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Abstract

In the current evolving distribution grid, microgrids are emerging as valu-
able tools that can facilitate the integration of renewable energies. In re-
cent years, DC microgrids have garnered interest due to several advantages.
These advantages include fewer conversions, the absence of reactive power
and frequency, and lower line losses. As a developing technology, there are
still many aspects to be studied to facilitate their implementation. This
thesis aims to contribute to a better understanding of DC microgrids.

The following work provides an overview of the current state of DC
microgrids. Their advantages over AC microgrids are discussed and illus-
trated. The different topologies and DC bus configurations are described.
Potential power quality issues are examined. The current challenges of the
technology are explored. Finally, the current state of standardization and
existing implementations are detailed.

This work presents three major contributions. First, an overview and
comparison of different control methods for converters in DC microgrids
are provided. Both first level controls and second level controls are detailed
and simulated. The second contribution of this work concerns a power flow
algorithm tailored for DC microgrids. This power flow method is adapted
for bipolar DC microgrids and further developed as a sequential power flow.
This sequential power flow allows the study of the behavior of a DC mi-
crogrid over extended periods. The sequential power flow is then used to
compare the performance of unipolar and bipolar DC microgrids. The final
contribution of this work concerns the modeling of High Frequency AC link
three-port DC/DC/DC converters. The functioning of this type of converter
is covered in detail. An averaged model and possible control schemes for
this type of converter are proposed.
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Chapter 1

Introduction

The energy distribution system is the set of interconnections via distribution
lines that connect the different energy production sources to the loads that
require energy. It is thanks to this network that the different appliances in
our homes can be used seamlessly. This very same distribution system also
supplies the energy demand of shopping malls, hospitals, and factories.

In its beginnings, the distribution system evolved progressively as it ex-
panded to fulfill the needs of a growing society. However, it is now at a point
where new challenges have arisen. These new challenges require a significant
adaptation of the existing system to ensure it can continue providing the
necessary energy. The general context from which these challenges originate
and why microgrids can act as a solution for them are given hereafter.

1.1 Environmental Background

In recent years, the importance of addressing global warming has been high-
lighted. A common understanding and awareness of this global issue led to
the Paris Agreement in 2015, where it was pledged to limit global warming
to below 2 degrees Celsius. With the same objective in mind, European lead-
ers set the goal to achieve carbon neutrality by 2050. Other countries have
also set similar net zero emission targets. The People’s Republic of China
aims to achieve net zero emissions by 2060, India has set 2070 as its target
year, and Indonesia has also set 2060 as its target year [10]. The implemen-
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tation of different policies and technological developments has boosted the
adoption of renewable energies. Proof of this is the increase in investment
in renewable energies. In 2015, 1 trillion USD was invested in renewable
enregies, a number that has significantly increased; by 2022, the investment
exceeded 1.4 trillion USD [10].

In order to reach these goals, the energy supply in Europe has been
adapting and experiencing a significant shift. In terms of energy sources,
this implies a shift from traditional fossil fuels towards renewable energies.
As shown in Fig. [I.1] globally, fossil fuels remain the main source in terms of
energy consumed by the end user, also referred to as the total final energy
consumption (TFEC). Furthermore, between 2011 and 2021, the TFEC
increased by 16% [11].
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The challenge faced is not only increasing the share of renewable en-
ergies, but also dealing with the increasing electricity demand, which is
expected to increase by 2-3% from 2021 to 2030 .
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1.2 Renewable Energies

Renewable energies have been proposed as energy sources free of carbon
emissions. Thus, they play an important role in the current energy transi-
tion, where lower carbon emissions are desired due to present environmental
concerns. The main renewable energies on the rise are solar photovoltaic
(PV) and wind energy. The growth of renewable energies during the last
years has been significant. This growth has been motivated not only by the
implemented policies and the general awareness of consumers but also by
advancements in technologies, which have allowed a significant drop in the
cost of renewable energies, as shown in Fig. [1.2| Fig. shows the evolu-
tion of the levelized cost of energy (LCOE) for various renewable energies
between 2010 and 2022. Offshore and onshore wind perceived a reduction
in LCOE, and a more significant reduction is observed for PV and concen-
trating solar power.
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Figure 1.2: Global weighted average LCOE from newly commissioned,
utility-scale renewable power generation technologies, 2010-2022 [13]

In 2021, renewable energies represented 12.7 % of total final energy con-
sumption, and in 2022, they accounted for 30% of power generation. Fur-
thermore, in 2022, the installed PV capacity grew by 243 GW, while the
wind power capacity grew by 77 GW [12].
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While the adoption of renewable energies is a positive development, their
integration into the distribution network is not without challenges. One of
the most notable factors is the variable nature of solar and wind energies.
This variability makes it difficult to match the energy supply and demand,
which can affect the stability of the network.

The mismatch in demand and supply reduces the efficiency of renew-
able energies as well. For example, in 2021, grid operators in the United
Kingdom curtailed 7 terawatt-hours of wind energy, equivalent to 4% of the
country’s annual wind energy production. Similarly, in 2020, the California
Independent System Operator curtailed 1.4 terawatt-hours of solar power,
which accounted for 5% of the total production [12].

Energy storage systems (ESS) have been used to compensate for the
unpredictable power profile of renewable energies. ESS allow storing surplus
energy and using it when renewable energy production is low. As smart
appliances and smart meters become more widespread, it is expected that
consumers will adjust their consumption as an alternative way to match
energy production and consumption.

Due to the adoption of renewable energies, other challenges are gener-
ated in the transmission system and the distribution system limits. The
transmission system is mostly affected by large scale renewble energies gen-
eration plants, which are often located in remote areas. These renewable
sources are situated far from existing transmission lines or where the trans-
mission lines have limited capacity. In the case of the distribution system,
the adoption of renewable energies at a local level generates new energy
flows. These new flows require changes to the protection of the distribution
system or an overall reinforcement of the infrastructure [14].

1.3 Other challenges

The evolution of different technologies also contributes to the need for ren-
ovating the current distribution grid. The utilization of renewable energies
such as PVs in houses and commercial buildings has increased. This repre-
sents energy flows from places that were not previously expected. Further-
more, the amount of power consumed is increasing, partially due to new
smart devices that shape the consumption curve. In part, due to their ac-
tivity profile that can differ from normal consumption, and also due to the
magnitude of their energy consumption. Among these new devices,some
stand-out: electric vehicles (EVs), heat pumps, and PV panels. These two
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represent new types of loads with significant consumption. With the rise of
interconnected devices, the use of smart energy management systems will
become widespread. All of these factors contribute to an increased bidirec-
tional power flow for which the grid was not initially designed.

1.4 Microgrids and their advantages

The current and expected increase in renewable energy generation has two
impacts on the current distribution grid. First, the total amount of power
flowing through the distribution grid will increase. According to [11], the
lack of grid capacity contributes to holding back the shift towards renewable
energies. Secondly, it represents a shift from centralized power production
towards decentralized production. As a consequence, power will be gener-
ated and will have to flow through lines that were not initially designed
with this in mind.

In this context, microgrids provide a valuable solution that can adapt
to the changes faced in the network. Definitions of a microgrid can be:

“Microgrids are systems that have at least one distributed energy re-
source and associated loads and can form intentional islands in the electri-
cal distribution systems. Within microgrids, loads and energy sources can
be disconnected from and reconnected to the area or local electric power
system with minimal disruption to the local loads.” [15]

“Micro-grid is a small-scaled autonomous power grid system that con-
sists of multiple energy generations from renewable and non-renewables
resources, energy storage systems (ESS) and power electronic converters.
Micro-grid can be operated either in standalone mode or connected to the
utility grid” [16]

In layman’s terms, a microgrid is a smaller version of the main distribu-
tion grid. This smaller grid can operate independently in islanded mode or
be connected to the main AC grid. The main energy sources in microgrids
are distributed generators (DG), which tend to be renewable energies that
are installed locally. These renewable energies are also referred to as dis-
tributed energy resources (DER). Thus, the basic elements in a microgrid
are the DG/DER, the ESS to compensate for power fluctuations, and the
loads. Fig. illustrates the basic structure of a microgrid.
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Figure 1.3: Representation of a typical microgrid

The concept of microgrids has been evoked as early as 2002. The core
idea is that it operates as a single system that provides power to a local
area. From the point of view of the main grid, this system operates as a
single dispatchable load which can adapt to the needs of the main distri-
bution system. The power electronics used to connect all the elements in
the microgrid provide the needed controllability and flexibility. Through
this controllability, the microgrid enhances local reliability, reduces feeder
losses, supports the local voltage, and can contribute to a better power qual-
ity by mitigating voltage dips for example . Three defining properties
of microgrids are :

o FEase of integration of new resources
o Ease of scaling its size up or down

o Equitable role for each resource in determining the operation of the
microgrid.

Microgrid are expected to be the main building block of the future smart
grid. This is because microgrids allow the implementation of the expected
smart grid features such as [20]:

o Energy efficiency, sustainability and RESs inputs
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« Reliability, security, ESSs and DG units (renewable based)
e Sensing, measurements and advanced control methods

o Load usage awareness, real-time Energy Management System (EMS)
and advanced load components (Electric vehicles, heaters, etc)

e Integrated information and communication infrastructures with full
cyber-security

It is expected that microgrids will bring benefits to both users and the
utility grid. As a single controllable unit, they can provide power or ancil-
lary services to the main distribution system. For the users, microgrids can
improve power quality, reduce the effects of voltage sags, and offer an unin-
terrupted power supply for critical loads (such as data centers or hospitals)
[20]. They are also an effective and affordable tool for rural electrification
[21]. However, one of their main value propositions, resiliency, is hard to
quantify [22]. The benefits of microgrids can be summarized as [22]:

Price stability Microgrids offer protection from fluctuating electricity bills.

Economic Benefit Microgrids can achieve this by lowering peak load prices,
engaging in demand response markets, and providing frequency man-
agement services.

Increased reliability and resilience Operating in the island mode can
ensure a constant supply of electricity.

Renewable integration Microgrids facilitate the implementation and co-
ordination of renewable energy sources.

Increase power quality Microgrids allow to have a better control over
the grid power quality parameters.

Grid support Microgrids can reduce grid congestion and peak load de-
mands. Additionally, they can provide energy, capacitive, and ancil-
lary services.
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1.5 Thesis Questions and Objectives

As highlighted before, microgrids are powerful tools that can play an im-
portant role in the current energy context. The main focus of this thesis
is the study of DC microgrids. The study includes their advantages and
challenges, their control, and how to model them. The questions researched
in this thesis are:

e Why use DC over AC for a microgrid?

e Which DC bus configuration to use: unipolar or bipolar?
o What are the different type of control methods?

e How to simulate a DC microgrid in steady-state?

o How to model the different elements in a microgrid?

e How do the different control methods compare?

1.6 Contributions

The main contributions of this thesis can be summarized in three main
points:

e The linear power flow approach for DC microgrids has been expanded
by incorporating bipolar microgrid modeling and a sequential ap-
proach to simulate the microgrids over an extended period.

e An overview and comparison of first and second level control methods
for DC microgrids has been performed

¢ An in-depth study of three-port converters has been proposed, includ-
ing their state-space and average modeling

The linear power flow approach was initially proposed only for unipo-
lar DC microgrids. The author further developed the model to include
bipolar DC microgrids. Afterwards, the model was further developed by
implementing a sequential approach, culminating in a comparison between
unipolar and bipolar DC microgrids. The ability to simulate bipolar micro-
grids allows for the evaluation of a different DC bus topology. This modeling
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calculates the currents in the neutral conductor, which are a key source of
losses in bipolar microgrids. The sequential powerflow approach facilitates
the study of different DC microgrid topologies over an extended period of
time. This allows for the analysis of the expected performance of the DC
microgrids in terms of line losses, line currents, and voltage regulation. The
sequential power flow and its results serve as valuable tools for sizing and
performance analysis.

The general overview of the control methods presents several first level
and second level controls. The overview provides a description and imple-
mentation of the control method, helping the reader implement each control
method easily. The control methods are compared under four criteria, as-
sisting the reader in identifying the pros and cons of each. This comparison
is further elaborated on in Chapter 6, where the different control methods
are implemented in a test DC microgrid. An analysis of the results is pro-
vided, along with recommendations for the use cases of the different control
methods.

High Frequency AC (HFAC) link converters propose an interesting solu-
tion; however, their study in the literature is limited. This thesis summarizes
the different characteristics of HFAC link converters, particularly three-port
converters. The detailed study of HFAC converters will help the reader un-
derstand the operating principles of HFAC converters and the influence of
parameters on the switching frequency. The proposed state-space model
provides an alternative modeling approach for this type of converter, which
the reader can use as a basis for their analysis. Additionally, it proposes
an initial average model for both two-port and three-port converters. Such
models can be particularly useful for including these converters in stud-
ies involving parallel three-port converters, such as the simulation of DC
microgrids with multiple distributed three-port converters.

All the different modeling approaches presented in this thesis constitute
a useful guide that can help in the modeling of DC microgrids.
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1.7 Thesis Structure

The structure of the thesis is as follows:

In Chapter 2, the concept of DC microgrids is presented in detail. The
interest in their implementation, advantages, and challenges is explored.
The current state of standardization is briefly described. Chapter 3 de-
scribes the control of DC microgrids. This chapter explains the different
control levels and how to coordinate different converters acting in parallel.
Chapter 4 presents the steady-state analysis of DC microgrids. This analy-
sis is performed through a power flow analysis designed for DC distribution
and microgrids. Chapter 5 focuses on the modeling of the power electron-
ics converters that intervene in a DC microgrid. The modeling includes
DC/DC converters, AC/DC converters, and 3-port converters. Chapter 6
implements dynamic simulations of DC microgrids. These simulations are
then used to compare the different control methods described in Chapter 3.
Finally, Chapter 7 provides the conclusions and final remarks of this thesis.

A graphical guide for the reader is provided in Fig. If the reader
wants an introduction to the subject matter, they can start with Chapter 2.
If the reader wants to know more about the control of converters, Chapter
3 provides the needed knowledge. The main outputs of the thesis are found
in Chapters 4, 5, and 6. They are independent from each other. Readers
interested in the proposed power flow model can refer to Chapter 4. The
only prerequisite is a good understanding of droop control and DC microgrid
voltage architectures. Readers interested in the average modeling of power
electronics and the modeling of three-port converters can refer to Chapter
5. The only prerequisite for Chapter 5 is, once again, an understanding
of droop control as it is utilized to control three-port converters. Readers
interested in the comparison of the control methods can refer to Chapter
6. To fully understand the comparison performed in Chapter 6, reading
Chapter 3 is necessary. This is because all the different control methods
compared are detailed in Chapter 3.
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1.7 Thesis Structure



Chapter 2

DC Microgrids

Chapter contributions

e DC microgrids and their advantages are introduced

o The existing challenges and the current state of standardization
are presented

o Existing DC microgrid projects are highlighted

Historically, DC Voltage has been in competition with AC Voltage. Ini-
tially, DC was used for residential and commercial customers, but its lim-
ited transmission range prevented its large-scale implementation. To cover
greater distances, a higher voltage was required. In the 19th century, this
was complicated for DC as it required multiple machines connected in se-
ries to change the voltage. In contrast, AC voltage could be changed via
transformers that did not require complex mechanical devices. Thus, AC
voltage found its main application in transmission. Eventually, AC voltage
phased out DC voltage in distribution to consumers. However, interest in
DC distribution never disappeared. Thanks to improvements in solid-state
components and simplified converter stations, higher voltages were explored.
Notable applications include the Sakuma interconnection in Japan in 1965,
and the Itaipu Dam line between Brazil and Paraguay, used between 1984
and 1987 [23].

13
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In recent years, distribution in DC has gained increased interest due to
its characteristics and advantages. This has led to the construction of more
High Voltage DC (HVDC) links for energy transfer such as the NEMO link
which is a submarine link between the United Kingdom and Belgium. Dur-
ing its first two years of operation, it was used to transfer 12 TWh between
the two countries [24]. Similar HVDC connections are being installed in
different countries. In Belgium, further projects such as Tritonlink [25] and
the Princess Elisabeth Island [26] are planned.

Similarly, DC microgrids have been gaining traction in the context of
microgrids, leading to increased research in this area. This chapter examines
the advantages of a DC distribution system compared to its AC counter-
part. It begins with an overview of existing topologies, architectures, and
grounding schemes. Additionally, it highlights various power quality issues
specific to DC systems. Finally, the chapter concludes by discussing some
of the main challenges and risks associated with the implementation of DC
microgrids.

2.1 AC vs DC microgrids

The implementation of AC microgrids is more widespread than that of DC
microgrids. Indeed, AC microgrids benefit from similarities with the main
AC distribution grid. Consequently, many existing techniques in the main
AC grid can be readily adapted for use in AC microgrids.

On the other hand, DC microgrids present different characteristics and
therefore cannot rely on the same techniques as AC microgrids. Neverthe-
less, DC microgrids offer different advantages. These include [27]—[29):

Absence of frequency Unlike its AC counterpart, there is no frequency
in the distribution system. This presents an advantage as it simplifies
the control scheme, resulting in reduced complexity. Instead of con-
trolling two variables (voltage and frequency), only one variable (volt-
age) needs to be controlled. Additionally, the absence of frequency
eliminates the need for synchronization when connecting elements.

Absence of reactive power Being a DC system, there is no reactive power
circulating within the system. This means that there is no need to
control the reactive power. Consequently, the full capacity of the cable
to be utilized for active power transfer.
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Fewer conversions Renewable energy sources such as Photovoltaic (PV)
panels naturally output their power in DC. In traditional systems, the
output of the PV panel would need to be converted into AC before
injecting it into the distribution system. However, in a DC distribu-
tion system, this step is unnecessary. his feature is also beneficial for
energy storage systems like batteries and supercapacitors, which pri-
marily operate in DC. Furthermore, many loads such as lights, home
appliances, and computers utilize DC voltage. Therefore, DC distribu-
tion can eliminate an extra conversion step for these loads. However,
some DC-DC conversions are still needed for voltage level adjustments
or control for example. Fewer conversions result in lower conversion
losses, leading to a more efficient system. This concept is illustrated

in Fig. 2]
Lower line losses Because there is no reactive power, the amount of cur-
rent circulating is minimised, resulting in reduced line losses. Fur-

thermore, DC distribution does not experience the skin effect, further
decreasing line losses.

Reduced cost The reduced line losses, coupled with the increased line
capacity, enable the use of lines with smaller cross-sections. Moreover,
the need for fewer conversions may result in a reduced number of
converters. These factors combined can lead to lower costs compared
to its AC counterpart.

Fully controllable A DC distribution-based system relies on power elec-
tronics for its operation. These power electronics devices require pre-
cise control. As a result, a DC distribution system is inherently a fully
controllable distribution system.
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Figure 2.1: Obsolete converters in a DC network

As proposed in [30], [31], DC systems exhibit advantages in terms of
power transfer capabilities. Let’s compare four systems: single-phase AC,
three-phase AC, unipolar DC, and bipolar DC. The AC systems have a
phase voltage Vrms and a current Igys. Considering a power factor pf,
their power capacity can be described as follows:

Py = VrmsIrmsdf
Psy = 3VrmsIrms vf

—~
NN
N =
AN

For DC systems, the voltage will be equal to the peak value of Vgss.
Assuming the same wires are used, this is not an issue as the insulation
of AC systems is designed for the peak voltage. Regarding the current, it
remains equal to the RMS value for thermal reasons. Therefore, the power
capacities of unipolar and bipolar systems are as follows:

Punipolar = V2VaamsIras (2.3)
Pgipolar = 2V2VrarsIrus (2.4)

If a pf of 0.95 is considered, the following ratios can be found:
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Ponipolar _ V2 (2.5)
Py pf '
Punipolar _ Q (2.6)
Psy 3pf .
Ppipolar _ 22 2.7)
P34 3pf '

As proposed in [30], the power losses P, in a three-phase AC network
are given by (2.8). For a two-wire DC system and a three-wire DC system,
one can refer to equations (2.9) and (2.10) respectively.

PZS¢AC = 3—’,240_RMSRAC (2.8)
Piype = IcRpe .
Pspc =21} ¢ Rpe (2.10)

These results are similar to the comparison made in the Dutch standard
NPR 9090 [32], as shown in Table The table also highlights that a
bipolar system and a unipolar system with twice its nominal voltage have
the same power capacity. Further discussion on this standard is provided
in a subsequent section.

Table 2.1: Comparison of low-voltage AC and DC configurations [32]

LVDC LVAC Pmax for 16 A RMS
Unipolar 350 V. 230 V, 1 ph 5.6 kW DC / 3.7 kW AC
Unipolar 700 V. 400 V, 3 ph  11.2 kW DC / 11.1 kW AC
Bipolar 350 V. 400 V, 3 ph 11.2 kW DC / 11.1 kW AC
Bipolar 700 V. 690 V, 3 ph  22.4 kW DC / 19.1 kW AC

For simplicity, let us assume that the line resistances are the same for
both DC and AC distribution networks. Considering that all three systems
have the same amount of line losses, the expressions in (2.11]) and (2.12) are
found. These equations lead to the estimations found in (2.13) and (2.14).
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3R
Iypc = Iac—Rums ) (2.11)
3R
Ippc = Iac—RrRms 3R (2.12)
Tupo = 1.7321ac— s (2.13)
Igpc =2 1.22414c_RrMs (2.14)

This means that for the same losses, a unipolar DC system can increase
its current by 73% with respect to a three phase AC system. Meanwhile, a
bipolar DC system can increase it by 22%. While the result is interesting,
it is important to remember that for the unipolar system having a same
amount of losses does not imply the power transfered is the same as the
three phase system.

In 30|, the performance of an AC grid and a bipolar DC grid on Cigre’s
Low Voltage distribution benchmark network is compared. The same loads
are used, but due to the voltage level decrease a difference in the active
load power is obtained. The AC system provides 188.4 kW while the DC
system provides 239.9 kW. The total losses amount to 11 kW in the AC grid
and to 6.8 kW in the bipolar microgrid, resulting in a ratio of 0.67. This
result closely aligns with the ratio of 2/3 mentioned in CIRED’s report 31].
However, the methodology used to derive this ratio is not explained in the
CIRED report.

In the same vein, studies in the literature propose an easy adaptation of
the existing AC infrastructure for LVDC (Low voltage DC) distribution. As
explained in [33], traditional AC transmission employs five conductors (three
phases, one neutral, and the protective earth or grounding conductor). This
configuration can be adapted for unipolar and bipolar DC distribution, as
shown in Fig. 222l In this figure, L+ and L- represent the positive and
negative conductors respectively. PE stands for protective earth, and M
corresponds to the neutral conductor. In [34], cable configurations for four-
conductor wires are also proposed. The cable configurations for bipolar
systems with TN-s and TT grounding are shown in Fig. [2.3] Further details
on these grounding schemes will be provided in the subsequent chapter.
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(a) LVAC cable (b) Unipolar LVDC (c) Bipolar LVDC
cable cable

Figure 2.2: Configuration of five-conductor cables in DC systems [33]

(a) TN-S grounding (b) TT grounding

Figure 2.3: Configuration of four-conductor cables in bipolar DC systems
134]

Considering the ease with which cables can be repurposed, the next step
is to evaluate the performance of these lines under DC voltage. Research
conducted in [34] assesses the ampacity of the same line under both AC and
DC voltage. The ampacity is primarily limited by heat dissipation resulting
from ohmic losses and dielectric losses in the insulation or screens. However,
in medium voltage (MV) and LV AC systems, dielectric losses are typically
neglected. These losses have an even smaller contribution for DC loads as
they are proportional to the frequency and are thus neglected.

An ideal DC current increases the ampacity of cables compared to the
AC case. However, DC current may contain ripple currents, which can
generate eddy currents and circulating currents in both the screens and the
conductors. Additionally, higher-frequency ripples can result in non-uniform
current distribution within the conductors.

The main results of [34] show an increased ampacity in the lines under
DC distribution. Total harmonic distortion (THD) is used to measure the
ripple of the current. Even when considering a THD of 0.029 p.u in the
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current, the losses were lower than in the AC system. The lines were also
tested in terms of thermal limits. For the same maximum temperature, the
lines in DC showed an increase in ampacity close to 21%. Furthermore,
no increased aging in the connections was detected. While the results are
positive, two main factors need to be kept in mind. First, the allowed THD
in the DC current is not known, as standards are still in development. Sec-
ond, although the increased ampacity is beneficial, the primary source of
increased transmission capability would be an increased voltage. The volt-
age levels to be used in DC distribution are discussed later in this chapter,
as it is a key question in the standardization process.

The recent work in [35] has also suggested the possibility of developing
DC distribution-designed transmission lines. This consideration arises from
the recognition that key factors affecting electrical stress for DC distribution
differ from those for AC. The proposed main key factors for DC cables
include breakdown strength, space charge, electrolytic corrosion, polarity
reversal, and surge superimposition.

2.2 Microgrid Topology

DC microgrids can be classified into three main topologies: radial, ring,
and interconnected. Each topology has its own advantages and drawbacks.
They are described here after [27]. Note that they are illustrated with a
connection point to the main AC grid; however, they can also operate in
islanded mode.

Radial Microgrids

A radial microgrid consists of a singular DC bus as depicted in Fig. 2:4] The
primary advantage of this topology is its ease of implementation. However,
this simplicity also means it to lacks flexibility under fault conditions. In-
deed, a single fault has the potential to disrupt all the elements connected to
this bus. To reduce this risk a bipolar distribution bus can be implemented.
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Figure 2.4: Radial topology DC microgrid

Ring Microgrids

In this topology, parallel paths are introduced to overcome the limitations
of the radial topology. These parallel paths are interconnected via switches
that enable the isolation of faulty sections within the microgrid. However,
a fault occurring at the point of connection to the AC grid would still result
in the isolation of the microgrid. This topology is shown in Fig.

AC
@ — DC Bus
DC

AC
T
&l

Figure 2.5: Ring topology DC microgrid
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Interconnected Microgrids

In an interconnected microgrid, reliability is improved by providing multi-
ple points of connection to the main AC grid. Interconnected microgrids
can be classified as either mesh-type or zonal-type, as shown in Fig. [2.]
and Fig. respectively. The main difference between these two types is
that in zonal microgrids, parts of the microgrid are designated into zones.
Within each zone, there are two redundant DC buses. This configuration
can be visualized as a cascade of DC microgrids with a symmetrical struc-
ture. While this approach significantly improves reliability, it comes at the
expense of a more complex design and operation.

T

DC

)

DC
DC Bus p - —@
AC

AC

Figure 2.6: Mesh topology DC microgrid
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Figure 2.7: Zonal topology DC microgrid

2.3 DC bus configuration

When discussing DC distribution systems, there are two possible bus config-
urations: a two-wire system, referred to as a Unipolar distribution system,
and a three-wire system, known as Bipolar. The third conductor in the
bipolar system is the neutral conductor, positioned between the positive and
negative poles. This additional conductor enables the bipolar architecture
to access more voltage levels. Both possible architectures are illustrated in
Fig. 2.8 In this section, the advantages and disadvantages of each archi-
tecture will be described.
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Figure 2.8: DC distribution bus configurations: (a) Unipolar (b) Bipolar

2.3.1 Unipolar system

In a unipolar system, the different elements are connected between the pos-
itive and negative pole, allowing access to only one voltage level. Therefore,
this voltage level must be carefully chosen, as line losses, the number of re-
quired converters, and transmission capability all depend on it. The unipo-
lar system offers simplicity in implementation and carries no risk of voltage
imbalances. Due to its simplicity, control of the system is also less com-
plex. However, one of its disadvantages is its limited flexibility compared
to a bipolar system, as it provides only one voltage level. Additionally, the
system lacks redundancy, and a single fault can result in system shutdown
127], |33].

2.3.2 Bipolar system

The addition of a neutral conductor to bipolar networks brings several ad-
vantages. Omne notable advantage is increased flexibility, as the system
can implement different voltage levels. If the connection is made between
+Vpe and the neutral conductor, the voltage equals +Vpe. Alternatively,
if the connection is between +Vpc and —Vp¢, the resulting voltage will be
2 x Vpe. Furthermore, this system also proposes increased reliability; in
the event of a fault in one pole, the other pole can continue to operate. It
also provides increased power capacity and reduces line losses.
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However, bipolar networks come with a significant disadvantage: the
risk of voltage unbalance. If the distribution of the loads or the injection by
the generators is uneven, this will lead to a voltage unbalance between the
poles. The voltage unbalance results in circulating current in the neutral
conductor that must be managed. Controlling these voltage imbalances is
one of the main challenges for bipolar systems [27], [33].

It is worth mentioning that the reduction in line losses compared to
a unipolar system is applicable when the voltage of the unipolar system
matches that of each pole in the bipolar system. That is, if Vpc unipolar =V
and +Vpec = —Vpe =V, the current circulating in the unipolar system will
be twice that of the bipolar system, as the current is split among the two
poles in the bipolar system. If Vpc unipolar = 2V, then the amount of
current circulating will be the same, and thus the losses will be equal. A
balanced bipolar network is equivalent to a unipolar system operating at
twice the voltage of each pole. Nevertheless, it is important to remember
that voltage unbalances and currents in the neutral can increase the losses
of the bipolar system.

To establish the bipolar bus, specific configurations for the converters are
required. These configurations vary from using single converters to cascaded
Voltage Source Converters (VSC). Various methods for achieving the two
voltage levels are illustrated in Fig. [33].

o +Vbe
— = +Vbe
]7 N = I
— - N
) —Vbe —Vbe
(a) Two cascaded (b) VSC with a voltage bal- (c) Three level neutral point
VSCs ancer clamped converter

Figure 2.9: Example of topologies to form a bipolar distribution network

2.4 Power quality in DC

DC systems also face power quality issues, which can originate from the DC
microgrid itself or the AC grid when connected to it. Poor power quality can
lead to equipment damage and poor operation, resulting in both technical
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and economic impacts . The most common power quality issues for DC
microgrids include [27], [36]:

¢ Voltage transients from the AC grid

o Voltage swells and dips

o Voltage supply interruptions

« Distortion/ripples due to resonances and power electronics converters
o Electromagnetic interference compatibility (EMC)

o Inrush currents

e DC bus faults

¢ Voltage unbalance in bipolar DC buses

o Circulating currents

These common power quality issues are classified based on their dura-
tion and the frequencies that they affect, as shown in Fig. A simi-
lar classification was performed in . This classification, shown in Fig.
[2:17] categorizes the phenomena according to their duration-amplitude and
frequency-amplitude.
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Figure 2.10: Time—frequency classification of DC power quality issues
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Figure 2.11: Characteristics of AC/DC power quality: (a) Multi time scale
distribution characteristics and (b) Broadband distribution characteristics

[37]

One phenomena of interest is harmonics and their equivalent in DC mi-
crogrids. In the literature, it is sometimes stated that DC microgrids do
not have harmonics, others claim that interharmonics are present rather
than harmonics. The work presented in proposes a different definition
for harmonics in DC. The difference between AC and DC total harmonic
distortion is highlighted. AC harmonic distortion corresponds to the distor-
tion that exists between the harmonic components and the ideal sinusoidal
signal. Meanwhile, DC harmonic distortion refers to the distortion between
harmonic components beyond the DC component. By definition, harmon-
ics are integer multiples of the power frequency. Following this definition,
harmonics do not exist in DC distribution as the power frequency is 0H z.
Thus, in DC ripple is proposed as a power quality indicator instead of
harmonics.

This DC ripple can originate from switch-mode converters and their
Pulse Width Modulation (PWM) control. They cause additional conduction
losses and losses in the filter capacitors. More importantly, they can perturb
measurement devices and communication signals . This, in turn, can also
affect the control signals for the converters. The DC ripple found in DC
microgrids can have a negative impact on different elements :
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e DC ripple can lead to an increased peak-to-peak current flowing into
the batteries. Above a certain threshold, it can reduce battery effi-
ciency and lifespan.

e DC ripple can result in wasted converter capacity and impact the
lifespan of power electronics components.

e DC ripple can affect the implementation of maximum power point
tracking (MPPT).

e DC ripple can produce noise and vibrations in electric motors, thus
affecting their efficiency and lifespan.

One source of problems can be the connection to the main AC distri-
bution grid. The AC grid can affect the DC microgrid in three different
ways. First, faults in the AC system can cause voltage fluctuations in the
DC voltage. Another issue is that voltage unbalances in AC grid will cause
a low-frequency harmonic through the DC converter. Finally, single-phase
AC loads connected to the DC system will introduce second-order “har-
monics”. This is because the DC-AC converter will have an output power
composed of a DC component and an AC component with an angular fre-
quency of twice the load frequency. Assuming that the input power is equal
to the output power, the input current of the AC-DC converter will also
have an AC component with twice the frequency of the load [37].

Other problems related to voltage variations can originate from faults
and load changes. Furthermore, there is no standard concerning the tol-
erance for voltage dips or swells. However, standards do exist for railway
systems, aircraft, and telecommunication applications [36].

Voltage deviations represent another power quality issue. These devi-
ations are due to various factors including wire diameter, power supply
distance, and power flow distribution. They are primarily caused by volt-
age drops due to resistance and the current flowing through the distribution
system. In DC systems, these deviations are solely related to conductor re-
sistance. Allowing a higher voltage deviation can increase the power supply
radius and range. However, this comes at the cost of increased complex-
ity in converter design and control, as well as heightened requirements for
equipment safety and insulation [37].

The increased use of DC/DC converters in DC microgrids can lead to two
problems. First, the elevated switching frequency can cause electromagnetic
interference (EMI). To address this issue, converters are used with EMI
filters. However, these converters are connected to the DC grid, the EMI
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filters can induce inrush currents, which may result in voltage oscillations
or sags. The second problem is linked to the capacitors in such converters.
The capacitors, along with the impedance of the DC bus cable, can create
resonance frequencies, potentially leading to the amplification of DC ripple.

One power quality problem specifically linked to bipolar DC microgrids
is the issue of voltage unbalance. Voltage unbalance occurs due to unequal
loading of the positive and negative poles, causing a voltage difference be-
tween poles that results in currents that do not cancel each other. This,
in turn, causes a current to flow in the neutral conductor, leading to an
increase in line losses, which is undesired. This problem also occurs in AC
distribution systems. Similarly to AC systems, voltage unbalance can be
measured via a Voltage Unbalance Factor (VUF), defined as [40]:

Pole Voltage deviation

%VUFpe = 100

Average Pole voltage
|Vp,i - Vn,i
(Voi = Vni)/2

(2.15)

%VUFDC = * 100

Where V,; and V,,; are the positive and negative pole voltages respec-
tively. One common way to counter this problem is the use of voltage
balancers. Voltage balancers are essentially converters that achieve balanc-
ing by redistributing energy consumption or generation. The most basic
topology is shown in Fig This topology, derived from the buck/boost
converters, regulates its inductor current to keep the neutral balanced, re-
distributing surplus current and minimizing neutral current [33].

Figure 2.12: Buck/boost voltage balancer
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Different architectures offer different advantages. Furthermore, the duty
cycle of the voltage balancers can be adjusted by a controller to improve the
performance of the voltage balancer. However, these are additional devices
that increase the system cost. Another option is to reduce voltage unbalance
by influencing the control of the converters on each voltage pole. For more
information concerning the state of the art of voltage balancers, the reader
may refer to the work performed in [41].

These power quality phenomena can be classified into transient and
steady-state phenomena. The defining characteristic of transient events
is that they involve a large amplitude change and a short-term disturbance.
On the other hand, steady-state phenomena show small amplitude changes
but occur over a longer time frame. Fig. 2.13] classifies the different power
quality issues into either transient or steady-state phenomena. Furthermore,
the different events that are the origin of these phenomena are shown on
the right side. Notice that there is a coupling between different phenomena.
Indeed, the existence of one might lead to the other. DC ripple on the DC
network will directly result in changes in the DC voltage amplitude, which
is a distortion of the voltage. In bipolar microgrids, allowing greater voltage
deviations can lead to voltage unbalances.

[Power quality phenomenon| [Disturbance events|

.
' . E PWM modulation
DC harmonics AC harmonic transfer

I
Coupling 1 :
Voltage fluctuation |, Continuous changes
and flicker in DGs power

Steady-state

Line parameters and

Voltage deviation | voltage drop
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Unbalance load

. | voltage unbalance ) distribution

I Transient I : Switching operations 1:

7| voltage unbalance [ [ |
Transient . Coupling 1 | | :

I Voltage sag and , : AC or DC fault |/

i interruption | [ |

Figure 2.13: Correlation between power quality phenomena
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In [38], the applicability of existing power quality definitions in stan-
dards IEC 61000 and IEEE Std1159 to LVDC distribution is studied. IEC
61000 concerns the Electromagnetic compatibility while IEEE Std1159 is
the recommended practice for monitoring electric power quality. The re-
sults from the analysis are summarized in Table The first two columns
indicate whether the power quality issue is applicable or not. The following
two columns show whether the power quality issue has a definition and an
indicator in the IEC 61000 standard. The last two columns describe the
same but for the IEEE Std1159 standard.

Table 2.2: Applicability of power quality standards and definitions to DCuG
138]

Power quality issue AC DC IEC 61000 IEEE Std1159
Definition Indicator Definition Indicator

Power frequency variations ] O O O O O

Transients

Impulsive/Surge u u v v v v

Oscillatory ] ] X X v v

Short-duration variations

Sag/Dip n n v v v v

Swell ] ] v v v v

Interruption ] ] v v v v

Long-duration variations

Undervoltage ] ] X X v v

Overvoltage ] ] X X v v

Interruption ] ] v v v v

Imbalance

Voltage ] ] A A A

Current ] A A A

Waveform distortion

AC offset O ] X X X X

DC offset ] d g O O O

Harmonics ] O O O O O

Interharmonics ] ] v v v v

Noise ] ] X X v v

Notching n n X X v v

Voltage fluctuations ] ] v A v A

Legend B Issue applicable

[ Issue not applicable

V' Definition/indicator is available and applicable

A Current definition/indicator requires reconsideration
x no definition/indicator defined
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The recent work in [37] proposes different power quality indices. This
proposition arises from the need to standardize the criteria and the definition
of phenomena such as harmonics and ripples. The proposed index system
is based on the AC system index, taking into account the characteristics
of DC microgrids. The resulting index divides phenomena into DC voltage
quality and DC harmonic distortion. The proposed index system is shown
in Fig. 2.14] where it also shows which indices are applicable to unipolar and
bipolar microgrids. Notably, the main difference between them is that the
DC voltage quality problems related to voltage unbalance are not applicable
in unipolar microgrids.
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2.5 Challenges/Risks in DC

Compared to AC distribution, DC distribution has a lower maturity level
as a technology. While advances in this field have been steady, there are
many challenges and risks associated with the technology that need to be
overcome. This section aims to give the reader a non-exhaustive overview
of the difficulties that can be found.

2.5.1 Protection

The protection of DC microgrids is one of the main challenges being faced.
The primary challenges include the development of reliable and economically
viable protection techniques. Such techniques and necessary devices have
not yet been established, in part due to the lack of standards that slows down
their development. Concretely, the major challenges for fault protection in
DC microgrids can be considered [42]:

¢ Challenges due to system blackout and grounding
e Absence of natural zero crossing
e Arcing and fault clearing time

e Protection integration issues due to various modes of operation and
the disruptive nature of renewable energy sources

o Difficulties in detecting and pinpointing fault location in case of lack
of frequency and phase information

o Increased number of voltage source converters (VSCs) and circuit
breakers

o Constraints linked to communication delays and cybersecurity

One key point mentioned in the previous list is the absence of zero
crossing. The absence of zero crossing makes clearing DC faults harder and
places more demands on protection devices. Without zero crossing, AC
breakers cannot be used on DC grids unless the breaker is rated for higher
voltages and currents. However, higher-rated devices come with increased
prices, making this solution non-ideal. Hybrid breakers can also provide
protection but are equally limited by their cost. Furthermore, converters
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can be easily damaged if they contribute to the fault for more than a few
milliseconds. This requires a faster response time than that of AC protection
mechanisms [43].

To protect the distribution system, different protection devices can be
used. Among these, the simplest devices are fuses. While fuses are a low-
cost solution, they need to be replaced after each operation. Another dis-
advantage is that they cannot distinguish between transient and permanent
faults. Devices such as molded case circuit breakers and mechanical circuit
breakers have slow response times and are therefore limiting for DC distri-
bution, where the fault current can quickly reach 2 to 3 times the nominal
load current [44].

One of the most promising protection devices is the solid-state circuit
breaker (SSCB). SSCBs provide a faster response compared to other me-
chanical circuit breakers and can interrupt the flow without arcing, which is
challenging for mechanical circuit breakers. SSCB reduce the short circuit
current by applying a voltage that opposes the voltage across the SSCB.
This is achieved through a voltage clamping mechanism, which allows them
to absorb residual energy and drive the system current to zero. One type
of these devices is the snubber circuit. Various types of snubbers exist,
such as C-type, RC, and RCD. One major challenge is that SSCBs need to
sustain short bursts of current that can be up to 5-10 times the nominal
value. These surge currents cause an increase in conduction losses and can
lead to overheating and damage of the semiconductors. To avoid this, bulky
cooling systems may be needed [44], [45].

2.5.2 Faults in DC

During a fault, the VSC capacitor will discharge, leading to significantly
high values for the peak current. Furthermore, the fault can force diodes
into their conducting state. This can cause the fault current to flow towards
elements where it cannot be interrupted. The faults have three stage be-
havior: capacitor discharge state, diode freewheeling state, and input source
feeding state as shown in Fig. [44]. Additionally, there are no zero-
crossing currents in DC. This makes it difficult to interrupt the faults with
traditional devices such as fuses and circuit breakers. Thus, proper ground-
ing architecture, fault detection strategies, and equipment are needed.
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Figure 2.15: Fault three stage behavior: (a) Equivalent scheme of VSC un-
der a short-circuit fault, (b) Cable current i.qpe, DC-link capacitor voltage
Veap, and capacitor current I.q, during the short-circuit fault. Adapted

from

Several works have been performed to characterize the types of faults.
, , , propose describing each stage circuit via equations. Conse-
quently, the first stage shown in Fig. 2.16a]can be described by the equations
of a second-order RLC resonant circuit. Considering the initial condition
for the current Iy, the system is described by .
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Figure 2.16: Equivalent circuit of converter during a short circuit

Ve
if(s) = o fLe_“tsin(wdt) + Ipe™ " |cos(wg) — %Sin(wdt) (2.16)

Where [ is the initial current, o = r/2L, wq = \/wg — o2, and wy =
1/ V'LC. The response of the system will be different depending on whether
it is an overdamped, critically damped, or underdamped system. Once the
voltage of the capacitor reaches zero, the free-wheeling diode stage will start.
This stage, in turn, can be described by the equation:

I = I)ef/tt (2.17)

With Ij) being the current value when entering the free-wheeling diode stage.
It is important to remember that there are two types of faults: pole to pole
and pole to ground. Equation describes the case of a pole to pole
fault. For a pole to ground fault, the fault resistance 2y needs to be taken
into account. A pole to pole fault usually has the condition R < 2v/LC,
but for a pole to ground fault, the condition becomes Ry + R < 2VLC. A
large enough fault resistance R; such that R¢ + R > 2V LC, will transform
the response into a first-order damped process. This has the consequence
that the voltage will not drop to zero, and therefore there will be no free-
wheeling diode stage [47], [48]. Thus, the first stage is followed directly by
the third stage. When comparing both types of faults, a key difference is
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that the over-current in ground faults is lower and not as serious as a pole to
pole fault |4§]. Indeed, pole to pole faults are considered easily detectable
and more severe, although pole to ground faults are the most common
ones [42], [49]. The characterization of faults is a subject of interest with
many challenges that are out of scope in this thesis. Further research has
focused on characterizing the impact of the number of converters and their
distance to the fault [46], the influence of the converter topology on the
fault characteristics [50], and the influence of unipolar and bipolar systems
on faults [51]. For a more detailed discussion on the behavior of faults in
DC, one can refer to the following thesis [52]. Notice that in this subsection
only external cable faults have been discussed. However, internal faults can
happen in converters due to internal component failure. The work shown in
[53], provides an introduction to this type of faults and their classification.

2.5.3 Grounding in DC

The objective of the grounding architecture is to ease the detection of
faults, minimize stray currents, and reduce the common-mode voltage. The
grounding systems can be categorized into five different types: TT, TN-C,
TN-S, TN-C-S, and IT. The first letter denotes if the system is connected
to earth (T) or isolated (I). The second letter indicates if the exposed parts
are connected to earth (T) or the earthed neutral (N). Fig. illustrates
TT and IT grounding. In TT, the earthing and the protective earth are
grounded separately. For IT grounding, the earthing of the system is done
via a high resistance or completely ungrounded while the protective earth
is grounded.

Source Installation Source Installation

— /fr----- +DC | — /|----- +DC

— - -DC |/ —----- , -DC

I T PE -:-| T T PE

Exposed ' Exposed
conductive parts (. conductive parts

— — -/ —
(a) (b)

Figure 2.17: Types of grounding: (a) TT (b) IT [32], [44]
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The different types of TN grounding schemes are shown in Fig.
It is shown that TN-S has a protective earth conductor, but it is grounded
together with the negative pole. Meanwhile, in TN-C, the negative conducor
and the protective earth are combined. Finally, TN-C-S is a combination
of the other two methods. One part of the system is grounded as a TN-C
method, and the other is grounded as a TN-S system.

Source Installation Source Installation
— /- +DC — /""" +DC
—f----- -DC —f----- ' -DC/PE
PE
Exposed Exposed
conductive parts conductive parts
(a) TN-S grounding (b) TN-C grounding
Source Installation
— }e---- +DC
i -DC/PE
- r----- ’ | -DC
M PE
Exposed Exposed
conductive parts conductive parts
) TN-C T OINS

(c) TN-C-S grounding

Figure 2.18: Types of TN grounding [32], [44]

Each grounding method has its advantages and disadvantages. The pre-
ferred use case for each depends on the application. In the case of LVDC dis-
tribution systems, corresponding standards are still in development. Most
recently, a new standard to cover LVDC distribution has been developed in
the Netherlands. The national guideline NPR 9090 [32] covers LVDC dis-
tribution ranging from 350V to 1400V. This standard divides the voltage
range into zones and recommends protection mechanisms for each zone as
presented in Fig. [33]. The NPR 9090 norm recommends using a TN-S
grounding system for zones 1 to 3 and 4A. Zone 4B can be implemented
with an I'T grounding because it corresponds mainly to USB-C connections.
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Furthermore, protection is needed against corrosion caused by ground
leakage currents due to voltage drops in the neutral conductors. To avoid
this, two systems are used: TN-SCD and TN-SCDD. These two systems,
shown in Fig. utilize anti-parallel diodes. TN-SCD grounds the main
source directly, while the other sources are grounded through the capacitor
diode array. TN-SCDD is used when there are multiple sources, and they
are all grounded equally.

Main Decentralized Decentralized Decentralized
generation generation generation generation
L+
M
L-
PE
Main ground Auxiliary ground Main ground Auxiliary ground
(a) (b)

Figure 2.20: TN-S grounding for: (a) Systems with a main generation unit
(b) Systems with multiple generation units ,

The absence of standards leads to another challenge, namely, the lack
of hardware or specialized protection elements such as solid-state circuit
breakers. Indeed, the demand for DC protection devices, while increasing,
is lower than that for AC elements. Without a standard, manufacturers
are more reluctant to produce DC protection devices for MVDC/LVDC
distribution systems.

2.5.4 Converter stability

The stability of the converters in DC microgrids is also a challenge. This
is due to the constant power load (CPL) behavior introduced by converters
that are controlled to ensure that the power provided to the load remains
constant. CPLs act as a negative impedance, which can destabilize the

system [54].
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The characteristic curve of a CPL is illustrated in Fig. 2:2I] Because
power is kept constant, if the load voltage V., decreases, the load current
icp; must increase. This causes the resistance seen from the source side
of the converter to have a negative incremental value [55]. This negative
resistance reduces the damping of the system and tends to destabilize it.
The effects of CPL loads in DC distribution systems are [54]:

¢ Reduces the equivalent resistance of the system
e High inrush current as voltage build-up slowly from its initial value
¢ Reduced system damping and stability margins

e May lead to voltage collapse

‘/cpl 1

Achpl{

>
»

AZcpl Lepl
Figure 2.21: V-I characteristics of a typical CPL
154)

To ensure that the systems remain stable, various stability criteria have
been proposed in the literature. These criteria are used to study the sta-
bility of the systems and define forbidden regions that must be avoided.
One example is the Middlebrook criterion, which considers the minor loop
gain through the input and output impedance to define the limits of the
forbidden zone [56]. The work presented in [57] provides an introduction to
the different criteria.
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There also exist stabilization techniques to maintain system stability.
These can be classified as passive or active damping techniques. Passive
damping techniques modify the hardware, while active damping techniques
modify the control structures. An introduction to active damping tech-
niques can be found in [54]. While these techniques exist, converter stability
remains a complex issue, especially when considering systems with multiple
converters.

2.5.5 Other challenges

Without going into detail, several other challenges exist. In the context of
faults, fault identification itself is a problem. Several approaches exist for
fault detection, including overcurrent protection, current derivative protec-
tion, directional overcurrent protection, distance protection, and differential
protection. Fault detection mechanisms based on complex techniques in-
volving signal processing, fuzzy logic, and machine learning have also been
proposed [42], [44]. Communication delays in fault identification mecha-
nisms can also pose a challenge. As explained before, the response time
to a fault is critical to protect the system and the devices. As distribu-
tion systems become more interconnected and rely more on communication
among devices and users, cybersecurity is steadily becoming a challenge
that cannot be ignored.

2.6 Standardization

Standardization is a key element, especially for a developing technology such
as this one. Standardization for DC distribution is relatively new and there-
fore lacking. While standards exist for ship power and airplanes, these have
different constraints due to their enviroments. Therefore, these standards
are not necessarily applicable to terrestial DC microgrids. The lack of stan-
dards presents a significant challenge for multiple sectors. In the academic
world, lack of standards leads to a lack of reference values and also a lack of
references with which to compare certain results. These problems increase
when trying to develop pilot projects. Although these pilots themselves
are supposed to aid in the development of standards, the lack of standards
poses many roadblocks. This is especially true in terms of protection and
operation of the system. The problem scales further as manufacturers of
different elements, including the protection devices, struggle to develop a
product if the guidelines and target values are missing. These three sectors
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are interlinked, and the problems of each one cascade to each other. Thus,
there is a palpable need for standardization in DC distribution. This section
aims to briefly show the different efforts being made in standardization.

As previously mentioned, NPR 9090 [32] is one recent national guideline
that aims to standardize the requirements for DC distribution. One of the
key points of this proposal is the choice of voltage levels. For LVDC distri-
bution, the voltage levels of 350V, 700V, and 1400V are proposed. 350V is
chosen due to its compatibility with 230V AC-designed equipment without
modifications and eliminating front ends. Another important contribution
is the definition of the safety zones as shown in the previous section and
Fig. Another standardization effort is proposed through IEC-TR-
63282 [39]. Onme of the proposals of this work is DC voltage regions. These
are referred to as voltage bands. Along with these voltage bands, four op-
eration ranges and a series of states are defined. The definitions for the
voltage bands, operation ranges, and voltage states are provided in Table
[2:3] Table[2:4] and Table 2.5 respectively. These different parameters result
in the voltage map shown in Fig.

Table 2.3: Voltage bands in DC systems [39)

Band Description

Uy and B; Undervoltage disconnecting voltage and blackout band

U; and B, Minimum voltage for continuous operation with full func-
tionality and Critical band

Us and B3 Maximum continuous operating voltage and Nominal band

Uy and By Maximum temporary operating voltage and switching,
commutation, and protection devices operation band

Us and B; Overvoltage disconnecting voltage and overvoltage protec-
tion devices non-operating band

Us and Bg Maximum voltage that equipment overvoltage protection
devices clamp and overvoltage protection devices operation
band

B; Prohibited band
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Table 2.4: DC voltage operation ranges |39]

Range Description

Ry Transient state limited to a short time

Ry System fault range where disconnection of the faulty ele-
ment is required

Rs Voltage control where system balance issues are addressed

Ry Continuous operating range

Table 2.5: DC voltage operation states|39)

State Description

Ay Blackout state

A, Emergency state where action must be taken to reduce
stress on the system

As Normal state

Ay Abnormal state

As Overvoltage state without clamping

Ag Overvoltage state with clamping

Aq

Prohibited state
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Figure 2.22: DC Voltage areas for safe interoperability |39]

Another effort towards standardization is the working group report from
CIRED. The work performed in [31] covers different aspects of DC distri-
bution ranging from LVDC up to HVDC. The report covers different im-
plementations of DC distribution and also highlights the challenges. An
important result of this work is an overview of the different standards and
works dealing with standardization. Table shows the found standards
for LVDC (< 1500V) distribution. Table demonstrates that there are
many efforts being done to work towards standardization and at the same
time provides references that can be used to develop unified international
standards.
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Table 2.6: Overview of relevant standards for DC systems \|
Protection Earth  Switchgear
Application Design P Safety Power quality and and circuit
criteria .
bonding breaker
IEEE 946-2020 TIEC 60947-1
General IEC 60038 BS EN 60947-2 IEC 62477-1 IEC TR 63282 IEC 50162 IEC 60947-2
IEC 60364-1 IEC 60947-3
Microgrids 1IEEE P2030.10
IEEE P2984
Public TEEE P2030.10.1 . . . . IEC TR 63282 . e
networks IEEE P2030.10.2 D5 PN 009473 IBEC L4392y 61005 BSQCR - IEC 61439-1
IEC 61557
IEC TS 62578
Power IEC 60146-1-1
o IEC 60146-2 IEC 62477-1  IEC 61204-3
converte IEC 62909-1
IEC 62909-2
. . 1IEEE P2030.10.2 1EC 61000-4-17
Residential IEEE P2847 IEC 61000-4-29 IEC 61008-1
ITU T L.1201
Telecom/ICT ITU T L1204 ITU T L.1200
Data center IEC 62040-1

LED lighting

Solar PV

Ship power

IEC 60092-201

IEC 60269-6

IEC 60092-202
IEC 60092-507

IEC 60598-1
IEC 61347-1

IEC 61643-32

The first signs of convergence in standardization are emerging; however,
there is still a significant amount of work to be done. Concretely, common
definitions for several aspects are needed. These definitions include stan-
dard nominal voltage values and their operating ranges. Definitions for the
power quality phenomena that exist in DC are also needed. Furthermore,
a standardized way of measuring these phenomena is required. Equally, a
common ground for safety and protection is needed. This includes a consen-
sus on the grounding scheme for DC systems and protection devices suited
for DC microgrids.
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2.7 Existing implementations

Despite the previously mentioned challenges, there are several implemen-
tations of microgrids around the world (other than for naval and aerial
applications). There are existing applications in data centers, research labs,
and commercial buildings. There are also examples of DC microgrids for
public distribution and a few for industrial DC microgrids.

One example is a LVDC distribution network implemented by the Korea
Electric Power Corporation (KEPCO). In this project, an existing AC con-
nection was replaced by an LVDC line in a rural area of Gwangju. The line
has been in operation since October 2016 and shows a stable operation with
a fluctuation of 5% [58]. Another project from KEPCO is a distribution line
for the island of Seogeochado, which uses a +750V system. This project in-
cluded the installation of renewable energies, ESS, and EV charging stations
[31].

In Finland, the energy company Suur-Savon Sahko Oy and the Lappeen-
ranta University of Technology (LUT) constructed a research site for LVDC.
This LVDC distribution microgrid is shown in Fig[2:23] The site also uti-
lized £750V and was also used by the distribution system operator [59),
[60].

In [31], more implementation instances of DC microgrids are detailed,
such as the LV-Engine project in the United Kingdom, a DC industry
project in Germany, and a hybrid AC-DC microgrid in China. One in-
teresting project detailed is the N470 Project in the Netherlands. It is a
commercial project where a road and its systems were renovated. This ren-
ovation involved the implementation of a DC microgrid, shown in Fig.
that spans 4.7 km. It is also the first dutch project developed taking into
account the previously mentioned guideline NPR, 9090.
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Figure 2.23:
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Another recent implementation is an LVDC microgrid that supplies HD
Hyundai Group’s Global R&D center in Pangyo, Seoul. The DC loads con-
sist of LED lighting, electric heat pumps, EV chargers, and a DC laboratory.
The main distribution is performed through a 380V network. The imple-
mentation was a joint effort from KEPCO KEPRI and KERI. The system
began commercial operation at the end of 2022 .

A DC microgrid industrial project can be found in Belgium. Project
MIRACCLE (Micro-réseau Industriel avec Raccordement en Courant Con-
tinu et Luminaires Extérieurs) aims to interconnect different industrial con-
sumers in a DC network. The connected consumers will share energy pro-
duced from PV panels and exchange with the main grid through a single
point of connection .

Equally, l@ provides a list of other microgrid projects around the world.
These projects and their scope are listed in Table Finally, the following
link provides interactive microgrid map. This map, shown in Fig.
shows DC microgrid projects from around the world and classifies them

according to the type of application. References for most of the projects are
also provided [65].

9 Bosch DC microgrid

... Nog 5 meer

DC Research

A @ Energyville
9P Delft
9 Nanjing Golden Cooperate DC Power Distrib...
9 liha dos Lencois
9 KEPCO Gochang Power Test Center
9 Moku o Lo DC Microgrid (2015)
9 obihiro
9 punt3s
9 T Madras
¥ Mitsubishi D-SMiree
' Okinawa DC Open-Energy System (DCOES)
@ First DC microgrid demo (2004)
9 KEPCO DC Microgrid
9 Etratech Inc

9 KIT DC Microgrid Demonstration System -

® i | Kaartgegevens ©2024 Voorwaarden 2.000 km

Figure 2.25: Interactive map overview of LVDC grid projects worldwide
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Table 2.7: Overview of Microgrid Projects [64]

Microgrid
Project

Scope of Project

ABN Amro Bank’s
Circle Pavilion in
Amsterdam

Public Lighting by
Citytec (Nieuw Rei-
jerwaard Business
Park)

DC Grid

Demo
Hengelo

Energy Neu-
tral Homes in
Stroomversnelling

DC Flexhouse

DC and sustain-
ability in the green-
house

Washington DC
university DC mi-
crogrid

Very efficient sustainable circular building in Amster-
dam. The Office has 3000 sq.m of meeting rooms with
a 350V DC microgrid support.

Europe’s largest DC lighting system boasts reduced re-
source consumption, enhanced reliability, and efficiency.
It operates on a 350V DC supply and is integrated into
a smart microgrid with advanced control and protection
systems.

DC users are linked to a smart microgrid directly con-
nected to solar panels. A 700V DC project in the
Netherlands focusing on renewable energy, including EV
charging, public lighting, and peak shaving batteries.

A national project involving six housing corporations
aims to convert approximately 110,000 houses into zero-
energy homes, known as "Nul-op-de-Meter” or ”Zero-on-
the-energy-meter” homes.

To develop a strategy for replacing conventional AC-
based homes with DC technology. An industry-institute
collaborative project with ABB and Hague university of
applied sciences.

A DC version of the current ballast for the greenhouse
market aims to reduce energy wastage during AC-DC
conversion. It features a highly efficient centralized
control-based conversion of AC to DC, instead of local
conversion, to maximize energy savings.

Gallaudet University, Scale Microgrid Solutions, and Ur-
ban Ingenuity collaborate on a solar plus storage micro-
grid to power the university and surrounding homes via
a community solar plan. The microgrid includes 2.5 MW
of solar panels on various campus rooftops and parking
garages, a 1.2 MW/2.5 MWh lithium-ion battery, and
a 4.5 MW combined cooling, heat, and power (CCHP)
system.




52

2.7 Existing implementations

Microgrid
Project

Scope of Project

McKinleyville
wastewater
ment plant

treat-

Montgomery
County’s
tric  bus
microgrid
Los Angeles trans-
portation electrifi-
cation

Florida’s neigh-
borhood microgrid
project

elec-
depot

UK microgrid
project on residen-
tial electrification

Ameresco, mi-
crogrid project,
California

New Jersey’s town
center project

Expected to be completed in 2022, this project involves a
580 kW solar array paired with 500 kW of energy storage
backup, intended to power the wastewater treatment
plant.

Aiming for net-zero emissions by 2035, the Brookville
Smart Energy Bus Depot features a 5.6 MW microgrid
with approximately 2 MW of battery storage.

7.5 MW EV charging stations coupled with solar and
storage.

Incorporating 37 homes in the Medley at Hillsborough
development, the project examines the microgrid’s re-
silience during disruptions in the upstream AC network.
It aims to assess the integration of diverse renewable
sources and mitigate peak loads.

A private microgrid project involving 162 houses, slated
for completion by 2025, emphasizes the implementation
of an energy-as-a-service concept. It prioritizes decar-
bonization, striving for zero carbon-ready, all-electric
homes without gas connections.

Designed to transform the 165,000-acre training center
into a net-zero energy facility by 2022, the microgrid,
developed by Ameresco, integrates 3.75 MW of PV and
5 MWHh of storage to meet training needs. It operates
autonomously, incorporating diverse controls and inter-
connection for both new and existing generation and
energy storage.

Implementing 10.5 MW of new or existing PV gener-
ation and 2.9 MW of new or existing battery storage,
along with a minimum of 30 new or existing charging
stations, the project targets an annual reduction of over
24,000 tons of carbon dioxide emissions.
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2.8 Evaluation and future perspectives

This chapter has reviewed in detail the applications and potential benefits
of DC distribution. With this the information in mind, one question may
arise: should the existing AC system be replaced with a more efficient DC
system?

In the author’s opinion, the objective of DC deployment is not to re-
place the existing AC system. Instead, DC distribution and microgrids
should be seen as complementary elements to the current infrastructure,
allowing both to coexist. DC should be applied in contexts where it is
beneficial and needed. Therefore, the main interests of DC are others: al-
leviating congestion, increasing the hosting capacity of renewable energies,
serving as a distribution backbone, and facilitating the implementation of
energy storage systems. While there are gains in terms of converter losses
by avoiding DC/AC conversions, the main efficiency gain will come from
access to a higher voltage level. However, the aforementioned interests are
much stronger motivators than the mere efficiency gain.

The logical follow-up question is: If there are so many benefits and in-
terest, why is the implementation of DC microgrids not common? The last
two sections summarize the main reasons. Challenges in standardization
and fabrication of protection elements are key obstacles. Once these barriers
are tackled, the implementation of DC microgrids will likely spread through-
out distribution systems. The CIRED report “DC Distribution Networks -
WG 2019-1” has listed the key elements that will enable a breakthrough in
the implementation of DC distribution and DC microgrids |31]:

e Techno-economic planning tools need to be developed

e Clear use cases demonstrating exploitation strategies and business
models for products and services need to be formulated

o International standards and regulations have to be defined

e The long-term impact of DC integration into MV and LV public net-
works needs to be studied

¢ Operational safety and experience must be gained from pilot projects
to ensure a reliable and trustworthy future supply system
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Chapter 3

Control of DC Microgrids

Chapter contributions

e Two control classifications are presented

e A review of first level controllers is presented. Their imple-
mentation, advantages, and disadvantages are discussed

o A review of second level controllers is presented. Their imple-
mentation, advantages, and disadvantages are discussed

As mentioned in the previous chapter, one advantage of microgrids is
that all the devices are controllable as they are interfaced by power elec-
tronics converters. Indeed, the converters used by the different elements
need to receive specific control signals. This gives rise to certain questions.
What control signal do we need to give? How is this signal generated?

From the perspective of the converter, it needs to receive Pulse Width
Modulation (PWM) signals that dictate the control of the switches. How-
ever, how is this PWM signal generated? The general control structure of
a converter is shown in Fig. 3.} The energy source or load is connected to
the microgrid via a converter. The control loop is responsible for generating
the control signals for the converter. This is achieved by first implement-
ing a control method that provides a voltage or current reference according
to the objectives of the control method. Subsequently, this reference is
fed into what is known as the inner control loop. The inner control loop

95
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compares the reference value against the measured value. The difference
between these two values is then inputted into a Proportional Integral (PI)
controller, which adjusts its output to reach the reference value. The output
of the PI controller can range from being the duty cycle to be used by the
converter, to generating the reference signal values that are then used to
generate the PWM command.

Converter ] )
Microgrid
Energy -
Source —
Control Loop T
Voltage/Current Control

Control Reference
Method

Signals
Inner Loop

Figure 3.1: Converter control architecture

There is an abundance of different types of controllers with different
roles, objectives, advantages, and disadvantages. All these controllers can
fall into different categories. In this section, two of the main ways to classify
the controllers are presented. These are: based on their communication and
based on their response time. These two classifications are used for both
AC and DC microgrid controllers.

3.1 Control schemes classification based on
their communication

The different types of controllers exchange information to varying extents.
Thus, it is possible to classify them according to their type of communi-
cation and exchange of information. According to these criteria, the con-
trollers can fall into three different categories: Centralized, Decentralized,
and Distributed. These three different types of controllers are shown in Fig.
0.2
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Figure 3.2: Control schemes classification based on their communication

In centralized types of controllers, the system is managed by the mi-
crogrid central controller (MGCC). The MGCC receives information from
the different elements in the microgrid and issues commands to all the dif-
ferent converters based on the information it has. This exchange of data
requires a robust communication system between the different elements and
the MGCC. Thus, the system is dependent on effective communication with
the MGCC. While from a coordination point of view, this controller is easy
to implement, one of its main drawbacks is that the system has a single
point of failure. Indeed, if the MGCC is unable to operate properly, the
entire network will be disturbed.

The opposite of the centralized controller would be the decentralized
controller. In this type of controller, the different units of the microgrid
each have their own control that acts based on local measurements. This
characteristic offers certain advantages. Since there is no need to exchange
information with other controllers, the communication requirements can be
reduced. The system no longer has a single point of failure as each unit
is independent. Additionally, it is easier to add new units to the network,
meaning there is easier scalability. However, this type of control still has a
drawback: due to the lack of communication among converters, coordination
among them is difficult.

The final classification is distributed control. The architecture of this
control is highly similar to that of the decentralized controllers. Each con-
verter has its own controller that acts based on local measurements. The
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differentiating factor is that in this case, the controllers communicate with
each other, usually via a low-bandwidth network. Thanks to the information
exchange among the converters, the system can improve its performance in
terms of load sharing and voltage. Should there be a problem with the
communication network, the system would simply become a decentralized
controller.

3.2 Control schemes classification based on
their response time

Another possible classification for the different control methods is based
on their response time. This method of classification is called hierarchical
control. Hierarchical control consists of multiple levels, as shown in Fig.
Each level of hierarchical control operates on a different time scale
and control bandwidth, with distinct roles and objectives. One important
characteristic is that each level supervises the lower levels. Because of this
interaction among levels, the control is managed so that commands from
the upper levels have a minimal impact on the stability and performance
of the lower levels [67]. Hierarchical control is divided into four different
levels:

Inner control loop (Level 0) This is the lowest level in the architecture.
It concerns the inner voltage and current control loops that ensure the
regulation of the output voltage and current of a converter.

Primary control (Level 1) Ensures that the local voltage and current
are close to the nominal values or stability requirements. It also en-
sures the distribution of the loads among the different units, also re-
ferred to as power/load sharing.

Secondary control (Level 2) Focuses on the compensation of steady-
state voltage deviations from the nominal values of the network. It
can also control the connection and disconnection of the microgrid to
the main grid.

Tertiary control (Level 3) It regulates the power exchange between the
microgrid and the main grid. In both islanded and connected DC
microgrids, it can be used to optimize operating costs, balance energy
storage, or reduce losses. Additionally, it can be used to achieve further
financial goals or other objectives, such as minimizing CO2 emissions.
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Figure 3.3: Hierarchical control architecture and objectives f

In the context of this thesis, the controls up to the secondary layer are
considered. Due to the time scale and complexity of tertiary control, it
is considered out of scope for this work. Indeed, tertiary control usually

involves complex optimization problems that merits its own study.



60 3.3 First level control
3.3 First level control

The first level control methods that ensure proper voltage/current regula-
tion and basic load sharing are discussed in this section. A general overview
of the existing primary control methods is given in Fig.

| Grid forming /
Grid Following

Master- Slave
control

Gain scheduling Linear droop

control control WermharzEre
First layer J . .
Piece-wise droop Inverse Parabola
controllers
Droop control | 4 |Non-linear droop | HDG
Fuzzy logic .
Adaptive droop PDC
control
_ DC bus signaling L Dead-band droop L PDCVC

Figure 3.4: General overview of first layer controllers [68], |71]

Table provides an overview of the first-level controls that will be
analyzed in the following section. The controllers are compared in terms of
their ability to share a load, regulate the DC microgrid voltage, reliability,
and the need for communication for their implementation. Reliability reffers
to the ability of the control scheme to continue normal operation if one or
multiple converters are disconnected or lost.
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Table 3.1: Comparison of first level control methods

Control Lo;%d Voltag.e Reliability Commur.lication
sharing regulation required

Droop v v v X
Non-linear droop v v v X
Piecewise droop v v v X
Master-slave v v X v

Grid forming and X v X X

grid following

3.3.1 Droop control

Droop control is one of the most implemented control schemes due to its
modularity and ease of implementation. It is a method widely used in AC
microgrids as well. The droop control consists of implementing a so-called
“virtual resistance”, which is referred to as the droop parameter. Droop
control consist in reducing or increasing the reference output voltage of
the converter proportionally to the output current. The droop control is
implemented as:

Voo =Vie — Ral, (3.1)

The measured output current I, is multiplied by the virtual resistance
(droop parameter R;). The resulting voltage is then subtracted from the
reference or nominal voltage V. This control process is shown in Fig. [3.5

Converter

Energy
Source

Control Loop

Control
Signals

*
Ve

Figure 3.5: Droop control implementation
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By appropriately choosing the value of Ry for each converter, the load
distribution among them can be ensured. The droop parameter R, defines
the slope of the V-I curve of the different converters. The droop parameter
can be calculated as shown in . It is obtained by dividing the maximum
allowed voltage deviation by the maximum output current of the converter.
A graphical representation of the droop control is shown in Fig. [3.6l The
converter with the steepest slope will have a low output current. In contrast,
the converter with the shallowest slope will have a higher output current
for a smaller voltage deviation.

(3.2)

tmazl Tmaz2 1

Figure 3.6: Droop control load sharing

The droop control can be implemented as Current-Voltage, Power-Voltage,
Voltage-Current, or Voltage-Power control. In the I-V and P-V controls, the
voltage is measured, and the current/power injection is regulated based on
the voltage. In the V-I/V-P control schemes, the current/power is mea-
sured, and the voltage is adjusted accordingly [68].

If the V-I/P scheme is used, it is equivalent to controlling the converter
in voltage mode. The reference voltage is calculated as it was shown in
(3.1). The current control mode corresponds to the I/P-V control scheme.
In these cases, the reference current is given by:

Voe — Ve

I, =
Ry

(3.3)
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One final disadvantage of droop control is that there is an inherent trade-
off between voltage regulation and power sharing. This tradeoff is illustrated
in Fig. If a small droop parameter (the allowed voltage deviation is
small) is used, the voltage regulation will be good. However, the load shar-
ing will be affected as the shallow slope leads to greater differences in power
injection. On the other hand, with a large droop parameter (a bigger volt-
age deviation is allowed), the load sharing is more accurate, but the voltage
will suffer from larger deviations [28], [68].

A\

-4

Vbus' .

- - g - . Y
1DG1 1DG2 1 1DG1 t'pG2 1

Figure 3.7: Droop control tradeoff

While this inherent tradeoff exists, there are two factors that can affect
the load sharing accuracy: voltage sensing error and different line resistances
[72], [73]. Errors in the measured voltage will result in different operating
points of the V-I droop curve. On the other hand, the impact of resistance
can be analyzed as follows. To analyze the impact of line resistances on the
load sharing, the circuit shown in Fig. is considered.

Figure 3.8: Two sources feeding a load

Here, two sources feed a single load. Each source is connected to the load
via a line with resistance R; and Rs. Ideally, both sources will provide the
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same amount of current and split the load equally. By applying Kirchhoff’s
laws to the circuit shown, the following expressions for the currents can be
obtained [74]:

I = R (Vi = Vo) + ViR
Ry R1+ RLRs + Ri1R>

. Rp (Vo — Vi) + VaRy
RrR1 + RLRs + R1Rs

(3.4)

(3.5)

Where I, corresponds to the current given by each source, Ry and Ry are
the line resistances, and Ry, is the load resistance. The difference in load
sharing is then calculated as:

2(Vi — Vo) ViRy — Vo
Ri+ Ry + R}{f?z Ry R1+ RLRs + Ri1Ro

Al =1 I, = (3.6)

In , it is seen that one part of the load sharing difference is directly
linked to the voltage sensing error, while the second part is more directly
related to the difference in line resistance. The load sharing difference can
be expressed through the current-sharing error el:

AT
I + 1

el = % 100 (3.7)

If a droop control is added to the sources, the circuit becomes as shown in
Fig. 3.9] The line resistance is the sum of the actual line resistance and the
droop resistance. This total resistance can be expressed as Rty = Rq1 + R1.
Considering the droop resistances Rg; and Rgs, equations and
become:

Ry, R, R, Ry

Figure 3.9: Two sources feeding a load with droop control
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 Rp(Vi = Vo) + ViRps
" RpRr1+ RpRr2 + Rr1 Ry
_ Rp(Va—V1)+ VaRpy
"~ RpRr1+ RpRr2 + Rri Ry

I

I

The difference in current is calculated once again, neglecting the voltage
sensing error, in . In this equation it can be seen that by adding even
a small droop resistance, the load sharing error will be reduced. This is
thus the interest and advantage of this controller.

ViRpy — VoR7q

Al=1,— I, =
Y T RLRr + RiRrs + Ry Ry

(3.10)

This point is further illustrated in Fig. [3.10] The previous circuit with
two sources is considered. The length of line 2, Lo (R2), is fixed at 500m. On
the other hand, the length of line 1 Ly (R;) is changed from zero up to 5 km.
The line considered has a resistance of 0.194 /km. The current sharing
error is calculated at different points with and without droop control. Two
cases are considered for the droop control: one that allows a 2% voltage
deviation and another that allows a 5% voltage deviation at the output
of the converter. The difference between these two is that the equivalent
resistance provided by each control is different. The bigger the voltage
deviation allowed, the higher the resistance provided by the droop control.

When L; has a length of 0 meters, it is equivalent to having the load
connected directly to the source. In this situation, it can be seen that the
current sharing error is equal to 100%. This means that the entire load is
provided by the source G1. However, if droop control is implemented, it
can be seen that the amount of current sharing error is reduced. As the
5% droop provides a greater resistance, it reduces the current sharing error
more than the 2% version. As the length of L; increases, it approaches
the length of Lo, and thus the amount of current sharing error is reduced.
At 500m, the line lengths are the same, and thus the error is reduced to
zero. After this point, the length of L; continues to increase beyond the
length of Ly. Consequently, the error progressively increases. Even though
the error increases, the amount of current sharing error is always less when
using droop control. Thus, the interest of implementing droop control is
highlighted.
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——— Without droop control
2% droop control
5% droop control
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Figure 3.10: Current sharing error as a function of the length of line L,

Knowing that line resistance can significantly affect load sharing accu-
racy, is it possible to account for it in the design of a DC microgrid?

It might be desirable to choose the droop resistance in order to limit
the current sharing error. While it is possible to develop the mathematical
equations as previously shown, for multiple nodes and case scenarios, this
is not a practical approach. A better-suited tool is to use a power flow
program to systematically test different case scenarios. The developed linear
DC power flow (explored in the next chapter) is used to test how to limit
the current sharing error. As shown in Fig. there are five different
positions where loads might be connected. Through the power flow program,
the load position that causes the most current sharing error can be identified.

O Load positions
Converter 2 Converter 3
(C2) (C3) IZI Boost Converter
Converter 1 Converter 4
(C1) (C4)
‘.—-J-.—l P3 [ 1 [ 1
@ 400m @ 500m 400m @ 750m @

Figure 3.11: Possible positions for loads on test microgrid
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In order to define the current sharing error for multiple converters, a
metric had to be established. The current sharing error e€ic,, for a converter
n is defined as the deviation of its output current with respect to the aver-
age current provided by all the converters, as shown in . Using this
metric, the worst-case scenario was identified. Using loads of 40 kW, it was
found that multiple loads force droop controlled converters to provide more
current, thus reducing the current sharing error. The highest amount of
current sharing error was found when a single load was present.

cicn = (1 — <) % 100 (3.11)

1Cqug

The power flow program calculated the current supplied by each con-
verter when a single 40 kW load was at the different positions shown in
Fig. [3:11] The converter currents obtained in each case are shown in Fig.
Notice that when the load is connected next to a converter, the ad-
jacent converter provides more current even though it is droop controlled.
Fig. shows the current sharing error for each converter. As expected,
the converter that provides the most current in each case has the highest
current sharing error, as it deviates the most from the average current.

35

ECl mC2 uC3 nC4

P1 P2 P3 P4 P5

Load position

W
(e}

Converter current [A]
_ = N
[« (9} (e} W

(9,

Figure 3.12: Output current of each converter according to the position of
the load
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Figure 3.13: Current sharing errror for each converter in function of the
load position

Among the different load positions, it is observed that P5 is the worst
case in terms of current sharing. Indeed, the significant line distance and
thus line resistance that separates C4 and the load from the rest of the grid
significantly impacts the load sharing. The other converters supply less
current, and thus C4 provides more than expected. To limit the current
sharing error in the worst-case scenario, the power flow program is used to
test several droop resistances with the load at position P5. Allowing a larger
voltage deviation improves the load sharing as the resulting droop resistance
is higher. Fig. [3:14] shows the obtained current sharing error for converter
C4 when all the converters operate with different droop resistances. The
initial case is a droop control allowing a 5% voltage deviation. The allowed
voltage deviation is increased up to a 24% voltage deviation. It is shown
that this approach successfully reduces the current sharing error. However,
the current sharing value remains high. Furthermore, in most cases, a 25%
voltage deviation might not be acceptable. Thus, it is of interest to explore
other alternatives to improve the load sharing.
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Figure 3.14: Resulting current sharing error according to the allowed voltage
deviation

The main inconvenience of droop control is that the line resistances can
affect the load sharing. A higher droop resistance can reduce the effect of
line resistances, but can lead to significant voltage deviations. To further
improve the benefits of droop control, more complex implementations of
it have been developed. In [75], an adaptive droop control is proposed.
In this implementation, the droop parameter value changes as a function
of the state of charge of the batteries to which the converter is coupled.
In 72|, a non-linear droop slope is proposed. By considering a non-linear
characteristic, better voltage regulation and load sharing can be achieved.
Non-linear droop controls are described hereafter.

3.3.2 Non-linear droop control

To overcome this tradeoff and improve the performance of linear droop
control, non-linear droop controls were proposed. While the starting and
endpoint of the linear droop curve are kept the same, the path that connects
the two of them is modified. The implementation of the control remains the
same as linear droop control, as shown in Fig. but how the offset
added to the reference voltage is generated is changed.
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Converter

Energy
Source f—

Control Loop

Figure 3.15: Nonlinear droop control implementation

In [72], [73], various non-linear droop controls are proposed. The general
expression is given by . Here, the shape of the curve depends on
two additional parameters m and n, which can have non-integer values.
Examples of the possible curves, as shown in Fig. are parabola (m = 1,
n = 2), inverse parabola (m = 2, n = 1), and ellipse (m = 2, n = 2). A
simpler expression can be obtained when m = 1 as shown in .

1AV, (1 - m) (3.12)

Vp.u

In the case of , the droop resistance can be described by .
It is seen that the full-load droop resistance is n times higher than linear
droop|72]. Finally, if m and n are set equal to 1, the expression becomes
the equation for linear droop control.

Ripwu=nAV, (i) " 3.14
P P P

In |74], a High Droop Gain (HDG) control was proposed. Here, two V-I
curves are considered, and the curve with the highest droop resistance is se-
lected. This method ensures having a high resistance value under light load
conditions and a higher resistance under heavy load. This results in bet-
ter voltage and load sharing performance. In this case, the two considered
droop curves are the linear and parabola droop.
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Fig. [3.16] shows the voltage curve for each of the previously described
methods. Similarly, Fig. [B.I7] illustrates the droop resistance provided by
each control method, which can be obtained by taking the derivative of the
voltage equations. It is important to note that HDG control changes its
slope at an output current of 0.5 p.u. To better understand HDG control,
one can look at the droop resistances shown in Fig. 3171 HDG follows
either the linear droop or the parabola droop voltage curve, as seen in Fig.
[3:16] It follows the curve that provides the highest resistance. Thus, it can
be seen that before an output current of 0.5 p.u, the linear droop provides
the highest resistance. At 0.5 p.u, the parabola control resistance is higher,
and thus, the voltage curve of the HDG control starts following that of
parabola droop.
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Figure 3.16: Linear and non-linear droop control voltage curves
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Figure 3.17: Linear and non-linear droop control output droop resistance

3.3.3 Piecewise droop control

Piecewise droop control is a control strategy that falls between linear control
and the non-linear control. It consists of dividing the droop slope into
different segments. Each segment is designed so that a low droop value is
applied with light loads and high droop values are applied with heavy loads
. This control methods seeks to mitigate the tradeoff between voltage
regulation and load sharing. Thus, better voltage regulation is provided
under light load conditions, while improved load sharing is achieved under
heavy load conditions . Implementations of this type of controller can
also be found in , . Examples of piecewise droop curves are illustrated
in Fig. |3.18



Control of DC Microgrids 73

350 T T T

3451 1
>'340ft ]
()
& 335} ]
S
5 330 ]
s
= 325¢ 1
© Linear

320 F Two segments .

Three segments
315 . . .
0 5 10 15 20

Output current [A]

Figure 3.18: Examples of piecewise linear droop curves

Based on the works of 7, the author proposes the following imple-
mentation of this control. For a three-segment droop, it is desired for each
segment to have a droop resistance Ry, Ry, and Rg3. The droop parame-
ter is calculated as shown in . AV is the desired voltage deviation for
each segment, and Is.4, is the maximum output current for each segment.

Ry = % (3.15)

seg;

During the first section of the curve, the droop curve is imposed by the
classic droop equation as shown in , as long as I, < Isq1. Once I,
surpasses the current of the first segment, the droop equation becomes as
shown in , as long as Iseq1 < Ip < Tgego.

Voo =Vhe — Ra1 L, (3.16)

VDC = V[*)C - Rdl Io - (Rd2 - Rdl)(Io - Isegl) (317)

The rightmost term consists of the difference of droop resistances. This
difference is equivalent to adding the resistances necessary so that the total
droop resistance equals Rg42. The difference between I, and Is.41 ensures
that this additional term contributes only after surpassing the current of
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the first segment. The same logic applies to the last segment, as shown in
(3.18), which is valid for I, > Iseq2.

VDC = VD*C_Rdl Io_(Rd2_Rdl)(Io_Isegl)_(RdS_RdZ)(Io_Isegl_IsegZ)
(3.18)

The implementation of the controller remains similar to the implemen-
tation of the nonlinear controller shown in Fig. [3.15| The only change is
the equation that is implemented to generate the offset added to the ref-
erence voltage. This equation can be implemented as shown in Fig.
Here, AR, represents the difference between the droops described in the
previously mentioned equations. Additionally, instead of using a switch,
saturations that implement a zero lower bound were implemented in order
to avoid oscillations due to switching between cases.

Ve

*
Ve
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Iseg2 + Isegl

&
v

Isegl

\ 4

Figure 3.19: Implementation of piecewise segment equations

While the advantage of this method is being able to select the desired
slopes for different points, this method still has some disadvantages. Mainly,
different converters can find themselves at different parts of the slope and
thus have different droop resistances. Furthermore, if switching is used to
change the slope, this can lead to fluctuations and instabilities around the
switching point. This can be alleviated via the introduction of hysteresis
[72].
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3.3.4 Master-slave control

In Master-slave control, there is a single unit that acts as the master. The
master provides the reference current for the rest of the converters. The
master acts as a Voltage source inverter (VSI), and the slaves act as Current
source inverters (CSI). An implementation of this controller is shown in Fig.
This method requires communication between the different converters.
It is indeed a centralized type of controller and thus has a single point
of failure. If the master fails, the rest of the converters are not given a
command.

Master
Converter
Energy -
Source —
Control Loop T

Control
Signals

Slave
Converter

: Energy -
: Source —

Control Loop T

Figure 3.20: Master-Slave control implementation
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Depending on the role of the master, the control can be categorized as
28], (80]:

e Dedicated: The master is fixed.

e Rotary: The master is arbitrarily chosen.

o High-crest current: The converter with the highest current is chosen
as the master.

3.3.5 Grid Forming and Grid Following control

Another method of controlling the converters in a DC microgrid is by con-
sidering them either as Grid Forming or Grid Following units. The Grid
Forming units act as voltage sources that have the role of imposing the line
voltage. They inject or absorb power to maintain the voltage at the nominal
value. Grid Following converters focus only on injecting the reference cur-
rent they are given. This reference current is arbitrary and is not provided
by a central controller. Fig. shows the control implementation of a
Grid Forming converter and Fig. shows the implementation of a Grid
Following converter.

This type of control is the simplest one as it does not require communica-
tion among the converters or the definition of external parameters. However,
it requires that the Grid Forming converter has enough power capacity to
sustain the microgrid voltage. Additionally, the lack of coordination among
the converters can lead to non-optimal operation.
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Figure 3.21: Grid Forming converter control implementation
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Figure 3.22: Grid Following converter control implementation
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3.4 Second level control

The second level controls have a larger time scale than the primary con-
trol. The main objective of adding these control loops to the primary level
is to improve power quality and load sharing. A general overview of the
controllers found by the author is given in Fig.

Voltage restoration

Average Voltage
restoration

Voltage offset 4

Digital average
current sharing
(DACS)

Enhanced current
Second layer - sharing

controllers

~ | Adaptive droop
control

Average current
and average droop
resistance droop

Voltage and slope »
- offset

Average current
_ and average
voltage droop

Figure 3.23: General overview of second layer controllers
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The different controllers will be developed in this section. The methods
are highly similar, and thus to distinguish them more easily, the proposed
benefits of each control method have been summarized in Table 3.2l Fur-
thermore, Table compares them. In table it is highlighted if the
controller improves only the voltage regulation or the load sharing aswell.
Additionally, how this improvement is achieved is also compared. As shown
in Fig. [3:23] the second level control can add a voltage offset or an offset
to both the voltage and the droop resistance. As an additional point, it
is noteworthy that some of the controllers presented lack designated names
within their respective papers. Consequently, the author exercised discre-
tion in assigning titles to these controllers based on the actions implemented
by each.

Table 3.2: Proposed benefits of secondary control methods

Second level control ‘ Benefit

Voltage restoration [67] Solves the problem of voltage deviation due to
droop control. The voltage at a single point is
improved. It can be used to connect the micro-
grid to a stiff source.

Average voltage restoration Instead of improving the voltage for a single
point, the overall voltage deviations in the DC
microgrid are reduced.

DACS [81] Helps obtain a voltage closer to nominal value
while reducing the noise that could be found in
the non digital version.

Average current and voltage | It improves both voltage regulation and uses the

control[82] average current to improve load sharing.
Adaptive droop control|83|, | It uses an impedance correction term to adjust
[84] the droop term and provide proportional load

sharing. Equally, the average voltage is used to
improve the voltage regulation.

Average current and droop | Provides an enhanced dynamic performance un-
control (85| der fast-changing loads through the added droop
resistance control loop

Average current and voltage | Droop resistance can be changed based on devi-
droop control [86], [87] ations from the output current or changes in the
average DC bus voltage.
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Table 3.3: Comparison of secondary control methods

Improved Improved Voltage Slope

Second level control load voltage
. , offset offset
sharing regulation

Voltage restoration [67] X 4 v X
Average voltage restoration X v v X
DACS [81] X v v X
Average current and voltage v v v X
control|82]
Adaptive droop control|83], [84] 4 v v v
Average current and average v v v v
“‘droop resistance” droop con-
trol [85]
Average current and average v v v v
voltage droop control [86], [87]

3.4.1 Voltage restoration

Voltage restoration control is a centralized control method that uses low-
bandwidth communication to send information to the converters. As pre-
viously discussed, the use of droop control can lead to steady-state voltage
deviations from the nominal value. To compensate for this deviation, an
upward voltage shift is performed by the second level controller. The volt-
age level at a specific or pilot node is compared to the reference value. The
resulting error is then fed to a PI controller. The resulting compensation
signal 0V}, is then added to the reference voltage [67]:

Vpe = VD*C — Ryl, + 6V, (3.19)

The advantage of this method is that it can be easily implemented via a
single PI controller and a single voltage measurement. However, the voltage
shift will approach the voltage to its nominal value at the measuring point.
The rest of the grid can perceive an improvement, but not to the same
extent. Thus, it can be recommended to use the voltage measurement of a
key point such as the Point of common coupling. Another possibility is to
use an averaged voltage to generate V. An implementation of this second
level control is shown in Fig. [3:24]
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Voltage restoration

Converter
Vn*zg _ v Energy —
Source .
Ving
Control Loop T
%
Control
* > Vo 3 Signals
Ve i j
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Figure 3.24: Voltage restoration control implementation

3.4.2 Average voltage restoration

While this control method is not directly referred to in a text, it is partially
used in the remaining second level controllers. The main disadvantage of
voltage restoration control is having to improve the voltage at a single point.
To improve the voltage uniformly, it is proposed to use the average voltage
in the microgrid V;,, instead of the voltage at a single node. The converters
all send the grid voltage measured locally. Then, a controller calculates the
average and utilizes it to generate the voltage compensation signal 6V,,. The
implementation of this controller is shown in Fig. The main drawback
of this method is its higher communication requirement. Furthermore, al-
though the voltage is improved on average, this does not prevent voltages
from deviating above or below the reference value.
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Voltage restoration
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Figure 3.25: Average voltage restoration control implementation

3.4.3 Digital average current sharing

This method is based on Average Current Sharing (ACS) control. In ACS,
a resistance is used to turn the output current into a voltage signal for each
converter. However, this is a physical implementation that can be sensi-
tive to noise [81], [88]. To address this inconvenience, the Digital Average
Current Sharing (DACS) control was proposed. Instead of measuring the
voltage through a physical line, the current of all the converters is digitally
averaged. Using this average current, the controller adds an offset to the
droop control of all the converters. This results in a shift that aligns the
reference voltage of the converters towards the nominal value while keeping
the load sharing. This offset can be described as:

Voo =Vie — Ral, + AV (3.20)

The voltage shift is defined by AV. It is obtained by first collecting and
averaging the different output currents of the converters as in (3.21]). Then,
AV for a converter j can be calculated as shown in (3.22)).

Lz im (3.21)

lavg =
g n
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AV = kjigqugi;*e (3.22)

In , k; represents the shift gain. When selecting the value of k;,
the following is considered: AV should be close to the maximum deviation
caused by the droop control. This is to ensure that the shift compensates
accordingly. To maintain load sharing, the product of the shift gain and the
rated current of each converter should be consistent across all converters.
Additionally, for stable operation, the shift gain should be smaller than the
droop gain. Fig. [3.20] shows the described implementation of the second
layer control.

Average Current

I, Converter

Energy
Source f—

Control Loop

Control
Signals

Figure 3.26: DACS control implementation

3.4.4 Average current and average voltage control

This second level controller has been proposed in [82]. It seeks to overcome
the voltage and current sharing degradation that usually affect droop con-
trol. Thus, current sharing and voltage regulation are both improved via
this method. Like in previous controllers, the voltage of the microgrid is
measured, and a voltage offset JV is generated based on the microgrid volt-
age deviation. Here, a second offset is generated by comparing the converter
current to the average current of all the converters. The resulting offset di
improves the load sharing. The equation describing this controller is shown
in . Note that the output currents used by the second level controller
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can be divided by a factor k to impose current sharing proportions if needed.
The implementation of this controller is shown in Fig. [3.27

Second level

V,;;ﬁ—»@—wv
— Converter

Energy

F PI > &
Source —

Control Loop T

Figure 3.27: Average current and average voltage control implementation

3.4.5 Adaptive droop control

The second layer adaptive droop control is the first controller that proposes
modifying the droop resistance. In [83], [84], the local converter current
is compared to the average converter current. Here, the current utilized
is the current in per unit, which is proportional to the nominal current of
each converter. Unlike the previous controller, the offset generated by the
current controller dr is subtracted from the droop resistance as shown in
(3.24). The generated offset is subtracted from the droop resistance so that
if the output current is below the average, a smaller droop resistance will
cause the converter to provide more current. In the opposite case, if the
current provided is above the average, a greater droop resistance will cause
the converter to output less current. The resulting modifications to the
virtual impedance ensure proportional load sharing. As in previous control
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methods, the voltage offset 6V improves the voltage regulation in the DC
microgrid. The implementation of this controller is shown in Fig. [3.28

Vpe = VBC — (Rd — 57")]0 + o0V (3.24)
Second level
Vg™ Pl >V
— Converter
mg _ |
7 Pl > 6r I;nergy Ny
= ource —
I,
Control Loop T

Figure 3.28: Adaptive droop control implementation

3.4.6 Average current and average “droop resistance”
droop control

Proposed in [85], this controller also modifies the droop slope to improve
load sharing. As in the previous controller, two offsets are implemented:
a voltage offset V' and a droop offset dr. The key difference in this con-
troller is that the droop offset dr is the result of two controller outputs.
One controller regulates output current based on the averaged current, and
the other controller regulates based on the droop resistance and the aver-
age droop resistance. This choice is justified by the fact that if only the
average current is used, multiple combinations of droop resistances can be
achieved, wich can significantly differ from the initial value. To avoid this,
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the additional controller based on the average droop resistance is imple-
mented. This additional controller adds an additional constraint that limits
the droop values. The proposed controller is described by , and or
is described by where Gp;» and G, are the PI controllers for the
droop resistance and average current respectively. The implementation of
this controller is depicted in Fig. [3.29]

Vpe = V[*)C — (Rd — (57“)]0 + o0V (3.25)

or = GPiT(Rd - Rd) - G(;Dic(g - Imes) (326)

Second level

Converter

Energy
Source

Figure 3.29: Average current and average “droop resistance” droop control
implementation
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3.4.7 Average current and average voltage droop con-
trol

The final controller has been proposed in [86], [87]. In this controller, two
offset terms are generated §V and dr. While dV is generated as in the pre-
vious controllers, dr is generated through an average current controller and
the voltage offset V. Thus, dr is obtained through the following equation:

0r = —0V/V* — Gpic(i — Imes) (3.27)

Where §V is divided by the nominal voltage V* so that both terms are in
per unit and thus comparable in magnitude. The proposed advantage of the
method is that the voltage offset 6V has a twofold function: first, it acts
as a voltage shift that improves the voltage regulation. Second, it modifies
the droop resistance depending on the voltage deviation. The contribution
of 0V to the droop parameter can be analyzed as follows: if the voltage is
below average, 6V will be positive. Thus, the final droop will be equal to
Ry — (0V). This results in a smaller droop resistance that will cause the
voltage to deviate less. The opposite will happen in the case the voltage is
above the average. The implementation of this controller is shown in Fig.
0.0
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Figure 3.30: Average current and average voltage droop control implemen-
tation
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3.5 Conclusion

In this chapter, an overview of the different control methods has been pro-
vided. Following the presented classification, both primary and secondary
level controllers have been discussed. For the first level controllers, a non-
exhaustive list of existing controllers was presented, and out of these, five
were selected and detailed. Special attention was given to droop control
and related controllers, namely non-linear droop and piecewise droop. This
is due to the popularity of droop control which leads to its recurring uti-
lization, attributed to its benefits and ease of implementation.

Second level controllers were also detailed. As demonstrated, these con-
trollers are built on top of droop control and aim to address its shortcomings,
such as voltage deviations and precise load sharing. The different controllers
will be implemented and compared in Chapter 6, where the different advan-
tages and disadvantages will be highlighted.

In the author’s opinion, one key takeaway from this chapter is the in-
fluence of line resistance and droop resistance. Indeed, in DC distribution,
line resistance plays a critical role and significantly impacts load sharing.
As demonstrated in the chapter, the presence of droop control reduces the
current sharing error. The value of the droop resistance significantly affects
the accuracy of load sharing. The different controllers are created to com-
pensate for these issues. Piecewise and nonlinear control seek to provide
a varying droop resistance to improve voltage regulation at low currents
and load sharing at high currents. Second level controllers similarly aim to
improve voltage regulation at all points and enhance current sharing.
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Chapter 4

Steady State Simulation

Chapter contributions

e A power flow suited for DC microgrids is presented

e The introduced power flow is developed into a power flow suit-
able for bipolar DC microgrids and into a sequential power
flow

e The study of a DC microgrid’s performance via sequential
power flow is developed

e A comparison of the performance of unipolar and bipolar DC
microgrids is proposed using the developed tool

J

The steady-state analysis of power systems refers to the determination
of electrical quantities under certain conditions or states. To perform these
studies, a tool called power flow, also referred to as a load flow, is used. A
power flow is an important tool as it gives an overall view of the system.
It offers insights into the steady-state voltages, power injections, and line
flows of the system. This perspective can be valuable for understanding the
operation and control of the system. Additionally, it provides an indication
of the magnitudes of electrical quantities. This information can be utilized
for sizing components and optimizing the system|[89], [90].This is a well-
studied and widely used tool for AC distribution systems. Various existing
methods include Gauss-Siedel, Newton Raphson, and distribution power
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flow. However, DC distribution grids have characteristics that prevent the
direct application of these existing methods. Additionally, when considering
DC microgrids operating in islanded mode, traditional methods face further
challenges. The main differences that impact existing methodologies are
[90], [91]:

Absence of slack bus In a traditional system, there is typically a desig-
nated slack bus where the voltage is fixed. It is assumed that one bus
acts as a voltage regulator while others control power injection. When
considering an islanded DC microgrid, there is no slack bus as it might
be impractical to consider a DC source with limited power, such as
renewable source, as a stiff voltage source that can compensate for
power indiscriminately when it has a limited capacity.

Impact of droop control Droop control is frequently used in DC micro-
grids. To ensure proper load sharing, the source should not behave
as a stiff voltage source. The power injections are not fixed and will

vary with bus voltages. Therefore, bus injections can not be specified
beforehand.

In the context of DC microgrids, power flow analysis provides additional
crucial information. Considering the nature of droop control, both load
sharing and local voltage regulation might not be accurate. However, both
load sharing and voltage regulation are crucial elements for DC microgrids.
Thus, based on the analysis of power flow results, the droop parameter or
the control strategy for the microgrid might need to be adapted [91].

This chapter describes the implementation of a power flow adapted to
DC microgrids. This power flow can be applied to both unipolar and bipolar
DC microgrids. Afterwards, a methodology for simulating the performance
of a DC microgrid over a given time frame is detailed. This methodology is
based on the sequential use of the power flow described. Examples for each
of the described points are given. The chapter concludes with a comparison
of the performance between a unipolar DC microgrid and a bipolar DC
microgrid.
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4.1 Linearized Unipolar Power Flow

The proposed power flow method used is a linearized power flow. This
method allows the modeling of nodes that can simultaneously contain droop-
controlled dispatchable generators, non-dispatchable generators, and differ-
ent types of loads in the power flow. The modeled loads can be constant
power, constant current, constant impedance, or a mix of the previously
mentioned types. Additionally, it avoids the usage of iterative techniques
like the Newton-Raphson method or the trust region method. Since it re-
lies on solving linear equations, it does not require the computation of the
Jacobian matrix, thus providing a faster technique. The power flow can be
solved in a single iteration unless power limits are imposed on the dispatch-
able generators. This power flow approach allows studying a microgrid
operating in grid-connected mode, islanded mode, or connected to a stiff
grid [90].

To solve the power flow problem, an equation for the current injection
at each node is needed. To develop this equation the DC network shown in
Fig. [41] can be considered. In Fig. [{I]a DC network with N system buses
is considered. g;; represents the conductance of the line between nodes %
and j.

Node 1

[ JiNB
gio IiO

Figure 4.1: DC network used to derived the power flow equation [90)].

VNB
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Equation represents the current injection at a node ¢ in a system
of Np system buses per pole. The left-hand side expresses the relationship
between the node current I,J[i and node voltages VT expressed through the
conductance matrix Gt. The superscript * is used to identify the variables
concerning the positive pole. In the following section it will be used along
with the superscript ~ to describe bipolar DC bus systems. The right-hand
side of the equation is composed of five elements. The first element corre-
sponds to the current injection due to the droop-controlled generator, where
Vo is the no load reference voltage and RZ{Z. is the droop parameter. The
second one is the current injection linked to the non-dispatchable genera-
tors, and the last components are the current drawn by the constant power
load, constant current load, and constant impedance load, respectively. For
simplicity, only constant power loads will be considered as shown in .

N + + + + 1+
It = EB GV +GHVT = Voi — Vi+ +P7Ldgi _h_@_ PpV; (4.1)
Mo Ry, Vil Vit Ve Va
J#i
Np + + +
Voi = V. P, P
+ _ +1+ +y+ . Y0 i nage P
I, = E GLV;m+GLVT = T vE T VJ: (4.2)
]—1 12 K2 ?

i

Equation is not linear due to the V¢+ terms found at the denomi-
nator of the elements corresponding to the non-dispatchable generator and
the constant power load. To linearize the system, the node voltages are
expressed in per unit. When expressed in per unit, the node voltage can be
described in terms of the voltage deviation AV,".

Vt=1-AV" (4.3)

In [90], by defining a function ¢(AV;"), and by developing the Taylor
series around zero, it is found that the higher order terms can be neglected.
The Taylor series expansion is given by . Thus, it is possible to define
(4.3) as . Considering that in power systems, voltage deviations are
typically around 5% or 10%, it can be deduced that the higher-order terms
will have minimal impact. For example, with a 10% voltage deviation AVi+
will be equal to 0.10. The second term of the Taylor series (AV;)? would
have a value of 0.01. The higher-order terms would become even smaller.
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1 _OO +\k _ + +3\2
1-Avf’§)(mfi K =14+AVT + AV 4. (4.4)
SN TN (4.5)
1—AV,  V; e ’ '

By using to calculate the error, Fig. can be obtained. It can
be seen that for a high voltage deviation of 0.15 per unit , the voltage error
corresponds to 2.25%. Therefore, neglecting the higher-order terms of the
Taylor series only introduces a relatively small inaccuracy in the calculation.

E(ViF) =100(1 - (2-V;")V;") (4.6)
2.5
° °

2F o o
Z 15 I o [}
— ° °
S 1 [ o
g ° °
Ho.st %o o

o°° °°o
oL . ®00000° .
0.9 1 1.1

Node Voltage [p.u]

Figure 4.2: Percentage of error in calculation for different voltages

By using (4.5)), the right side of (4.2)) can be expressed as the following
linear equation:

Voi — Vit

Iy = ?1 + (Plagi — PE)(2 = V) (4.7)
di

Thus, the system can be expressed as a set of linear equations, as shown
in (4.8). To solve the power flow, the equations can be set as a system of
the form Ax = B, where x is the vector of unknown voltages.
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V()z
ndgi ) V+

1
X:GJFV+ +(Gf; + 53 - P} + P}
di di

J#l

To demonstrate the linear loadflow, the following example is developed.
Two sources feed a single load of 27 kW as shown in Fig. [1.3] These sources
correspond to a droop-controlled battery and a PV system acting as a non-
dispatchable generator. The type of load considered is a constant power
load. The nominal voltage used is 700 V and the line resistances have a
value of 0.0224 Q.

Figure 4.3: 3 node test grid for linear power flow

Using the same droop parameter and line resistance on both sides, the
result shown in Fig. is obtained. In this figure V is the voltage in p.u of
the node. PV and Bat correspond to the power injected by the PV and the
battery respectively at each node. During the first test, only the batteries
provide power. The two droop controlled batteries provide the same amount
of power and have the same voltage which is not equal to the nominal value
as imposed by the droop control. Fig. shows the same result when one
line is longer and thus has a higher resistance value. The load is provided
the correct amount of power, but it is not distributed equally among the
two converters eventhough the same droop parameter is used. Indeed, as
mentioned in in Chapter 3, the line resistances influence the accuracy of
the load sharing. Note that if is used to calculate the current given
by each source, it will provide a different result. This is because and
(eq:I12d) are valid for constant impedance loads.



Steady State Simulation 97

V = 0.9866 p.u V = 0.986 p.u V = 0.9866 p.u
PV = 0.0 kW PV = 0.0 kW PV = 0.0 kW
Bat = 13.51 kW Bat = 0.0 kW Bat = 13.51 kW
19.56 A 19.56 A
Load = 0.0 kW Load = 27.0 kW Load = 0.0 kW

Figure 4.4: 3 node linear power flow under identical parameters

V =0.9868 p.u V =0.9858 p.u V = 0.9864 p.u
PV = 0.0 kW PV = 0.0 kW PV = 0.0 kW
Bat = 13.33 kW Bat = 0.0 kW Bat = 13.68 kW
19.3A 19.82 A
Load = 0.0 kW Load = 27.0 kW Load = 0.0 kW

Figure 4.5: 3 node linear power flow with different line resistances

Finally, an example with power injection comming from PV pannels is
shown in Fig. Here, 10 kW are provided directly by the PV pannels.
The remaining power is the provided throught the droop controlled batter-
ies. Notice that the node Gen 1 is closer to nominal voltage. This can be
attributed to the fact that a part of the power comming from this node is
not regulated via the droop control and thus does not further deviate the
voltage.

V =0.9918 p.u V =0.991 p.u V =0.9914 p.u

PV =10.0 kW PV = 0.0 kW PV = 0.0 kW

Bat = 8.29 kW Bat = 0.0 kW Bat = 8.73 kW
26.34 A 12.58 A

Load = 0.0 kW Load = 27.0 kW Load = 0.0 kW

Figure 4.6: 3 node linear power flow with PV injection
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4.2 Linearized Bipolar Power Flow

The previously described power flow applies to a 2-wire system. For a
bipolar DC distribution system, the formulation of the problem has to take
more factors into account. Two elements have to be added to the model:
the negative pole and the neutral pole. The positive and negative poles are
independent of each other and thus can be modeled individually. However,
the voltage at the neutral pole depends on the voltages of both the positive
and negative poles.

To model these two elements, it is important to take into account the
current convention. It is considered that in the negative pole nodes, the
loads draw current from the neutral, and the current returns to the neutral
via the generators. The sign convention for the negative nodes is compared
to that of the positive nodes in Fig. [92], [93].

+ I
generators generators
T T T
+ —
Iloads loads
Positive pole node Negative pole node

Figure 4.7: Current convention at positive and negative nodes

For the neutral pole, it is considered that the drooped controlled gener-
ators and the non-dispatchable generators in the positive pole draw current
from the neutral. The loads on the positive pole inject current into the
neutral. The opposite is true for the negative pole, the generators inject
current into the neutral, and the loads draw from it. The previously de-
scribed current convention is illustrated in Fig. 1.8
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I Ir

generators loads

— 1=

I

generators loads

Figure 4.8: Current convention at neutral nodes

4.2.1 Negative Pole Model

The negative pole is essentially the same as the positive pole except for the
sign convention. Therefore, the sign for the droop-controlled source, the
non-dispatchable generator, and the load are changed accordingly. These

modifications are applied in (4.9) through (4.11)).

Np _ - _
_ o — ——— _‘/Oz_v Pndi Pg.
L= GV, +G,Vi = i _ndgl o ZPi 49
N R Al AR
J#i
—Voi =V~ _ _ _
Ini = —5—— 4 (Pp; = Pygi) 2+ V") (4.10)
di

Np 1 Vi

—_ - — — — — — V02 — —
DGV (Gt = Prit Prag)Vi = 2+ 2(Pp = Prgg) (411)
j=1

J#i
4.2.2 Neutral Pole Model

To apply the same process for solving the power flow, an equation for the
current at the neutral node similar to the one shown in is needed.
Considering the current convention, it is possible to determine that the
current at a neutral node can be described as follows:
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INeutral = (Il—:;ads Ig_enerators) (I;_enerators Il_oads) (412)

To fully express the current of the neutral node, an equation in the
shape of and is formulated. However, unlike the positive and
negative pole nodes, the neutral nodes do not have any generators or loads
themselves. Therefore the resulting equation would be:

Np

I =GRV + GV = Incutral (4.13)
2
s

Thus, substituting the right hand side of (4.13) with (4.7) and (4.10
and rearranging one can obtain (4.14]). When substituting (4.7)) and (4.10

it is important to adjust the signs of the generators and loads according to
the neutral node convention described before in (4.12]).

1 1

ny/n ny/n + + + -
ZG V + G5V (R(-L*PPiJFPndgz)V *(Rdi_ PP2+Pdg%)V
J#Z
Vol Voi -
= 7(R0+ - 2(P;_1 P;ztigz)) (RO— - Q(PP’L - P"dgi))
di di
(4.14)

One final consideration that has to be added to the system is the ground-
ing point. A single neutral node has to be assigned as the grounding point.
Therefore, one neutral node has to be modeled according to instead
of . In other words, implementing ensures that the sum of the
voltages across the positive, neutral, and negative pole for a single node are
equal to zero.

ViE+ Vi =V =0 (4.15)

Thus, by using equations (4.8 , , , and , a system of

linear equations in matrix form Ax—B can be constructed This system
can be easily solved to find the voltages and currents of the entire bipolar
grid.
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4.2.3 Bipolar power flow demonstration

To demonstrate the developed linear model, two different examples are pro-
vided. The first one will illustrate how the currents in the neutral cancel
in a balanced grid and how the currents in the neutral appear when there
is an unbalance in a DC microgrid that has the same configuration in the
positive and negative pole. The second example models a DC microgrid
that has different elements in the positive and negative pole. These tests
are done in a microgrid that contains 4 nodes in each pole and has a refer-
ence voltage of 750 V. The nodes are grouped in 4 sets named from A to
D. Each set contains a corresponding positive, negative, and neutral node.
The conductor parameters shown in Table are used. Thus, class 5 plain
copper conductors are considered. The values for the resistance of the con-
ductor are those found in the stantard IEC60228 [94]. The line lengths and
resistances of the DC microgrid are given in [{.2]

Table 4.1: Resistance of class 5 & 6 plain copper conductors conductors[94]

Cross-section [mm?] Maximum Resistance [(}/km]

70 0.272
150 0.129
185 0.106
300 0.0641
500 0.0384

Table 4.2: Used line parameters with a 185 mm?2 conductor

Line | Length [m] Resistance [(]

AtoB 250 0.0265
Bto C 200 0.0212
CtoD 300 0.0318

The microgrid configuration for the first example is illustrated in Fig.
The microgrid has two equal droop-controlled generators on each pole
that feed three loads each. These loads have an equal power demand as
shown in the parameters in Table
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AW v
W AV pr
AN AAAVAY, V-

A B C D

Figure 4.9: DC microgrid used in the unbalance example

Table 4.3: Unbalance test microgrid parameters

DG Droop Parameters

No Load reference voltage 750 [V]
RI, 0.2296  [Q]
R, 0.2296  []

Load Parameters

Base load 10 (kW]

In the first example, two cases are considered: a load ratio of 1:1 between
the positive and negative poles, and a load ratio of 1.2:1. When the loads
on the positive and negative poles are in a 1:1 ratio, each load has a demand
of 10 kW. In the 1.2:1 ratio case, the loads on the positive pole are 12 kW
each, while those on the negative pole are 10 kW each. The results in terms
of voltages and currents are shown in Table [£.4] and Table respectively.
With a 1:1 ratio, the voltages on both poles are equal, indicating a balanced
system. Due to the symmetry of the microgrid, the currents are the same
in each pole. These currents, having the same magnitude, cancel each other
out, resulting in no current flowing through the neutral pole. In the case of
a 1.2:1 ratio, the imbalance caused by the differing load ratios is reflected
in the voltage of the neutral pole. Since the poles are independent of each
other, the results for the negative pole remain the same as before. How-
ever, the positive pole’s results change due to the load variation, leading
to currents of different magnitudes. This imbalance causes current to flow
through the neutral conductor.
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Table 4.4: Node voltages with different load ratios

‘ 1:1 load ratio ‘ 1.2:1 load ratio
Node | VT[p.u] V" [p.u] V=[p.u] | VT[p.u] V" [p.u] V= lp.u]
A 0.9876 0 -0.9876 0.9850 0.0025 -0.9876
B 0.9861 0 -0.9861 0.9833 0.0028 -0.9861
C 0.9854 0 -0.9854 0.9824 0.0030 -0.9854
D 0.9848 0 -0.9848 0.9817 0.0031 -0.9848
Table 4.5: Line currents with different load ratios
‘ 1:1 load ratio ‘ 1.2:1 load ratio
Line ‘ IT[A] I™[A] I~ [A] ‘ IT[A] I™[A] I~ [A]
A toB | 40.58 0 -40.58 | 48.84 -8.26 -40.58
BtoC | 13.52 0 -13.52 | 32.57 -5.51 -27.06
CtoD 0.9 0 -0.9 16.29 -2.76 -13.54

The microgrid used for the second example is shown in Fig. The
positive pole has two PVs which are the non-dispatchable generators, one
droop-controlled generator, and a load. On the negative pole, there are
two droop-controlled generators and two loads. The parameters used for
this power flow are shown in Table In the case of the droop-controlled
generators on the negative pole, DG has a smaller droop coefficient and
is thus expected to provide more power than the other DG on the negative
pole DG p,. The line parameters remain as shown in Table

AW v
WA A yn
A AW V-

A B C D

Figure 4.10: DC microgrid with multiple sources for unbalance demonstra-
tion
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Table 4.6: Multiple sources test microgrid parameters

DG Droop Parameters

No Load reference voltage 750  [V]
R, 1.12 Q]
R 5.64 [Q]
R 463 [0
PV Parameters

P{dg A 24 [kW]
Pligp 18 kW]
Load Parameters

Pl 725 kW]
Ppy 325 [kW]
Py 54 [kW]

The previously described system is then solved using the linearised power
flow, and the voltages and currents of the nodes are found. The obtained
voltages and currents are shown in Table [£.7] and Table [I.8] As the results
show, there is degree of unbalance in the microgrid. This result is evidenced
by the high currents in the neutral pole.

Table 4.7: Obtained microgrid node Voltages with multiple sources

Set | V*[p.u] V™[p.u] V~[p.u]

A 0.9840 -0.0053 -0.9787
B 0.9829 -0.0066 -0.9763
C 0.9848 -0.0092 -0.9756
D 0.9858 -0.0082 -0.9776

Table 4.8: Obtained microgrid line currents with multiple sources

Line | I}[A] I"[A] I;[A]

n

AtoB | 32,51 36.93 -69.44
BtoC | -65.81 90.89 -25.08
CtoD | -24.34 -24.34  48.68
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The power injected by each droop-controlled source is shown in Table
On the negative pole, it is shown that DG, injects more power than
DG, as was specified by the droop parameters. On the positive pole, DGév
provides less power than what the load is demanding as the remaining part
is complemented by the PV panels P: dg A and P;rd oD

Table 4.9: Obtained DG power injection

DG Power Injection

DG 50.97 [kKW]
DG, 30.63 [kW]
DG, 35.7 [kW]

The system shown here is simplified for demonstration purposes. In
a more complex system, each node could have loads of different types, a
droop-controlled generator, and a non-dispatchable generator. The pro-
posed linearized power flow method is able to solve these types of systems.
Furthermore, it is possible to impose power limits on the dispatchable gen-
erators if the power flow is allowed to iterate. Due to the complexity of
bipolar microgrids, it is thus of interest to develop tools, such as the one
shown, that allow the study of the steady-state of the system.

4.3 Sequential Simulation

With the previously described linear power flow models, it is possible to
take a step further and use them to simulate the evolution of a DC system.
In other words, by sequentially applying the power flow, it is possible to
simulate the general behavior of a DC microgrid over long periods of time,
assuming a sequence of steady-state conditions with a specified time step.
For a more realistic simulation, certain information is required. First, con-
sumption data for the loads to be connected are needed, with quarterly hour
samples commonly used for this purpose. This data allows for the reproduc-
tion of the consumption profile and peak power demand. If PV systems are
part of the network, appropriate irradiance data is also needed. Similarly,
if other renewable sources, such as wind turbines, are included, wind speed
data would be needed. Additionally, parameters for the batteries, such as
rated battery capacity, output power or discharge rate, and the resistance
of the distribution lines, should be included to complete the simulation.
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To simulate the DC microgrid, an algorithm workflow similar to the
one presented in [95] is adopted. The used algorithm workflow is presented
in Fig. As a first step, the variables defining the microgrid such as
the line resistances, droop resistances, and battery parameters, are defined.
The PV production data and consumption profiles are also loaded. Once
the initialization stage is done, the first PV production and load demand
data are selected. Afterward, a function checks the state of charge (SoC)
of the batteries. Based on the SoC, and the maximum output power, the
power limit Py, of each battery is obtained. The maximum output power
of the battery is the highest value Pj;,, can be given. However, sometimes
a smaller value based on the SoC can be used for Pj;,. If there are any
limits imposed on the maximum and minimum percentage of SoC, they will
also be taken into account for the calculation of Pj;,,. The power limit, the
consumption, and PV production data are fed into the linear power flow
algorithm.

The limitation of Py, based on the SoC comes from the fact that the
sequential power flow considers time steps of 15 minutes. Thus, there should
be enough charge in the battery to provide the calculated power for 15
minutes. For example, consider a 100 kWh battery at 256% SoC that can
only discharge up to 20% of its SoC. This means that it only has 5 kWh
available. For a 15 minute time step, the available power of this battery is
20 KW, as providing 20 kW for 15 minutes will cause it to reach its 20%
SoC limitation.

Once the linear power flow is calculated, the power given by the batteries
is calculated. Indeed, the result of the power flow is the total power in each
node. However, the power from the PVs and the load demand at each node
are already known. Therefore, by adding these three quantities the power
absorbed or supplied by the battery can be known. The power given or
absorbed by the battery is then used to update the battery’s SoC. This
process is repeated until the final set of values is reached. Additionally,
the charge and discharge losses of the battery can be considered in the
calculation of Pj;,, and the update of the SoC. For example, if a 2% loss is
considered while discharging, Pj;,, could be multiplied by a factor of 0.98.
Afterwards, when updating the SoC, a factor of 1.02 can be considered.
This would effectively make the battery provide less power due to the losses
and update the SoC considering them.
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Figure 4.11: DC Microgrid algorithm workflow

The calculation of the linear power flow shown in the previous graph
takes into account several details. In the DC microgrid, one node can take
the role of the point of connection to the main AC grid. The AC grid is
modeled as a droop-controlled source. If the microgrid is self-sufficient, this
node will not participate in power injection. This is imposed by setting
its droop resistance Ry equal to infinity. If power is to be imported or
exported via the main AC grid, this node will act as a grid-forming node.
It means that it will impose the nominal voltage at that node and regulate
any excess or lack of power. This is achieved by setting its droop resistance
to a significantly small value.
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Note that if an islanded DC microgrid is simulated, there will be no AC
grid node. It is indeed possible to simulate such a case with the proposed
tool. If there is no AC node and the sources in the islanded DC microgrid
cannot provide enough power, three options are available. First, it could be
accepted that not enough power is available and continue with a significant
deviation in voltage from the nominal value. A second option is to stop the
simulation if the resulting grid voltage is too low. A final option could be
to implement a load shedding system and disconnect non-essential loads.

The algorithm workflow for the calculation of the linear power flow is
illustrated in Fig. [£12] The first step is the implementation of the linear
power flow, as described in the previous sections. The results obtained by
solving the Az = B system of equations are then used to calculate the
power at each node. Utilizing the known load demand and PV production,
the power corresponding to the battery is calculated. This value is then
compared to the power limit P,,. If it is within the limits, the linear
power flow algorithm returns the found values. Otherwise, the batteries
that exceed their power limit are set as non-dispatchable generators. This
is achieved by fixing their droop parameter equal to infinity and setting the
non-dispatchable power P,44; equal to the sum of the power coming from
the PVs and the battery Pj;,. The parameters are then updated, and the
linear power flow is allowed to iterate.

If all the batteries are acting as non-dispatchable units, the node cor-
responding to the point of connection to the grid is set as a grid-forming
node. The batteries will provide or store power according to their power
limit Py, and the main grid node will compensate for any remaining power
unbalance. Thus, in the final iteration, no battery should surpass its power
limit P}, and the linear power flow will return the found values.

While adding power limits requires the system to iterate, it will not
significantly slow down the computation. For each time step, a system of
Np nodes will iterate a maximum of Np times. This is because the main grid
node becomes activated when all the batteries are set as non-dispatchable
units.
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Figure 4.12: DC linear power flow workflow with constraints

As mentioned, the batteries are functioning as droop-controlled sources.
The droop parameter for each battery is calculated using its rated power
and discharge rate. The discharge rate measures the battery’s capacity
to supply power relative to its rated capacity. For example, if an 80 kWh
battery can only output 40 kW at a time, it has a discharge rate of 0.5. With
these parameters, the droop parameter can be calculated by determining the
battery’s maximum output current as shown in .

When updating the SoC, the duration of the time step has to be taken
into account. This is because the power charged or discharged has to be
integrated to obtain its value in kilowatt-hours (kWh). Subsequently, the
obtained power in kWh is then used to update the SoC percentage before
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advancing to the next time step. Note that Pj;,, takes the time step into
account when imposing the battery limit. Thus, the SoC limits are respected
during each time step.

4.3.1 Sequential Simulation Case Study

To showcase the proposed methodology, the DC microgrid, comprising 5
nodes, shown in Fig. is simulated. The rightmost node connects to
the main AC grid, while the other 4 nodes represent various industrial
consumers. Fach industrial consumer includes a load, PV production, and
a droop-controlled battery. For simplicity, only constant power loads are
considered. Energy within the microgrid is shared, meaning excess power
from PVs is used to supply other loads or charge batteries. If all loads are
adequately powered and batteries fully charged, surplus power is directed
to the main AC grid.

Node A Node B Node C Node D AC grid

WV WW MWW

L [l (o b ©

Industrial Industrial Industrial Industrial Main Grid
consummer A consummer B consummer C consummer D

Figure 4.13: Industrial DC microgrid test grid layout

The simulation is carried out using consumption profiles derived from
metering data sampled every 15 minutes, spanning a duration of 10 months.
Additionally, historical irradiance data corresponding to the Western Eu-
ropean region is also incorporated. An example of the consumption profile
for consumers over the course of one week is shown in Fig.
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Figure 4.14: Typical consumption profile for a week in June

The battery capacity, E-rate, droop parameter, and the PVs capacity
are detailed in Table E-rate refers to the discharge capacity in terms
of power. An E-rate of 1 means that the battery can fully discharge in
one hour. As a consequence, the E-rate, along with the battery capacity,
defines the maximum output current of the converter, which in turn defines
the droop control slope. Additionally, Table [£.11] presents the individual
demand, import, and export of energy values for each consumer in the
absence of the DC microgrid. These values, derived from consumption data,
serve as the baseline for assessing the benefits of the DC microgrid in terms
of reducing energy imports. The line lengths and resistances of the microgrid
are given in Table [£:12]

Table 4.10: Consumers Battery and PV Parameters

Consumer | Battery [kWh] E-rate R4[2] Ppy[kWp]

A 100 1.5 -0.0933 100.5
B 200 0.5 -0.1400 150.75
C 130 1 -0.3769 100.5
D 200 0.8 -0.3063 184.25
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Table 4.11: Energy Balance of Consumers Over 10 Months Without a DC
Microgrid

Consumer | Demand [MWh] Import [MWh] Export [MWh]

A 144.92 73.33 23.81
B 300.91 171.41 13.62
C 352.41 275.95 18.95
D 328.37 174.76 21.29
Total 1126.61 695.45 77.66

Table 4.12: DC microgrid line parameters with a 300 mm? conductor

Line | Length [m] Resistance [{]

AtoB 500 0.0321
B to C 250 0.0160
CtoD 440 0.0282
D to Grid 680 0.0436

4.3.2 Nominal Voltage Analysis

First, the proposed approach is used to study potential nominal voltage val-
ues for the DC microgrid and their impact on total energy imports from the
main AC grid and line losses. This reduction in total energy imports occurs
because consumers in the microgrid share surplus energy among themselves.
The reduction is determined by comparing the total energy imported from
the main AC grid to the DC microgrid with the total import in the ab-
sence of the DC microgrid, as provided in Table [£.11] To achieve this, the
industrial microgrid is simulated with different voltage levels. Each simu-
lation covers a 10-month period. The obtained results are shown in Fig.
At a nominal voltage of 500 V, total line losses approximate 40 MWh.
With respect to the total load demand of 1126.61 MWh, these line losses
represent 3.55%. As the voltage level increases, total line losses begin to
decrease. Higher voltage level allows transporting energy more efficiently,
consequently reducing total energy imports. It is noteworthy that higher
voltages lead to the most significant reductions in imported energy. Con-
versely, the energy import reduction at 500 V is negative. This is because
the reduction is calculated with respect to the total energy import from
Table .11} which does not consider line losses. In essence, the potential
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reduction in energy imports achievable by the microgrid is negated by the
high line losses in this scenario.

While higher voltage levels have a better performance in terms of line
losses and energy import reduction, the incremental gain between each volt-
age level begins to diminish. Moreover, higher voltage levels can have an
impact on the sizing of the components, the efficiency of power electron-
ics, and the protection devices. Indeed, higher voltage levels will require
converters rated for different higher voltage levels. Equally, the protection
devices will have to be rated for the new higher voltage level. Another el-
ement of consideration is the voltage to ground which can be important in
the protection scheme.
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Figure 4.15: Energy import reduction and line losses based on nominal
voltage level

4.3.3 1 kV DC Microgrid Analysis

In this case study, a nominal voltage of 1kV is used for the DC microgrid,
resulting in the outcomes presented in Table [f.13] This Table shows a re-
duction in energy import of 22.62 MWh. The demand and production of
the industrial consumers remain the same. However, without the DC mi-
crogrid, the surplus energy was injected into the main AC grid. With the
DC microgrid, the surplus power generated within the microgrid is shared
among its members rather than being imported from the AC grid. This en-
ergy sharing results in a reduction of 3.25% of the total energy that would
otherwise be imported. This 3.25% energy import reduction is due solely to
the introduced DC microgrid. The simulation also allows for the analysis
of voltage deviations at each time step. Fig. shows a box plot for the
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voltage value at each node, expressed in per unit. This and the following
box plots show the first and third quartile values as the edges of the box,
the median as a horizontal line inside the box, whiskers that indicate the
1.5 interquartile range (IQR), and the outliers. The IQR is defined as the
difference of the third quartile and the first quartile. It is shown that the
voltages stay close to the nominal value. Node A experiences the most sig-
nificant voltage deviation. This deviation is likely due to its relatively long
distance from the main AC grid node. In a DC grid, voltage differences
between nodes are necessary for power transfer. In this particular example,
when all the power is supplied by the grid, the power transfer occurs uni-
directionally from right to left. This results in a chaining effect of voltage
differences, leading to a lower voltage level at the leftmost node.
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Figure 4.16: DC microgrid node voltage box plot: median, first and third
quartile, 1.5 interquartile range, and outliers

Table 4.13: DC microgrid Simulation Energy Analysis

Import [MWh] Import reduction [MWh] Export [MWh]
672.83 22.62 46.29

Through the linear power flow performed at each time step,the expected
line currents can be determined. Thus, this analysis allows recording of
the current values, as shown in Fig. In Fig. [£17)it is shown that
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the maximum currents have a significantly higher amplitude compared to
their mean values. The line connecting the AC main grid to consumer D
registers highest maximum value, which is expected given that all energy
imports or exports must traverse this line. Thus, it can be seen that as the
lines extend further from the main AC grid node, their maximum currents
decrease. With these results, it can be decided if the obtained currents are
acceptable or if they exceed the conductor’s current carrying capacity, in
which case a higher conductor cross-section is needed. Equally, the expected
line losses can be calculated with the obtained data.
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Figure 4.17: DC microgrid line current box plot: median, first and third
quartile, 1.5 interquartile range, and outliers

4.3.4 SCI and SSI

Based on the logged data for each time step, two important metrics can be
calculated: the self-consumption index (SCI) and the self-sufficiency index
(SSI). Different definitions for these indices have been developed in the
literature. A simple definition is provided in for self-consumption (SC)
and self-sufficiency (SS):

SO - Locally generated and consumed energy (4.16)

Local energy generation
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_ Locally generated and consumed energy

SS

4.17
Total energy consumption ( )

Similarly, the work in [97] proposes a self-sufficiency rate (SSR) and
self-consumption rate (SCR) defined as:

j;tl” Power load - Power PV dt
fttlo Power load dt
/, :10 Power load - Power PV dt
7
j;lo Power PV dt

SSR=1-

(4.18)

SCR=1- (4.19)

In [98], the SC and SS are defined by the overlap in PV generation P,,
and the load Py,qq. Furthermore, the power stored in batteries Pgtorage iS
taken into account. Thus, the following definitions are provided:

fttlg min(Proad, Ppy + Pstorage) dt
10 Py dt

j;tlo min(Poad, Ppy + Pstorage) dt
J1? Proga dt

SC = (4.20)

SS = (4.21)

The definition in this thesis is the one provided in [99]. According to
[99], the SCI is a measurement of the PV energy that is either directly
consumed or stored in the ESS. Meanwhile, the SSI corresponds to the
energy consumption that is instantly supplied either by the PVs or the
ESS. These indexes are calculated for the entire DC microgrid, thus the
total load, PV, and battery power need to be considered. The calculation
of the SCI and SSI is performed as shown in and respectively.

SCT = ZtT min(va,tot (t)7 -Pload,tot (t) + Pcharge,tot (t))
Z;F va,tot (t)

SST — Z’f min(ljload,tot(t)a va,tot (t) + Pdischarge,tot(t))
ZZ F)load,tot

(4.22)

(4.23)
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In Fig. [I.18] the obtained SCI and SSI are shown as the base case, with
values of 90.78% and 41% respectively. A high SCI of 90.78% means that
about 90 % of the PV energy produced is directly used by the microgrid
and 10% is injected into the main grid. This high SCI could indicate effi-
cient utilization of the PVs or undersized PVs. Conversely, the SSI shows
that the microgrid needs to rely on imported energy for more than half of
its consumption. Using the proposed methodology, three additional case
scenarios and their impact on the SCI and SSI are examined. These sce-
narios are: doubling the battery energy storage capacity, doubling the PVs
kWp potential with the same irradiance and angle, and doubling both the
battery storage capacity and kWp potential of each consumer respectively.
The energy imported and exported for each case are shown in Fig. [£.19]

100% 1 = SCI
20% 1 SSI
(]
=)
8 60% A
=
Q
2
L 40% A
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Base Doubled Doubled PV Doubled
Battery Battery and PV
Case

Figure 4.18: Indexes comparison across different case scenarios

As shown in the results, increasing the ESS capacity has a minimal im-
pact as most of the PV energy was already being used. While the increase in
storage allows for more energy to be stored, it’s insufficient to significantly
affect the SSI. The increased PV potential case has a more significant influ-
ence on the SCI and SSI as shown in Fig. .18 The SSI is increased, but
the SCI is greatly reduced. This is due to the lack of sufficient ESS to store
all the energy being produced by the PVs. This can be seen in Fig. as
the exported energy in this case increases significantly. The final scenario
involves doubling both the PVs’ potential and ESS capacity. As Fig. [£:19
shows, the increased storage capacity leads to a reduction in the amount of
energy exported. This is because the increased battery capacity allows it
to store more energy during the PV pannels’ peak production. Thus, the
PV panels inject less energy into the main AC grid. The energy is instead



118 4.3 Sequential Simulation

stored and used by the DC microgrid thus further reducing the total energy
import from the main grid.
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Figure 4.19: Energy import reduction and exported energy in each case
scenario

4.3.5 Influence of consumption profiles

An essential factor that impacts all of the previous results is the compatibil-
ity of the consumption profiles. The consumption profiles have a significant
impact on several aspects of the microgrid’s behavior. A change in the
consumption pattern can easily affect the amount of energy shared and the
currents experienced in the lines. To illustrate this concept, the proposed
methodology is applied to the DC microgrid, but the consumption profile of
Node C is shifted by different time increments. For example, in Fig. [£.20]
the consumption of Node C is shifted two hours forward. The impact that
these shifts have on the results is outlined below.
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Figure 4.20: Typical consumption profile with Node C shifted two hours
forward

Fig. [I:2T]presents the variation in the total line losses as the consumption
profile of Node C is shifted. The results indicate that a one hour shift in
either direction will result in a reduction of the line losses. This effectiveness
stems from the fact that by shifting the consumption, the peak demand of
Node C no longer aligns with the peak demand of other nodes. Thus, the
amount of current that will flow in the lines is reduced. In this case study,
shifting the consumption forward is more effective in reducing the number
of losses. This can be explained by looking at the profiles shown in Fig.
Node C has a peak in demand that occurs in the morning. By shifting
its consumption foward by two hours, as shown in Fig. [£.22] this peak
demand occurs when PV panels are producing more energy and other loads
demand less power. This results in a lower amount of current circulating
in the microgrids, thus reducing the losses. A 10% line losses reduction is
achieved with a 4 hour shift. This 10% corresponds to a reduction of 0.9
MWh.
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Figure 4.21: Total line losses reduction with shifted consumption profile for
Node C
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Figure 4.22: Consumption profile of Node C shifted two hours foward com-
pared to PV profile

As previously mentioned, the peak demand of Node C does not align
itself with that of the other consumers in these scenarios, as illustrated in
Fig. A one hour foward shift in the consumption profile results in a
reduction of peak power demand by 7.56 % (61 KW) compared to the base
case. This lower peak demand potentially simplifies microgrid operation by
making it easier for the microgrid to meet its own demand. A 4 hour shift
causes a reduction of 12.11 % which corresponds to a reduction of 37.73 kW.
Additionally, it may allow for sizing the converter connecting to the main
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AC grid with a lower power rating, offering potential economic benefits.
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Figure 4.23: Peak power demand reduction with shifted consumption profile
for Node C

4.3.6 Multiple points of connection

As previously discussed, nodes close to the point of connection to the AC
main grid experience higher currents due to all the imported energy having
to transit from right to left. In this section, the possibility of adding a
second point of connection to the main grid on the left side is explored, as
shown in Fig. [£:24]

AC grid 1 Node A Node B Node C Node D AC grid 2

© [of 2 2B bE ©

Main Grid Industrial Industrial Industrial Industrial Main Grid
consummer A consummer B consummer C  consummer D

Figure 4.24: Industrial DC microgrid test grid layout with two points of
connection to the main AC grid
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The DC microgrid is once again simulated but with two points of connec-
tion to the main AC grid. Through these two points of connection, energy
can be imported from both ends, leading to improved voltage regulation
as shown in Fig. The voltage deviations of Nodes A, B, and C are
less significant compared to the base case depicted in Fig. With the
option to exchange energy through either AC grid node, not all the energy
needs to pass through node D, resulting in reduced currents in the lines and
smaller voltage differences between each node. Fig. [£.26] shows a box plot
of the currents in each line with two points of connection to the main grid.
Compared to the base case, where all imported energy passes through a sin-
gle point of connection, the current flowing through the point of connection
to the main grid is now split between the two AC grid nodes. Notably, the
maximum current experienced by the line connecting Node C to Node D is
significantly reduced, whereas Line B to C experiences a smaller reduction,
and Line A to B shows a slight increase.

The more evenly distributed line currents also lead to lower total line
losses. Indeed, the line losses, in this case, are reduced from 8.90 MWh to
4.01 MWh. Another advantage of this layout is the increased reliability for
connecting to the main AC grid since two points of connection are available.
However, it’s important to consider that a second point of connection to the
grid incurs an additional cost. Therefore, there is a tradeoff that needs to
be considered.
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Figure 4.25: DC microgrid with two points of connection to the main grid
node voltage box plot: median, first and third quartile, 1.5 interquartile
range, and outliers
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4.4 Comparison of Unipolar and Bipolar DC
Microgrid Performance

With the developed tool, one last analysis is performed. This is a com-
parison of the performance between a unipolar microgrid and a bipolar
microgrid. The sequential linearized power flow is used to calculate the
performance of each system. The comparison is performed in terms of the
experienced voltage deviations, median and maximum currents, and the
line losses. Two other possibilities are evaluated: a bipolar system with a
reduced line cross-section and a unipolar system with an increased voltage.
The DC microgrid used for the comparison is shown in Fig. It is a
radial network with a single point of connection to the main AC grid at its
end. The microgrid consists of 8 different industrial prosumers each having
his own load, PV production, and a droop-controlled battery.
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Figure 4.27: DC microgrid layout for performance comparison

The consumption profiles consist of metering data sampled every 15 min-
utes over a period of 12 months. Historical irradiance data corresponding
to the Western European region is used for PV production. An example of
the consumption over one week is shown in Fig. [£:28]
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Figure 4.28: Typical consumption profile for a week in June

The yearly consumption and PV production for each prosumer are given
in Table [£.14] To make a valid comparison between the two DC bus config-
urations, the 8 prosumers are divided into two groups of four for the bipolar
system. Furthermore, the groups were selected to ensure similar consump-
tion and PV production on both poles. The reasoning is as follows. First,
having groups of similar sizes allows power sharing between the prosumers,
as would be found in a unipolar system. This is also why similar PV produc-
tion is used as a criterion. Second, ensuring similar consumption minimizes
the amount of voltage unbalance between the poles. These constraints help
create a bipolar system that is comparable to the unipolar configuration in
its functioning and exchanges. Thus, in the bipolar microgrid, the positive
pole has a yearly load of 1207.68 MWh and PV production of 699.57 MWh.
The negative pole has 923.90 MWh and 623.35 MWh for the load and PV
production, respectively. Despite the similar yearly demand on both poles,
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voltage unbalance may still occur due to variations in consumption at each

time step.

Table 4.14: Prosumer parameters and pole distribution in the bipolar DC

microgrid
Yearly Yearly PV Battery Bipolar
Prosumer | Demand Production Capacity E-rate Pole
[MWh] [MWh] [kWh)] Position
1 120.80 115.18 340 0.5 -
2 314.99 152.45 450 0.5 +
3 178.85 194.80 575 1 +
4 238.53 186.33 550 0.8 -
5 362.37 210.04 620 0.5 +
6 317.10 152.45 450 1.2 -
7 351.47 142.29 420 1.5 +
8 247.46 169.39 500 1 -
Total 2131.58 1322.92 3905

The distribution lines initially used have a cross-section of 500 mm?.
The length and resistance of each line between prosumer are given in Table

4. 10!

Table 4.15: Distribution Line Parameters with a 500 mm? conductor

Line | Length [m] Resistance [{]
1to2 200 0.0077
2to03 250 0.0096
3to4 440 0.0169
4tob 480 0.0184
5to6 280 0.0108
6to7 300 0.0115
7 to 8 140 0.0054

8 to Grid 380 0.0146

4.4.1 700 V with a 500 mm? cross-section

Fig. shows box plots of the voltages found in the unipolar system
and each pole of the bipolar system throughout the simulated year, using
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nominal voltages of 700 V and +700 V, respectively. From the median and
the first and third quartiles, it can be observed that the voltage remains
close to the nominal value. Both bipolar poles show a tighter spread and a
closer 1.5 IQR range. For the sake of clarity, the outliers have been omitted
in the following box plots.

These results are obtained by implementing the described sequential
power flow in Python. The simulation of the year involves performing 35036
time steps. With an intel core i5-10300H procesor and 32 GB of ram, it takes
9 minutes with 27 seconds to simulate the unipolar microgrid. The bipolar
microgird takes 19 minutes to simulate. The increase in time is due to it
having to consider an additional pole. The negative pole is independent of
the positive pole.If the power limit of a battery is reached on the negative
pole, it can cause the system to iterate even if there is no conflict on the
positive pole.
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Figure 4.29: Unipolar and bipolar DC microgrid node voltage box plot
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Fig. [£30] shows the highest experienced voltage deviations, i.e., the
highest outliers. The unipolar system generally experiences the highest
voltage deviations, reaching a minimum of 0.9295 V p.u at its lowest point.
Meanwhile, the positive and negative poles show a better voltage quality,
with lower experienced deviations. The positive pole registered a minimum
of 0.9441 V p.u, and the negative pole a minimum of 0.9397 V p.u.
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Figure 4.30: Highest Experienced Voltage Deviations

The difference in the voltage deviations can be attributed to the expe-
rienced currents in each system. Fig. and Fig. show the median
currents in the lines and the highest current experienced, respectively. The
unipolar system experiences significantly higher median and maximum cur-
rents. This can be explained by the fact that, when all the energy is im-
ported from the main AC, in the unipolar system, all the imported energy
from the main AC grid is channeled through the rightmost part of the grid.
Here, this current must supply the demand of 8 prosumers. In contrast, in
the bipolar system, this demand is divided between the two poles. The high
current in the unipolar system leads to higher voltage drops in the lines,
and the need for a more significant difference in voltage between the nodes
to transfer the power. This results in higher voltage deviations. It is also
noticed that the median and maximum currents show a descending pattern
from right to left. This pattern is also due to the chosen topology: When
moving to the left side, the amount of current that will flow corresponds to
the demand of fewer prosumers at each step.
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Figure 4.32: Registered max currents

The line losses experienced in each case are shown in Fig. The
bipolar system exhibits close to 7.5 MWh fewer losses than the unipolar
system. Furthermore, 2.4 MWh of the losses occur in the neutral conductor
due to the voltage unbalance. If the system were always balanced, it would
result in a system with almost half the amount of losses compared to its
unipolar counterpart.
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Figure 4.33: Annual line losses in each system
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4.4.2 Bipolar system with a reduced 300 mm? cross-
section

As the currents experienced by the bipolar system are lower, it is possible to
reduce the cross-sections of the lines. While this decision offers an economic
advantage, it will also increase the losses in the system. To show the viability
of using a lower cross-section, the bipolar microgrid is simulated again using
a line cross-section of 300 mm?, resulting in an increase in line resistance of
almost 67% (0.0384 Q/km to 0.0641 Q/km). Fig. shows the box plot
for the voltage in this case. With the smaller cross-section, the spread of
the quartiles and the 1.5 IQR range has increased. The resulting box plot
for the positive pole is similar to that of the unipolar system. The negative
pole retains better voltage regulation, but it is worse compared to its 500
mm? counterpart.
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Fig. [£3F shows the changes in the highest voltage deviations regis-
tered. The voltage in the positive and negative poles has been degraded
for most of the nodes. However, the highest voltage deviations reached are
on par with the unipolar microgrid with a 500 mm? cross-section. The re-
sulting line losses are also shown in Fig. [£.36] The bipolar system with
a lower cross-section shows slightly higher losses compared to the unipolar
system. However, if the system was balanced and the losses in the neutral
are removed, the bipolar system would still have fewer losses even with the
reduction in the cross-section.
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Figure 4.35: Highest voltage deviations in a bipolar system with a 300 mm?
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4.4.3 Increased voltage unipolar system

Three additional cases for the unipolar system are considered, featuring
nominal voltages of 1.4 kV, 1 kV, and 850 V. The highest voltage deviations
for these cases are shown in Fig. [£:37] The resulting box plots are shown
in Fig. The 1.4 kV system shows a better voltage than the bipolar
system. Meanwhile, for 1 kV and 850 V cases, the voltages are comparable
to those of the positive pole and negative pole in the bipolar system.
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Figure 4.37: Highest voltage deviations in unipolar systems with an in-
creased nominal voltage
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The max currents experienced and the currents box plot in these mi-
crogrids are shown in Fig. [£.39 and Fig. [£.41] The 1.4 kV system exhibits
values close to those found on the bipolar system. However, the bipolar
system experiences these amplitudes on both poles. Meanwhile, the 1 kV
and 850 V microgrids show improvements compared to the 700 V unipo-
lar microgrid. Nevertheless, the registered max currents are higher than
those of the bipolar system. The line losses of these unipolar systems are
shown in Fig. [£40] For the 1.4 kV system, the experienced line losses are
significantly reduced. At 1 kV, the losses are slightly lower than what the
balanced bipolar system would have. Finally, the 850 V microgrid has losses
that are on par with the unbalanced bipolar microgrid.
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Figure 4.39: Maximum currents in unipolar systems with increased nominal
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4.4.4 Results analysis

The results indicate that the bipolar network experienced voltage unbal-
ances, leading to losses in the neutral cable, which accounted for 16.7% of
the total losses. The voltage unbalance could be exacerbated by an uneven
distribution of prosumers among the poles or incompatible consumption
patterns. Therefore, the importance of balancing the voltage between the
two poles is emphasized. Despite the unbalance, the bipolar system exhib-
ited fewer losses and better voltage regulation than the unipolar system.
Additionally, using a lower cross-section in the bipolar system resulted in
performance similar to that of the unipolar system.

The results also showed that a unipolar system with twice the voltage
can perform better in terms of currents and losses. Unipolar systems with
nominal voltages of 1 kV and 850 V show similar results in terms of volt-
age regulation and exhibit comparable losses when compared to a 700 V
balanced bipolar grid and a £700 V unbalanced bipolar grid, respectively.
As discussed in Chapter 2, the choice of voltage level is still a subject of
research. Moreover, there are additional factors to consider. The converters
used would need to be rated for higher voltages. The costs and conversion
losses of these converters can differ significantly from the base case. Another
element to consider is the voltage to the ground, which would be lower in
the bipolar system than in the higher voltage unipolar configurations. Fi-
nally, using a bipolar network implies dividing the prosumers into groups.
Depending on their production, storage, and consumption, this could result
in a lower percentage of energy sharing and more energy being sent to the
main AC grid. The choice between the two voltage architectures is both a
technical and economic decision. It can be constrained by external factors
such as limits imposed on the currents or required voltage levels.
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4.5 Conclusion

In this chapter, the importance of power flow studies has been highlighted.
As explained, DC microgrids require different methods for these studies
compared to traditional AC grids. A method based on linearization has been
shown. This method has then been adapted for bipolar microgrids. With
the available power flow methods, a sequential algorithm was developed to
allow the simulation of the microgrids across a period of time. Through
sequential simulation, results that can aid in the sizing of the microgrid can
be obtained. Furthermore, it is possible to estimate the amount of energy
that will be consumed locally. Finally, a comparison between unipolar and
bipolar microgrids was presented. This comparison highlighted the advan-
tages of each topology and situations where one might be a more attractive
solution than the other.

Research related to this domain is still actively developing. Other meth-
ods to calculate the power flow in DC systems have been proposed and
continue to be iterated upon. Another closely related area of interest is
the implementation of optimal power flows (OPF). In OPF studies, opti-
mizations are performed to find the best parameters or configurations while
utilizing power flow calculations. This type of optimization calculations
could be used to study the influence of a level 3 controller that can coordi-
nate the different load profiles/demands to optimize a financial parameter
for example.

In the author’s opinion, the work shown in this chapter has potential
for expansion. For example, topology changes during simulation have not
been considered in the previous examples. These types of changes could
correspond to faults or temporary maintenance. If a system is simulated
during an extended period, these type of events could take place. The pro-
posed tool can be modified during simulation to implement such events.
One possible area of interest is the development of an OPF program built
upon the developed linear power flow method. The linear nature of the tool
could prove beneficial when integrating it with an optimization program.
Another viable route of research would be to analyze the impact of different
types of loads. The ongoing energy transition is expected to introduce new
types of loads such as EVs, electric trucks, heat pumps, and electrolyzers.
These loads will be integrated into DC microgrids, necessitating an assess-
ment of their impact. Therefore, representing these loads as either constant
power, current, impedance loads or a combination of them poses an inter-
esting question. Additionally, understanding the consumption profiles of
these loads over extended periods of time will be necessary to analyze their
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impact. One final area of investigation could involve modeling different con-
trol methods. In the proposed tool, only droop control is considered and no
second level controllers are implemented. However, there exists a variety of
first level controllers. It would be interesting to model their current injec-
tion to assess how different controllers perform over time. This approach
could also extend to second level controllers or the inclusion of an EMS.



Chapter 5

Modeling of Power
Electronic Converters

Chapter contributions

o Average models for DC/DC and AC/DC converters are pre-
sented

o A state-machine model for three-port converters is proposed

e An analysis of the switching frequency of three-port converters
is developed

o An averaged model for three-port DC/DC/DC converters is
developed

o Different control schemes for three-port DC/DC/DC convert-
ers are proposed and demonstrated

J

Chapter 3 focused on the development of control systems that give the
appropriate commands to the different converters. To fully realize the dy-
namic model of the microgrid, the converters receiving these commands
have to be modeled. The models can be implemented with different levels
of details. Because the inner structure of the converters is well known, it
is indeed possible to realize a switched model. This model type is imple-
mented by connecting the individual components (resistances, inductors,

141
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capacitance) along with the corresponding switches. While this type of
model provides high fidelity, it also carries a heavy computational burden.
In DC microgrids, nearly every energy source and load are interfaced by a
converter. Simultaneously simulating numerous converters using switched
models becomes impractical due to computational constraints. Therefore,
there is interest in developing simpler models that maintain converter char-
acteristics while reducing computational load. This chapter focuses on de-
veloping different averaged models of power electronics converters for mi-
crogrid simulation. First, DC/DC converters are presented followed by a
similar implementation for AC/DC converters. The final part of the chap-
ter presents a detailed study of three-port converters. Various aspects are
explored, ranging from their commutation process to average modeling.

5.1 DC/DC converters

The majority of converters in a DC microgrid consist of DC/DC convert-
ers. Indeed, most consumer loads are DC appliances. Furthermore, PV
installations and battery energy storage also output their energy natively
in DC. Thus, in a DC microgrid system, it is expected to have several
DC/DC converters. These converters and their characteristics need to be
modeled. There are various approaches to modeling converters, as shown in
the flowchart in Fig. [5:1} In this figure, two main paths are shown: state-
based modeling (shown in grey) and average modeling (shown in blue).
Both approaches can lead to three end results (shown in orange): state-
space and line transfer functions, duty cycle to output transfer functions,
and canonical circuit models.
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Figure 5.1: Flowchart of averaging approaches in modelling switching
DC/DC converters [100]

In this work, the average model of converters utilizes the average circuit
model, which can be derived from circuit averaging or from the state-space
model. This average model is derived considering the principle of the DC
transformer. It is a circuit realization of the state-space model that allows
representing the relationships between the voltages and currents of the con-
verter [100], [101]. The concept of the DC transformer was proposed in [100]
as: “a useful circuit realization of the basic averaged model.” In [100], it is
developed that this circuit representation is equivalent to that of an ideal
transformer. Thus, ideal DC and AC transformers were proposed. The DC
transformer operates as an ideal transformer with a conversion ratio.
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The DC transformer can be derived as follows [101]. The output voltage
Vout of a DC/DC converter can be expressed as shown in , where the
output voltage depends on the input voltage V;,, and the converter conver-
sion ratio M(d), which is a function of the duty cycle d. Considering that
the input power is equal to the output power, the input current ¢;, can be
defined as shown in through M (d) and the output current ,y;.

Vout - M(d)vvz
iin = M(d)iout

—~~
[N
~—

From the previous equations, it can be seen that the input current and
the output voltage can be modeled as independent sources, and these equa-
tions coincide with those of an ideal transformer. This results in the imple-
mentation of a DC transformer as shown in Fig. [5.2] The input side of the
transformer is represented by a current source, while the output side is rep-
resented by voltage sources. The voltage source imposes the output voltage
based on the control duty cycle d and the corresponding function M (d).
The current source on the primary side acts as a load to represent the cur-
rent that must be drawn from the energy source connected to the primary
side. The current that needs to be drawn can be determined by measuring
the output current and utilizing the known converter relationships.

M(@)I, I,

Vit | [ Vot
= © ¥
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Vin— I A | Vout—

M(d)Vin

Figure 5.2: DC transformer equivalent circuit

Due to the simulation’s time scale focus and the scope of this work,
intricate elements associated with switching are not needed. Therefore, the
objective of the averaged model is to represent the energy transfer from one
side to the other while respecting/reacting to the control signal provided to
the converter and maintaining the impedance of the converter.
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The three fundamental DC/DC converters are the Buck converter, Boost
converter, and Buck-Boost converter, each fulfilling a different function.
The Buck and Boost converters respectively allow stepping down or step-
ping up the voltage. In contrast, the Buck-Boost converter allows perform-
ing both the step-up and step-down operations. These converters can be
assimilated to an ideal DC transformer with a turn ratio of 1 : M (d), where
M (d) is a function of the duty cycle d. The definition of M (d) is well known
for these converters and is provided in Table [5.1]

Table 5.1: DC/DC converters transfer ratio

Converter Buck Boost Buck-Boost

M(d) N =

The work in [100] derived the DC transformer average model for buck
converter, boost converter, and buck-boost converters, as shown in Fig. |5.3]
Fig. and Fig. respectively. Fig. illustrates the implementation
of a buck converter via a switched model and the previously described DC
transformer model. In Fig. [5.3h, the traditional switch model is shown
where the duty cycle modulates via PWM the switching. In contrast, Fig.
shows the implementation of the buck converter using the DC trans-
former. The DC transformer is represented with the transformer symbol
shown in Fig. [5.3p. This symbol represents one side being modeled with
a current source while the other is via a voltage source as illustrated pre-
viously. Notice that in the DC transformer model, when the duty cycle
equals 1, the circuit corresponds to the switched model with the switch
closed, while if the duty cycle equals zero, the circuit corresponds to the
switched model with the switch open.

Notice that in the boost converter and buck-boost converter representa-
tion, the complementary duty cycle d = 1 —d is used. It is also possible to
move the impedances from one side of the transformer to the other; how-
ever, changes in impedance due to the duty cycle need to be accounted for.
For example, lets consider that in a buck converter with M (d) = d the load
resistance R is to be move to the primary side. The equivalent load resis-
tance on the primary side R’ is calculated as R’ = R/d?. This can be useful
if the duty cycle is fixed, but in dynamic simulations where the duty cycle
constantly changes, it is of less interest.
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Figure 5.5: Buck-Boost converter DC transformer model [100]

5.1.1 Switched model vs average model simulation

To further illustrate the concept of the average model using the DC trans-
former, the performance of both models is demonstrated. This will be
achieved by implementing both models in Matlab/Simulink. The example
for the switched buck converter provided in simulink is used. This example
can be accessed by typing “power_BuckConverter” in the command window.
The simulated circuit is shown in Fig. Here, an input voltage of 200 V



Modeling of Power Electronic Converters 147

is applied along with a duty cycle of 0.5, resulting in an output voltage of
100 V. The average model with the DC transformer is shown in Fig. 5.7}
It’s noteworthy that the main distinction is that the switching element has
been replaced by the DC transformer.
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Figure 5.7: Compared buck converter average model

Both models are simulated, and the obtained result is shown in Fig.
Fig. shows the waveform of the output voltage, reaching the expected
100 V. It is seen that the average model presents the same dynamics as the
switched model. Fig. [5.8b zooms on the steady-state, showing the difference
between the two models. It can be observed that due to the switching
nature, there’s a ripple in the output voltage in the switched model. In
contrast, the average model produces only the DC value. Fig. [5.9] shows
the response of both models to a step in the duty cycle from 0.5 to 0.75. As
before, the average model follows the response correctly, providing the same
result. The shown figures highlight the advantage of this type of average
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model: maintaining converter dynamics without incorporating switching
dynamics, resulting in a less computationally demanding simulation.
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Figure 5.8: Comparison switched model and average model with constant
duty cycle: (a) Output voltage waveform (b) Zoom on steady-state value
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Figure 5.9: Comparison switched model and average model: step in duty
cycle
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Notice that although the voltage conversion could be implemented di-
rectly using only the DC transformer, it is crucial to include the different ele-
ments such as output filters. Indeed, these elements provide the impedance
of the converter and thus characterize its behavior. Fig. [5.10] compares
the response of the switched, average, and the DC transformer without
impedances to a step in load demand. Notice that the DC transformer
without impedance does not have the same initial response. Furthermore,
when the load is increased at t = 3.5 ms, it is seen that the switched and
average models experience a voltage dip. In contrast, the DC transformer
alone does not exhibit this response.

120 T

100 ¢ /\w rasany
— 807}
>
‘T
g’ 60
©
> 40 L

— Switched
20t - = = - Average
DC transformer alone
O 1 1 1
0 2 4 6 8
Time[mg]

Figure 5.10: Switched model, average model, and DC transformer without
impedance response to a step in load demand

5.2 DC/AC converters

Although distribution occurs in DC, AC to DC converters might still be
needed. They can be required for certain loads and certainly for power
exchange between the main AC grid and the DC microgrid. The same logic
used for the DC/DC converters is applied here. One side of the converter is
represented using voltage sources, while the other side is represented using
current sources. The DC part is implemented via the current sources, while
the AC network is connected to voltage sources. When dealing with an AC
system utilizing a three-phase system, multiple voltage sources are used to
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input the correct behavior into the AC part. Three different converters are
modeled: single-phase inverters, three-phase inverters, and Neutral Point
Clamped (NPC) inverters. The duty cycle will be used to generate the
corresponding PWM signals. Depending on the pulse given, the voltage
source will assume a value is either negative, positive, or zero. The square
signal generated by the voltage source is then smoothed via an LC filter,
resulting in the required sine wave.

Let us first develop as an example the model for a half-bridge single phase
inverter as shown in Fig. [5.11] Two current sources act as the current drawn
from the DC source. Two sources are used as each one drains from either
the upper or lower capacitor. On the right side, a single source is used as
only one is needed in a single-phase inverter. The reference signals given to
the sources are generated via the control shown in Fig. The duty cycle
is used to obtain the pulse given to the switch. The value of the positive
voltage with the pulse and the negative voltage with the complementary
pulse are added to generate the AC part voltage reference. The Vpo=+
value is multiplied by the current in the inductor. This is the power given
to the AC part. The calculated power can then be divided by the voltage
to obtain the current in the DC part.

I
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Figure 5.11: Average half-bridge single-phase inverter
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Figure 5.12: Average half-bridge-single phase inverter control signals

In the case of a three-phase inverter, the DC part can be implemented
as shown before or with a single current source, depending on what is con-
sidered to be connected to the DC part. For the AC part, rather than using
one voltage source for each phase, a simplification can be made. Instead of
modeling the different switches, two voltage sources can be used to generate
the output voltage. The three-phase inverter considered is shown in Fig.

B.13l

SWi| SWsy| SW;s

VDC =

Figure 5.13: Three-phase inverter structure

There are six switches however the switches in the same branch are com-
plementary. Thus, whenever SW7 is close SW,; must be open. To model
this converter only switches SWi, SW5, and SW3 need to be considered.
The switching pattern of the inverter and the resulting line-to-line voltage
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are shown in Table Notice that there is an overlap in certain com-
binations. This leads to the conclusion that by implementing two voltage
sources representing the line-to-line voltages, the proper line-to-neutral volt-
ages can be obtained. In this case, it is considered that Vap and Vpo are
the ones implemented. Thus, the AC side of thesimplified converter can be
implemented as shown in Fig. The DC side of the converter can be
implemented using DC current sources, as previously shown, based on the
power provided by the AC side.

Table 5.2: Three-phase inverter voltage pattern

Switching pattern Line to neutral voltage Line to line voltage
SW1 | SW2 | SW3 Van Ven Ven Vap Ve Vea
0 0 0 0 0 0 0 0 0

1 0 0 2/3 Vpe -1/3Vpe -1/3Vpe Vbe 0 —Vbe
1 1 0 1/3Vpe 1/3Vpe 1/3Vpe 0 1%5%e] —Vbe

0 1 0 -1/3Vpe | 2/3Vpe | 2/3Vpe | —Vbe | Vbe 0
0 1 1 -2/3Vpe | 1/3Vpe 1/3Vpe | —Vpe 0 Vbe
0 0 1 -1/3Vpe | -1/3Vpe | -1/3Vpe 0 —Vpe | Vbe
1 0 1 1/3Vpe -2/3Vpe | -2/3 Vpe Vbe —Vpe 0
1 1 1 0 0 0 0 0 0
Van

D PWM

\ 4

. Vas \Ys
O W Vic r o

Vse Ven

Figure 5.14: Average three-phase inverter AC side representation

The final model developed is the average model for an NPC inverter,
as shown in Fig. One difference between this converter and a full
bridge inverter is the number of control pulses required due to the number
of switches. Indeed, an NPC inverter requires 12 pulses for its operation.
For the average model, the control of the pulses must be streamlined to
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determine what value to assign to the two voltage sources representing the
AC side of the converter.

4@ 4<] __-I-VDC

e Biaig
G

4 4 4 [

Figure 5.15: NPC inverter structure

To simplify the control, the four switches of each leg are considered.
The switches grouped in Fig. provide different outputs based on their
combinations. The possible combinations are shown in Table. and can
output three possible voltage values: +DC/2, —DC/2, and 0. By analyzing
the table, it can be seen that the output voltage can be determined with only
two of the signals. If the pulses of SW; and SW; are considered, the result
can be determined by the following subtraction: SW; — SW,. Whenever
SW1 has a pulse, the output will be positive. Equally, if SW, has a pulse,
the output will be negative. If both are activated, the output will be zero
volts.
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+Vbo

—Vbe

Figure 5.16: NPC inverter leg switches

Table 5.3: Switching behaviour of a NPC converter leg

SWy | SWy | SW3 | SW4 | Output voltage
On On off | Off Ve /2
off On On Off 0
Off | Off | On On —Vpe/2

Therefore, the control for the voltage sources can be achieved by first
determining the voltage of each leg with the previously mentioned method.
Then, the identified voltages for each leg can be added as shown in Fig.
Through these operations, the reference voltage for each voltage source can
be obtained. Note that instead of using the reference Vp¢ /2, the measured
voltage of the capacitor can also be used. To generate the reference for the
current source, the power supplied on the AC side is calculated; this power
is then divided by two and further divided by the DC voltage to obtain
the reference current. It is divided by two as the positive and negative
DC voltages have their own current source. The resulting average model is

shown in Fig.
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Pulses

Figure 5.17: Average NPC inverter voltage sources control
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Figure 5.18: Average NPC inverter
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5.3 HFAC link converter

In this section, converters that use High Frequency AC (HFAC) links are
introduced. Among these converters, three-port converters provide the ad-
vantage of reducing the number of converters needed to connect different
elements such as batteries, PVs, and loads. The three-port converter ana-
lyzed is a soft-switched HFAC link converter. This converter can be seen
as an extension of a buck-boost converter where a capacitor is placed in
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parallel with the link inductor. The LC circuit creates resonating transients
that allow for Zero voltage Switching (ZVS). This type of converter can be
classified as a Quasi-square wave (QSW) converter |[102]. The use of an
HFAC link provides several advantages [103], [104]:

o It allows to change the link voltage for each converter port
o It provides electrical isolation between the converter ports
e It has an inherent bi-directional power flow capability

o It provides a reduction in the size and weight of heat dissipating com-
ponents

The parallel HFAC link architecture was initially introduced as a univer-
sal power converter in [105]. The authors of |[106] proposed a soft-switching
AC link converter for medium and high-power applications, overcoming pre-
vious drawbacks such as an inability to supply output current at low voltages
and a large dead time. This work was further explored in [107], showing
the proposed converter as an AC/AC or AC/DC buck-boost converter for
medium voltage applications. In [108], |L09], the capabilities of the HFAC
link converter as a PV inverter were demonstrated, highlighting its negligible
converter losses due to the ZVS and the compactness of its high-frequency
link inductor. The work in [110] connects several PV strings with different
voltage levels via the use of this converter. In [111], the capabilities of the
ZVS HFAC link inverter as a multiport system were demonstrated. The
application of this converter for AC microgrid is explored in [112], where
it is proposed that the application of the converter can be expanded to
more than three ports. This three-port converter architecture has also been
proposed as a technical solution for efficient delivery of energy to electric
vehicle charging terminals in |113]. The work in [113] illustrated the con-
verter’s versatility, highlighting its capability to operate as an AC/DC/DC
converter or as a DC/DC/DC converter.

The following section details the operation of this type of converter.
A two-port converter is presented initially to allow the reader to better
understand the converter architecture. The operational principles for both
two-port and three-port converters are detailed. A representation of the
HFAC link behavior via a state machine is proposed. Once the behavior of
the converter is explained, an analysis of the switching frequency and its
computation is presented. Afterwards, the state-space models for two-port
and three-port converters are developed. From these state-space models, the
average model is developed and validated. For the three-port DC/DC/DC
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converters, two cases are studied: a converter with two sources and one
load, and a converter with one source and two loads. Finally, different
control methods for the developed average models are proposed. These
control methods consider the different elements that can be connected to the
three-port converters: PVs with maximum power point tracking (MPPT),
batteries, loads, and droop control ports for DC microgrid connection. At
the end of this section, a test DC microgrid is implemented to demonstrate
the different control methods and the capabilities of three-port converters.

5.3.1 Operation principle of HFAC link converters

The operational principle of the converter is detailed hereafter. This is done
using a two-port converter to ease the understanding of the converter. The
schematic of the studied two-port HFAC link converter is shown in Fig.
The converter has two DC ports and the HFAC link composed of an
inductor and a capacitor. Notice that the switches connecting the ports to
the HFAC link are bidirectional switches which can be implemented through
IGBTs. Thus, through the proper switching technique, both DC ports have
bidirectional power flow. The case where a source is connected to DC Port
1 and feeds a load connected to DC Port 2 is considered.

swyswy swy swy

DC Port 1 DC Port 2

~C II
SW2/ SW4 SW6,/ SW 8 A
Y @I_,ﬂ;ﬁlk

L | | L
HFAC Link Bidirectional

AY

1 L
T

Figure 5.19: Schematic of a two-port DC/DC HFAC link converter

Mode 1: Link Charge During this first mode, illustrated in Fig. [5.20]
the source connected to Port 1 charges the AC link. This connection is
made via switches SW1 and SW4. The switches of the port supposed to
charge the link during Mode 1 start conducting once the link voltage reaches
the highest input voltage. This is to ensure that the switching occurs at
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zero voltage. The inductance L is then charged until the current reaches its
reference value. Based on the high frequency of the link, it is considered that
the voltage at the input port remains constant during this mode. From the
inductance constitutive equation, it is possible to calculate the link current

iz, as shown in ([5.3).

1t Vpcport(t) | .
i = f/ Vbcport1 dt = DCPTH() +12(0) (5.3)
0
SW1 | Sw y SW 5/ SW 7/
DC Port 1 DC Port 2

1] L 1

AY

~C
T A T
SW2) SW4 SW6,) SW8
/I /I /I
HFAC Link

Figure 5.20: Two-port DC/DC converter circuit diagram during Modes 1
[114]

Mode 2 and 4: Partial resonance Between each charge or discharge
mode, there is a resonance mode, as shown in Fig. [5.21] The objective of
this mode is to change the link voltage to that of the next port. During this
time, the switches do not conduct. The HFAC link will resonate, causing the
voltage to change. The resonance will end when the zero-voltage condition is
satisfied. This HFAC link, which is an LC parallel circuit, can be described
by the following equations:
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Figure 5.21: Two-port DC/DC converter circuit diagram during Modes 2

and 4 [114]

Mode 3: Link Discharge The energy stored in the link is discharged
towards Port 2 via switches SW5 and SW8. The HFAC link does not fully
discharge, and there is a certain amount of energy left in it. This energy is
needed for the link to swing back to a predetermined voltage Vi,,, that has
a value slightly higher than the maximum input and output voltage [115].
This is done to guarante that if the voltage value at the end of the cycle is
lower than the next voltage level there will always be enough energy in the
link to swing to the next voltage value. A safety margin is for the highest
voltage is considered thus resulting in V... This mode is shown in Fig.

DC Port 2

1
T

0. 22)
SW y SW 3‘/ SW5 | SW Z/
DC Port 1
T L =<cC
SW 2/ SW 4:/ SW f/ SW 8
L |
HFAC Link

Figure 5.22: Two-port DC/DC converter circuit diagram during Mode 3

[i14)
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Mode 3 is followed by Mode 4. In other words, another resonance mode
where the voltage will swing back to the predetermined highest voltage.
This resonance is then followed by a set of modes having the same behavior
as modes 1 through 4, except that the link charges and discharges with
opposite polarity. Therefore, in this case, the complementary switches on
the legs would be used.

The converter operating principle is summarized in Fig. [5.23] First, the
HFAC link is connected to the input port. The inductance of the link is
charged with a voltage Vpcoport1- Due to a constant voltage being applied to
the inductance, the current increases linearly. Once it has been charged to
the desired level, the HFAC link is disconnected, and resonance occurs due to
the parallel LC circuit. Through this resonance, the voltage level is changed.
Once the voltage level of the output port Vpopore is reached, the HFAC
link is connected with opposite polarity, and the inductance then discharges
to the load. Since a constant output voltage is applied, the current is also
discharged linearly. Once discharged, another resonance that goes through
a maximum voltage level V,,,, occurs. This resonance changes the voltage
back to the input voltage level. This is done with opposite polarity to
transfer energy more efficiently. Notice that for a whole period T, two
charge and discharge cycles are performed. Thus for one whole period there
are two power transfer cycles. Note that in Fig. [5.23] a specific duration for
the period is not given. This is because the duration of the period varies
with the power transferred. The more the HFAC link is charged, the longer
the charge and discharge will take, and consequently, the total period will
be longer.
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Figure 5.23: Two-port DC/DC converter HFAC link voltage and current
waveform

This operation principle can be extended to three-port converters. The
main difference will be that there will be either two charge cycles or two
discharge cycles. This extra charge or discharge cycle implies an additional
resonance period to swing to the third port voltage. The operation principle
is illustrated in Fig. [5.24] Here, Port 1 and Port 2 with voltage Vi and V3
feed a load connected to Port 3 with voltage V3. As shown the behavior is
the same as the two-port converter but with an additional resonance and
charge period. Notice that there is a specific order in which the ports are
connected. The connection is performed from highest voltage to lowest when
charging the link and from lowest to highest when discharging. This is done
to reduce the duration of the resonance periods. The highest voltage will be
closest to V.. Furthermore, when discharging, it is more efficient to start
from the lowest voltage as it is the closest one. Finishing the discharge at
the highest voltage allows a short resonance to V;,,4, and the highest charge
voltage when considering the inverse polarity.
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Figure 5.24: Three-port DC/DC/DC converter HFAC link voltage and cur-
rent waveform

5.3.2 HFAC Link modeling and analysis

As previously mentioned, the HFAC link consists of an inductance and a
capacitor in parallel. To better understand the behavior of the HFAC link,
it is studied and simulated hereafter. As previously mentioned, during Mode
3 the inductor current does not reach zero when discharging. Indeed, there
is always enough energy left (I.,q) in the HFAC link to resonate to the next
voltage. Particularly, in the final resonance at the end of each power cycle,
a voltage Vi,q. is always reached. During the charge period, the HFAC link
has a starting current Ig:.¢, and during the discharge period, it has a final
current I.,4. Considering a two-port converter with an input voltage V;,
and output voltage V,u:, Isiars and Io,q can be defined as shown in

and (5.7), respectively [111], [115].
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V. 2 ‘/Zn 2
Istart = (Ignd T < Cf) - ( ) )
C
= — 2 — ,2
I3 (Vmax ‘/zn)
C
Iend = Z(Vn%ax - Vo2ut) (57)

The operation of the HFAC link for a two-port converter is illustrated
in Fig. [5.25l By plotting the link voltage Vp;,r on the x-axis and the
link current Iy, on the y-axis, a visual representation of the commutation
cycle is obtained. The commutation cycle starts in the top right quadrant at
Isiart, Where an initial positive link voltage is observed. Once the connection
to Port 1 is performed, the link is charged (green arrow), resulting in the
increase in the link current shown. Once the link has been charged to the
desired value, resonance (yellow arrow) occurs, leading to a change in the
link voltage and a horizontal shift towards the top left quadrant. This
quadrant corresponds to a discharge mode, where the link is connected to
Port 2 with reversed polarity, leading to the discharge (red arrow) of the
link and a decrease in inductor current, as shown in the figure. Another
resonance (purple arrow) takes place to start again the power cycle with
reverse polarity. After resonance, the charge and discharge process starts
once again, initiating from the bottom left quadrant and ending in the
bottom right quadrant.
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Figure 5.25: XY representation of HFAC Link behaviour

Utilizing the same XY representation, Fig. [5.26] compares the behaviour
of the HFAC link to the converter from which it is derived. Fig. [5.26] com-
pares the buck-boost converter inductor to the behaviour of the HFAC link.
When comparing both converters, the differences in HFAC link converters
are highlighted. First, HFAC link converters utilize a resonance period to
change the voltage of the HFAC link. Secondly, HFAC link converters have
horizontal symmetry due to their second power cycle using opposite polar-
ity. Finally, the inductor of the Buck-boost converter is discharged complete
at the end of each period.
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Figure 5.26: Comparison of HFAC link to Buck-boost converter

Notice that the resonance in HFAC link converters is not flat and has a
small curve to it. This is due to the resonance, where both the capacitor
voltage and the inductor current evolve sinusoidally. Each resonance is
basically an oval or circle whose radius depends on the available energy.
The difference in the radius due to the available energy is appreciated in the
difference between the final and intermediate resonances in Fig. Fig.
[6-27)shows in gray the evolution of the current and voltage if the resonance is
not interrupted. Two paths are shown: an inner circle representing the path
that can be followed with the current I.,q, and an outer circle representing
the path that can be taken when the link is charged. It is also shown
that between the highest port voltage and V... a safety margin of 15% is
considered.
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Figure 5.27: XY representation of HFAC Link voltage range

This behavior can be described by the equations of simple harmonic
motion [116]. Using such equations, the resonance is modeled as:

WViink = A cos(wgt) (5.8)

A
Itink = — sin(wot) (5.9)
Zo

The definitions for wy, Zy, and A are given in (5.10)), (5.11)), and (5.12)
respectively. wq is the resonance angular frequency, and Zj is the charac-
teristic impedance. In and (5.11), L is the HFAC link inductance
and C' is the HFAC link capacitor. A is the maximum voltage value, which
can be calculated through the maximum energy that can be stored either
on the capacitor Fomas or the inductor Ep,,q., and taking the smallest
between the two as the limiting factor. Finally, wq is the resonance angular
frequency.
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1

wo=—t (5.10)

Zo:\/g (5.11)
~2(min(Ecmazs ELmaz))

A _\/ g (5.12)

Having the values of V,,,4, and the HFAC link capacitor C, the energy
that needs to remain on the link can be calculated. Furthermore, with the
simple harmonic motion equations, the voltage range of the HFAC link can
be determined. Fig. [5.28)shows the voltage range for an HFAC link. In this
example, the HFAC lin capacitor C has a value of 1.48F'. The highest port
voltage is arbitrarily set to 750 V and thus V4, = 1.15 % 750 = 862.5 V.
Indeed, it is considered that a reasonable value for the safety margin V.
is 15% more than the maximum voltage. This value is proposed because a
higher V4. would cause a longer final resonance, which is undesirable as
no power is transferred during this time [115].

Figure 5.28: HFAC link max voltage range example
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The energy in a capacitor can be defined as E. = 0.5 C V2. If the desired
voltage Vinq. is considered, the energy in the capacitor can be calculated
as B, = 0.5C V0 = 0.5538 joules. The energy left in the HFAC link is
determined by the voltage V4. to be reached. If more energy is left in the
HFAC link, a higher voltage range can be achieved; however, the voltage
limits of the converter need to be taken into account.

The calculation of the current that needs to be left on the HFAC link
depends on the different port voltage values. However, it also depends on
the sizing of the components. First, to size the link inductance L two values
need to be defined: the peak current in the inductance Ippeqr and the
desired frequency f at maximum power. As described in , the analysis
can be based on half a cycle, as shown in Fig. where n sources and m
loads are considered.

I, = Inpeak
13/ \In+1
I, Lo
I Inim
Iy
ti1 ta t3 tp tar1 tng2 Tnts fngm

Vn+2
Vits
T=1/(2f) Vi
< >
Figure 5.29: HFAC link half cycle current and voltages
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Based on the previous figure, the voltage of the inductor can be described
by (5.13). Taking into account the trapezoidal shape, the average current
is found as shown in (5.14). Thus, the exchanged power can be described

by (15) and (518,

Ly — I

Vigr = L~ (5.13)
tit1

Iiti,avg = tivi(Lipn + L) f (5.14)

Pi+1 == m+1Ii+1,avg (515)

D P =Y Vinliprawg = LY (15 — I7) = Lf(I7, — I5)  (5.16)
=0 =0 1=0

Considering Iy = 0, it is possible to relate the input power P;, and the

peak current of the link as shown in (5.17)). By manipulating (5.17]), the
expression for the peak current is found as shown in ([5.18)).

n—1 n+m—1
Z Pi+1 = ijz,peak: = Pin = — Z Pi+1 (517)
i=0 i=n

n+m—1 \/Zl P _ \/ZZ P
i=0 1 i+1 i=0 "1
IL,peak:ZQ*\/Pin Z V.
i=0 +1

(5.18)

Once If, peqr is known, the HFAC link inductance L can be sized. The
input power to the inductor P;, can be calculated as P;,, = F/T. Knowing
that 7= 1/2f, one can find P, = 2f%LI%,peak. Thus, the value of L can

calculated as shown in (5.19).

Pin

= Fr2
fILpeak

L (5.19)

The remaining element to be sized is the HFAC link capacitor C. The
HFAC link capacitor is chosen to have resonance periods smaller than the
charge and discharge periods. This is because during these times, there is
no power transfer, and thus it is undesired for it to take longer |115]. It
is desired to keep the resonance period lower than 5% of the power cycle
when at full power. This constraint is considered because there is no power
transfer during the resonance period, so it is desirable to keep them as short
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as possible. [109], [111], |[115]. Taking these constraints into consideration,
the capacitor is sized so that:

wo::44£4,>>>2ﬁf (5.20)
VLC

State Machine representation

From the previous descriptions, all the elements needed to simulate the
behavior of the HFAC link are available. From , it is known that the
current will increase or decrease linearly according to the voltage. Thus,
the charge and discharge can be calculated using . In addition to
the charge and discharge, the resonance needs to be simulated. From the
previous description, it is now known that the resonance can be described
using simple harmonic motion, and thus, it can be described using .
The HFAC link is implemented for a two-port converter using the mentioned
equations through the state machine shown below:

switch (state)

case 1, ’%Charge

if (cyclex*Il < I1)
I1 = I1 + (u/L)*deltat;
L1 abs (I1);

else
state = 2;
Ec = 0.5%C*(u"2);
El = 0.5*%L*(I1°2);
A = sqrt (2x(Ec+E1)/C);
tinit = cyclex(1/wo)*acos(u/A);

end

case 2, JResonance
if (cycle*u > -V2)
tinit = tinit+deltat;
I1 = Axsin(wo*tinit)/Zo;
u = A*cos(wo*xtinit);
else
state = 3;
end

case 3, 7 Discharge
if (cycle*Il > Ie)
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I1

L2
else

state = 4;

tinit cyclex(1/wo)*acos (u/Vmax) ;

I1 + (u/L)*deltat;
abs (I1);

end

case 4, %Final resonance

if (cycle*Il > -Is)
tinit = tinit+deltat;
I1 = Vmax*sin(woxtinit)/Zo;
u = Vmax*cos(wo*xtinit);

else
state = 1;
cycle = -cycle;

end

end

Case 1 describes the charge process. While the reference current I is
not achieved, the link charges linearly through the measured voltage u. The
rate at which the link charges takes into account the simulation time step
via the variable deltat. Once the reference is achieved, the total energy
in the HFAC link is calculated, and the attainable maximum voltage A is
determined. The current position on the resonance curve is also registered.
Once this is done, the state machine moves to case 2, which uses the simple
harmonic motion equations to describe the resonance. Once the next port
voltage is attained, the state machine moves to Case 3, which describes the
discharge process. The link is discharged until the end current is reached.
At this point, the final resonance is performed in Case 4, and the process
is repeated with opposite polarity. Through this process, the HFAC link
voltage and current can be obtained as shown in Fig. [5.30
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Figure 5.30: HFAC link state machine implementation

The state machine previously described can be extended to three-port
converters. To achieve this, more cases need to be added to take into ac-
count the additional charge or discharge periods and the additional reso-
nance period. Fig. [5.31] demonstrates such an implementation. Fig. [5.3Th
illustrates the XY representation where the charge and discharge quadrants
can be identified. Notice that the illustrated case corresponds to two sources
feeding one load. This can be appreciated when looking at the top right
quadrant where the link is charged at two different voltage levels. Fig. [5.3Tp
shows the evolution in time of the HFAC link voltage and current. The two
charge periods can be equally appreciated.
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Figure 5.31: HFAC link with three-ports state machine implementation: (a)
XY representation (b) Time domain representation

Another possible output of this state machine implementation is the
output or input current of each port, as in Fig. [5.32] In Fig. [5.32] the
current contributed by each port can be clearly seen. If the resonance
periods are significant enough, they would also be easily observable as black
spaces in between the currents.
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Figure 5.32: Three-port converter port current with state machine simula-
tion
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It is possible to develop control signals for the proposed machine based
on the desired power for each port. Two methods are proposed hereafter, one
based on link current and another based on link energy. The current control
seeks to generate the reference link current for the first connected port Iy
and for the second connected port I. Note that in three-port converters,
one port will always act as the balancing port, providing or absorbing power
as needed. The peak current can be calculated as shown in . The
expected link frequency can then be obtained, and with it, the period ¢ for
each port is calculated as shown in . With the periods obtained,
the reference currents can be calculated as per the last equations. V.. is
a variable that corresponds to the voltage of each port sorted in decreasing
order. As explained before, the connection of the ports is done from highest
voltage to lowest to optimize the HFAC link resonance periods.

Algorithm 1: Three-port converter state machine current control

Pbalance = _(Psource - Jpload) (Cl 5.1)

Tt \/22:0 Pit1— \/ZZ:O P

IL,peak =2x% V P, Z V‘+1 (Cl 5.2)
i=0 ¢
P,
f=+— (C15.3)
lepeak
LV iz Pi1 =/ Xio P
tiﬂ:\/ 0~ \/ 0 i=0,1,2,..,n—1  (Cl5.4)
f Vit
V:Gort tl
L =—— (C1 5.5)
L
VSOT‘ t
I = =22 (C1 5.6)

A similar control can be implemented based on the HFAC link energy.
The objective of this control is to generate the energy FE; and FEs that
the HFAC link must reach before disconnecting from the first and second
port. In this method, the energy that always remains on the HFAC link
FEhase is calculated, and it is taken into account to calculate the reference
energy levels. This was not the case for the previously proposed current
control, where Is 4+ and I.,q were neglected. Under certain conditions,
this simplification has a negligible effect. The following subsection delves
into this simplification and the details concerning the calculation of the
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commutation periods.

Algorithm 2: Three-port converter state machine energy control

FEpase = 0.5LI7

n

4+ 0.5CV,na (€2 5.1)
i \/Zigo Pip1— \/Zz::o B

1 cak = 2% Pln C25.2
Lpeak =25 VP D ™ (C25.2)

P,

f=— (C2 5.3)

Ll%peak:

L\ Yico Piri =\ Zico P

tiH:\/ 0~ \/ 0 i=0,1,2,.,n—1  (C25.4)
f Vi1

T=ti+t+t3 (C2 5.5)

E = PsortlT + Ebase (02 5 6)

E2 = El + PsortZT + Ebase (C2 5 7)

5.3.3 HFAC Link frequency calculation

In the literature, resonance periods are often neglected to simplify the com-
putation of the link frequency and port periods. However, under certain
conditions, these simplifications are no longer valid. An incorrect estima-
tion of the frequency can lead to incorrect periods for each source/load,
thus resulting in errors in the average power transferred among the ports of
the converters. Therefore, validating which simplifications can be used and
under which conditions is important.

This frequency is influenced by the power rating of the converter, the
link charge and discharge times, and the duration of the resonance modes.
As shown before, several resonance modes occur throughout a period of
the converter. In some cases, these resonance periods can be significantly
smaller than the total converter period. Thus, these resonance periods can
be neglected in the calculations to reduce complexity. Here, three different
methods for the calculation of the link frequency and the resonance time
are presented. These methods are compared, and their impact on the cal-
culation of the link frequency will be studied. The objective is to assess in
which regimes the resonance periods have a significant impact on the HFAC
link frequency. The three proposed methods are:
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e Neglected resonance: The general analysis of the converter does not
consider the resonance periods [112]. This method has in part already
been presented as part of the converter’s general analysis.

e Reduced order: Only the resonating periods during the power cycle are
considered. This means the resonance between the end of one power
cycle and the start of the next one is neglected. The computation is
done using a reduced order calculation [105].

e High order: This method considers all the resonating periods during
the power cycle. This method gives the closest results to the actual
operating values [115].

Neglected resonance

While this method has been introduced in the general analysis, it is sum-
marized here in a concise manner. In this method, it is assumed that once
connected, the voltage of the port does not vary. The equation of the in-
ductor for each mode 7 is:

Lii— 1,

Vig1 = L= (5.21)

tit1
Where ¢; is the duration of the mode. Taking into account the trapezoidal

waveform of the link current, the average current transferred through the
converter can be calculated as:

Iivi,avg = tiv1(liy1 + 1) f (5.22)

Where f is the HFAC link frequency. Considering n sources and m loads
and that there are two power cycles per period, the following relationship
is obtained:

Z tir1 = — (5.23)

Using the voltage and average current expressions, and considering that the
initial current is equal to zero, it is possible to relate the power exchanged
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and the peak current of the link as was shown in (5.17). By using (5.21)
and (5.17), the expression for the peak current in the link can be found

as demonstrated in (5.18) with Py = 0 [112]. Finally, by using (5.17), the
frequency of the link for a power cycle based on the power and inductance

can be found. The resulting equation is shown in ([5.24)).

a LI%/ peak

f (5.24)

Once the frequency is found, and with the help of the previous equations,
it is possible to calculate the duration of each mode using the following
equation:

L \/ZZ:O Py — \/22:0 P

tig1 =
Ty Vit

,i=0,1,2,.,n—1 (5.25)

Reduced order

As previously mentioned, the HFAC link behaves as an LC oscillator whose
behavior can be described by and . The Reduced order method
relies on the assumption that the link current will not vary during the
resonance mode, and only the voltage will change. With these assumptions,
the resonance time can be calculated as:

I tres
Viink(t2) — Vo (t1) = —1T (5.26)
fow = CVLmk(tz) — Viink(t1) (5.27)

I

I, corresponds to the link current before the resonance mode at time ¢;.
V0ink(t1) is the link voltage at the beginning of the resonance mode, and
V5ink (t2) is the link voltage at the end of the resonance mode. Through an
iterative process, the resonance period calculated using is added to
the duration of the other conduction modes to obtain the frequency of the
link. The duration of the modes is recomputed using this new frequency,
and the process is stopped when the change between iterations is small
(~ 1Hz).
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High order

For an accurate result, none of the previous assumptions are taken into
account. This means that both the voltage and the current are considered
to vary during the resonance modes. At the end of the discharge mode, the
current I.,q that must remain on the HFAC link is considered. Equally,
the current present in the HFAC link at the start of the charge phase Igq.t
is taken into account. I 4.+ and I.,4 can be calculated as shown in
and , respectively. In the case of a three-port converter, V;,, is the first
port to charge the HFAC link. That is, the charging port with the highest
voltage. In contrast, V,,; is the voltage of the last port to which the link is
discharged, which should be the discharging port with the highest voltage.
In this case, the duration of the resonance is given by (5.28)[115].

1 Tstart L 1 [ Tenal
to = — (77+tan_1 (ttwo) — 7+ tan~! ( d w0)> (5.28)

wo Vfirst ‘/last

While this method provides an accurate solution, it has a higher nu-
merical complexity since the function is non-linear. This non-linearity can
increase the computation time and the complexity of the models as a system
of 10 equations needs to be solved.

To test the accuracy of the different methods, the calculation of the link
frequency for the different methods is performed in MATLAB and com-
pared. The case presented in Fig. [5.33] is studied. PVs are connected to
Port 1 and feed a load connected to Port 3, while a battery is connected to
Port 2. The power injected by the PVs and the consumption of the load
change at each step. The power injected by the PVs changes from 1kW to
30kW , while the load increases from 0.9 kW to 15 kW. The battery charges
with the exceeding power injected by the PVs. In Fig. [5.33] it is shown that
there are three resonance periods per power cycle. As depicted in[5.33] the
complete cycle of the converter is described as:

1
g = 7fPortl + tresl + tPortS + tresQ + tPort2 + tres?) (529)
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Figure 5.33: Link current waveform for Port 1 feeding Port 2 and Port 3

In , tres1 is the resonance period between Port 1 and Port 3. t,.c40
is the resonance period between Port 3 and Port 2. t,.s3 is the resonance
occurring before the voltage swing to the voltage of Port 1. In the High
order method, all of these resonance periods are considered. Meanwhile,
the last resonance period t,.s3 is neglected in the Reduced order approach.
The parameters used for the calculations are given in Table

Table 5.4: Converter Parameters

Parameter Value Parameter Value

Port 1 Voltage [V] 300  Link inductance [ H] 140
Port 2 Voltage [V] 400  Link capacitance [nF] 200
Port 3 Voltage [V] 200  Maximum power kW] 30

The obtained results are shown in Fig. [5:34] As the power injected by
the PVs increases, the link frequency decreases. The three curves follow the
same profile except at low power. At low power levels, the method neglecting
the resonance deviates significantly from the other two methods. Indeed,
when the power transferred is low, the duration of resonance is comparable
to or even longer than the transfer time [109]. Therefore, neglecting the
resonance results in a frequency deviation from the more elaborate methods.
In contrast, the Reduced order method shows a slight underestimation of
the link frequency at low power levels.
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Figure 5.34: Link frequency calculated by each method at different power
levels

To further illustrate this deviation in frequency, the waveform of the
HFAC link current is drawn. Fig. [5.35h shows the waveform when the
power injected by the PVs is 2.17 kW and the load demands 1.47 kW.
The Higher order model has an additional starting point that corresponds
to Istqrt, which is the leftover current on the link. The current in the
Reduced order method stays constant during the resonance periods as it is
one of the simplifications made. The waveform of the Neglected resonance
method reflects the difference in the calculated frequency. At this power
level, the resonance times are significant, and thus neglecting them leads to
a different result. This is because the current fed to the link is low. Hence,
the duration of the port connection is short. In contrast, the duration of
the resonance remains relatively constant. Fig. [5.35b shows the HFAC link
waveform when the PVs provide 8.03 kW and the load demands 4.31 kW.
At this point, the duration of the resonances is small enough compared to
the connection time of each port. Thus, it is seen that the three different
models follow a similar waveform.
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Figure 5.35: HFAC link current waveform with: (a) 2.17kW input power
(b) 8.03kW input power

As shown in Fig. [5.34] the Reduced order method at lower power levels
is more accurate than the method neglecting the resonance periods. The
percentage of error of the Neglected resonance and Reduced order methods
can be calculated by considering the most rigorous High order method as
the reference. However, the degree of error in each method also depends on
the voltage difference between each port. The error is calculated for each
method for two voltages in Port 1: 300 V and 600 V. Fig. [5.36] shows the
error percentage for the most simple method which is Neglected resonance.
As seen previously, the amount of error at low power levels is non-negligible.
The error starts at 115% with 300 V and 250% for 600 V. The error then
decreases toward a negligible value.

The error obtained with the Reduced order method is shown in Fig. [5.3

It is seen that the error starts close to 5% when the voltage of Port 1 is 300
V. When the voltage is 600 V, the error increases towards 15%. However,
this increased error is significantly less than with the Neglected resonance
method. The increased error due to the voltage change can be explained by
noticing that the voltage at the end of the cycle (Vpori2 = 400 V) is lower
than the input voltage (Vport1 = 600 V). When this is the case, the link no
longer discharges to zero. The current left in the link is used to increase the
link voltage back to the input voltage.
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Figure 5.36: Link frequency calculation error with Neglected resonance
method
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Figure 5.37: Link frequency calculation error with Reduced order method

In Fig. [5:38| the duration of each resonance period with respect to the
total period is shown. This result is obtained using the higher order method,
as the presence of a third resonance period suggests. During normal power
operation, the duration of the final resonance period is more significant than
the duration of the resonance periods between the charge and discharge of
the link. This last resonance corresponds to the resonance that creates the
voltage swing at the end of each power cycle. This result indicates that t,¢,1
and t,¢s2 can be neglected. Meanwhile, the last resonance t,.s 3 could be
kept to improve the accuracy of the result.
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Figure 5.38: Duration of the resonance periods with respect to the total
period

5.4 Modeling of HFAC link conveters

In the previous section, it was demonstrated that at medium to high power
transfer, neglecting the resonance periods is a valid simplification with a low
amount of error. In this section, an averaged model is proposed based on
this simplification. The proposed averaged model is based on a state-space
model that considers the resonance periods and the HFAC link capacitance
can be neglected.

The main limitation of this model is that it will provide the correct
steady-state values only when using the duty cycles calculated with the
Neglected resonance and Reduced order methods. This limitation arises from
the fact that, like the Neglected resonance and Reduced order methods, the
state-space model does not consider the start and end currents, Ig; .+ and
Ieng respectively. If these two current points are considered, they change
the inductor current peak value and the charge and discharge times. Thus,
utilizing the duty cycles calculated with the High order method will not
provide the correct results.

From the state-space model, an average circuit model is proposed. This
model also has the same limitation. As the circuit is implemented through
the DC transformer, a constant voltage is applied at the output of the DC
transformer. This applied voltage does not take into account I, and



184 5.4 Modeling of HFAC link conveters

Icnad, and thus only the average values of the state variables are considered.

One final limitation of the models presented hereafter is that at low
power levels, the damping is reduced, and thus the oscillatory behavior is
accentuated.

5.4.1 Modeling of two-port HFAC link converters
State-space model

The simplified averaged model is developed using the state-space equations
of the circuit shown in Fig. In this state-space model, two major sim-
plifications are considered. First, the resonance periods are not considered.
The reason for this is that no energy transfer is performed during these
periods; thus, for an averaged model, their impact is negligible. Addition-
ally, the work in [114] showed that under normal operation, these resonance
periods have a negligible duration with respect to the total period. Further-
more, to consider them, extra duty cycles are required. This, in turn, makes
the control of the average model more complex. The second simplification
is that the capacitance of the HFAC link is neglected. The reason for this
is that the capacitance only participates in the resonance periods but does
not participate in the storage or transfer of energy itself. Thus, it can be
neglected without affecting the general results of the averaged model. How-
ever, the HFAC link capacitor is still illustrated in Fig. [5.39]to help identify
the HFAC link.

SW 1 SW 2 Ly
/ / A

Vin—= L C Cy § R

/ /
DC Port 1 HFAC Link DC Port 2

Figure 5.39: Two-port DC/DC converter simplified circuit diagram



Modeling of Power Electronic Converters 185

With the previous simplifications applied, the state variables considered
are the link inductance current Ir,, the output filter capacitance voltage Vg, ,
and the output filter inductance current I, e The voltage V;,, is considered
as the only input. When the switch SW1 is closed and SW?2 is open,
the system is defined by the equations shown in . The inductance
is charged by the input voltage, while the output capacitance discharges
towards the load R. The second state is when SW?2 is closed and SW1 is
open, and thus the inductance discharges itself toward the load. This final
state is described by the equations shown in .

R+ Vo, (5.30)

Ly I ——ILfR-i-VCf (5.31)

With the previous equations in hand, the state-space model can be de-
fined through a state matrix A, input matrix B, and the state vector x.
The duration of the periods where SW1 or SW2 is closed (and the com-
plementary switch is open) is represented by the duty cycles d; and do,
respectively. Thus, the state-space model can be formulated as:

x = Az + Bu (5.32)
Where :

A= d1A1 + d2A2
B=dBy+dyBy

0 0 0] 0 o 1
A=10 T A=| 0 TP g
0 -+ 0 1 _ 1 0
L Cy ] Cy Cy
[+ 0] I,
Blz O ,B2: 0 73_:: ILf
K 0] Ve,
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From the state-space system, the definition for the steady-state values
of the state variables is found as:

— szn dl
I = Rd32
— _7‘/;” dl
]Lf = R (5.33)
J— _‘/zn dy
Vo, = =4
Furthermore, using the state-transition matrix ® = (sI — A)~!, the

following transfer functions can be obtained through H(s) = C®B + D:

I . Ofod182 + (OfRd% + OfRdldg)S + (d? + dldg + Qd%dz)
Vin  CyLLys®+ CyLRs? + (2Ld1dy + Lyd3 + Ld? + Ld3)s + Rd3

ILf o —d1d2

Vi CyLLys3+ CyLRs? + (2Ldids + Lyd3 + Ld? + Ld3)s + Rd3
Vo, —dida(R+ Lys)

Vin  CyLLys3 + CyLRs? + (2Ld1ds + Lyd3 + Ld? + Ld3)s + Rd3

(5.34)

Average model and Validation

To validate the model found, the output of the state-space model will be
compared to the steady-state values calculated through the equations of the
detailed model. Namely, it will be verified that with the same inputs, the
state-space model outputs the correct average inductor current I, output
current Ir ., and output voltage Vi, . From the procedure shown in [115], the
inductance L can be sized based on the maximum power and a chosen link
frequency. For this example, a converter with the parameters summarized
in Table is considered.

Table 5.5: Two-port DC/DC converter parameters

Parameter Value Parameter Value
Pz kW] 20 Link inductance [mH]  0.156
Link frequency [kHz] 5 Filter inductance [pH] 6.2
Vin [V] 750  Filter capacitance [uF] 120

Ve, [V] 375
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To test the model, first, a load of 12 kW is tested. Based on the power
and the port voltages, Irpeqr is calculated as shown in [109], [112]. Us-
ing the relationship between voltage and current in an inductor, the charge
t1 and discharge to periods are found. Once the charge and discharge pe-
riods are found, the period can be calculated as shown in . Once
the total period is known, the duty cycle for each port can be calculated
using (5.39). To calculate the average current, the integral of the current
waveform is taken. As it was shown in Fig. [5.23] the currents have a tri-
angular waveform. Thus, the integral of the waveforms can be calculated
as the areas of the triangles. The average input current and output current
are the areas of their corresponding triangles over a period T. The aver-
age current of the link inductance L can also be calculated using the whole
waveform using . Equally, once to is known, the output current can

be calculated as shown in ([5.41)).

Ipeak = 2\7<\ﬁ f) (5.35)

Vin = Ve,
t = ILp.iZl;* L (5.36)
Irpeak * L
ty = pVT (5.37)
T=t+1t (5.38)
di= i dy =7 (5.39)
Travg = oT (t1 Irpeak + t2 Irpeak) (5.40)
I, = % (5.41)

The values from Table are used with the previously described equa-
tions to compute the inductor current I, output current I, and output
capacitor voltage Vi,. These same parameters are used in the state-space
model described in , considering a duty cycle of d; = 0.3333 and
ds = 0.6667, calculated using . The system of equations is then solved
for z, yielding the steady-state values for the state variables. Table[5.6] com-
pares the values obtained using the developed equations with those from the
state-space model. Concretely I, is obtained via and I, with .
The results show that both methods provide identical values, therefore val-
idating the state-space model. The given output voltage corresponds to
the desired output. Furthermore, the output current Iy corresponds to the
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desired output power of 12 kW. The average current I also provides the
expected result when compared against . The step response of the
voltage Vi, to the input Vj;, is shown to give the correct steady-state value
in the step response of Fig. [5.40

Table 5.6: Two-port DC/DC converter state-space model output values
comparison.

Parameter Analytical equations State-space model

Ip, [A] 48 48
I, [A] -32 -32
Ve, [V] -375 -375
0
-100
_200 1
% -300 H
8
S -400 1
>
_500 L
_600 L
-700 : :
0 0.005 0.01 0.015
Time[s]

Figure 5.40: Two-port DC/DC converter state-space output voltage Vo,
step response to input V;,

The eigen values of the system can be obtained through the state-space
model. These are shown in Table These values indicate that there is
two clearly dominant eigenvalues. The third value which has a minimal
impact is linked mostly to the value of the output filter inductance Ly and
load resistance R.
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Table 5.7: Two-port DC/DC converter parameters eigenvalues

Real part imaginary part

-3.5569E2 4.8566E3
-3.5569E2 -4.8566E3
-1.8894E6 0

The impact that each parameter has on the response of the system’s
output voltage Vg, is shown in Fig. through a pole-zero plot. For
readability the eigenvalue corresponding to the left most value (-1.8894E6)
is not shown. The parameters modified are L, R, Cf, and L¢. In this case
the system’s output voltage Vi, has three poles. The two dominant are
shown for readability. The original position of the pole is shown in blue
while the displaced pole due to the change in parameter is shown in orange.
The inductance and capacitance values were increased by steps of 50 pH and
50 uF, respectively. The resistance parameter was increased in steps of 5 ).
It can be observed that the inductance L only affects the frequency of the
oscillations in the system. Meanwhile, the load resistance R only influences
the damping. The filter capacitance C'y affects both the damping and the
frequency. Finally, the output filter inductance L; has a reduced impact
as the poles do not move significantly. Furthermore, all of the poles are
located in the left-hand plane, indicating that the system is stable.
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Figure 5.41: Influence of components parameters on two-port DC/DC con-
verter state-space output voltage Vi, response: (a) L (b) R (c) Cy (d) Ly

These results show the key parameters determine the behavior of the
model: the HFAC link inductance, filter capacitor, and the load resistance.
The inductance is a fixed parameter designed based on the maximum power
of the HFAC link converter. The inductance L significantly affects the
frequency response and the oscillatory behavior of the circuit. The filter
capacitor C'y affects mainly the damping, but also the frequency of the
response. On the other hand, the load resistance R varies depending on the
load power. The pole-zero analysis shows that if the resistance is increased,
the damping of the circuit is reduced. That is, under low power conditions,
the circuit will oscillate more. This is why the proposed model is better
suited for medium and high power transmission.
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The primary aim of the developed model is to provide an averaged model
that can be effectively utilized in dynamic simulations without imposing a
significant computational burden. To this end, the concept of a DC trans-
former is used. The average model using the DC transformer is a circuit
realization of the state-space model that allows representing the relation-
ships between the voltages and currents of the converter [100], [101]. The
DC transformer operates as an ideal transformer with a conversion ratio
that is a function of the duty cycle. The main advantage of this method is
that the correct voltage and current values are obtained, the converter still
be controled via the duty cycles, while neglecting the switching. Because
the switching behavior does not need to be modeled, the computational
burden is significantly reduced. The implementation of the DC transformer
is performed through the use of the Variable-ratio transformer block [117]
in MATLAB/Simulink.

The two-port converter is implemented as shown in Fig. [5.42] with the
parameters of Table[5.5] Thus, the average converter is controlled using the
previous duty cycles d; and dy. The proposed configuration allows control-
ling the system via the duty cycles while being able to measure the current
of the link inductance placed between the two Variable-ratio transformers.
Notice that when d; = 1 and thus dy = 0, the circuit corresponds to the
simplified circuit of Fig. .39 with SW1 closed and SW2 open. Meanwhile,
when d; = 0 and ds = 1, the circuit corresponds to the simplified circuit
with SW1 open and SW2 closed. The output filter and the load are con-
nected with inverted polarity, but the system can provide the same results
with a positive sign if connected with normal polarity.

L Ly
dl d2 N
T % [J I
DC Port 1 HFAC Link DC Port 2

Figure 5.42: Two-port DC/DC average converter implementation

Three different signals are shown as results. First, the output voltage
is shown in Fig. [5.43h, where it is seen that after the initial response, the
system reaches the desired output voltage value of —375V. Furthermore,



192 5.4 Modeling of HFAC link conveters

it is seen that the initial response exhibits a consistent alignment with the
step response that was shown in Fig. [5.40] Afterwards, in Fig. [5.43p and
Fig. the resulting currents in the link and the output port are shown
respectively. The link current I, is shown to converge to the expected value
of 48 A as described previously. Equally, the output current has a final value
of —32A which results in the desired power transfer of 12 kW.
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Figure 5.43: Two-port DC/DC converter average model output: (a) Output
voltage Vi, (b) Link current I, (c) Output inductance current I,

To further validate the model, the response of the output voltage to a
drop in input voltage is investigated. The response is compared to that of
the transfer function. The system is stable with an output voltage of —375V
when at time t = 0.5s, a 5% voltage drop occurs on the input voltage. The
response of the dynamic model and the transfer function are compared in
Fig. The result shows that the systems have the same response and
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stabilize to the same output voltage of —356.25V. Thus, it is shown that
the proposed model captures the dynamics of the converter.
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Figure 5.44: Two-port DC/DC converter output voltage response to a 5%
input voltage drop

As a final validation step, the proposed average model is compared
against the switched model of the converter. A two-port HFAC link con-
verter has been implemented in Matlab/Simulink as shown in Fig. [5.45
This switched model is not controlled via the duty cycle. Instead, the
switching is performed based on a reference peak HFAC link current Iy peqk
and the measured HFAC link voltage and current. Fig. shows the
control for four of the bidirectional switches. The Up signal controld the
switches utilized for charging the HFAC link when the HFAC link voltage is
positive. The Down signal controls the switches that discharge the HFAC
link when the link voltage is negative. Via the logic gates and the S-R flip
flops two conditions are checked: the sign of the HFAC link voltage and if
the link current has attained the reference. When charging, the reference
current corresponds to the link peak current. When discharging, the ref-
erence current is the current that must remain in the link at the end of
the discharge. The remaining bidirectional switches are controlled simiarly
through another pair of S-R flip flops with the conditions adjusted for the
scond power sycle.
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Figure 5.45: Two-port DC/DC converter switch model Simulink implemen-
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Figure 5.46: Two-port DC/DC converter switch model Simulink control
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Using the same parameters as before, both models are given the corre-
sponding references to provide an output voltage V¢, of 375 V. At t = 25
ms, the reference is changed so that the output voltage becomes 350 V.
Specifically, the switched model first has a reference Irpeqr = 96 A, which
then becomes Ippeqr = 87.6089 A. The averaged model has a reference
d1 = 0.3333, which then changes to d; = 0.3182. The obtained results for
the output voltage and HFAC link current are shown in Fig. [5.47h and
[B-47b, respectively. The results show that the average model follows the
switch model response. A small difference can be observed in the steady-
state value, which can be attributed to the average model being ideal. For
example, the diode resistance and forward voltage are not considered. It
is observed that the transient dynamic of the average model oscillates be-
fore reaching its steady-state value. This is due to the step caused by the
change in reference. If a control is implemented that changes the reference
gradually, the oscillatory response will be attenuated. This is shown in Fig.
where instead of a step, a ramp signal is used to gradually increase
the reference value.

-330 60
— Switch model — Switch model
340 Average model 50 Average model
—_— — —
2,350 = In
@ 5 40
S -360
= S
-370 30
-380 * * 20 . .
0.02 0.03 0.04 0.02 0.03 0.04
Time [s] Time [s]

(a) (b)

Figure 5.47: Switch and average two-port DC/DC converter response com-
parison: (a) Output voltage (b) HFAC link current
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Figure 5.48: Switch and average two-port DC/DC converter ramp response
comparison: (a) Output voltage (b) HFAC link current

5.4.2 Modeling of three-port converters: Two sources
one load

State-space model

The methodology used in the previous section is applied to the three-port
converter. The three-port converter considered has the topology shown in
Fig. [5.49 The two sources are represented by V; and V. As in the previous
section, the general operation of the converter is explained via the voltage
and current waveforms shown in Fig. [5.50] First, the port with the highest
voltage Vi will charge the link inductance. After a resonance period, the
second port will charge the last part of the inductance with a voltage V5.
Once the inductance is charged, the link will resonate to the third port
voltage Vi, and discharge the inductance. The process is then repeated
with reversed polarity.
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Figure 5.49: Three-port DC/DC/DC converter circuit diagram: two
sources, one load
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Figure 5.50: Three-port DC/DC/DC converter two sources one load HFAC
link voltage and current waveform

The first step is to define the equations for each different state: when
only SW1 is connected, when only SW?2 is connected, and when only SW3
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is connected. The state variables remain the same as in the two-port case.
However, there is an additional input and an additional switch case, and
thus, a third duty cycle d3. The state equations for the connection of

SW1, SW2, and SW3 are given in equations ([5.42)), , and (5.44]),

respectively.

al;, __

O

Lfdétf =—I, R+ Vg,
Cy df :_IL_ILf

(5.42)

(5.43)

(5.44)

With the equations in hand, it is possible to set up the state-space model

using ([5.32)) with :

A= d1A1 + d2A2 + d3A3
B = dlB1 + ngg + ng3

0 0 0
—R 1
A=A = |0 7
1
0 —& 0
0 0o 1
L
—R T
A= 0T, 1
S U T
oF c;

From the state-space system, the definition for the steady-state values

of the state variables is found as:
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_Vidy Vo ds
In=T%e& + RE
Vid Vad
I =-3d B (5.45)
_ =Vidy, _ =Vhd>
Ve, = ds ds

Average model and validation

To validate the system, the values of Table [5.8] are plugged into the state-
space model. The results from the state-space model are then compared
against the expected values. The peak value of the inductor current and
the duty cycles are determined using the methodology previously developed
in the Neglected resonance method. As described earlier, it is possible to
calculate the duration of each charge or discharge period as given in .

Table 5.8: Three-port DC/DC/DC converter parameters with two sources
one load

Parameter Value Parameter Value
Pz kW] 20 Vi [V] 750
P, [kW] 7 Va [V] 500
P, [kW] 5 Ve, [V] 375
Link Frequency [kHz] 5 Filter inductance [pH] 6.2

Link inductance [mH] 0.156  Filter capacitance [uF] 120

The average inductance current I7q.4 is calculated through the area of
the waveform, as shown in Fig. The formula shown in (5.46|) represents
the sum of the areas of two triangles and a trapezoid.

1
ILavg = ﬁ( 1 Il + t2 (Il + ILpeak) + t3 [Lpeak) (546)

Where I; represents the peak current attained by the first port. As in
the two-port case, the duty cycle of each port can be calculated using the
period duration ¢; and the total period T, as shown in ([5.47)).

t to ts
—Lidy =2 ds= 2 4
dl ) d2 ) d3 T (5 7)
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The parameters presented in Table[5.8are used to compare the results of
the equations to those of the state-space system. The following duty cycles
are obtained with the previous equations: d; = 0.2449, ds = 0.1136, and
ds = 0.6414. Table shows the obtained results for both models for the
inductor current I, output current I7,,, and the output voltage Vi, .

Table 5.9: Three-port converter state-space model output values comparison

Parameter Analytical equations State-space model

I [A] 51.333 49.890
Ip, [A] -32 -32
Ve, [V] -375 -375

It is seen that the result provided for I, has a small deviation from the
expected value. To further analyze the result, the output power P,,; is
calculated. The power given to the load can be obtained using the output
current equation shown in as follows:

Vidy  Vads
Pour = Ve, (ng " Ra,

) (5.48)

In , each fraction corresponds to the power of each port. If cal-
culated using the previously shown parameters, the results obtained are:
Py = 9.165 kW and P, = 2.835 kW, which do not correspond to the ex-
pected P, = 7kW and P, = 5 kW. The source of this error can be attributed
to the fact that the state-space model does not consider the value of I; nor
the trapezoid in the middle of the waveform. Thus, in order to obtain the
correct values, a new set of duty cycles ds; can be calculated. These are
calculated by considering the average port current and average inductance
current Ir,,4 as follows:

Ipiav
dyy = 2L (5.49)
ILavg

The new calculated duty cycles are shown in Table [5.10] along with the
ones first calculated. If the calculations are performed again with the new
duty cycles ds, the proper power distribution is obtained with P, = 7 kW
and P, = 5 kW. Furthermore, solving the state-space system provides the
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correct average inductor current while retaining the correct value for the
other state variables, as shown in Table [5.11]

Table 5.10: Three-port DC/DC/DC converter calculated duty cycles.

Port d ds

Py 0.2449 0.1818
P 0.1136  0.1948
P 0.6414 0.6234

Table 5.11: Three-port DC/DC/DC converter state-space model output
values comparison with new duty cycles

Parameter Analytical equations State-space model

I [A] 51.333 51.333
Ip, [A] -32 -32
Ve, [V] -375 -375

As with the two-port converter, the transfer function for this converter
can also be derived. The output voltage step response of the developed
model is depicted in Fig. [5.51} In this case, the output voltage step response
is the sum of the response to two different steps. Indeed, one part of the
response is linked to the step to the voltage Vi, while the other is linked
to the input V5. Fig. displays the individual contributions of each
input voltage to the output voltage response. The cumulative effect of
these responses results in the output voltage reaching a steady-state value
of —375 V, which is the desired output voltage.



202 5.4 Modeling of HFAC link conveters

0
-100
-200
>
< -300 F
50
8
S 400 Fi \ V"
>
-S00 T Step response to V1
_ L Step response to V2
600 Output Voltage
-700 : 1
0 0.005 0.01 0.015
Time [s]

Figure 5.51: Three-port DC/DC/DC converter output voltage step response
to inputs V7 and V5

Using the Variable-ratio transformer block, the three-port converter is
implemented as shown in Fig. The two inputs are connected in series
via the transformers. The two voltages resulting from the transformers
with turn ratios d;s and dss; make one equivalent voltage that is applied to
the inductance and then transformed by a ratio dss. Notice that the case
represented here corresponds to two sources feeding one load. For the case
where one source feeds two loads, the circuit does not need to be modified.
Applying a negative sign to the duty cycle of port 1 or 2 is all that is
required to change their behavior into that of a load. The proposed circuit
is implemented here with the parameters described in Table [5.8] and the
new duty cycles ds of Table [5.10
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Figure 5.52: Average three-port DC/DC/DC converter implementation with
two sources one load

As with the two-port case, three different signals of interest are shown.
In Fig. [5.53h, the output voltage is shown. It can be observed that the
signal stabilizes to the expected value of —375 V. Afterwards, in Figures
[5.53p and [5.53k, the average link current I7, and the output current Iry are
displayed, respectively. It is seen that both signals also achieve the expected
values.
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Figure 5.53: Three-port DC/DC/DC converter two sources one load
Simulink implementation: (a) Output voltage V¢, (b) Link current Iz, (c)
Output inductance current Iy s

Finally, the response of the average model is compared to that of the
transfer function. The response to a 5% drop in the input voltages will
be tested. First, a voltage drop will be applied to V;. After the system
stabilizes, a second 5% voltage drop will be applied to V5. Fig. shows
the described sequence where the first voltage drop is applied at ¢ = 0.5 s.
Compared to the two-port case of Fig. it is seen that the voltage devi-
ation is lower and the settling point is different in the three-port converter.
This can be attributed to the fact that the load is being fed by two different
sources. Thus, a part of the supply remains undisturbed. At ¢ = 0.52 s, the
voltage drop on V5 is applied. It is shown that after this perturbation, the
system stabilizes to a value close to —356.3 V, which is similar to the final
value for the two-port converter.
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Figure 5.54: Three-port DC/DC/DC converter two sources one load output
voltage response to a 5% input voltage drop on both sources

5.4.3 Modeling of three-port converters: One source
two loads

State-space and model

The scenario in which a single source supplies two different loads is consid-
ered. The simplified circuit of the converter in this scenario is shown in Fig.
[5.55] Here, the source is connected to Port 2 while the loads are connected
to Port 1 and Port 3.
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Figure 5.55: Simplified three-port DC/DC/DC converter circuit diagram:
one source, two loads

The operation and switching behavior of the converter are illustrated in
Fig. Initially, The HFAC link is connected to Port 2, which has a
source with voltage V5. This source charges the link inductance, increasing
the current in the HFAC link linearly. Once the link is charged to the desired
value, the HFAC link is disconnected. This is followed by a resonance period,
during which the voltage is adjusted to match the voltage of the next port.
Once the voltage of Port 3 is reached, the HFAC link is connected with
opposite polarity and partially discharges the inductance to the load. After
the initial discharge, the HFAC link disconnects, entering another resonance
period to adjust its voltage to that of Port 1. After connecting to the final
port, the remaining link current is discharged to the second load. A final
resonance occurs, swinging the voltage up to the maximum value Vj,q;
before returning to the input voltage, where the cycle recommences. Once
again, a second energy transfer is performed with opposite voltage polarity
to enhance the system’s efficiency.
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Figure 5.56: Three-port DC/DC/DC one sources two loads voltage and
current waveform

The circuit is analyzed considering five state variables: link inductance
current Iz, output filter inductance currents Ir,, and Ir,,,, and the output
filter capacitor voltages V¢, and Vg,,. Three different switch cases are
considered. First, when SW?2 is closed and the inductance L is charged,
the system is described by the equations shown in . The second case,
when STW1 is closed and the first load R; is supplied, is described by .
Finally, the equations for SW3 being closed, which corresponds to the dis-
charge towards the second load Ry, are given in .

14 v,
t
dr
L stfl VCfl ILthl
CpZon —_p, (5.50)
dI
Lgs d‘;tf Vo, = 1Ing, Re
(e}
Cr2 dtf Ir;,
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L4 =~V
Lo —v, _1, R
17 at Cy1 Ly iUl

Cpnlon — 11y, (5.51)
dl

Ly d‘;tﬂ =Vop, — I, Ro

Cr2 (Zﬁ = Isz

L4 =%
dl

Ly~ =Ve,, — I, R

Cp o = gy (5.52)
dl

Lf2 d‘;tfz VCf? - ILf2R2

Cro—gl2 = —Ip, — I,

With the previous equations in hand, the state-space model can be de-
fined using a state matrix A, input matrix B, and the state vector z. The
duration of the intervals during which SW2, SW1, or SW3 are closed is
indicated by the duty cycles di, do, and ds respectively. Therefore, the
state-space model is expressed again with with:

A=di AL+ dyAs + dgAg
B =dyBy +dyBs + d3Bs
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From the state-space system, the expression for the steady-state values of
the state variables can be found, as shown in . Moreover, by utilizing
the state-transition matrix ® = (sI — A)~!, the transfer functions for the
state variables can be acquired through the expression H(s) = C®B + D.
The average model for this case can be implemented, as shown in Fig. [5.5

I = maita

In=-ména

Vop, = — i i (5.53)
Ip=-m#ina

Vog, = _R?Qd‘g/i%jgg
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Figure 5.57: Average three-port DC/DC/DC converter implementation with
one source two loads

Pole-zero analysis

A converter with the parameters shown in Table [5.12] is considered. The
eigenvalues of the matrix A that describe the dynamics of the converter are
shown in Table It is shown that all the eigenvalues are located on
the left-hand side of the plane, indicating that the system is stable. The
first two poles have high magnitude values that are related to the filter
inductances Ir,,, and Ir,,,.

Table 5.12: Three-port DC/DC/DC 50 kW converter parameters with one
source two loads

Parameter Value Parameter Value
Praz [kW] 50 Vi [V] 750
Link frequency [kHz| 5 Va [V] 500
Link inductance [uH]  62.5 V5 [V] 375
Lfl [,uH] 2.31 Cf [mF} 17.78
Lo [p1H] 16.65  Cjyo [mF] 4.44

Ry [ 1125 Ry Q] 28.125
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Table 5.13: Three-port DC/DC/DC 50 kW converter with one sources two
loads eigenvalues

Real part imaginary part

-4.8655E6 0

-1.6888E6 0
-5.8427 0
-3.5786 477.31
-3.5786 -477.31

The predominant dynamics of the systems are governed by the lowest
three eigenvalues listed in Table [5.13] There exists however a pronounced
coupling among distinct outputs. This coupling emerges due to the interplay
between the loads, filters of individual ports, and the three duty cycles. This
can be illustrated by studying the behavior of the dominant poles of the
transfer function of Vg, . Fig. depicts the pole displacement resulting
from incremental increases of 5{) in each of the load resistances. It is seen
that changing the load resistance Rs of the other output port induces a shift
in the poles of V;,. Notably, the poles remain on the left-hand side of the
plane, indicating that the system remains stable.
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Figure 5.58: Impact of load resistors size on V¢,, response: (a) Ry (b) Ry

A similar test is performed with the filter capacitors. Fig. [5.59] shows
the displacements of the poles for the transfer function of Vi, as the values
of the filter capacitors are individually increased by 5 pF. Similar to the
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case of resistances, it is demonstrated that altering the filter capacitance
of either port impacts the behavior of V¢, , highlighting the presence of
coupling within the system. As in the previous case, the poles remain on
the left-hand side of the plane, thus ensuring the stability of the system.
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Figure 5.59: Impact of filter capacitors size on Vi, response: (a) Cy1 (b)
Cyo

The previous two pole-zero analyses serve to illustrate one limitation of
the three-port model, which is the coupling of the Ports. Changes in the
parameters of the filter or the loads of one port can impact the behavior
of another port. During simulation, only the load values will change. The
change in load demand of one port can cause a perturbation in the other
port.

5.5 Control of three-port DC/DC/DC HFAC
link conveters

As shown through the state space model, the average model is controlled
through the use of three duty cycles. In this section, the implemented con-
trol for each port through the use of these duty cycles is detailed. Different
combinations of loads and sources are considered to this effect.



Modeling of Power Electronic Converters 213

5.5.1 Control with batteries

The converters will be used within the context of a DC microgrid. It is
considered that one port will manage the voltage of the DC distribution
bus. Therefore, the ports are assumed to be connected to three distinct ele-
ments: a battery acting as a source, a resistive load, and the DC microgrid
bus. The port connected to the DC microgrid bus is controlled through
droop control. The port connected to the resistive load is controlled as a
grid-forming port. In other words, it maintains its output voltage at the
designated reference nominal voltage. Fig. [5.60] shows the implementation
of these two controllers. In Fig. V1 and V3 are the nominal voltage
of the corresponding ports. I; is the measured output current of the re-
spective port. The normalized error is input to a proportional-integral (PT)
controller, which generates the duty cycle for each port. The error is nor-
malized by diving it by the nominal voltage of the corresponding port. For
example in Fig. [5.60 the difference between V* and Vipes is divided by
the nominal port voltage V7. Although the converter is controlled via three
duty cycles, only two controllers are needed. Indeed, the third duty cycle is
found through the relationship 1 = dgriq + droad + dBattery-

Grid control

Vl >()

Il _>Rd ‘/'lmes

& dButtery

Load control
Vi
I/3777,6.9 1/V3

Figure 5.60: Control scheme for battery fed three-port DC/DC/DC con-
verters connected to the DC microgrid and a load

5.5.2 Control with PVs

A similar controller is applied for converters that have PVs connected to
them. The duty cycle for the PV panel port is determined directly by
the maximum power tracking (MPPT) algorithm, which seeks to maximize



214 5.5 Control of three-port DC/DC/DC HFAC link conveters

the power produced by the PV according to the irradiance Irr and the
temperature T'. Fig. [5.61] shows the implemented controller for a converter
connected to both PVs and a battery. Interaction with the grid is governed
by the previously discussed droop control, while the PV port is managed
using the MPPT algorithm. The battery maintains power balance between
the other two ports by either absorbing or supplying the required power.

Grid control

V‘1 >()

Il _>Rd Vlmes

PV control
Irp—>

T —>

Figure 5.61: Control scheme for battery and PV-fed three-port DC/DC/DC
converters connected to the DC microgrid

Fig. illustrates the control strategy when a load is connected in
place of a battery. The load port is controlled as a grid-forming port to
ensure proper voltage regulation for the load. In this case, the DC microgrid
is responsible for maintaining the power balance between the two other
ports. Therefore, any surplus power will be injected into the DC microgrid,
while any deficit in power will be supplied by the DC microgrid.
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Figure 5.62: Control scheme for PV-fed three-port DC/DC/DC converters
connected to the DC microgrid and a load

5.6 Three-port DC/DC/DC converter DC mi-
crogrid implementation

To assess the performance of the proposed model, the DC microgrid shown
in Fig. mis studied through its model implementation in Matlab/Simulink.
A unipolar DC microgrid is considered, this type of microgrid represents
the kind of microgrid that one might encounter in an industrial project like
the MIRACCLE project [63]. This DC microgrid comprises four parallel-
operating three-port converters, connected by lines of varying lengths. The
ports of the converters shown in Fig. [5.63] are equipped with PVs, bat-
teries, loads, or a connection to the DC microgrid, as elaborated in Table
The averaged model of each converter is implemented as it was shown
previously. The utilized PV and battery models are the pre-existing ones
within Simscape in Matlab/Simulink. 50 kW DC/DC/DC converters are
used, which have the same parameters that were shown in Table[5.12} Each
DC microgrid connected port has a voltage V3 = 750V and a filter with
parameters Lyo and Cyp. The load ports have a voltage V3 = 375V and
a filter with parameters Ly; and Cy;. The conductor considered for this
simulation is an aluminium line with a cross-section of 149 mm?2. The pa-
rameters were obtained from the lines database of panda power where the
line is listed as 149-AL1/24-ST1A 10.0 [118]. Thus, the transmission lines
used have a resistance of 0.194 Q/km and an inductance of 1 mH/km.
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Figure 5.63: Implemented DC microgrid in Matlab/Simulink

Table 5.14: Three-port DC/DC/DC converter port configuration

Converter Microgrid Battery PVs Load

1 v v v
2 v v v
3 v v v

4 v v v

Within the implemented DC microgrid, an initial load of 20 kW is po-
sitioned between line 2 and line 3. This load draws power from the DC
microgrid ports of different converters. C1 and C4 both have a 12.5 kW
load connected to their bottom ports. C3 has a batery connected to one
port and a PV with a production close to 15 kW in the other. C2 has at its
ports a PV production close to 19.5 kW and a load of 16 kW to be supplied.
Two different events occur in the grid. At ¢t = 3s, the load of C1 is increased
to 18.75 kW, and at ¢t = 5s a second load of 14 kW is connected in the
DC microgrid between Line 1 and Line 2. Fig. (.64h and Fig. [5.64b show,
respectively, the evolution of the load voltages and the power supplied to
each load during these events. It is seen that the nominal voltage value is
reached. The events in the system cause perturbations in this voltage. As
previously demonstrated, the converter ports are highly coupled, and ad-
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justments in the duty cycle of one port will impact others correspondingly.
This explains the origins of the perturbations seen. However, the perturba-
tions are minimal as the voltage deviation stays below 0.01 p.u. It is seen
that power is provided correctly to the loads, and the output power follows
the expected reference.

1.01 T T T 20
Converter 1 R
Converter 2 I v
= 1.005 Converter 4 E. 18
k= | )
go 1 o \f‘M %WL ig 16
:O [ }“ £ Converter 1
> 0.995 1 14} Converter 2 | |
i Converter 4
0.99 12
2 4 6 8 2 4 6 8
Time [s] Time [s]
(a) (b)

Figure 5.64: Three-port DC/DC/DC converters load port output regula-
tion: (a) Voltage (b) Power supplied

The voltage of each port connected to the DC microgrid is shown in Fig.
[b-65h. As described in the previous section, the voltage of the DC microgrid
is regulated by C1, C3, and C4 using droop control. Thus, each converter
will deviate from the nominal voltage proportionally to the power supplied.
This is shown after ¢ = 5s where the increase in power demand causes the
voltage to deviate further from the nominal value. It is seen that the voltage
is properly regulated, with the voltage deviations barely exceeding 0.95 p.u.
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Figure 5.65: Three-port DC/DC/DC converters DC microgrid port output
regulation: (a) Voltage (b) Power supplied

The power supplied to the DC microgrid by each converter is shown in
Fig. [5.65p. Due to its control strategy, C2 does not directly regulate the DC
voltage; rather, it injects any excess power generated by its PV panels. This
explains the constant power injection exhibited by Converter 3 throughout
the simulation. It is seen that C1, C3, and C4 adapt their power injection
to maintain the grid voltage. Although the same droop resistance is used
in all three converters, the power injected by each one differs. This is due
to the line impedance, which affects power distribution. When only one
load is connected to the DC microgrid bus, it is C3 that provides the most
power, as it is the closest converter to the load. C4 has a distance of 1175
m to the load and thus provides a lower amount of power. Upon connecting
the second load, C1 exhibits the most notable increase in its power output.
This is due to the second load being the closest to C1.

The power of each port of C3 is shown in Fig. It is seen that the
power output of the PV panels is kept constant through the MPPT control.
However, it is also due to the MPPT that a ripple can be observed in the
power coming from the PV port. Indeed, the perturb and observe algorithm
induces small variations in the duty cycle that produce the observed ripple.
Although the PVs generate more than 15 kW, this power is not directly
injected into the DC microgrid. Instead, a portion of this output is injected
in line with the load sharing achieved via droop control. It is shown that
the surplus power is absorbed by the battery. Should the PV production
decrease, the battery would discharge to maintain grid voltage and sustain
load sharing.
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Figure 5.66: Power transfer in each port of Converter 3
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5.7 Conclusion

In this chapter, the need for average models of power electronics converters
was addressed. Switched models for converters require more complex com-
putation. Average models allow retaining certain dynamics of the converters
while alleviating the computational load. The concept of DC transformer
was introduced, and the corresponding average models for DC/DC convert-
ers using DC transformers were shown. Similarly, approaches for average
models of AC-DC converters were illustrated.

As the adoption of renewable energy sources continues to grow, there
is an increasing need for converters in energy sources and storage systems.
This demand is further driven by the rise in electric vehicles and other loads.
Three-port converters utilizing a High-frequency AC link have emerged as
a promising solution in this context. The advantages of High-frequency AC
link converters and three-port converters were introduced. The operational
principles of the converters were illustrated. A state-space model was for-
mulated for the proposed converter, and an averaged model was formulated
accordingly. From the state-space model, the corresponding average value
equations were obtained. The influence of the converter parameters on the
placement of the system’s poles was also considered. The principles were
initially demonstrated using two-port converters and subsequently extended
to three-port converters. It was highlighted that due to the averaged nature
of the model presented, the initially calculated duty cycles provide inaccu-
rate power distribution. Thus, duty cycles taking into account the averaged
model have to be used. The performance of the proposed model was val-
idated through Simulink simulations, showcasing its ability to capture the
essential characteristics of the system while significantly reducing computa-
tional complexity. Three control schemes were proposed for the converter
according to the elements connected to each port. To validate the proposed
model and control scheme, a DC microgrid with four three-port DC/DC/DC
converters was simulated. The results showed proper voltage regulation for
the loads and the DC microgrid bus. Furthermore, the results demonstrated
that the different control loops successfully achieved their objectives.

In future work, certain improvements could be applied to the proposed
three-port converter model. First, the control of the converter could be fur-
ther improved through cascade PI controllers, incorporating a current con-
trol loop. Furthermore, the addition of decoupling and feedforward terms
could be analyzed. Additionally, while the presented models focused on
DC/DC and DC/DC/DC converters, this type of converter can also exist
in a DC/DC/AC configuration. Future work could adapt one of the ports
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into an AC port. Finally, the HFAC link topology is not limited to three-
port converters; the proposed models can be extended to include more ports.
However, it’s important to note that as the number of ports increases, the
control of the converter will become more complex.
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Chapter 6

DC Microgrid Dynamic
Behaviour

Chapter contributions.

e A comparison of first level controls is performed
e A comparison of second level controls is performed

e An analysis of the comparisons is performed, and use cases for
the different controllers are proposed

\. J

In this chapter, the different control methods presented in Chapter 3
are implemented and tested. The implementation consists of a dynamic
simulation using the average models of converters introduced in Chapter 5.
The objective here is to observe the performance of the various controllers
at different load levels and to highlight the differences between them. The
different controllers are tested in the unipolar DC microgrid shown in Fig.
where some loads are initially connected (¢t = 0 s) and others are added
throughout the simulation. These loads are spread across the DC microgrid.
In this test system, four sources are connected to the DC microgrid via boost
converters, while all the different loads are interfaced by buck converters.
Both the boost converters and the buck converters have cascaded control
loops with Proportional Integral (PI) controllers. It is worth noting that the
different sources are connected by lines of different lengths, which will affect
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the performance of the controllers. When using droop control or non-linear
droop controls, all the converters use the same parameters and should thus
share the loads equally. The general test bench parameters are provided in
Table[6.Il The conductor considered for this simulation is an aluminium line
with a cross-section of 149 mm?2. The parameters were obtained from the
lines database of panda power where the line is listed as 149-AL1/24-ST1A
10.0 [118].

t=0s
20 kW |Z| Buck Converter
Converter 2 Converter 3 |Z| Boost Converter
Converter 1 400m Converter 4
| S| | S| | S| :_
400m 500m 400m 750m
1
19kW 14kW 21 kW 21 kW 20kW  20kW
t=0s t=0s t=1s t=1.5s t=0.5s t=2s

Figure 6.1: DC microgrid testbench

Table 6.1: DC microgrid testbench parameters

Parameter Value Parameter Value
Microgrid nominal voltage [V] 700  Sources nominal voltage [V] 500
Loads nominal voltage [V] 350  Sources nominal power kW] 40
Line resistance [Q/km] 0.194  Line inductance [mH/km)] 1

Simulations are conducted where the load is increased from 33% to 84%
of the maximum load capacity (160 kW). Three moments are analyzed:
33% (t =0.4s), 58% (t = 1.4 s), and 84% (t = 2.4 s). The simulations use
the same parameters, with only the control method being changed. These
simulations allow for the study of signal evolution, as shown in Fig.
However, only the steady-state values are used for comparison.
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Figure 6.2: Voltage evolution of the simulated DC microgrid using linear
droop control

Indeed, the transient behavior is imposed by the inner PI control loops
and the value of the output capacitor, which remain constant across all
simulations. Consequently, only the steady-state value is influenced by the
control method, as illustrated in Fig. [6.3} A droop controlled converter is
initially connected to a resistive load. A second load is connected, resulting
in a transient response. The droop control serves as the reference case,
against which two other cases are compared: one with the same droop
control but with a smaller output capacitor, and another using the same
converter but utilizing a different control method (Ellipse droop). Notice
that the droop control with a smaller output capacitor exhibits the same
steady-state values to the reference case. Indeed, a different behavior is
shown only for the transient due to the second load connecting. Examining
the third curve, corresponding to the same converter but with a different
control method, it is seen that the steady-state value is changed, but the
transient behavior remains consistent (albeit with an offset due to the higher
steady-state value). Thus, the compared control methods only influence the
steady-state values.
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Figure 6.3: Influence of control method and output impedance on transients
and steady-state values

The results for load capacities of 33%, 58%, and 84% are analyzed as
they represent the most common scenarios: light, medium, and heavy load-
ing of the microgrid. The comparison is conducted using two metrics: the
percentage of voltage deviation, and the percentage of load contribution.
The percentage of voltage deviation represents the deviation from the nom-
inal voltage. For instance, a 2% voltage deviation corresponds to a voltage
of 0.98 p.u. The percentage of load contribution indicates the proportion of
power provided by each converter to supply the total load in the microgrid.
For example, if one converter has a load contribution of 100%, it means that
it alone provides all the loads, with the other converters contribute 0%. If
perfect load sharing is achieved, each converter will have a load contribution
of 25%.

Note that the power considered is the power measured at the converters’
output. Thus, line losses are not taken into account. However, their impact
on the results is minimal. For example, a worst-case scenario would be C4
supplying one load the farthest away possible, which would be the loads close
to Cl. Considering the highest expected voltage deviation, the maximum
converter current would be Imar = Praz/Vinin = 40kW/665V = 60.15A.
The distance from the converter to the loads would be 2.058 Km. The total
line resistance would be R4, = 2058 x 0.194 = 0.3993(2. The maximum
amount of line losses, considering the return conductor resistance, would
be Plmar = (2 x 0.3993) * (60.15%) = 2.89kW. Therefore, in a worst-case
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scenario, only 7.22% of the converter power would be lost in transmission.
However, this worst-case scenario does not occur as the loads are supplied
by multiple converters and primarily by those closest to them.

6.1 First level controls

6.1.1 General first level controls
33% load capacity

A first set of first level controls is compared. These include grid forming
(GF), Master-slave control (M/S), linear droop control, and piecewise con-
trol. Implementing all converters as GF converters ensures that the voltage
remains close to the nominal value, as seen in Fig. [6.4h. In the case of
M/S, the choice of the master converter has to be made. One approach is
to assess the power output of each converter when they are all operating
as GF. In this case, load sharing is imposed by the resistances between the
converters and the loads. It is observed that C3 delivers the highest power
output while C4 delivers the lowest. Choosing C3 as the master will cause
the other converters to tend to go progressively above the nominal value.
In Fig. it can be seen that this is the case already for C4. Conversely,
choosing C4 as the master will cause the other converters to operate below
nominal value. The remaining two control methods are linear droop control
and piecewise droop control. The piecewise control consists of three seg-
ments, or slopes. The first slope imposes a 0.8% voltage deviation, while
the second slope imposes a 2.3% voltage deviation. Finally, the last slope
allows for a 5% voltage deviation. It changes between slopes at setpoint
currents of 20 A and 41 A. During this light loading stage, the piecewise
control follows the 0.8% slope, providing tighter voltage regulation than lin-
ear droop control. Notice that the location of active loads also influences
voltage deviations. At this operating point, most of the load is located next
to C1, hence its voltage deviation.

Fig. [6.4b shows how the load is distributed among the different convert-
ers at 33% of the maximum load capacity. When all converters function
as grid-forming converters, load sharing is imposed by the line resistances,
making proximity to the load significant. This explains why C1 and C3
provide most of the power at this power point. In contrast, master-slave
control (Shown as M/S in the figures) results in an equal distribution of the
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loads in both cases. This results from the other converters following the
current reference from the master. Among the last two control methods, it
is seen that linear droop control provides better load sharing. This is ex-
pected because, at this load point, piecewise control follows a flatter droop
slope, prioritizing better voltage regulation at the expense of less accurate
load sharing.
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Figure 6.4: First level controls performance at 33% load capacity: (a) Volt-
age deviation (b) Load distribution

58% load capacity

Fig. shows the behavior of the controllers as the load increases to 58%
of the max load capacity. The GF converters continue to operate effec-
tively, maintaining minimal voltage deviation. Similarly, the master-slave
controllers exhibit the same behavior observed at 33% load capacity. At
this operating point, the piecewise controller has transitioned to the second
segment, which allows an increased voltage deviation, although it remains
lower than that of linear droop control. The load distribution at 58% load
capacity is shown in Fig. [6.5p. The GF converters still show uneven load
distribution, with most of the power is still provided by C1 and C3. The
master-slave controllers continue to show an equal distribution of 25% on
each converter. The load distribution of the linear droop control has been
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improved, with the converters’ load contributions approaching 25%. How-
ever, C4 is still lags behind, as its load sharing is affected by the line resis-
tance connecting it to the rest of the grid. Most of the piece wise controlled
converters also approach 25%, as they now have a slope that allows them
to improve their load sharing capabilities.
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Figure 6.5: First level controls performance at 58% load capacity: (a) Volt-
age deviation (b) Load distribution

84% load capacity

Finally, a load demand of 84% is tested, and the resulting voltage deviations
are shown in Fig. [6.6h. When all converters are operating as GF, the voltage
deviations are almost nonexistent. Only a deviation of less than 1% is
observed at C3. This deviation could be attributed to the converter reaching
its nominal power limit and being unable to inject more power to mantain
a perfect nominal voltage. In the case of the master-slave controllers, the
impact of the choice of master converter becomes more apparent. If C3,
which tends to provide the most power, is selected as the master, the other
converters will need to exceed the nominal voltage level to inject power.
Conversely, if C4, which provides the least amount of power, is chosen as
the master, the other converters will provide power while operating below
the nominal voltage level. At this operating point, the piecewise controller
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enters its final segment, allowing a 5% voltage droop. The voltage deviations
for both the piecewise and linear control approaches the design limit of 5%.
Notice that this limit is proportional to the output current. However, the
voltage can indeed deviate more than 5%, as is the case for C3 with linear
control.
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Figure 6.6: First level controls performance at 84% load capacity: (a) Volt-
age deviation (b) Load distribution

When the load capacity reaches 84%, as shown in Fig. [6.6pb, it is shown
that the load is shared better compared to the previous cases. In grid-
forming mode, some converters reach their maximum output power, thus
the other converters are forced to inject more power to maintain the grid
voltage. This results in better load sharing compared to earlier load capacity
points. In the case of the master-slave controllers, the load is shared equally,
as observed in previous load points. Finally, both piecewise droop control
and linear droop control show their respective best results. The droop
curves approach their maximum deviation points. However, there is still
an unequal load sharing in converters C3 and C4. This is attributed to
the significant line resistance linking C4 to the rest of the DC microgrid.
Notice that although the allowed voltage deviation for both controllers at
this point is 5%, the obtained results differ. This is due to the differences
in droop resistance. While the allowed deviation is the same, the current
range for which it is valid is different. The droop resistance for each control
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at that point is calculated as AV/I,,4.. In the piecewise controller, this 5%
droop is valid for a smaller current range, and thus a smaller I,,,,., resulting
in a greater droop resistance. This fact explains the improved load sharing
shown by the piecewise controller.

Results Analysis

Based on the obtained results, the control methods are evaluated using the
four parameters shown in Table [6.2] Load sharing refers to the capacity
to distribute the load equally or proportionally among the converters in
the microgrid. Voltage regulation, as implied by its name, is the ability to
regulate voltage and remain close to the nominal voltage. The reliability
criterion refers to the capacity of the control scheme to continue operat-
ing even if certain converters or the communication system fail. Finally,
the communication criterion refers to whether communication is required
between the converters or a central controller.

Table 6.2: Comparison of primary control methods

Load Voltage

Control . s Reliability Communication
sharing regulation
All GF X v v X
Master-Slave v v X v
Linear droop v v v X
Non-linear droop v v v X

The case where all the converters are functioning as GF is first ana-
lyzed. Being the most basic control scheme, it is indeed easy to implement
and modular. It can be considered reliable, as the converters operate in-
dependently, so if one converter fails, the others will continue to regulate
the voltage at their outputs. There is no communication required for this
control method. However, as shown in the previous section, there is no
load sharing with this type of control, and therefore, a single converter can
supply most of the loads in certain occasions.

M/S control is the first control scheme to show a load sharing capacity.
As shown in the previous results, when using master-slave control, the load
is equally shared among the converters. Notice that it is shared equally, but
not proportionally. Indeed, even if the slaves had different nominal current
capacities, they would all receive the same reference current. Achieving



232 6.1 First level controls

proportional current sharing would require adjusting the reference current
given by the master by multiplying or decreasing it by a certain factor.
For example, one converter could receive 120 % of the reference current
while another receives 80 %. This can improve the load sharing, but even
then it would not be necessarily proportional to the nominal current of the
converter. Furthermore, it would be necessary to verify that the factors
sum up to a total of 100% of the current. Master-slave control provides
good voltage regulation, but depending on the master converter, the slave
converters may operate either above or below the nominal voltage. When a
converter acts as a master and generates references for the other converters,
it introduces a reliability issue. If the master converter encounters problems,
the slave converters will not receive a reference current and will not know
how to operate. While the master converter could be appointed dynamically,
this increases the communication requirements. Furthermore, this type of
control requires a certain level of communication between the master and
slave converters. If communication issues arise, the slave converters may
not receive the correct current reference, increasing reliability problems.

Linear droop control and piecewise control respond similarly to the eval-
uated parameters for the same reasons. As they correspond to decentralized
controls, droop controls are reliable beacause each converter operates inde-
pendently from the others. Therefore, even if multiple converters are discon-
nected from the microgrid, the remaining converters will naturally adjust
their voltage and power injection. Due to this characteristic, no communica-
tion mechanisms are needed to implement this controller. Droop controllers
are able to provide voltage regulation within a certain allowed voltage de-
viation. The key difference with droop controls is that they allow for load
sharing not only equally, but also proportionally to the maximum output
capacity of the converter. While this load sharing may not be perfect, it can
be implemented easily by adjusting the droop resistance to an appropriate
value.

Based on the previous discussion, a primary control method can be rec-
ommended depending on the application. If tight voltage regulation with no
load sharing is required, using all converters as GF converters can be a vi-
able control approach. If an EMS is available or if specific current injections
are needed, utilizing both GF and GFL converters could be advantageous.
Master-slave control has its origins in the context of uninterruptible power
supplies. Therefore, it is better suited for similar applications, such as rel-
atively small systems where the sources have similar rated currents. It is
well suited for cases where the load needs to be evenly distributed among
the converters. Finally, linear droop and non-linear droop controls are well
suited for applications where a certain voltage deviation can be allowed and
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where load sharing needs to be proportional. Proportional load sharing
based on the maximum output current is ideal for systems where different
types of sources are connected.

6.1.2 Non-linear droop control

The same comparison is repeated with the non-linear controls presented
in Chapter 3, comparing them against the traditional linear droop control.
Indeed, non-linear controls were developed to address the shortcomings of
linear control, making it reasonable to use linear control as the baseline
performance. As a reminder to the reader and to ease the understanding
of the results, the non-linear droop voltage curve and output resistance are
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Figure 6.7: Non-linear droop controls: (a) Voltage curves (b) Provided
resistances

33% load capacity

Fig. shows the voltage deviation of each control method at 33% load
capacity, corresponding to a light load case. The linear droop control can
be taken as a reference for the voltage deviation. It is observed that the
non-linear droop methods provide better voltage regulation at this point, as
the voltage deviation is smaller. In the case of HDG control, at this power
level, it follows the linear droop slope and thus provides the same results.
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Among the non-linear controls, parabola and ellipse droop provide better
voltage regulation. Indeed, at low demand, non-linear controls provide a
flatter voltage curve, as previously observed in Fig. [6.7h. Similarly, in Fig.
[6:7b, it is observed that they provide a low resistance value at this operation
point, resulting in smaller voltage deviation.

The contribution of each converter to the load at this power point is
shown in Fig. [6.8b. At low power levels, both linear droop control and
HDG provide the highest droop resistance. A higher droop resistance value
allows better load sharing, as shown in the results (C1 and C4 are closer to
25%). In contrast, the load sharing of the non-linear control methods is less
effective. At this operation point, they provide a low droop resistance and
thus worse load sharing. Here, ellipse control exhibits the most uneven load
sharing. Notice that Converter 4 provides significantly less power. This can
be attributed to the longer line section connecting it to the rest of the DC

microgrid. A longer line implies a greater line resistance, which reduces the
accuracy of the droop control.
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Figure 6.8: Non-linear droop controls performance at 33% load capacity:
(a) Voltage deviation (b) Load distribution
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58% load capacity

As the load demand increases, the converters provide more power. The
increase in output current causes them to deviate further from the nominal
value, as shown in Fig. [6.9h. Ellipse droop control provides the best voltage
regulation. This corresponds to the voltage curve of Fig. [6.7h, where it is
seen that it maintains tight voltage regulation for a wider range compared
to the other control methods. Notice that the voltage deviation for HDG
control does not correspond to either linear droop or parabola droop. This
is because C4 does not change the curve it is following until later. Thus,
C1, C2, and C3 are utilizing parabola droop while C4 is still utilizing linear
droop, resulting in different voltage regulation for C4. The load contribution
can be seen in Fig. [6.9pb. Compared to the light load case, it is shown that
the non-linear controllers start providing better load sharing, resulting in a
load contribution comparable to that of droop control. The two exceptions
are the ellipse control and HDG control. As mentioned before, ellipse control

still provides tight voltage regulation, and HDG control has one converter
using a different curve.
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84% load capacity

The performance of the controllers under high load conditions is evaluated,
considering an 84% load capacity. The voltage deviation of the converters
is shown in Fig. [6.I0h. Linear droop control shows the highest amount
of voltage deviation, while the non-linear methods result in better voltage
regulation. This is explained by the voltage curves shown in Fig. [6.7Th. HDG
control shows the same voltage regulation as parabola control. Indeed, at
this operating point, HDG control follows the curve of the parabola droop,
which offers a higher droop resistance (see Fig. [6.7p). The load sharing at
84% load capacity is shown in Fig. [6.10b. Linear droop control shows the
most uneven load distribution among converters 3 and 4. The non-linear
control methods demonstrate better load sharing among converters 3 and
4. This improved load sharing can be attributed to the non-linear control
methods providing a higher droop resistance. Similar to the voltage, HDG
shows the same results as the parabola droop. The load sharing among the
non-linear methods is very similar, with ellipse droop control showing the
best load sharing between converters 3 and 4.
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Results Analysis

The obtained results show that at light load capacity, non-linear droops
provide better voltage regulation but worse load sharing compared to linear
droop. At high load capacity, the load sharing is better with non-linear
droop controls. While voltage deviations increase at high load capacity,
the voltage regulation of non-linear droop controls remains superior to its
linear counterpart. Two criteria on which to base the choice of controller
are the provided droop resistance and the operation point of the microgrid.
Parabola and ellipse control provide minimal or negligible droop resistance
under light load conditions. Thus, the load sharing will be defined by the
resistances of the lines. If this tradeoff is not acceptable, then another droop
control should be considered. The operation point of the microgrid has to
be considered for the same reasons. If the output current of the converters
remains on average below 0.5 p.u, linear droop control will provide greater
droop resistance compared to the non-linear methods except for HDG. Sim-
ilarly, if the output current of the converters will rarely go above 0.85 p.u,
the increased output resistance of the inverse parabola and ellipse will not
be utilized. However, the voltage regulation advantages will be retained. Fi-
nally, when using HDG, some converters may switch to the parabola curve
while others remain in the linear curve. This inaccuracy, along with the
possible instability at the switching point, should be considered.

6.2 Second level controls

In this section, the same test applied to second level controls. Thus, droop
control is implemented as a first level control, and the second level controls
try to compensate for its shortcomings. To assist the reader, the table com-
paring the differences between the second level controls is repeated here,
as it can be used to better interpret the obtained results. Seven different
controls are tested: Voltage resotration (VR), Average voltage restoration
(AVR), Digital average current sharing (DACS), Average current and volt-
age (ACV) control, Adaptive droop (AD) control , Average current and
average droop resistance droop (ACD) control, Average current and aver-
age voltage droop (ACVD) control. In the case of VR, C3 is chosen as the
reference voltage node.



238 6.2 Second level controls

Table 6.3: Comparison of secondary control methods

Improved Improved Voltage Slope

Second level control load voltage
. , offset offset
sharing regulation

Voltage restoration [67] X v v X
Average voltage restoration X v v X
DACS [81] X v v X
Average current and voltage v v v X
control|82]
Adaptive droop control|83], [84] 4 v v v
Average current and average v v v v
droop resistance droop control
85]
Average current and average v v v v
voltage droop control [86], [87]

33% load capacity

First, the light loading case is analyzed. The voltage deviation percentage is
shown in Fig. [6.1Th. Compared to the results obtained for droop control, an
improvement in voltage regulation is seen. In Fig. linear droop control
exhibits a maximum voltage deviation close to 2.3 %, whereas second-level
controls keep the voltage deviations to a maximum of 1.2%. Notice that
the first three controls methods (VR, AVR, DACS) show a different profile,
while the last four (ACV, AD, ACD, ACVD) exhibit the same profile. This
can be explained by the fact that the last four methods use the average grid
voltage for improved voltage regulation. Additionally, as shown in Table[6.3]
they also all provide improved load sharing via different methods. This can
be observed easily in Fig. [6.11p, where it is shown that the load contribution
of the converters is almost equal across these control methods. In contrast,
the first three control methods (VR, AVR, DACS) do not provide improved
load sharing and thus have unequal load contribution.
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Figure 6.11: Second level controls performance at 33% load capacity: (a)
Voltage deviation (b) Load distribution

58% load capacity

As with the previous case, at 58% load capacity, the last four methods
show the same regulation in terms of voltage and load contribution. The
first three methods show the same load sharing pattern as well. However, as
shown in Fig. [6.12p, the load contribution is approaching 25%, which can be
attributed to more loads being connected at this moment and thus having
the loads more evenly distributed throughout the microgrid. In terms of
voltage regulation, the choice of voltage reference node can be more clearly
seen for VR control. Fig. shows that the voltage is regulated so
that C3 has no voltage deviation. DACS control provides an offset to the
voltage proportional to the output current. In this case, since all converters
have the same parameters, the offset is the same for all converters. Thus,
the one providing the most power will have the highest voltage deviation,
as shown in Fig. . At 58% loading, this offset causes C4 to have
a reference higher than the nominal voltage, which explains the negative
voltage deviation. However, compared to the linear droop deviation at this
operating point (Fig. , the voltage regulation is significantly improved.
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Figure 6.12: Second level controls performance at 58% load capacity: (a)
Voltage deviation (b) Load distribution

84% load capacity

At 84% load capacity, the characteristics of each method are further high-
lighted. Fig. [6.13h shows how in VR control, the reference node has no
voltage deviation. However, due to this choice, the other nodes experience
an overvoltage (similar to what was seen in M/S control). AVR shows better
voltage regulation compared to VR, with the tradeoff being the deviations
seen in C3 and C4. DACS shows the highest voltage deviations, but these
are lower than what would be experienced utilizing linear droop control.
Concerning the last four methods (ACV, AD, ACD, ACVD), as shown in
Fig. and Fig. [6.13p, they exhibit the same voltage regulation and load
contribution with minimal differences. These methods show good voltage
regulation but have the best load sharing capabilities.
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Figure 6.13: Second level controls performance at 84% load capacity: (a)
Voltage deviation (b) Load distribution

With different capacity converters

To further test these second level controllers, the same test is repeated on
the different second level controls. However, this time, the converters each
have a different power capacity. A different rated power implies a different
maximum output current and thus a different droop parameter. The new
power ratings are as follows: C1 50 kW, C2 20 kW, C3 40 kW, and C4 80
kW. Thus, a total power of 190 kW is available in the system. C4 provides
about 42% of this new capacity, while C2 provides about 10%. The loads
remain the same. To maintain brevity, only two cases are shown: 33%
loading and 84% loading in Fig. and Fig. respectively.
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Figure 6.14: Second level controls performance at 33% load capacity with
varying converter power ratings: (a) Voltage deviation (b) Load distribution
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The first three control methods (VR, AVR, and DACS) are analyzed
together. It is seen that with respect to the previous case study, there are
no significant differences. The voltage deviations are reduced, resulting in
improved voltage regulation. The load sharing is mainly imposed by the
droop resistance and the line resistances. Because C4 has a higher power
rating, its droop parameter is smaller, causing it to provide more power.
However, it still provides less than C1, which is rated for 30 kW less.

The other four control methods (ACV, AD, ACD, and ACVD) exhibit
good voltage regulation. Notice though, that because the load sharing is
improved with these control methods, in order for C4 to provide the most
power, it requires C4 to experience a non-negligible overvoltage. This is why
at 33% and 84% loading, C4 shows a high voltage deviation. In terms of load
contribution, it is seen that the four methods achieve a load contribution
proportional to their nominal power. As mentioned before, C4 represents
about 42% of the total available power. It is seen that the load contribution
of C4 is close to this number. The same applies to C2 with its 10% load
contribution. Finally, C1 provides more than C3, which corresponds to their
rated capacity of 50 kW and 40 kW.

Results Analysis

The previous results show that second level controls provide effective im-
provements to linear droop control. They achieve this by improving voltage
regulation in all cases and improving load sharing in others. Let us first an-
alyze the first three control methods which provide only improved voltage
regulation: VR, AVR, and DACS. VR improves voltage regulation overall
but utilizes one node as a reference node. Similar to master-slave control,
the chosen reference node will affect which nodes experience overvoltage
or undervoltage. However, because it can maintain one node close to the
nominal voltage, it can have valuable applications in DC microgrids where
critical loads are present and require stable voltage. AVR shows a bet-
ter voltage regulation on average. However, because the average voltage is
utilized, it allows certain nodes to experience overvoltages and undervolt-
ages. DACS employs a different method to achieve the same result, which
is an upward shift in the droop slope. The gain related to this shift can
be chosen by the user, allowing for minimized voltage deviations if desired.
One final advantage of DACS is that it does not require an additional PI
controller. All three controllers have straightforward implementations and
provide good results.
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The last four second level controllers provide improved voltage regulation
and load sharing. As the results have shown, in steady-state, the differences
between these four controllers are relatively small. Furthermore, they also
provide enhanced proportional load sharing, as demonstrated in the results
using converters of different nominal power. Notice that to achieve equal or
proportional load contribution, the voltage regulation is impacted. Partic-
ularly, in the proposed testbench, C4 has a higher line resistance, causing it
to provide less power. Second level controls cause an overvoltage in C4 to
ensure the appropriate load contribution percentage. Although the voltage
deviations remain within an acceptable range (reaching a maximum of 3%),
this constraint must be kept in mind.

ACV, AD, and ACVD provide the same results and require the imple-
mentation of only two additional PI controllers compared to linear droop
control. In contrast, ACD requires three PI controllers. While all of them
provide similar steady-state results, ACD is less appealing as it requieres
determining more parameters. In the author’s opinion, certain elements
of these controllers could be further investigated. It is known that second
level controls should have a slower dynamic than first level control, but it
is not mentioned what the dynamic relationship should be between control
loops in second-level controls. For example, the relationship between the
voltage control loop and the load sharing loop is not specified. Similarly,
the same question remains for ACD, where the relationship between the
current control and the droop resistance control is not stated. Furthermore,
these control loops have conflicting objectives to some extent. Therefore,
understanding which loop should be faster or slower is important.

The usage of saturation to limit the output of the PI controls is rec-
ommended; however, no guideline is given as to what value it should be
limited. The general idea is to limit it to avoid significant voltage devia-
tions. Another point related to this question is the limits of the proposed
controls: Are there voltage deviations too significant to be regulated, or
are there load sharing proportions that cannot be imposed due to the re-
lationship between the converters and the lines interfacing them? Further
analysis is required to find these answers and valuable differences between
the controls. This could include a small signal analysis to evaluate how the
different controllers impact converter stability.
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Conclusions

The contents presented in this work are summarized hereafter. The contri-
butions of the work are equally highlighted. Finally, an analysis of the work
done and possible future work is provided.

Content Overview

This thesis aims to provide a comprehensive guide to DC microgrids and
their modeling. This modeling encompasses long-term simulations via steady-
state simulations and shorter-term simulations via dynamic simulations.

The concept of DC microgrids was introduced in Chapter 2. Their ad-
vantages, topology, and architectures were discussed. The existing chal-
lenges in terms of power quality, fault protection, and standardization were
presented. Finally, existing implementations were highlighted.

Chapter 3 provided an overview of control methods in DC microgrids.
The controls were presented following the hierarchical control structure.
Different types of first level controls were introduced, including four types
of non-linear controls. The advantages and limitations of droop control were
discussed. Furthermore, the way in which non-linear droop controls aim to
address the shortcomings of linear droop control was detailed. Similarly,
second level controls were presented, encompassing seven different controls
and their structures.
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Chapter 4 details the methodology to implement a linear power flow.
This methodology is explained for unipolar and bipolar DC microgrids.
Chapter 4 demonstrates how this method can be used sequentially to sim-
ulate the behavior of a DC microgrid over long periods of time. Possible
applications of this approach were discussed by analyzing microgrid volt-
age, current amplitude, and self-sufficiency and self-consumption indexes.
Finally, a comparison of the performance of unipolar and bipolar microgrids
was performed.

The modeling of power electronics was addressed in Chapter 5. First, the
importance of developing average models was highlighted. Average DC/DC
converters based on the DC transformer model were proposed and demon-
strated. Afterwards, potential average models for AC/DC converters were
presented. The latter part of the chapter focused on modeling three-port
HFAC link converters. The operation and switching of this type of converter
were detailed for both two-port and three-port versions. A state machine
model was developed to study the HFAC link, followed by an analysis of
HFAC link frequency calculation. After gaining a better understanding of
the converter, average modeling based on the DC transformer concept was
introduced. To this end, state-space models for both two-port and three-
port converters were initially developed. Utilizing the developed average
model, a set of basic control structures for three-port converters was pro-
posed. Finally, a small DC microgrid utilizing three-port converters was
simulated.

Chapter 6 presented a comparison of the control methods detailed in
Chapter 3. The performance of the different controls was assessed based
on their capabilities for voltage regulation and equal or proportional load
sharing. The results were analyzed, and possible utilization cases for the
controls were proposed.

Perspectives

Concerning the linear power flow, the author believes that there is still room
for possible improvements and applications. First, only radial networks
have been considered in this study. The first paper concerning the linear
power flow has already demonstrated that this method can be utilized to
treat complex networks. Therefore, the author believes that it could be
interesting to test radial DC microgrids with branches, that is to say radial
netwroks were the main bus splits into subnetworks that are themselves
radial systems. It can also be of interest to explore different topologies
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such as ring DC microgrids, and investigate the possibility of implementing
meshed DC microgrids using linear power flow. Another area of study could
involve analyzing new loads such as electrolyzers and electric vehicles in
DC microgrids using linear power flow. This analysis could help identify
the impact these loads could have in terms of voltage regulation and line
currents. Furthermore, the implementation of other first and second level
controllers could be of interest. This would enable the assessment of the
power quality and energy benefits of each control method over an extended
period of time. Finally, another possibility could be the inclusion of an EMS
or optimization algorithm that could coordinate the different converters in
the DC microgrid.

In terms of control methods, it has been shown that most controls can
achieve their goals effectively. There is a great variety with sometimes
minor differences. Therefore, assessing their advantages or strengths is not
a straightforward process. As suggested by the author in Chapter 6, a small
signal study of the control methods could be useful. This would allow to
further identify differences in controls, mainly in terms of provided stability.
As mentioned in Chapter 6, second level controls merit further investigation
concerning the speed of the different control loops and their interactions.
Finally, the list of controls studied here is nonexhaustive. Other types of
controls could still be investigated and analyzed. For example fuzzy logic
based first level controllers, adaptive droop controls that consider the State
of charge of the battery, or control methods that use DC bus signaling.

The presented average converters have useful applications, but their va-
lidity depends on the type of phenomena to be studied, which is something
that must be kept in mind. Regarding the average three-port converter
model, the proposed control scheme could be further improved. Exploring
the possibility of implementing cascaded PI controllers to enhance perfor-
mance could be beneficial. Furthermore, it has been shown that there is a
degree of coupling between the converter ports. It could be interesting to
implement feedforward terms to mitigate this coupling, thus increasing the
independence of the ports from each other.

The presented work has primarily focused on modeling DC microgrids;
however, two main areas were not studied to limit the scope of the work.
These are fault behavior and the interactions of DC microgrids with the
main AC grid. Both subjects merit their own dedicated studies and are of
interest in the current state of technology. Further development on both
subjects could provide valuable insights for standardization and the imple-
mentation of DC microgrids.
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