 750 PVs which produce a
negative constant power load as explained in [section 2.2} A dispatchable DG unit is
represented by a battery of 600kW h which has a (dis-)charge rate of 150kW and is
initialized with a SOC of 20%. A point of connection (POC) with the main electric

grid is always present.

The reference voltage of the MG in the various architectures is always set at 700V
and the cross-section of the lines is 120 mm?
0.153Q2/km [36].

The main features of the different sources of production and consumption are gathered
in Information about the load models is also detailed in it. The total energy

provided in the table is computed over a full calendar year. The "W&w" and the "P&w"

. The corresponding line resistance is

refer respectively to "Weekday&weekend" and "Punctual&weekend".

Industrial load | PV | W&w | P&w | W&w 2030 | P&w 2030
Max power [kW] 70 200 | 91.6 | 1024 | 616.5 640.9
Min power [kW] 12 0 0.2 | 0.19 1.2 1
Mean power [kW] 35.9 29 | 23.1 | 82 137.3 48.6
Total energy [MWHh] 315 254 | 202 72 1202.5 426

Table 3.1: Loads and generation units characteristics

The scenarios are presented after the base cases on which they rely. They consist of
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the addition of EVCS at various locations on the DCMG to study the impact of adding
EVs considering different base cases.

Scenarios are labeled such that the letter refers to the base case upon which they are
based and the number indicates the specific scenario within that base case. Line lengths
are specified in meters between the lines connecting two nodes on the base case and

scenario representations.
Base case A

This base case is made up of three nodes and a POC to the grid. The office building

represented by the industrial load is assigned to node ’a’ and the PVs as well as the

battery have been put at node 'c’ It is represented in [Figure 3.7

Load 750 PV + battery

Node a 100 Node b 250 Node c 400 Gridl

e = B

Figure 3.7: Base case A of the DCMG

Scenario A.1

The way this scenario is designed may seem naive because of the under-use of node
‘a’ and node 'b’ knowing the solar potential there is on the roof of the building of the
industrial load and the roof of the parking area. However, this approach offers the
advantage of isolating all the different kinds of loads such that their behaviour can be

independently studied.

Load EVCS 750 PV + battery

Node a 100 Node b 250 Node c 400 Gridl

Figure 3.8: Scenario A.1

Base case B

This base case consists of three nodes and one POC. The load, the battery and a
part of PVs are assigned to node ‘a’. The rest of the PVs are placed at node ’c’.
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Load + 225 PV
+ battery 525 PV

Node a 100 Node b 250 Node c 400 Gridl

125 2= % e ﬁ‘

Figure 3.9: Base case B

Scenario B.1

This scenario is realistic given the justification of the assumptions that have been

made in [Appendix B : Scenarios| and the appropriate placement of the PVs. It is also

practical to locate the car park closer to the office building.

Load + 225 PV EVCS
+ battery 525 PV
Node a 100 Node b 250 Node c 400 Grid1

Figure 3.10: Scenario B.1

Base case C

Base case C is constituted of four nodes and one POC. Node ’a’ is composed of
the load and a part of the PVs while node 'b’” has the rest of it and node ’¢’ has the
battery. Scenarios based on the base case C include an additional node, providing more
flexibility and enabling the splitting of the EVCS.

Load + 525 PV 225 PV Battery

Node a— 100 — Node b — 100 — Node ¢ — 250 — Node d — 400 — Gridl

e = 2

Figure 3.11: Base case C of the DCMG
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Scenario C.1

Load + 525 PV 225 PV Battery EVCS

Node a — 100 — Node b— 100 — Node ¢ — 250 —Node d — 400 — Grid1l
Figure 3.12: Scenario C.1

Scenario C.2

0.5 EVCS
Load + 525 PV 225 PV Battery 0.5 EVCS

Node a — 100 —Node b—— 100 — Node ¢ — 250 —Node d — 400 — Grid1l
Figure 3.13: Scenario C.2

Scenario C.3

EVCS
Load + 525 PV 225 PV Battery

Node a— 100 — Node b—— 100 — Node ¢ — 250 — Node d — 400 — Gridl

Figure 3.14: Scenario C.3

Base case D

This last base case contains six nodes and one POC which has the particularity of
being in the middle of the DCMG. The normal composition of the system has been
divided in two and put to each side from the POC. The detailed architecture is described

in [Figure 3.15

0.5 Load + 375 PV 0.5 Load +
+ 0.5 battery 375 PV 0.5 battery

Node a - 100 -Node b- 100 —Node ¢ - 100 — Gridl - 100 —Node d- 100 —Node e - 100 — Node f

hem & &

Figure 3.15: Base case D of the DCMG
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Scenario D.1

0.5 Load + 375 PV EVCS 0.5 Load +
+ 0.5 battery 375 PV 0.5 battery

‘ 100 ‘ 100 ‘ 100 ' 100 ‘ 100 ‘ 100

Figure 3.16: Scenario D.1

Scenario D.2

0.5 Load + 375 PV 0.5 Load +
0.5 EVCS + 0.5 battery 0.5 EVCS 375 PV 0.5 battery

. 100 ' 100 ' 100 ‘ 100 ‘ 100 . 100

Figure 3.17: Scenario D.2

Scenario D.3

EVCS
0.5 Load + 375 PV 0.5 Load +
+ 0.5 battery 375 PV 0.5 battery

‘ 100 ' 100 . 100 ‘ 100 ‘ 100 ‘ 100

Figure 3.18: Scenario D.3

Scenario D.4

0.5 Load + 375 PV 0.5 EVCS 0.5 Load +
+ 0.5 battery 0.5 EVCS 375 PV 0.5 battery

‘ 100 ' 100 ' 100 ' 100 . 100 ‘ 100

Figure 3.19: Scenario D.4

30



Scenario D.5

0.5 Load + 375 PV 0.5 Load +
+ 0.5 battery 0.5 EVCS 375 PV 0.5 battery 0.5 EVCS

Node a - 100 —Node b - 100 —Node ¢ - 100 - Gridl - 100 —Node d- 100 —Node e - 100 — Node f
Figure 3.20: Scenario D.5

Scenarios for 2030

The scenarios for this forecast of the 2030 situation are based on scenario B.1 which
is a simple and realistic scenario. It is using the 2030 load profiles for the EVCS. It

includes two cases:

"The unmodified case" uses the existing B.1 configuration with 2030 load profiles
for the EVCS, allowing the impact of future company car policy to be assessed on
an existing system that has not been adapted to accommodate this increased fleet of

vehicles.

"The adapted case" which has the same architecture as the B.1 scenario but the
production and storage units have been scaled up to ensure the DCMG performs properly
when the EVCS is added. The target was to achieve a SCI and a SSI above 50% which
is an arbitrarily chosen value but which is a reasonable goal for a well-operating DCMG.
The production site was sized to balance the energy sent to and required from the grid

and maintain voltage stability between 0.95 pu and 1.05 pu.

To do so, the new sizing is based on the previous scenarios and is scaled to meet
the increase in demand. As shown in [Table 3.1] there is roughly a factor 6 for the
maximum power and the total energy between the "Weekday&weekend" and the "Week-
day&weekend 2030" load profiles.

Consequently, the number of PVs has been multiplied by six, resulting in 4500 PVs.
The battery capacity has also been increased to 1000 MWh, allowing it to supply power
for approximately 6 hours at the mean consumption level. Its increase has not been as
great as the number of PVs because night-time consumption has not increased much as

electric vehicles are mainly in the car park during working hours.
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3.4 Constant current vs constant power load

The scenarios outlined in this section aim to highlight the differences between CC and
CP loads. To study each aspect of their behaviour independently and understand their
impact on a global model, the scenarios have been divided into several parts. The
methodology applied to each scenario is always the same: all loads on the DCMG are
set as CC loads and compared to the situation where all loads are set as CP loads.
As mentioned in and highlighted by the power absorbed by a
CP load remains unaffected by the node voltage, for a CC load, it varies proportionally
with the node voltage. To observe the impact it has on the DCMG, each scenario is
composed of an overvoltage and an undervoltage situation where the mean voltage on
the MG is either above or below the reference voltage due to unbalance of consumption
and production.

All scenarios are based on scenario A.1 with the "Weekday&weekend" load profile for
the EVCS. The only difference is the number of PVs. To create the load unbalances,
the under voltage situations are simulated with 500 PVs while the overvoltage cases are
simulated with 5000 PVs.

First, scenarios with constant production and constant consumption were generated.
To achieve this, both production and consumption were set to the mean power values
shown in
The same scenarios were then implemented with the only difference that a battery
was added. In the case of overproduction, the battery was initialized with a SOC of
20% such that it can charge for a certain amount of time. On the other hand, for the
overconsumption scenario, the storage was put at a SOC of 95% to allow it to discharge
for a certain period. To complete the study of this case, a simple variation of + 2 kW
and - 2 kW in the industrial load was also implemented in other scenarios.

A global model was finally studied.
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Chapter 4

Presentation and discussion of the

simulation results

This chapter presents the simulation results obtained from the scenarios described in
and discusses the conclusions that can be drawn from them.

The notion of "better performing" DCMG will be used on multiple occasions in the
following sections but it is first imperative to establish a clear definition of what
constitutes a well-operating DCMG. Defining "better' requires a rational comparison,
ensuring that both scenarios achieve the same objectives.

What defines a better DCMG 7 Is a more energy-efficient or independent MG preferable?
What is the definition of independence 7 Is it best defined by power exchange or the
number of interactions with the main grid ? Is it better if the MG provides more power
than it requires or the reverse 7

Those questions don’t have unanimous responses as the optimal solution depends on
the context. Power balance on an electric grid is instantaneous because electricity is
hard to store. Depending on the time the main grid might benefit from help from the
MG, either providing or requiring some power from it, while at other times, it may not.
Even if the system is well designed and appropriately sized as the DCMG is mainly
dependent on RES, depending on the year, the season, and the day, it could not be
suited for certain times.

Despite the complexity of providing a single universally applicable definition, this thesis
bases its definition of a well-performing DCMG on two key aspects: stability and
independence.

It means that the optimal DCMG is characterized by minimal voltage deviation, with
extreme values kept as close as possible to 1 pu and the lowest number of interactions

and energy exchanges with the main grid.
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The variables that are studied are the voltage, the self-consumption and self-
sufficiency index, (SCI) and (SSI) respectively, the current, the power, the energy
required from and sent to the main grid and the line losses. The results can take the
form of numerical values or plots. Numerical values are always referring to mean values

except if it’s specified. In the tables, the 'E. stands for energy.

The SCI and SSI are important metrics used to assess the performance and sustain-
ability of renewable energy systems.
The SCI represents the proportion of energy consumed directly from renewable sources
compared to the total energy produced by the renewable energy system. A higher
SCI indicates greater self-consumption of renewable energy produced on-site, which
is generally desirable as it reduces dependence on grid energy and increases energy
independence. Mathematically, SCI is calculated as the ratio of the self-consumed

energy to the total generated energy and is expressed as follows:

Consumption _ Load_total + charge — CCFE + CPFE + charge

I — —
5¢ PV prod PV prod PV prod

(4.1)

where PV _prod is the total energy produced by PVs during the period of interest,
charge is the energy absorbed by the batteries and CCE and C'PE are respectively
the total energy demanded by CC and CP loads.

SSI measures the extent to which a system can meet its energy demand solely from
its renewable energy production, without relying on external sources such as the main
grid. A higher SSI indicates a greater capacity of the system to meet its energy needs
independently which is often a goal for off-grid or remote locations where network
connectivity is limited or unreliable. It is calculated as the ratio of energy consumed

from RES to the total energy demand of the system and is written as follows :

_ Suf ficiency  PV_prod + discharge

ST = Load total CCE+ CPE (4.2)

where discharge is the energy provided by the batteries on the grid.

Python is the only programming language that has been employed to get these
results. Except for Excel, which has been used as an intermediate to store data, no

other tool was used in this work.

The qualitative results of the behavioural study are discussed first. The numerical
results aren’t relevant because the scenarios on which they are based have been arbitrarily
chosen and they don’t directly aim at answering the research questions of this thesis.
The goal is to understand how the DCMG reacts. The colours of the arrows in the tables

indicate the positive or negative impact of the variation in relation to the definition of
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a performing MG. Green signifies a positive impact while red means a negative one.
This is followed by a study of the comparison between CC and CP loads. Finally, the
impact of EVs on the DCMG is described before presenting a forecast of the situation
in 2030.

4.1 Behavioural study of the DCMG

As previously said, this section aims to provide a complete understanding of the ways the
DCMG reacts to various parameter deviations which can be embodied by socio-cultural
changes or technical modifications. Only the trends of the behaviour are analyzed
because the figures are based on an arbitrary case and no conclusions can be drawn
from them.

The plots have been taken from scenario A.1.

4.1.1 Voltage variation

Voltage is a critical parameter in a DCMG and as for larger electric grids, its stability
is essential for the proper operation of the system. Voltage stability is determined by
the balance between power generation and consumption. Therefore, fluctuations are
caused by imbalances. Voltage is a global variable such that all nodes are closely linked
and typically follow the same trend.

In the total power required from EVs on the DCMG and the voltage at the

mentioned node are plotted for the first day of the year in scenario A.1.
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Figure 4.1: Evolution of the voltage in function of the total power requirement from
EVCS at node 'b’ (left) and node ’c¢’ (right) for scenario A.1

It shows that the voltage is nearly perfectly inversely proportional to the load
variation. Although the power requirement from EVs is significant, it is not sufficient
for the voltage to perfectly fit the curve because of the influence of the other sources of
consumption and production.

It can be noted that despite the EVCS being located at node 'b’, both nodes display
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similar voltage profiles, highlighting the close link between nodes’ voltage which indicates
that local variations in load can influence the entire system’s voltage profile.

In short, when power consumption increases, the voltage drops and when consumption
decreases, the voltage rises, assuming constant power generation. Conversely, when
power production increases, the voltage rises and when production decreases, the voltage

drops. Everything is a matter of equilibrium.

4.1.2 Current variation

As with voltage, current is also a question of balance but unlike it, current is more
a local variable and it is proportional to the load variation. It varies significantly
depending on the specific loads or generation sources connected to each node.

In the total power required from EVs on the DCMG and the current at the

mentioned node are plotted for the first day of the year in scenario A.1.
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Figure 4.2: Evolution of the current in function of the total power requirement from
EVCS at node b’ (left) and node ¢’ (right) for scenario A.1

It can be observed that the plots are completely different. The first plot shows that
the current is perfectly proportional to the variation induced by the EVCS which is
located on this same node, unlike the current profile at node 'c’ where the load profile
of the PV production can be distinguished. These differences highlight the localized
nature of current variations.

It’s important to note that these behaviours were extracted because each node is
assigned to a specific load or production source. If several features were placed on the

same node, the resulting current would have been the result of all contributions.

4.1.3 Variation of production

The origin of a variation in production is mainly technical since it only involves PVs.
Naturally, an increase in production reduces the energy required from the main grid

while increasing the energy returned to it.
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The SCI drops with the increased PV production, unlike the SSI which rises because

the ’sufficiency’ increases as it can be inferred from [Equation 4.1] and [Equation 4.2]

Typically, line losses are expected to increase because of higher current on the lines but
it will be discussed in that this is not always the case.

Overall, the opposite can be said for a decrease in production.

Conclusions drawn from an increase or a decrease in production are gathered in the
following table. The results discussed below assume a constant consumption level. The

upward arrows indicate an increase while the downward ones indicate a decrease.

SCI | SSI | E. required | E. given | Line losses
Increase of production | ™\, s s
Decrease of production N Va

Table 4.1: Impact of production variation on DCMG characteristics

4.1.4 Variation of consumption

The variation in consumption can be due to both socio-cultural and technical changes.
Indeed, these variations can take the form of shifting in people’s habits such as adopting
100% EV instead of HEV, choosing smaller or larger EVs, installing fast-charging or
slow-charging stations, being punctual or arriving within a broad time frame, engaging
in car-sharing,...

An increase in consumption necessitates more energy from the main grid while reducing
the energy returned to it.

The SCI rises given the increase of consumption, unlike the SSI which drops because the
‘sufficiency’ remains the same while the total load increases as derived from
and [Equation 1

Line losses are typically increasing because of higher current on the lines but
shows that it is not always the case.

Overall, the opposite can be said for a decrease in consumption.
Results are summarized in and assume a constant production level.

SCI | SSI | E. required | E. given | Line losses
Increase of load Ny ya Va
Decrease of load | ™\, ya

Table 4.2: Impact of load variation on DCMG characteristics
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4.2 Constant current VS constant power load

The scenarios on which this section is based are separated into several parts to highlight
the differences between CC and CP loads. They have been cited in [section 3.4} In the
following subsections, the scenarios where all loads are set as CC loads or CP loads are
often referred to as the "CC case’ or "CP case’ or 'CC simulation’ or "CP simulation’ for

brevity and clarity.

4.2.1 Constant production and constant consumption

The purpose of these scenarios is to determine if there is any intrinsic difference between
the two modes when no variation is detected, with only the voltage on the grid being
different in function of the case. The idea behind this case is to observe the difference
that is supposed to exist between CC and CP loads. As indicated by and

[Equation 2.22| which are again written here for clarity, the current should be higher for

CC loads than CP loads in overvoltage situations when working at the same power. In

undervoltage situations, these observations are reversed.

PL; = Pp; + hPp;V; + hQPRiV;JQ (4'3)
Pri
1L, = VP + hPy; + W2 PRV (4.4)

i
The results will try to confirm that and observe what are the other effects that it could
have on the DCMG. The current and power values in the tables refer to the current
between node b’ and node ’¢’ which is the connection between the node where the PVs
are installed and the node where the EVCS is located. This choice was made arbitrarily,
as similar observations can be made between node ’a’ and node 'b’, where node ’a’ is
the node with the industrial load.

The power values represent maximum values.

Overvoltage

E. given [MWHh] | Line losses [MWh] | Current [A] | Power [kW]
CC 951.72 17.94 117.29 82.69
CP 956.5 17.88 116.49 82.14

Table 4.3: Impact of CC and CP load in overvoltage and constant production and
consumption

shows that in overvoltage situations, CP loads are less demanding than
CC loads. Indeed, the line losses, current and power are lower. This allows the MG to

inject more power into the main grid as less is consumed directly by it. The energy
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required from the grid is zero since there is always overproduction on the DCMG and
the voltage is globally higher on it. Currents are logically higher when only CC loads

are implemented so it increases the line losses following Joule’s law [9].

Undervoltage
E. required [MWh] | Line losses [MWh] | Current [A] | Power kW]
CC 548.44 9.25 117.29 80.94
CP 559.19 9.57 119.05 82.14

Table 4.4: Impact of CC and CP load in undervoltage and constant production and
consumption

The table highlights that CC loads perform better in undervoltage situations com-
pared to CP loads. The reverse observations can be made from [Table 4.3| In this case,
the energy sent to the grid is zero due to consistent underproduction on the DCMG

resulting in a voltage magnitude globally lower than the reference voltage.

Discussion

The intuition provided by the mathematical formula in [Equation 2.21]is confirmed.

For CP loads, the current and power are higher when the voltage is below the reference
value and lower when it is above compared to CC loads.

Moreover, the constant current and constant power properties of CC and CP loads can be
observed when comparing the two tables and observing the current and power columns.
These properties are not impacted by the amplitude of the voltage. Comparisons for
the voltage behaviour in the two cases will be discussed in the following subsection with
the help of plots.

4.2.2 Variation of the load

The scenarios implemented in this subsection aim to induce a variation that allows the
observation of a difference in consumption or production, creating a variation of power
on the grid. This will enable the study of the dynamic response of CC and CP loads
to changes. The goal is also to observe if there is an accentuation of the CC or CP
behaviour when facing situations closer to or further from the reference voltage.

In the following plots, the differences are computed by subtracting the values obtained
in the CC simulation from those in the CP simulation. The plots result from variations

observed at node 'c¢’ where the PVs and the battery are installed.
Overvoltage

In this case, the battery is initialized with a low SOC and is charging itself for the

first instances of the simulation. The difference between the cases where all loads are
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put as CC loads versus CP loads is compared both for voltage and current as shown in

igure 4.3|
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Figure 4.3: Voltage (left) and current difference (right) between CC and CP simulation
with a variation induced by a battery

It shows that the stable phases before and after the variation aren’t set at the same
values, indicating that the deviation from the reference state increases the difference
between CC and CP cases.

It also appears that there is a dynamic behaviour difference between CC and CP
situations as the difference is temporarily increased at the moment the variation occurs.
This behaviour of the DCMG will be further investigated by increasing the consumption
of the industrial load, to ensure that the observations aren’t solely due to the intrinsic

behaviour of the battery.
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Figure 4.4: CC load voltage (left) and voltage difference (right) between CC and CP
simulation with a variation induced by the industrial load in an overvoltage situation

[Figure 4.4 and [Figure 4.5|are made from observations at node ‘a’ where the industrial

load is located. The voltage and current plots for the CP load are not shown because
they are very similar to those for the CC loads, as confirmed by the difference plots,
which indicate that the difference is small. It can be seen that both the voltage difference
and the current difference decrease when the voltage approaches the reference value.

In overvoltage situations, for the same inputs, the voltage on the DCMG is higher

for the CP case but the current is lower. This can be stated because the voltage and
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Figure 4.5: CC load current (left) and current difference (right) between CC and CP
simulation with a variation induced by the industrial load in an overvoltage situation
current differences are negative, as determined by the sign of the voltage and current.
According to the definition provided at the beginning of this subsection, the differences
were calculated by subtracting the CP result values from the CC result values.
Most importantly, the plots show no dynamic behaviour difference between the CC
and CP simulations. The changes are smooth and follow the differences induced by
deviations from the reference state. Therefore, the abnormal behaviour observed earlier
is likely due to the intrinsic behaviour of the battery.
Undervoltage
In this case, the battery is initialized with a high SOC and is discharging itself for
the first time steps of the simulation. This time, the case where the variation is due to
the battery is no longer considered and the situation where the deviation is due to the
decreasing of the industrial load is directly studied.
This additional scenario analyses the same characteristics as the overvoltage case and
aims to confirm what has been observed.
0.9866 0.000250
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Figure 4.6: CC load voltage (left) and voltage difference (right) between CC and CP
simulation with a variation induced by the industrial load in an undervoltage situation
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Figure 4.7: CC load current (left) and current difference (right) between CC and CP
simulation with a variation induced by the industrial load in an undervoltage situation

The above plots were generated from observations at node ’a’ where the industrial
load is located. Again, plots for the CP load voltage and current aren’t depicted because
they are very similar to those for CC loads, as confirmed by the difference plots which
indicate minimal differences.

Globally, the same kind of observations can be made but in this case, the system is in
an undervoltage situation and the variation of load is a decrease instead of an increase.
As explained in [gection 4.1] the voltage increases following a decrease in consumption
and the current decreases accordingly.

The voltage and current differences are smaller as the DCMG approaches equilibrium
as for the overvoltage situation. Contrary to the overvoltage situation, here the current
and voltage differences are positive meaning that the voltage of the CC case is greater

while the current is smaller compared to the CP case.

Discussion

This subsection confirms previous observations and intuitions and provides new
conclusions.
The behaviour of the DCMG discussed in [section 4.1l has been confirmed. The intuition
from [Equation 2.21| and [Equation 2.22| that the difference between CC and CP simula-

tions is greater when the state of the system is further away from the reference value

has been validated. Moreover, no difference in dynamic response behaviour is observed.
Regarding the initial impressions influenced by the batteries, the increasing difference
between the two cases is not due to different dynamics in their responses. This is
because of the stable phase preceding the variation. Indeed, for the overvoltage case,
the DCMG with CP loads performs better as explained in [subsection 4.2.1| such that

the battery charges faster and can stop charging sooner than in the case where only CC

loads are implemented. To be precise, it stops at the same time step in both cases but
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in the CP case, the battery is almost full such that at the next iteration, it is already
able to deliver much more current to the main grid than in the CC case. This explains
the voltage and current differences observed. To provide numerical values, the battery
gains 1.384% charge with each iteration in the CP simulation, compared with 1.38% in
the CC case.

Similarly, for the undervoltage case, the deviation is because the CP case has a
poorer efficiency such that the battery is discharging itself quicker inducing a time shift
or at least a difference of value at the concerned time step. The battery delivers 0.775%
of its SOC at each iteration of the CC simulation compared with 0.791% in the CP

case.

In short, no significant difference is induced by variations when comparing CC and
CP cases. This confirms the conclusions from the previous subsection regarding the

relative performance of CC and CP loads in overvoltage and undervoltage situations.

4.2.3 Global model

The scenarios created for this case aim to validate previous observations and potentially
draw new conclusions. The analysis is logically divided into overvoltage and undervoltage
situations. However, there are natural times when the voltage is above or below the
reference voltage as it is a global model. In this subsection, overvoltage and undervoltage
refer to the average voltage of the node being higher or lower than the nominal voltage.
Results are presented using global numerical figures gathered into tables. The plots
serve illustratively to depict the problem and demonstrate that the mean voltage is
higher or lower than the nominal voltage. The voltage plots are based on variations
observed at node 'b’. The numerical values in the tables concerning current and power

are relative to the line between node 'b’ and node ’c’. This approach was chosen for the

same reasons mentioned in [subsection 4.2.1 The numerical figures for power represent

maximum values.

Overvoltage
E. given [MWh] | E. required [MWh] | Line losses [MWh] | Current [A] | Power kW]
CcC 1127.63 55.34 88.4 84.33 162.94
CP 1136.26 57.86 89.69 83.22 156.52

Table 4.5: Impact of CC and CP loads on a global model with average overvoltage

The same observation as in [subsection 4.2.1| can be made. However, what is truly

interesting here is that compared to it, the power required from the grid isn’t zero. This

is because, as explained, the voltage on the DCMG can be under the reference voltage
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for a certain portion of time, unlike the scenario of the first subsection where because
of the power constant, it was consistently above it.

This new feature shows that more energy is required from the grid in the CP case than
in the CC case.

—— Voltage —— Voltage

Mean voltage=1.012 Mean voltage=0.989

Figure 4.8: Evolution of the voltage on the DCMG for a global model implemented
with only CC loads: (left) mean overvoltage and (right) mean undervoltage

Undervoltage
E. given [MWh] | E. required [MWh] | Line losses [MWh] | Current [A] | Power [kW]
cC 0.49 347.69 6.06 84.33 152.69
CPp 0.51 354.36 6.28 85.42 156.52

Table 4.6: Impact of CC and CP loads on a global model with average undervoltage

The same ascertainment can be made for the undervoltage part as well. The property
of constant current and constant power for CC and CP loads is again demonstrated by
comparing the two tables. It can be observed that more energy is sent to the grid in
the CP case than in the CC.

Discussion

This discussion concludes the comparison of CC and CP simulations. The above-
explored subsections confirm several features discussed earlier in validate
mathematical intuitions, and highlight the similar dynamic responses of the two modes.
The observations made on the batteries underscore the conclusions made in
In this subsection, where a global model is implemented, both overvoltage and under-
voltage situations occur within the same simulation. This provides information about
both the energy required from and sent to the grid which confirms the difference in

performance between CC and CP simulations depending on the operating voltage.

Line losses are generally higher in any situation for the CP case, suggesting less
energy efficiency but when it’s in the overvoltage situation it’s able to do the same work

as the CC case while providing more energy to the main grid. On the other hand, in
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the undervoltage situation, the CC simulation achieves the targets while asking for less

support from the main grid.

Relative to the definition of a well-operating DCMG and the two key aspects linked
to it, having primarily CC loads appears to be the best approach. In CC simulations,
the voltage is lower than in CP simulations during overvoltage situations, making the
system closer to the reference state and resulting in lower power. Additionally, even if
the energy sent to the grid is lower, which may seem less efficient, it also means less
interaction with the main grid.

In undervoltage situations, the voltage is higher in the CC case, bringing the system
closer to equilibrium. It requires less energy from the grid, making it more efficient and

most importantly, less dependent on it.

Moreover, Singh et al.[37] discussed the nonlinear behavior of CP loads which
complicates control efforts. Their negative incremental impedance can cause imbalances
at the load point, decreasing the system’s overall damping. This reduction in damping
also lowers the system’s effective resistance, leading to diminished stability margins and

making the system more prone to instability.

In conclusion, both the grid operator and the vehicle owner should avoid having
the vehicle too highly charged. Overcharging can damage the battery, as discussed
in [chapter 1] and the BS EN 61851-23:2014 criterion [20] states that vehicles are in
CC mode below 80% of charge. Therefore, to maintain a more independent, balanced
system with fewer voltage deviations, it is beneficial for grid operators to keep vehicles
below this threshold. The impact of EVs is significant, as their arrival at the EVCS
increases the share of CC loads. Without EVs, other loads are mainly CP loads, so EVs
contribute to the stability and independence of the system as long as they stay below a

certain SOC compared to other loads.

4.3 Impact of EVs

This section investigates the effects of incorporating EVCS into an existing DCMG. The
analysis focuses on variables directly related to the two key aspects of the definition of
"better" that were introduced at the beginning of this chapter.

The number of interactions between the DCMG and the main grid is evaluated to assess
the system’s independence while the examination of extreme voltages provides insights
into the stability of the DCMG.

Critical variables, such as the maximum current, are also analyzed because of their

implications for the DCMG’s limitations and the determination of cable cross-sections.
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The scenarios are not treated one by one but are gathered in the same plots to
highlight general trends as well as exceptions and unique behaviours. To do this, all
the results are compared or normalized against the base case to which they refer. The
values are expressed as percentages, with 100% indicating the figure observed for the
base case. Values below 100% mean a reduction while values above 100% refer to an

increase relative to the reference scenario.

Given that adding EVCS is equivalent to increasing the overall consumption on the
DCMG, similar conclusions to those presented in can be drawn for the SCI,
the SSI, and the energy exchanged with the grid. However, some nuances regarding
line losses are discussed in the following subsections.

In the following plots, the circles represent the scenarios with the "Weekday&weekend"
load profile simulated at the EVCS while the crosses refer to the "Punctual&weekend"
load profile.

4.3.1 Maximum current

describes the maximum current observed for each line in various scenarios
compared to the maximum value obtained for those same lines in the base case.
The maximum current is a critical parameter to analyze as it directly influences the
line cross-section which is mathematically formulated as follows [3§]:

_ 2pIL

s == (4.5)

where L is the length of the line, I is the current (with the maximum current used
here to determine the critical case requiring the highest cross-section) L is the line

cross-section and U’ is the relative voltage deviation.

X X by ® Weekday a001 % I s ® Weekday normal
150 T X Punctual ® ° ® ® Weekday overprod
E 140 ° ° S 350 ® Weekday underprod
k< = X Ponctual normal
13 15 300 X Punctual overprod
é 130 é % Punctual underprod
x x
2 @250 e X
E 120 * E ° ° D)
3 3
8 £200
g 110 (] E
= = X
S X X b3 X S 150 exe X X0
= iy 4 o ] N = ) ° L °
100 - X
. S B I X o .
[} ° ° [ ¥ b 100]  dees 2l ol Y e
2 o PS PS L o &R BV e @g
C1 C.2 C3 D1 D.2 D.3 D.4 D.5 D1 D.2 D.3 D.4 D5

Scenarios Scenarios

Figure 4.9: Normalized maximum current compared to the base case for each scenario
and each cable in normal, underproduction (left) and overproduction (right)

It can be seen from the figure on the left that the maximum currents of the scenarios

are generally lower than those of the base case because the maximum currents are
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determined by the moments of PV overproduction and the addition of EVCS reduces
this peak power because the load profiles of the EVs almost coincide with the peak
hours of PV production. However, it remains close to the value obtained in the base
case because the maxima are defined at weekends when the demand is low due to the
lower presence of EVs while PV production remains the same as during the week and

as in the base case.

The values for which the maximum current slightly exceeds that of the base case
are generally due to the fact that the addition of the EVCS reduces the average voltage
of the DCMG such that a slightly higher current is required to transport the same
amount of power. This increase is not significant and the figures obtained still result

from overproduction rather than load demand.

On the other hand, there are cases where the maximum current is significantly
higher than in the base case. This occurs on lines directly affected by the addition of the
EVCS and when the parking is not strategically placed. It results in the accumulation
of the power needed for industrial loads and the power required for EVs. This leads to
scenarios where the demand exceeds peak production such that the maximum currents

are determined by the consumption peak.

The plot on the right supports those observations since the results for the overproduc-
tion and the underproduction cases have been added. It shows that in overproduction
scenarios, the maximum current is less likely to exceed the base case maximum. Con-
versely, in underproduction scenarios, it more frequently exceeds and reaches higher
values.

This is because in overproduction cases, the maximum current is strongly fixed by the
peak production, whereas in undersized production systems, high-demand situations
are more likely to result in power requirements exceeding production.

Finally, it shows that the most problematic scenarios involve the "Punctual&weekend"

load profile due to its higher peak power compared to the "Weekday&weekend" profile.

4.3.2 Line losses

Line losses can provide insights into the equilibrium of current distribution within the
DCMG and are depicted in where each scenario is compared to its base
case. The plot on the left offers greater precision due to its smaller scale while the

plot on the right illustrates the significant differences in line losses depending on the
DCMG’s configuration.
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Figure 4.10: Normalized line losses compared to the base case for each scenario and
each cable (left) and situation of overproduction and underproduction (right)

These figures confirm that line losses always increase but that some configurations
are more favourable than others. Indeed, it shows that despite having the same base
case, the location of the EVCS has a significant impact on the line losses. In particular,
the overvoltage situation in scenario D.4 shows lower line losses. This can be explained
by the strategic placement of the loads on both sides of the POC and by the fact that
the EVCS are close to the production sites. This reduces the current transported from
the production sites to the POC when it needs to inject current into the main grid,

thereby lowering line losses.

Conversely, the figure on the right shows that undervoltage situations are highly

unfavorable. As highlighted in [subsection 4.3.1] the currents carried on the lines are

higher in these cases, not only for peak current but also for the average current. This is
due to the increased load which requires more power to be transported from the POC
to the additional loads.

4.3.3 Voltage

Voltage is the most relevant variable to analyze when talking about the stability of a DC
grid. This explains the choice of showing which describes the comparison
between the minimum voltage and the maximum voltage reached on the DCMG with

the values obtained for the base cases and each scenario.

These figures show that the impact of EVCS on the voltage is relatively small as
small percentage values can be observed. As expected, the maximum values as well as
the minimum values tend to decrease compared to the base cases due to the addition of
the EVCS.

However, it should be noted that this is not always the case as shown by the overpro-
duction and underproduction scenarios. These particular results are due to the position
of the POC because it is centrally located and the EVCS are not added symmetrically
which disturbs the balance of the system. Moreover, the addition of EVs, which can
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Figure 4.11: Comparison of the maximum (left) and minimum (right) voltage reached
on the DCMG for the different scenarios

behave as either CC loads or CP loads, can favour either undervoltage or overvoltage
situations as highlighted in [section 3.4 This imbalance favours the side of the MG
without the EVCS such that a slightly higher voltage is observed on that side.

4.3.4 Interactions

The independence is a key figure of every MG. It can be evaluated by the amount
of power exchanged between the main grid and the MG as well as by the number of
interactions that occur between them.

illustrates the number of power imports and exports between those two
systems for the scenarios while highlighting the baseline value when no EVCS are yet
added.

The maximum number of interactions is 35040 which is the number of timesteps in the

simulation and the number of quarter hours in a year.
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Figure 4.12: Comparison of the number of power imports (left) and exports (right) with
the main grid between the scenarios and the base D

The plot shows that the addition of EVs always increases the number of importations
conversely to the number of exportations which decreases. When doing the summation
of the two figures, it appears that the global number of interactions with the grid

increases with the addition of EVCS. The values are more extreme for the scenarios

49



where the "Weekday&weekend" load profile is used for the EVCS rather than the
"Punctual&weekend" profile. This is because, despite the higher peak consumption of
the latter profile, the former has a higher overall energy consumption, which drives the
number of exchanges.

The plot also underscores that regardless of the scenario, the number of exchanges
remains relatively close. For overproduction scenarios, the number of imports decreases
whereas for underproduction scenarios, the number of imports increases compared to

the normal case. Conversely, the number of exports shows the opposite trend.

4.3.5 Discussion

This section allows to draw additional conclusions regarding the impact of EVs compared
to the analysis presented in [section 4.1 The results offer further insights into the
definition of an efficient MG and its limitations.

The results indicate that the stability of the MG remains relatively unchanged. Although
the mean voltage is lower, the maximum and minimum voltages remain close to the
values observed before the addition of the EVCS.

However, the independence of the DCMG deteriorates since the number of interactions
with the main grid increases. Even though the energy sent to or required from the
grid are relevant figures to study, these results can vary significantly depending on the
base case and the way the EVCS is integrated. This makes the results inconsistent to
analyze. Moreover, different impacts can be observed. For instance, in a system with
overproduction, the addition of charging stations could be beneficial by balancing the
energy exchange between the MG and the main grid. Conversely, in a system already

suffering from underproduction, adding EVs exacerbates the existing issues.

The line cross-section is the only element that imposes limitations on the MG
that has been analyzed but other features like transformers, converters, etc can also
determine its size. As written in line cross-section is proportional to the
current. Given that the other parameters remain fixed in this study, the current is the
only variable analyzed. It appears that in some cases, the addition of EVCS can benefit
the MG by decreasing the peak values that define the cross-section while in other cases
the inverse can be observed. The most stressful cases can reach significantly higher
values compared to the base case. However, not all lines in the DCMG have the same

length, so the impact may be moderated if it affects shorter lines.

The analysis of line losses and maximum current underscores the difficulty of drawing
unanimous conclusions on the precise impact of EVs on a DCMG. Although general
trends can be observed, exceptions can occur and these trends can extend to extreme

values. The impact is highly dependent on the architecture of the MG, the location
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and distribution of the EVCS, its relative position to other sources of consumption and
production and the original balance of the MG before adding the EVs. These factors
make it a complex system to analyze where it is difficult to isolate the impact of a

single load and to accurately forecast the results.

This section demonstrates that if well-managed, the addition of EVCS can be
beneficial but if it is not the case, it can have detrimental effects. Regarding limitations,
in most cases, adding EVs increases the stress on the DCMG because of extremer values
such as the maximum current. Nevertheless, with smart design, the addition of EVCS

can help to mitigate these limitations.

4.4 Forecast for 2030

This section aims to provide an overview of the anticipated situation in a parking lot of
a business premise in 2030. It has been based on the most realistic scenario which is
scenario B.1.

The scenarios of the case where no changes were made to adapt an existing DCMG
and the case where adaptations were made, described in [chapter 3] were analyzed
separately. The results are presented as numerical figures that have been gathered into
tables, displaying the main characteristics obtained for the base case, the cases with the
"Weekday&weekend" load profile and the "Punctual&weekend" load profile simulated at
the EVCS.

Current existing DCMG

[Table 4.7 contains results derived from simulations of scenario B.1 with the 2030
load profiles.

SCI | SSI | E. given [MWh] | E. req. [MWh] | Lnaz [A] | Vinae [PU] | Vinin [Pyl
W/o EV | 0.804 | 0.649 48.49 11.56 235.5 1.05 0.98
Weekday | 0.991 | 0.166 2.19 1298.76 1017.83 1.05 0.85
Punctual | 0.98 | 0.336 4.86 501.53 1039.24 1.05 0.85

Table 4.7: Characteristics of the DCMG for 2030 scenarios with no modification to the
current existing system

It can be seen above that compared to the base case, all characteristics are drastically
influenced by the addition of EVCS. The SCI and SSI are imbalanced highlighting
the poor operation of the DCMG as well as the important energy required from the
main grid. The voltage reaches critically low points which are not viable for an electric
grid. The punctual case is less problematic except in terms of maximum current but

these remain significantly high in both cases resulting in a requirement for greater line
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cross-section.

2 was

About the limitations for the base case, a minimum cross-section of 120 mm
imposed by the maximum current as it was the case for previous scenarios. Regarding

the forecast for 2030, a minimum cross-section of 535.83 mm? and 546.5 mm? is required

respectively for the "Weekday&weekend" and the "Punctual&weekend" load profiles.

As mentioned in [chapter 3|, only specific line cross-section sizes are available, and the

closest standard size that meets the requirement is 1000 mm?.
Adapted DCMG

In this scenario, the base case has been modified to accommodate the significant

addition of EVCS.

SCI | SSI | E. given [MWh] | E. req. [MWH] | Tnas [A] | Vinae [PU] | Vinin [pU]
W/oEV | 02 | 0.99 1233.91 3.14 1681.99 | 1.05 0.99
Weekday | 0.642 | 0.66 552.86 514.91 1631.08 | 1.05 0.95
Punctual | 0.402 | 0.847 922.62 112.48 1665.95 | 1.05 0.95

Table 4.8: Characteristics of the DCMG for 2030 scenarios with adaptations to meet
future demand

The production in the base case without EV is oversized resulting in an unbalance

between SCI and SSI and the energy given to and required from the main grid.

It can be observed that the objectives are reached for the scenarios where EVs are added.

The SCI and SSI fall within a reasonable interval which is above 50%. Moreover, the
equilibrium is nearly perfect between the energy given to and required from the main
grid, at least for the "Weekday&weekend" load profile. Both the scenarios where EVs
are added respect the voltage limitations by maintaining it between 0.95 and 1.05 pu.
To meet these objectives, an oversizing of the production was necessary, leading to
overproduction during the summer months. This can be seen by the fact that the
maximum current is determined by moments when the DCMG is exporting power to
the main grid. These production peaks reach approximately 1600 A compared to the
1000 A necessary for the peak demand as highlighted in the table of the case where no
modifications were made.

Concerning the line cross-sections, all scenarios require a cross-section of approximately

850 mm? which is also satisfied by the 1000 mm? design of the cross-section.
Discussion

The first table underscores the extreme values reached by the SCI and the SSI,
the imbalance between the energy required from and sent to the main grid and the
minimum voltage which prove the inability of the current existing systems to meet the

requirements of 2030. The additional stress placed on the MG can’t be adequately
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managed by the storage and generation units to maintain grid stability within acceptable
limits. Moreover, the required increase in line cross-section is nearly multiplied by 10.
The utility of MG is not clear anymore when considering the extensive power exchange

with the main grid.

The demand for PV systems in a feasible scenario necessitates an unrealistic amount
of area, approximately six times the available surface typically found on a business
premise, including both the industrial building roof and the parking structure for EVs.
The required line cross-section reaching 1000 mm? is impractical for low-voltage grids.
Furthermore, to achieve reasonable operation of the DCMG, it requires oversizing the
production which leads to peak power during sunny periods that is approximately 60%

above the peak demand.

A potential solution could involve increasing the reference voltage to mitigate some of
these issues. The voltage is inversely proportional to the line cross-section as mentioned
in and the current decreases linearly when working at constant power as
derived from Joule’s law [9]. The voltage is therefore having a quadratic impact on the
determination of the line cross-section. However, increasing voltage presents its own set

of challenges and complications that require changes and investments in the DCMG.

Finally, this case is realistic but it may not be the most optimized for the addition
of EVCS, but it also does not represent the worst-case scenario. In other cases, greater
or smaller instability or line cross-section limitations could have been observed.

In any case, the conclusion remains consistent, the current MGs are not suited to welcome
all future company cars and significant changes and improvements are necessary for

optimal operation but it may not be entirely realistic to achieve.
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Chapter 5
Conclusion

This thesis contextualizes the evolving role of microgrids in addressing the challenges
posed by climate change and the urgent need for decarbonization. RES are decisive in
this transition but their intermittent nature and the electrification of transportation
have introduced additional stresses on the electrical grid.

Innovative decentralized and distributed solutions needed to be implemented. In this
context, microgrids, and especially DC microgrids, offer a promising answer due to their
compatibility with PV systems and electric vehicles as they are all fed in DC. These
interesting new features have raised questions that this thesis has sought to address by

studying the impact of EVs on DCMG through load flow analysis.

The study begins with an exploration of EV charging dynamics. To achieve the goals
of this thesis, a comprehensive model was developed, combining a stochastic model and
a load flow model. They both have been reviewed through a state-of-the-art of their

interest and the global interest of the thesis.

The system studied is complex and depends on many parameters such that an
important list of scenarios has been dressed to evaluate the different aspects that could
be encountered. They are based on simple architectures that constitute base cases on
which the addition of EVCS is simulated with different load profiles.

The presentation of the results is segmented into four distinguished parts, all
focusing on specific aspects. It was first necessary to understand how the DCMG reacts
to simple variations and make a behaviour analysis of it. These observations have
been extrapolated and associated with people’s socio-cultural behaviour and technical
changes.

The impact of the segregation between the CC and CP modes which is specific to the
charging of EV batteries has been reviewed thoroughly. It concluded that the CC power

o4



mode is more beneficial and can enhance the performance of the DCMG.

Having enough material to fully understand all the subtleties of EV charging, they have
been added to the model in order to study their impact directly. This has been done by
comparing the results of their addition to the base cases where they had not yet been
added. The variables analyzed were intended to provide substances to the question of
stability, independence and limitations of the DCMG.

Forecasts of the situation expected in Belgium for the year 2030 as a result of company

car policies were finally simulated to evaluate future challenges and requirements.

Key findings suggest that both vehicle owners and grid operators benefit from
avoiding overcharging EV batteries to prevent them from reaching the CP mode. This

practice is harmful both for the battery life and microgrid performance.

The analysis of maximum currents revealed that while EVCS can moderate and
have a positive impact on the limitations of the DCMG, they can also impose significant
stress, necessitating larger line cross-sections.

Voltage stability tends to be moderately compromised by the EVCS while the grid

independence suffers from these new arrivals as the number of interactions increases.

Projections for 2030 highlight the severe work that will be necessary for current
existing MGs to be able to welcome the future fleet of company cars. This also indicates
that it will not be possible to remain as independent as it is currently from the main grid
without extensive, and often impractical, additions of PV capacity. Another technology
could provide an additional source of energy, but it would probably be AC generation,
which would reduce the interest in a DCMG.

In conclusion, while general trends were identified, the study acknowledges significant
variability in the impact of EVs on different DCMGs due to the system’s complexity. It
is difficult to draw unanimous conclusions for all the different DCMGs that can exist.
The ultimate effect will depend heavily on the design and sizing of the existing DCMG
and the integration strategy for EVCS. When managed smartly, a moderate number
of EVs, especially operating in CC mode, can be beneficial. However, without careful

planning, the integration of EVs could have detrimental effects on DCMG performance.

Future work

Although this thesis aims to be as complete and detailed as possible, some assumptions
and simplifications have been made. It would be interesting to verify if the results are

confirmed while completely implementing the sophistication of EV charging.

Despite being grounded in practical data, the architecture of the base cases is
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based on assumptions, even though efforts were made to reflect realistic scenarios. A
valuable next step would be to collect data from several existing MGs and run the same

simulations on them to draw conclusions specific to those systems.

Finally, collaborating with a data scientist to conduct a large number of simulations
and analyze the correlations between various factors such as microgrid architectures,
energy balance and the placement of EVCS could yield some interesting observations.
This approach would help establish the most effective strategies for implementing a
DCMG that can efficiently accommodate an EVCS parking area.

The ultimate goal would be to develop a model capable of providing the optimal sizing
and location of EVCS based on a given DCMG architecture.
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Appendices

Appendix A: Stochastic model

This appendix presents the details of the stochastic model and offers a qualitative
validation of it through a visual comparison of the obtained plots. The parameters

presented are the same as those of the document on which this appendix is based [19)].

Parameters

Important parameters are the numbers of arrival, departure and total number of
vehicles present at the parking area. Unfortunately, they are not provided but they
have been retrieved from the provided graph illustrated in thanks to the tool
"PlotDigitizer’ [39)].
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Figure 5.1: Arrival, departure and total number of vehicles present at the parking area

e Ts = 15 min = Time step
o Vp(0) = 500 = Total vehicle present at the charging station at the time t =0

e p1; = Correlation coefficient between the previous day’s SOC and driving distance.

0.5

1
It’s computed from the following covariance matrix : [0 .
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poi = Correlation coefficient between SOC at time ¢~ and SOC of the departing
11

vehicles. It’s computed from the following covariance matrix : [ .

ps3i = Correlation coefficient between SOC at time ¢ and SOC of arriving vehicles.

1 0.7
075 1

It’s computed from the following covariance matrix : [

M,; =11/8,1/8,1/8,1/8,1/8,1/8,1/8, 1/8] = Market share
Po = [1.4, 1.5, 3.3, 3.3, 3.3, 3.3, 3.3, 6.6] KW = Charging power

wua = [1.6, 3.2, 12.8, 16, 36.2, 36.2, 36.2, 36.2] km = Mean of driving distance

between home and workplace

og = (0.9, 1.8, 7, 8.9, 19.9, 19.9, 19.9, 19.9] km = Standard deviation of driving

distance between home and workplace

Sp = [4, 8, 16, 22, 24, 27, 28, 53] kWh = Battery size

dr = [8, 16, 64, 80, 160, 190, 251, 354] km = Driving range

K = 25% = Penetration of EVs

pubP = 80% = Mean SOC of previous day’s departure

obP = 16% = standard deviation SOC of previous day’s departure
s; = 100% = Charging set-point or charging efficiency

p;(07) = 70% = Mean initial SOC at the charging station

0;(07) = 16% = standard deviation of the initial SOC at the charging station

To provide clarity and to give an intuitive understanding of which parameter

corresponds to which kind of vehicle, illustrates the composition of the

vehicle fleet where each type constitutes the market share that is assigned to them.

It’s also good to note that the normal distribution of arrival SOC (X 45) is slightly

different from the one presented in the paper in as it’s bounded but this
equation was not mentioned in the report for the lightness of writing. The actual
mean of SOC on arrival (114;) can be computed by using the CDF and PDF which are

respectively represented by ® 4, and ¢4; in the following equation :

Paai = aaiPai(aa;) + 0ai(1 — Pai(ba;))+

(5.1)
104i(Pai (bas) — Pai(an)) — 03;(dai(ba;) — daiaai))

where a4; = 20% and by; = 90%.
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EV Driving Battery
Company Model Tvpes Range Size

P (km) (KWh)
Toyota Prius PHEV 8 4
Buick PHEV 16 8
Chevrolet | Volt EREV 64 16
Fisker Karma PHEV 80 22
Nissan LEAF EV 160 24
Toyota RAV4 EV 190 27
Cooper Mini E EV 251 28
Tesla Roadster EV 354 53

Figure 5.2: Different EVs and their characteristics

Model validation

The plots obtained from the implemented model are compared with the results presented

in the paper. It can be seen that the plot of the power demands from the paper (on the
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Figure 5.3: Predicted daily CC, CV, and total load profiles

left) is the same as those in the implemented model (on the right) It can be observed
that the plot of the SOC delivered from the paper (on the left) is the same as that in

the implemented model (on the right

Appendix B : Scenarios

This appendix is segmented into two parts. The first section is about the justifications

and assumptions taken to size and design the various scenarios and their variables. The

second part provides a detailed presentation of these variables with numerical values.

Justifications and assumptions

Industrial load
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Figure 5.4: Delivered SOC

The industrial loads were provided by the teaching staff and were not modified.
Eight choices were available but the choice of this precise load was made based on
criteria such as high maximum power and a minimum power consumption that was
not too low compared to the total energy requirement for the year. It’s the load that
behaved most like an office where people primarily work on computers.

Assuming that this industrial load corresponds to an office environment, the number of
people working there can be estimated by using the average consumption of a worker
at his workplace. According to data from , the average consumption is estimated to
be 2 MWh /year for an office space of 10m? per person.

Given the total energy requirement per year of 315 MWh, it can be calculated that
approximately 157 people are working in this office space.

The load profile for the first week of the year is shown for illustrative purposes.
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Figure 5.5: Load profile of the industrial load for the first week of the year
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EVs charging station

The 'weekday’ and 'punctual’ profiles for arrival, departure and total number of
vehicles present in the parking area as shown in and in are designed
such that the peak number of vehicles present in the charging station doesn’t exceed

157 people which corresponds to the computed number of workers.
Pv panels

The company building is designed to welcome roughly 160 people. It’s a reasonable
assumption to suppose that they are distributed across 4 floors. Considering 40 people
per floor and 10 square meters of office space per worker, it gives 400m? per floor.
Taking into account the common areas (toilets, corridors, cafeteria, etc.), the available
surface can be assumed to be increased by 50%, totaling a surface of 600 square meters
per floor and, logically, the same surface is available on the roof.

However, not all of this available roof space can be effectively utilized for PVs due to the
need for optimization through inclination. Indeed, as a flat roof is supposed, PVs have
to be inclined to optimize their production. With a typical optimum angle of 30° [41]
for PVs on a flat roof, a spacing of twice the height of the PVs between rows [42] and
given that the usual dimension of a PV is 1.6 x 1m, it gives that 1 % sin(30) = 0.5m so
two times this distance gives 1 meter between each row of PVs. Finally, it’s estimated
that 225 PVs can be installed on the roof of the building.

Similarly, considering an estimated 8 square meters of available roof space per vehicle
in the parking area, approximately 525 PVs can be installed over the parking spots
using the same approach.

It gives a total of 750 PVs which act as a non-dispatchable DG unit for the DCMG.

Battery

It’s a common practice to size a fixed battery to hold approximately 10 hours of
average consumption to provide energy during the night, especially when the source of
production is solar dependent. Considering that the mean power consumption on the
grid due to the various loads is approximately 60kW, a capacity of 600kW h is needed.
Moreover, the chosen battery capacity aligns well with the size of the building, consid-
ering the volumetric size and weight of the battery. According to data available from
Sungrow’s site [43] regarding their product, it’s estimated that their battery achieves a
volumetric energy density of 117.25kWh/m? and a mass-energy density of 118kWh/t.
Based on these figures, the battery would occupy a volume of approximately 5.11m3
and weigh around 5.1¢, which appears acceptable.

Regarding the (dis-)charging rate, a typical value for batteries of this size is around

four hours.
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Line cross section

The computation of the line cross section was performed using an online calculator
[44] with the most extreme parameters as input. These extreme values were observed
during the "Punctual&weekend’ simulation and are as follows :

V =700V, AV = 5%, L = 400m, I = 225A.
It gives a minimum cross-section of 118mm?2. Considering several predefined existing
cross-section options, the closest higher value to this calculated minimum is 120mm?.

This choice results in a resistance of 0.153§2/km, as provided by [36].
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