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THE PLANNING OF LOW VOLTAGE DC DISTRIBUTION SYSTEMS
UNDER MULTIPLE CRITERIA AND CONSTRAINTS

SUMMARY

DC-based electrical energy consumption and production have exhibited a notable
growth in recent years. As the demand for DC-consuming home appliances increases
each year, the need for a more efficient AC-DC conversion with higher power output
has also increased. Electric vehicles and intercity railways represent additional
examples of DC-consuming systems with significantly higher power demands.
Moreover, there has been a rapid increase in the generation based on renewable energy
resources which produces electrical energy in its DC form. All of these DC consumer
and producer units must be interconnected to the network which is dominantly AC.
Consequently, distribution system operators and researchers worldwide have been
actively seeking more efficient methods to integrate these DC systems in to their AC
networks. Several researches have proposed the utilization of low-voltage DC (LVDC)
distribution systems which would eliminate the need for additional conversion steps.
Additionally, various benefits enabled by low-voltage DC distributions, such as
improved power quality, reduced voltage oscillations, and easier integration of
renewable energy sources, can be advantageous for both customers and distribution
system operators.

In this study, a comprehensive literature review is conducted to present the results of
research in this field and the challenges that lie ahead. The structure of LVDC
distribution networks is examined, and these networks are classified based on various
aspects such as the number of poles, grid topology, and network configuration. The
discussion covers the equipment used, grounding and protection methods, and voltage
level selection methods in LVDC distribution networks. Pilot implementations of
LVDC distribution networks around the world are described, with detailed discussions
of the experiences gained. The study also outlines the methodology for performing
cost/benefit analyses to assess the viability of investing in an LVDC distribution
network from the perspective of a distribution system operator.

The study demonstrates that LVDC distribution systems can be an optimal alternative
to conventional AC grids under certain circumstances. As the economic lifespan of
power electronics improves and costs continue to decline, LVDC distribution has the
potential to become a viable alternative in many cases.
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ALCAK GERILiM DOGRU AKIM DAGITIM SEBEKELERININ COKLU
KRITERLER VE KISITLAR ALTINDA PLANLANMASI

OZET

DC tabanli elektrik enerjisi tiikketimi ve {iretimi son yillarda kayda deger bir biiylime
gostermistir. DC tiiketen ev aletlerine olan talep her yil arttik¢a, daha yiiksek gii¢
c¢ikisina sahip daha verimli AC-DC doniisiimiine olan ihtiya¢ da artmistir. Elektrikli
araglar ve sehirlerarasi demiryollari, nemli dl¢lide daha yiiksek giic talepleri olan DC
tilkketen sistemlerin ek drneklerini temsil etmektedir. Ayrica, DC formunda elektrik
enerjisi Ureten yenilenebilir enerji kaynaklarina dayali iiretimde de hizli bir artis
olmustur. Tim bu DC tiiketici ve iiretici birimlerin, agirhikli olarak AC olan ana
sebekeye baglanmasi gerekmektedir. Sonug olarak, diinya ¢apindaki dagitim sistemi
operatorleri ve arastirmacilar, bu DC sistemleri AC sebekelere entegre etmek icin aktif
olarak daha verimli yontemler veya sistemler aramaktadir. Cesitli arastirmalar, ek
dontistirme adimlarina olan ihtiyact ortadan kaldiracak algak gerilim DC (AG DC)
dagitim sistemlerinin kullanilmasini 6nermistir. Ayrica, algak gerilim DC dagitim
sebekelerinin sagladig1 daha yiiksek gii¢ kalitesi, daha diisiik gerilim salinimlar1 ve
yenilenebilir enerji kaynaklarinin daha kolay entegrasyonu gibi ¢esitli avantajlar hem
miisteriler hem de dagitim sistemi operatorleri icin avantajli olabilir.

Bu caligmada, bu alandaki arastirmalarin sonuglarini ve 6niimiizdeki zorluklar1 ortaya
koymak i¢in kapsamli bir literatiir taramasi yapilmistir. AG DC dagitim sebekelerinin
yapist incelenmis ve bu sebekeler direk sayisi, sebeke topolojisi ve sebeke
yapilandirmasi gibi ¢esitli hususlara gore siniflandirilmistir. Tartisma, AG DC dagitim
sebekelerinde kullanilan ekipmanlari, topraklama ve koruma yontemlerini ve gerilim
seviyesi se¢im yontemlerini kapsamaktadir. Diinya ¢apinda LVDC dagitim
sebekelerinin pilot uygulamalari, elde edilen deneyimlerin ayrintili tartigmalariyla
birlikte anlatilmaktadir. Bir dagitim sistemi operatoriiniin bakis ac¢isindan bir LVDC
dagitim sebekesine yatirrm yapmanin faydali olup olmadigini belirlemek igin
maliyet/fayda analizleri yapmaya yonelik metodoloji de sunulmustur.

Calisma, AG DC dagitim sistemlerinin belirli kosullar altinda geleneksel AC
sebekelerine optimum bir alternatif olabilecegini gostermektedir. Calisma sonucunda,
gii¢ elektronigi doniistiiriiciilerinin ekonomik omrii arttikca ve maliyetler diismeye
devam ettikce, AG DC dagitim sebekelerinin bircok durumda uygulanabilir bir
alternatif olma potansiyeline sahip oldugu sonucu ortaya konmustur.
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1. INTRODUCTION

DC-based electrical energy consumption and production have exhibited a notable
growth in recent years. As the demand for DC-consuming home appliances increases
each year, the need for a more efficient AC-DC conversion with higher power output
has also increased. Electric vehicles and intercity railways represent additional
examples of DC-consuming systems with significantly higher power demands.
Moreover, there has been a rapid increase in the generation based on renewable energy

resources (RESs) which produce electrical energy in its DC form.

All of these DC consumer and producer units must be interconnected to the network
which is dominantly AC. Consequently, distribution system operators and researchers
worldwide have been actively seeking more efficient methods to integrate these DC
systems in to their AC networks. Several researches have proposed the use of DC
distribution systems which would eliminate the need for additional conversion steps.
In recent decades, low-voltage DC (LVDC) distribution systems have emerged as a
topic of interest. Numerous studies have sought to establish LVDC as a feasible
alternative for distribution system operators, utilizing simulations, laboratory tests, and

pilot implementations.

1.1 Purpose of Thesis

The purpose of this study is to conduct a comprehensive literature review on public
LVDC distribution grids, in order to demonstrate their techno-economic feasibility,
and to provide insight into the design of such grids considering multiple criteria and
constraints. This study investigates various grid and converter topologies that can be
implemented in LVDC distribution grids. The study also addresses the importance of
standardization in public LVDC grids and ongoing standardization efforts in the area.
Additionally, it highlights pilot and commercial implementations of LVDC
distribution grids around the world. Then, a representative distribution network is

simulated using a computational tool to further examine the aforementioned findings.



Finally, cost/benefit analyses are carried out to demonstrate techno-economic
feasibility of the public LVVDC distribution grids.

1.2 Literature Review

Low-voltage DC (LVDC) distribution systems have been the subject of numerous
journal articles and conference papers. The literature covers a wide range of topics,
including LVDC grid topologies, power electronic converters, protection systems,
communication protocols, techno-economic feasibility, and the results of pilot
implementation projects. Researches around the world have been striving to establish
fundamental principles underlying the LVDC distribution systems via a combination

of mathematical calculations, simulations and laboratory experiments.

Sannino, Postiglione, and Bollen [1] proposed a DC supply system for offices and
commercial facilities. In their study, they compared the existing AC supply system

with the proposed DC system, considering various DC voltage levels.

Salomonsson and Sannino [2] discussed the design process of a DC supply system for
sensitive loads and presented the measurement results from a scaled laboratory test. In
their study, the authors determined that DC supply system exhibits lower losses

compared to an AC system.

Salonen, Kaipia, Nuutinen, Peltoniemi and Partanen [3] discussed various LVDC
distribution system topologies, LVDC system connections, grounding arrangements in
LVDC distribution systems, utilization of existing cables in LVDC systems, power
electronic converters and electrical safety. The authors of the study also performed a
cost/benefit analysis for the renovation of an actual distribution network to LVDC

distribution.

In their publication [4], Hakala, Ladhdeaho, and Jarventausta examined the potential
utilization of LVDC distribution in a large-scale distribution system operator’s
network. The authors provided a method to calculate the power transfer capacity of
LVDC distribution systems in their study. Additionally, they asserted that LVDC
distribution systems can replace all MVVAC branches that are equipped with a single

transformer.

Amin, Arafat, Lundberg and Mangold [5] provided a comparison of losses in some

common household appliances. In their study, the authors determined that the



utilization of 48 V DC can eliminate additional conversion steps, thereby resulting in

lower losses.

Kaipia, Salonen, Lassila and Partanen [6] examined the utilization potential of L\VDC
distribution systems from various aspects such as power quality, power transfer

capacity and losses.

In their publications [7] and [8], the authors introduced technical specifications for
LVDC distribution systems which were the findings of an ongoing project at the time

of their study.

Hur and Baldick [9] conducted a cost/benefit analysis to evaluate the feasibility of
substituting an existing AC distribution network with an LVDC distribution network.
The authors utilized the Discounted Cash Flow (DCF) method to derive the Net
Present Values (NPV) of several LVDC distribution system topologies.

Afamefuna, Chung, Hur, Kim, and Cho explored the feasibility of implementing
LVDC distribution systems for electrification of rural areas in South Korea in their
publication [10]. The authors employed simulation tools to gather the required data for
cost/benefit analysis and established that LVVDC distribution can have a NPV equal to
or lower than AC distribution. Additionally, the authors asserted that as the costs of
power electronics decrease, LVDC can become a more feasible solution.

In [11], an efficiency comparison is presented between AC and DC distribution

systems, considering various topologies for DC systems.

Niiranen and Routimo [12] reported the measurement outcomes from a back-to-back
converter-fed island microgrid in Finland. The authors described the topology
implemented in their system and assessed the measurement results from various

aspects, including voltage stability, system reliability, harmonics, and power quality.

In their publication [13], the authors introduced a research site for LVDC distribution
networks. LVDC distribution network implemented in the research site consists of one
rectifying substation and three inverters to supply the customers. The DC system
operates at a voltage of £750 V and is powered by a 20/0.4 kV transformer. In their
study, the authors discussed the system design, control methods of converters,
communication network, response during faults, power quality and protection of both
customer and DC networks. The authors also presented various measurement results

from the research site.



In their publication [14], the authors introduced and described a pilot implementation
of an LVDC distribution system in an island which was funded by Korean Electric
Power Corporation (KEPCO).

In their publication [15], the authors presented an LVDC distribution network in Korea
and described the system in detail. The authors presented various measurement results

and several actual photographs from the implementation site.

In publication [16], the design and construction plan of an LVDC distribution network
is presented, along with a discussion of the potential of LVVDC distribution systems
using techno-economic analysis. In a related paper [17], the authors introduce the
implemented LVVDC distribution grid, based on the findings of publication [16]. The
authors presented various measurement results and discuss their experiences with

problems encountered at the research site.

Jager, Bos, Melnik and Brand [18] presented the details of the first public DC
distribution network in the Netherlands, including the development process of the
LVDC distribution system according to the utility's specifications, as well as the
various components to be used in the system and simulation results. The authors
reported that the first DC substation is operational, and the first customers were
expected to be connected in 2018. Additionally, the authors shared several

photographs from the implementation site.

In publication [19], the authors introduced DC power quality indices for modern MV
and LVDC systems. In their study, the authors used measurements from six actual DC

projects and laboratory tests to verify the proposed methods.

In publication [20], the authors introduced a methodology for the planning and
evaluation of LVDC systems in buildings. In their study, the authors also included a

case study to validate the proposed method.

In their publication [21], Hakala, Kaipia and Alapera presented their experiences from
an implementation and operation of a battery energy storage system (BESS) integrated
distribution network. The authors also discussed the possibility of utilization of L\VDC

distribution systems in such networks.

In their publication [22], the authors discussed the potential of utilization of multi-
terminal LVDC distribution systems to enhance the integration of plug-in electric

vehicles into existing distribution networks.



In their publication [23], the authors aimed to identify techno-economically feasible
voltage levels for LVDC distribution systems. They presented optimization methods
to determine these voltage levels, and found that voltage levels above 600 V DC are

feasible for various applications of LVDC distribution systems.

Emhemed and Burt [24] presented a new protection scheme for LVDC distribution
networks. The authors asserted that the proposed scheme provides swift and selective

protection necessary in LVDC distribution systems.

Emhemed, Fong, Fletcher and Burt [25] introduced a novel protection strategy for
LVDC networks. The authors validated the proposed method through an actual
experimental setup of a low-power LVDC circuit.

Salonen, Nuutinen, Peltoniemi, and Partonen [26] proposed a protection scheme for

LVDC distribution networks taking into account various technical aspects.

In their publication [27], the authors examined how the choice of voltage level impacts
the earthing/protection strategies in LVDC networks.

In their study [28], the authors proposed a selective protection strategy for LVDC
distribution systems. The proposed scheme was validated by the authors through the
use of simulation tools, and the resulting simulation results were presented in their

study.

Salehi, Taher, Sadeghkhani, and Shahidehpour [29] proposed a protection strategy for
LVDC microgrids based on a poverty index. The possibility of utilization of the
proposed method in public LVDC networks should be considered.

In their publication [30], the authors proposed a protection system for radial LVDC
distribution systems that uses an inverter and DC circuit breakers. In their study, the

authors validated the proposed method through experimental tests.

In their publication [31], the authors proposed a fuse-based protection strategy for
LVDC networks. They discussed both the limitations and advantages for use of fuses
in LVDC networks.

Jin and Chen [32] proposed the utilization of superconducting fault-current-limiting
cables and magnetic energy storage devices in LVDC distribution systems. In their
study, the authors conducted an analysis of the ground faults in such systems and

discussed the corresponding protection methods.



In their publication [33], the authors discussed two types of converter topologies to be
employed in LVDC distribution networks. In their study, the authors presented a
comparison of efficiency, power quality and various technical aspects between the two

converter topologies.

In their publication [34], the authors delved into the design process of customer-end
inverters for LVDC distribution systems. Through their study, the authors determined
that, from an efficiency perspective or in terms of losses, higher inductance values in
the LC filter and lower switching frequencies are desirable in the design of customer-

end inverters.

Wang, Fu and Wong [35] introduced an AC/DC converter for hybrid AC/LVVDC grids.
In their study, the authors also proposed a novel droop-based control technique for the
converter. The authors presented simulation and experimental measurement results to

demonstrate the effectiveness of the converter.

Zhong, Finne, and Hollida [36] presented a comparison of power losses between a
multi-modular converter (MMC) and an insulated-gate bipolar transistor (IGBT) based

2-level converter, for their application in LVDC distribution systems.

Cui, Hu and Zhao [37] presented a novel converter for LVDC distribution networks.
The converter proposed by the authors features bipolar operation capability, which
facilitates the integration of distributed generation units into LVDC distribution
systems. In their study, the authors validated the proposed converter through

simulation and experimental results.

In their publications [38] and [39], the authors introduced a novel converterless
integration method for incorporating BESS into LVDC distribution systems. The
authors presented the control method for the BESS and shared their experiences
acquired from the on-site implementation of the proposed method. The authors also

presented several measurement results of the proposed control method.

In their publication [40], the authors discussed the design process, lifetime cost
analysis and implementation possibilities of a modular inverter for LVDC distribution

systems.

Nilsson and Sannino [41] presented methods for modelling loads in LVVDC distribution

systems in steady state and transient analyses. In their study, the authors utilized



measurement results from several loads supplied with low voltage DC to develop the

proposed methods.

Pinomaa, Ahola, Kosonen and Nuutinen [42] proposed the utilization of DC power

line communication method for implementation in LVDC distribution systems.

In their publication [43], the authors discussed different protection requirements and
methods for LVDC distribution systems and presented measurement results from an

LVDC distribution laboratory prototype.

In their publication [44], the authors discussed the necessity of galvanic isolation in
LVDC distribution systems. In their study, the authors also presented an output LC
filter design for an AC/DC converter.

In their publication [45], the authors discussed possible implementation of galvanic

isolation in LVVDC distribution systems.

Weiss, Ott, and Boeke [46] discussed the potential utilization of LVDC distribution in
buildings. The authors presented a laboratory prototype of an LVDC distribution
network and measurement results in their study. Through their analysis, the authors
determined that the LVDC system’s efficiency is 5% higher than the AC system and
the energy conversion losses are lower in the DC system for photo-voltaic generation

units.

Sannino, Postiglione and Bollen [47] discussed the feasibility of LVDC distribution

systems for offices and commercial facilities.

In their publication [48], the authors discussed high resistance faults in LVDC grids

and proposed a new overcurrent relay for fault detection in such conditions.

Bhargav, Bhalja and Gupta [49] proposed a novel fault detection and localization
method for LVVDC microgrids.

In their publication [50], the authors presented a review of LVDC distribution
networks for household use. In their study, the authors discussed the efficiency,
possible grid topologies and overall advantages of LVVDC distribution systems. The
authors also presented existing pilot implementations of LVVDC distribution systems
at the time of their study.

In their publication [51], the authors presented a Metal-Oxide Semi-conductor Field-
Effect Transistor (MOSFET) based MMC for their applications in LVDC distribution



systems. In their study, the authors conducted a comparison of efficiency between

several converter topologies.

Lazzari and Piegari [52] introduced a novel hybrid DC circuit breaker for use in LVDC
distribution systems. In their study, the authors discussed the operational principle and
component dimensioning of the proposed breaker. Additionally, the authors presented

measurement results obtained from the prototype of the device.

In their publication [53], the authors introduced a method for controlling bipolar
LVDC distribution systems under asymmetrical operations. In their study, the authors
provided a theoretical analysis of the proposed method and also presented the

measurement results from their test system.

In their publication [54], the authors proposed a novel solid state type circuit breaker
for implementation in LVDC distribution networks. In their study, the authors
presented experimental results to validate the effectiveness of the proposed circuit
breaker.



Table 1.1 : LVDC Distribution Systems Literature Review

Study Reference Purpose
[1] Investigate whether DC distribution systems
are practical and applicable
[2], [47], Study the utilization potential of LVDC
[50] distribution in buildings
[3] Review of LVDC distribution systems for
replacing conventional AC systems
Fundamental [4] Investigate the utilization of an LVDC
Concept distribution network by DSOs
[5] Comparison of 230 VV AC distribution
against LVDC distribution
[6], [46] Examine the utilization potential of LVDC
distribution systems
171, [] Propose technical specifications for LVDC
' distribution systems
[9] Investigate cost reductions from
implementing LVVDC distribution systems.
Cost/Benefit [10] Carry out a cost/benefit analysis for LVDC
Analysis distribution networks
[11] Investigate the efficiency of LVDC
distribution networks
[12] Discuss the experiences from a pilot L\VDC
grid
[13] Discuss the system design of a pilot L\VDC
distribution grid
[14] Introduce a pilot LVDC distribution grid in
an island
[15] Review and discuss constructing an actual
LVDC distribution system
[16] Introduce the design and construction of a
pilot LVDC distribution system in Korea
Pilot or [17] Application of a pilot LVVDC distribution
Demonstration system in Korea
[18] Discuss the design of a public LVDC
distribution grid
Discuss the DC power quality in real LVDC
[19] distributi
istribution systems
[20] Propose a method for planning LVDC
distribution systems in buildings
[21] Discuss the experiences from a pilot L\VDC
distribution system in Finland
Discuss the potential utilization of LVDC
[22] L
distribution systems
[23] Propose a voltage selection method based on
Protection and grounding, protection and safety
Grounding [24], [25] Propose a novel protection scheme based on

converters




Table 1.1 : (continued) LVDC Distribution Systems Literature Review

Study Reference Purpose
[26], Propose a protection scheme based on
[43], [54] fuses and breakers
[27] Examine the effects of voltage levels
on grounding and protection
52} Propose a nov_el prote_:ction system for
[49], [1132] LVDC distribution systems
Protection and [29] Propose a protectiopdsystem for LVDC
. grids
Grounding [30] Propose a novel protection system
based on converters
[31] Propose a protection scheme for
LVDC distribution networks that
utilize fuses
Propose a protection scheme for
[32] LVDC distribution systems based on a
superconducting cable
[33], [55] Evaluation of converter topologies for
LVDC distribution systems
[34], [51] Propose a design of Inverter for LVDC
distribution systems
Power [35], [53] Examine the operation anq C(_Jntr_ol of a
Electronic converter for LVDC distribution
Converters _— SVStemS ..
[36] Investigation of high efficiency
inverters for LVDC distribution
systems
[37] Propose a novel converter topology for
LVDC distribution systems
Energy Storage [38], Examine, study and investigation of
[39], BESS integrated LVVDC distribution
[40], [41] systems
Communication Propose a power line based
[42] communication for LVDC distribution
systems
Galvanic Investigate and examine the isolation
Isolation [44], [45] requirement in LVDC distribution

systems
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2. STRUCTURE OF THE LVDC DISTRIBUTION GRIDS

LVDC distribution grids could be described or classified based on several aspects of
the network structure such as including but not limited to number of poles, grid
topology and network configuration. Such classification and labeling are crucial for
conducting various analyses and comparisons in the upcoming sections of the study,

as they help eliminate the risk of confusion.

2.1 Number of Poles

LVDC distribution grids could be designed as either unipolar or bipolar systems, as
shown in Figure 2.1 and Figure 2.2. Unipolar systems have only one available
operating voltage, while bipolar systems have three different available operating
voltages in the network. Customers in a unipolar LVVDC distribution grid can utilize
the Vqc voltage level while the customers in a bipolar LVDC distribution grid can

utilize the +Vdc, -Vdc, and 2Vac voltage levels, which provide more flexibility.

L+

I-

Figure 2.1 : Unipolar LVDC network.

L+

M

I-

Figure 2.2 : Bipolar LVDC network.
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Unipolar systems are typically denoted with a nominal voltage level accompanied by
an unsigned Vqc annotation, whereas bipolar systems are conventionally denoted with
a £ sign, such as + Vqc. For example, a bipolar LVDC distribution grid utilizing the
750 V DC voltage level is denoted as +750 V DC.

Unipolar grids consist of one positive pole (L+) and one return (L-) conductor, whereas
bipolar grids consist of one positive, one negative and one middle (M) conductor. In a
unipolar grid, customer inverters are required to connect between the positive pole and
return conductor. In contrast, customer inverters in a bipolar grid can connect between
the positive pole and middle conductor, between the negative pole and middle
conductor, or between positive and negative poles, thereby enabling the utilization of
the full 2V4c voltage level. It can be observed that in a unipolar grid, losses are limited
to the positive pole conductor alone, while in a bipolar grid, losses occur on both the
positive and negative pole conductors. Furthermore, the current in the middle
conductor in a bipolar grid is equal to the difference in current between the two poles,
which can result in additional losses. Nevertheless, due to the fact that power
transmission in a bipolar grid occurs across two poles, the currents carried are half the
magnitude compared to a single pole in a unipolar grid. This leads to reduced losses
for the same nominal power, even though there are losses in both the positive and

negative pole conductors, as well as additional losses in the middle conductor.

It can be noted that unipolar grids can be constructed using a straightforward 2-level
voltage source converter (VSC). In contrast, bipolar grids can be established using
either a 3-winding transformer and two 2-level VVSCs, as depicted in Figure 2.3, or by

employing a specialized neutral point-clamped VSC, as depicted in Figure 2.4.

L+

A
= M
v 4 L-

Figure 2.3 : Bipolar LVDC network with a 3-winding transformer.
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Figure 2.4 : Bipolar LVDC network with a neutral point-clamped converter.

v

Bipolar grids offer certain distinct advantages, including greater flexibility, lower
inverter ratings and losses, as previously discussed. However, it should be noted that
control and protection of bipolar grids can be more challenging compared to unipolar
grids. This is due to the fact that maintaining voltage balance across the two poles is
more complex in bipolar grids, as different numbers of customers may be connected
to the positive and negative poles, thereby requiring sophisticated control and
protection measures to ensure safe and reliable operation of the network.

2.2 Grid Topology

LVDC distribution grids can be categorized into three distinct topologies based on the
infrastructure of the DC network, namely Point-to-Point, Link Type, and Full-DC. The
choice of topology determines how customers are supplied with electrical power or
how they are connected to the network. In the present study, it is assumed that L\VDC
distribution grids are constructed using a medium to low voltage transformer, together

with a rectifier that is utilized to obtain the desired DC voltage level.

2.2.1 Point-to-point LVDC distribution

The customers in a Point-to-Point LVVDC distribution network are supplied electrical
power via a single inverter, as shown in Figure 2.5. This topology represents the
simplest means of achieving the fundamental advantages of LVDC distribution grids.
If the AC-to-DC and DC-to-AC conversion takes place in the same converter station,

this topology may also be referred to as a Back-to-Back LVDC distribution grid.

13



AC
Customer

MV/LV

AC
— ~, Customer

AC
| Customer

Figure 2.5 : Point-to-Point LVDC Distribution Topology.
2.2.2 Link type LVDC distribution

In a Link Type LVDC distribution grid, customers are supplied electrical power via
their individual inverters, as Figure 2.6 illustrates. This topology offers certain
advantages over the Point-to-Point topology, such as improved reliability, enhanced
power quality, and higher efficiency. However, the increased investment costs and
greater complexity of control and protection are among the drawbacks associated with

this topology.

= AC
~y Customer
MV/LV
~, = AC
— ~, Customer
= AC
VLY Customer

Figure 2.6 : Link Type LVDC Distribution Topology.
2.2.3 Full-DC LVDC distribution

Ina Full-DC LVDC distribution topology, it is assumed that all customers are supplied
DC electrical power, as shown in Figure 2.7. The Full-DC topology is particularly
well-suited for deployment in a smart campus or industrial area where there is a high

demand for electrical power from DC-based consumption.
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Figure 2.7 : Full-DC LVDC Distribution Topology.
2.3 Network Configuration

Configuration of an LVVDC distribution grid determines how the network is connected
to main grid or other grids. The radial configuration is depicted in Figure 2.8, the
Interconnected Unloop is illustrated in Figure 2.9 and the Ring Configuration is
illustrated in Figure 2.10. It should be noted that the figures presented in this section
are intended for illustrative purposes only, and do not provide comprehensive technical

explanations of the various configurations discussed.

MV/LV

= ~, Customer

Figure 2.8 : Radial Configuration of the LVDC Distribution Grids.

MV/LV
~ = AC
= ~, Customer
MV/LV
~, = AC
= ~, Customer

Figure 2.9 : Interconnected Unloop Configuration of the LVDC Distribution Grids.
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MV/LV MV/LV

Figure 2.10 : Ring Configuration of the LVDC Distribution Grids

Radial configuration is a well-established topology in conventional grids, as it offers
a relatively simple and straightforward means of control and protection, as well as
lower complexity and initial investment costs compared to other topologies. However,
if a fault occurs in any section of the grid, it can compromise the reliability of the entire
network and potentially result in supply interruption for all customers. Ring
configuration provides the highest reliability compared to three other configurations.
However, more sophisticated control and protection techniques are required for safe
operation of a ring grid. Implementing such configuration also requires higher
investment costs. Interconnected unloop configuration is a simple and economic way
to achieve higher reliability for LVDC distribution grids. It provides less reliability
compared to ring configuration and requires more complex protection and control
strategy compared to radial configuration. Regardless of the topology chosen for the
LVDC distribution grid, distribution system operators (DSOs) must carefully evaluate
the various techno-economic challenges associated with each possible configuration
during the design process. This requires a comprehensive analysis of factors such as
investment costs, operational efficiency, reliability, control and protection
requirements, and other technical considerations. Ultimately, the goal is to develop a
safe, efficient, and techno-economically feasible LVVDC distribution grid that meets
the specific needs and requirements of the customers, while also ensuring the overall

reliability of the grid.
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3. EQUIPMENT AND OPERATION

3.1 Power Electronic Converters in LVVDC Distribution Grids

Power electronic converters are essential components of LVVDC distribution grids, as
they convert the AC voltage received from the main grid into the desired DC voltage
waveform required by the DC network. Essentially, two types of power electronic
converters are used in LVDC distribution grids. As aforementioned, AC/DC
converters namely rectifiers convert the AC voltage received from the main grid into
the desired DC voltage waveform required by the DC network. In some cases, DC/DC
converters may also be employed to change the DC voltage level to meet specific

customer requirements, such as voltage matching or isolation.

3.1.1 Diode bridge rectifier

The diode bridge rectifiers are considered to be the most straightforward and
uncomplicated topology for obtaining a DC voltage output. It comprises of 6 diodes
that are arranged in a bridge configuration, permitting current to flow in a single

direction as depicted in Figure 3.1.

DII sz sz

/N M
D4I DGI sz

Figure 3.1 : Diode Bridge Rectifier
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The diode bridge is considered to be a cost-effective rectifier topology due to its
simplicity and relatively low power losses. In addition, it operates using passive
elements, thereby eliminating the need for control methods. However, the absence of
control also implies that the diode bridge rectifiers have limited ability to control the
current/voltage in the DC network. This limitation can lead to adverse effects on the
DC network when voltage deviations occur in the main grid, as the diode bridge
rectifiers cannot control the DC voltage in response. Additionally, diode bridge
rectifiers cannot provide bi-directional power flow capability since they permit the
current to flow in a single direction. Bi-directional power flow is an essential capability
in order to allow the integration of RESs and distributed generation.

In order to eliminate voltage ripples in the DC network produced by diode bridge
rectifiers, capacitors must be employed. Correct dimensioning of the capacitors
depends on various factors such as maximum permissible DC voltage drop, desired
power losses and the inverter topology [55]. The minimum size of capacitance required
in the DC network for the implementation of diode bridge rectifiers can be calculated
as given in equation 3.1 where Crec is the capacitor size [56].

uF

Crec = BOW (31)

One of the challenges associated with using diode bridge rectifiers in LVDC
distribution grids is the startup of the DC network. To ensure that the DC network is
fully operational, network capacitors must be charged to regulate the DC voltage.
However, during the charging of the capacitors, the inability of the diode rectifier to
control the current can result in dangerous voltage and current spikes in the DC
network. This limitation presents another disadvantage for the diode bridge rectifier
topology thereby limiting the possibility of utilization in LVDC distribution grids.

3.1.2 Thyristor bridge rectifier

Thyristor bridge is a controlled rectifier topology which can be utilized to overcome
many disadvantages of the diode bridge rectifiers such as control capability over power
flow and startup of the network. Thyristor bridge rectifiers utilize thyristor type
semiconductors, which can be triggered to begin conduction by applying a high logic

signal to their gate electrode. This allows current to flow in a similar manner as a diode.
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A 6-pulse thyristor bridge rectifier is shown in Figure 3.2 as an example. In a 6-pulse
thyristor bridge rectifier, the thyristors are usually fired in a sequence where the second
thyristor (T2) is triggered 60° electrical degrees after the first thyristor (T1), the third
thyristor (T3) is triggered 60° after T2 and so on. The capability to permit the current
as desired allows thyristors bridge rectifiers to control DC voltage output.

& Kk

/T /M

T4:‘ Tﬁ:‘ T2i

Figure 3.2 : Thyristor Bridge Rectifier.

However, thyristor bridge rectifiers are line commutated converters (LCC). Thyristors
require the AC voltage waveform to cross the zero voltage threshold in order to stop
conducting hence limiting the control capability. Also, thyristor bridge rectifiers can’t
control the reactive power flow in the AC side of the converter. They require a certain
amount of reactive power for operation, proportional to the active power they control.
Additionally, bi-directional power flow cannot be achieved with the utilization of
thyristor bridge rectifiers in LVDC distribution grids.

Thyristor bridge rectifiers can be a better solution compared to diode bridge rectifiers
in LVDC distribution grids as they provide certain level of control capability over
power flow. However, the VSCs must be utilized in order to achieve full-control over

the network as discussed in the next section of the study.

3.1.3 Voltage source converters

The denotation “Voltage Source Converter” is a general term for converters that
comprise of semi-conductors such as IGBT or MOSFET and employs specialized
control techniques. As an example, a two-level VSC circuit diagram is illustrated in
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Figure 3.3. However, three-level or modular multi-level converters (MMC) can also

be utilized to form voltage source converters.

TS IE

EE NG N

Figure 3.3 : IGBT Based Two-Level Voltage Source Converter.

In contrast to thyristors, IGBTS have the capability of self-commutation, which enables
them to stop conducting, independent from the voltage waveform, when a low logic

signal is applied.

Voltage source converters are capable of bi-directional power flow which enables
them to operate both as an inverter and as a rectifier. Nevertheless, without the
sophisticated control techniques, which will be described in the later sections of the
study, they are limited to functioning as basic 6-pulse inverters. Voltage source
converters can control AC voltage, DC voltage, active power, reactive power and
frequency at the two sides of the converter, depending on the control method selected
for the converter. Aforementioned capabilities enable voltage source converters to
outweigh the cost advantages of both diode and thyristor-based rectifiers. Furthermore,
with the declining costs of semiconductors, diode and thyristor-based converters lose

their greatest advantage, which is the costs.

VSCs also require LC or LCL filters to obtain the sinusoidal AC voltage which
presents additional power losses. The optimal filter design can be obtained either
through the transfer function of the system or through trial-and-error methods using
simulation tools. However, the filters must generate low active power losses, avoid

voltage or current harmonics, and prevent frequency resonances in the system.

20



3.1.3.1 Grid-following control

Grid-following (GFL) control is a technique in which the voltage phase angle is
extracted from the AC side of the converter and utilized, or "followed," by the
converter. Phase angle of the voltage is obtained using the phase-locked loop (PLL)
control. PLL control employs the Park Transformation, or abc-dq0 transformation,
which is given in equation 3.2 where, Va, Vb and V. are the three phase voltages at the
AC side of the converter; Vd is the direct (d) axis voltage, Vq is the quadrature axis
voltage, Vo is the zero axis voltage and 0 is the phase angle of the voltage at the AC

side of the converter.
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Figure 3.4 illustrates a basic schematic of a PLL. Auxiliary functions such as frequency
limiting or integral resetting are not included in the figure. The PLL serves as a tool
for the converter to continuously track the voltage phase angle. Under minor
disturbances such as load changes or remote faults, the PLL must be able to maintain
the desired operation. However, during major disturbances such as faults that occur

near the converter, the PLL may lose its ability to track the voltage phase angle.
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Figure 3.4 : Phase Locked Loop.

The PLL is a critical component in the GFL control method. The inner loop of the
control logic utilizes the voltage phase angle, which is extracted using the PLL, to
perform Park transformation on the phase voltages and currents. Park transformation
simplifies the control by utilizing the two-axis rotating reference frame rather than 3
sinusoidal waveforms. During the Park transformation process, an offset angle of « is
typically incorporated into the PLL in order to optimally position the d and q axes.

This strategic alignment enables the d-axis current to regulate active power, DC
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voltage, and frequency, while the g-axis current manages reactive power and AC

voltage.

The previously mentioned GFL control employs the Space Vector Pulse Width

Modulation (SV-PWM) method. This approach facilitates the independent control of

d-axis and g-axis currents, thereby enabling the decoupled management of reactive

power and active power within the network [57]. The Park transformation is employed

to derive the necessary d-axis and g-axis currents and voltages, which are essential

components of the GFL control methodology. The required reference phase angle for

Park transformation is obtained through PLL. If DC voltage is desired to be controlled

in the network, the required control loop is shown in Figure 3.5 where:

Vdc_re: The desired DC voltage at the DC side of the converter.
Vdc_meas: The actual measured DC voltage at the DC side of the converter.

la_rer: The desired d-axis current (obtained from the previous PI control) at the

AC side of the converter.

ld_meas: The actual measured d-axis current at the AC side of the converter.
Vd_meas: The actual measured d-axis voltage at the AC side of the converter.
Iq_meas: The actual measured g-axis current at the AC side of the converter.
L: Filter inductor size at the AC side of the converter in Henry.

Vd_ref: The desired d-axis voltage at the AC side of the converter.

: The angular frequency in the network (2n*frequency)
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Figure 3.5 : DC Voltage Control Loop.
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The DC voltage control loop is given as an example for GFL control method. As
previously mentioned, d-axis current can regulate the active power, DC voltage and
frequency while g-axis current can regulate the reactive power and AC voltage. The

AC voltage control is illustrated in Figure 3.6, where:
e  Vac ref: The desired AC voltage at the AC side of the converter.
e Vac meas: The actual measured AC voltage at the AC side of the converter.

o g rer: The desired g-axis current (obtained from the previous PI control) at the

AC side of the converter.
e Vg meas: The actual measured g-axis voltage at the AC side of the converter.

e Vg rer: The desired d-axis voltage at the AC side of the converter.

el
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Figure 3.6 : AC Voltage Control Loop.

The final voltage reference, Va_rer and Vq_ret are utilized in PWM to obtain the required
gate signals for the IGBTSs in the converter. Within the PWM technique, a carrier signal
exhibiting a frequency equivalent to the switching frequency of the converter is
compared against a sinusoidal waveform, thereby generating the necessary gate signals
for the IGBTs. The necessary sinusoidal waveforms for PWM, representing phase
voltages, are derived through the application of the Inverse Park Transformation on d

and g-axis voltage references.

The d-axis and g-axis currents can be effectively employed to accomplish any control
mode in conjunction with one another, provided that the Vd ret and Vg ref Values are
obtained from the respective control loops. Nonetheless, in order to obtain the required
DC voltage of LVDC distribution grids, DC voltage control must be employed in
AC/DC converter of the network. Generally, reactive power control is used alongside
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DC voltage control because zero reactive power is desired during the normal operation

of the system. However, the converter's reactive power capability can be utilized to

provide reactive power support during faults in the AC system.

The active and reactive power control loops are depicted in Figure 3.7 and Figure 3.8

respectively, where:

Prer: The desired active power at the DC side of the converter.
Pmeas: The actual measured active power at the DC side of the converter.
Qrer: The desired reactive power at the AC side of the converter.

Qmeas: The measured reactive power at the AC side of the converter.

1, ~
P ref PI ﬂ'@—' PI _’(D_’ Vdir'ef

Pmem Id_mem Vd_mem

Figure 3.7 : Active Power Control Loop.
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Figure 3.8 : Reactive Power Control Loop.

Diagram of a generic VSC is given in Figure 3.9 where; Us is the DC voltage source,
Rd is the DC circuit resistance, Id is the DC current, Ud is the DC voltage. The

capacitor on the DC side of the converter stabilizes the DC voltage. The inductor on

the AC side of the converter stabilizes the AC current and it controls active and reactive
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power output from the converter. The diagram is adopted from IEC 62543 Technical

Report.

As previously mentioned, VSC can provide bi-directional power flow, wherein the
VSC functions as an inverter when lq x Uq has a positive value and as a rectifier when
la x Uqg has a negative value. VSC can also operate in capacitive and inductive modes
independent of the active power flow direction. If the imaginary part of IL x UL has a
positive value, the VSC injects reactive power into the AC side; conversely, if the
imaginary part of I x UL has a negative value, the VSC absorbs reactive power from
the AC side of the converter. The term 'voltage sourced converter' is employed because
the VSC's function relies on a voltage source on the DC side. If the AC side of the

converter connects to a passive network, VSC can only operate as an inverter.

Another important aspect to consider regarding VSCs is their active and reactive power
control principles. When the phase angle of the VSC output voltage leads the AC grid
voltage, the VSC operates as an inverter. Conversely, when the phase angle of the VSC

output voltage lags the AC grid voltage, the VSC operates as a rectifier.

When the VSC output voltage is higher than the AC grid voltage, VSC will operate in
capacitive mode. Conversely, When the VSC output voltage is lower than the AC grid
voltage, VSC will operate in inductive mode. Because capacitive and inductive are
relative terms, they are utilized from the perspective of the AC grid. The VSC injects
reactive power into the AC grid in capacitive mode and absorbs reactive power from

the AC grid in inductive mode.
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Figure 3.9 : Generic Voltage Source Converter.
3.1.3.2 Grid-forming control

Our modern-day power system relies on synchronous generators which generate
electrical energy at a pre-determined frequency. All synchronous machines, in fact, all
electrical energy sources in a power system must produce the electrical energy at
system frequency or convert it to the system frequency. System frequency determines
how balanced the supply and demand are in a power system and for synchronous
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generators to be able to remain connected to the system, they must ensure that
frequency (or angular velocity) and voltage stays within the specific range.
Synchronous generators not only have to stay connected to the system in steady-state,
they also have to stay connected during transient events which may be faults. They
provide electrical power during these events and remain connected to the grid which
is also known as Fault-Ride-Through (FRT) capability. Synchronous generators also
provide inertia thanks to stored energy in rotating parts of the machine which increases
the general or transient stability of a system. To sum up, synchronous generators are

cornerstone of our well-established power systems today.

However, with the ever-increasing penetration of inverter-based generation in recent
years, system operators began exploring properties of our networks that we have taken
for granted since the early years of the 20th century. Renewable based generation such
as wind and solar depends on the power electronic converters to connect to networks
and provide electrical power. Since power electronic converters’ (Mostly, inverters are
meant for converters) operation depends and relies on the operation of a strong grid,

Researchers have been looking for weak grid operation of inverters.

The primary purpose of the GFL inverter control technique is to export a
predetermined quantity of power into an energized system. The GFL inverter control
method is typically tailored for operation in strong grid conditions. Consequently, its
performance hinges on a robust grid infrastructure, implying that a GFL inverter's
dynamic response following a fault in a weak grid may not yield satisfactory results.
Therefore, an inverter utilizing the GFL control method may lack the capability to

provide FRT capabilities.

To address such challenges in grids dominated by Inverter-Based Resources (IBRS),
Grid-Forming Inverter (GFM) control method has been proposed. This method
eliminates the dependence on a strong grid for IBR operation. Inverters equipped with
the GFM control method can establish grid voltage and frequency, enabling them to
operate in weak grids or even in islanded mode. Additionally, this capability empowers

them to provide black-start capabilities to the grid.

The behavior of a GFL inverter following a fault in two different grids is shown in
Figure 3.10. As can be seen from the below figure, the GFL inverter has been able to

recover from the fault in the strong grid (blue color) with higher Short-Circuit Ratio
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(SCR). However, the GFL inverter has not been able to maintain steady active and
reactive power outputs, resulting in oscillations in the voltage output in the weaker

grid.
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Figure 3.10 : GFL Behavior Following a Fault in Weak Grids [58].

The objective of GFL and GFM control methods during sub-transient, transient and
steady-state time scales differ from each other. During sub-transient time scale,
objective of GFL control method is to set up constant output current for active and
reactive power while the objective of GFM control method is to set up constant output
voltage for voltage and frequency control. During transient time scale, the objective of
GFL control method is to maintain steady active and reactive power while the
objective of the GFM control method is to maintain voltage and frequency. During the
steady-state, both control methods may follow their expected characteristics.

There are several different GFM control methods in the literature such as virtual
synchronous machine control, droop-based control, matching control and virtual
oscillator control. However, among GFM control methods discussed in the literature,
the droop-based control and virtual synchronous generator (VSG) methods are the

most common.

Virtual Synchronous Generator Control: VSG control utilizes the synchronous
generators’ (SG) swing equations and governor controls. The active power of the

inverter is measured. Then, a SG dynamic behavior mathematical model is utilized to
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obtain the necessary voltage and phase angle references for the inverter. A basic
scheme for the VSG-based GFM control is shown in Figure 3.11.
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Figure 3.11 : VSG-based GFM Control Scheme [58].

Droop Control: The current and voltage outputs of the inverter are measured. Then,
these values are used to obtain the necessary voltage and phase angle for the inverter.
Voltage is calculated using the predefined reactive power - voltage relation namely Q-
V droop. Angular frequency is calculated using the predefined active power —

frequency relation namely P-f droop.

Droop equations are given in Equation 3.3 and Equation 3.4. Where, 0r is an angle
used in the control, mn is the nominal frequency, Kp is the droop gain for frequency,
p>tis active power setpoint, g°! is the reactive power set point, Kq is the droop gain for
voltage, vg . Is the voltage set-point and ug <ot 1S the steady-state voltage. The values
p?9 and g®"9 are calculated using the Equation 3.5 and 3.6. The active and reactive
power magnitudes in the dg pane are calculated and then they are filtered through a

low-pass filter with the cutoff frequency of measured angular frequency [60].

0r = w, + Kp(pset —p*9) (3.3)
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Ug.* = Ug,set + Kq (@ —q*9) (3.4)
P9 = Whpeqs + (p — p9) (3.5)

pavg = Wmeqs + (P — pavg) (36)

A basic scheme for the VSG-based GFM control is given in Figure 3.12.
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Figure 3.12 : Droop-based GFM Control Scheme [60].

The utilization of grid-forming inverters in LVDC distribution systems has become a
focal point for researchers and system operators worldwide. While there are some
similarities, opting for GFM over GFL in an LVDC distribution system fundamentally

alters the expected network behavior.

However, GFL inverters still hold value when properly utilized. In a conventional
distribution grid, where the distribution network is supplied from a strong transmission
grid, GFL inverters can be employed without drawbacks. Nevertheless, it's crucial to
thoroughly assess disturbance conditions to make sure that the reliable and safe

operation of the system can continue.

3.2 Grounding in LVDC Distribution Systems

Grounding is a critical aspect in all types of power systems, whether they are based on
AC or DC. The various grounding schemes available have different impacts on the

network. Since LVDC distribution systems depend on power electronic converters for
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their operation, choosing the right grounding scheme for LVDC distribution systems

is a complex task.

Several grounding schemes are employed in LVDC distribution systems, which
fundamentally boil down to whether the return conductor is earthed. Grounded
unipolar and bipolar systems are depicted in Figure 3.13 and Figure 3.14.
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Figure 3.13 : Unipolar Grounded System.
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Figure 3.14 : Bipolar Grounded LVDC System.

Conventional LVAC distribution systems are invariably grounded at a specific point
in the network, such as the transformer’s neutral point. The protection of these systems
is predicated on distinguishing between healthy and faulted phases. Employing earthed
DC systems can introduce electrical safety concerns, including elevated touch voltages
during earth faults. Addressing this challenge necessitates either reducing the DC
voltage, thereby diminishing transmission capacities, or improving the earthing
system, which can be costly [23]. If a grounding scheme where one pole is grounded
is utilized, the behavior during a fault mirrors that of a short-circuit in the poles, or if
the middle conductor is earthed, a ground fault on a conductor leads to a voltage

increase in the healthy conductor [62].

In an earth-isolated system, safety is predicated on the absence of a path for fault

currents, hence an earth fault does not immediately result in interruption or pose a

30



safety risk. However, it is required to detect and clear earth faults immediately and use
insulation monitoring devices (IMD) to constantly observe isolation between the
system and the earth. Ungrounded unipolar and bipolar systems are depicted in Figure
3.15 and Figure 3.16.
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Figure 3.15 : Unipolar Ungrounded System.
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Figure 3.16 : Bipolar Ungrounded System.

Employing varied grounding schemes across different sections of an LVDC
distribution, as illustrated in Figure 3.17, necessitates isolation between these sections
to ensure that a fault in one segment does not impact others. This isolation is typically
achieved through transformers, which offer galvanic separation between primary and
secondary sides. Isolation transformers or converters incorporating transformers are

commonly utilized for this purpose.
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Figure 3.17 : Different Sections of an LVDC Distribution System.

3.3 Protection in LVDC Distribution Systems

In AC distribution systems, protection usually relies on the realization of overcurrent
relays. Overcurrent relays, which are straightforward to implement, detect fault

currents and issue a trip command to the circuit breakers of the line or line section if
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the current persists beyond a certain threshold, thereby clearing the fault. Circuit
breakers depend on the zero-crossing feature of the sinusoidal waveform of AC
current. Whenever the current approaches zero, circuit breaker contacts start to

separate for a safe switching operation.

The inherent characteristics of DC add complexity to the protection of LVDC
distribution systems. For high power applications circuit breakers may not be so easy
to implement because direct current naturally does not have a zero-crossing feature.
Consequently, researchers have proposed methods to artificially create a zero-crossing
or momentarily force the current to zero, enabling the circuit breaker to operate safely.
However, that is not the only challenge to overcome in protection of DC distribution

systems. Distinct types of faults and their respective locations require unique solutions.

Possible faults in the DC network are: fault in a pole, fault between poles and fault
between poles with earth connection. Protection against faults within the DC network
can be achieved through the use of molded case circuit breakers, which may be
positioned on either the AC or DC side of the converter. Protection against faults
within the customer network can be facilitated by fuses, and within the converter itself
through control algorithms. The converter's FRT capability can be enhanced by the
over dimensioning of IGBTSs [26]. While these approaches are effective in AC systems
and applicable to DC systems, the ever-increasing growth of distributed energy
generation necessitates a selective and rapid protection scheme. Using these methods,
faults are typically considered to impact the entire network, leading to its

disconnection.

However, novel approaches, such as those outlined in [24], advocate for the utilization
of solid-state circuit breakers (SSCBs), offering a promising alternative. The
protection scheme described in [24], utilizes the SSCBs and intelligent electronic
devices (IEDs).

In the LVDC network given in Figure 3.18, point of common coupling (PCC), each
feeder, each customer and each generation unit have their own SSCBs. DC current
magnitudes and directions are constantly monitored. When a measured DC current
exceeds a threshold, the protection scheme detects the faulted section of the network
and acts as predefined fault clearing protocol. For example, during a fault at PCC, the

fault will be fed by the AC grid and generation units which results in reverse direction
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current in all SSCBs. In order to clear the fault, all SSCBs will be blocked and AC side
circuit breaker will be opened. However, a fault in one of the feeders will lead to

reverse current in the remaining feeders and only the faulted feeder will be tripped.

This kind of protection scheme requires safe and fast communication between the
converter and feeder SSCBs and between customer SSCBs and feeder SSCBs as given

in Figure 3.19.
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Figure 3.18 : An LVDC Network That Utilizes Solid-State Circuit Breakers [24].

Main feeder SSCB

End user SSCB
Figure 3.19 : An LVDC Network That Utilizes Solid-State Circuit Breakers [24].

The literature also references fuse-based protection schemes, as detailed in [31], and
protection schemes based on high-frequency solid-state transformers, as outlined in
[63]. Additionally, converter-based protection schemes are discussed in [30],
alongside superconducting current limiter cable-based protection schemes, as

mentioned in [32].

However, the protection methods, schemes, and equipment mentioned herein are not
exhaustive. DC distribution systems possess considerable potential for enhancement

and development, prompting the proposal of novel approaches on a daily basis.
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3.4 Voltage Level Selection

The determination of the DC voltage level for use in a DC network involves assessing
various factors and parameters, such as the maximum permissible voltage drop, losses,
protection coordination, cost implications relating to the sizing of power electronic
converters, the grounding system, and implications for human health. For instance, a
higher voltage can decrease losses but also increase the initial investment required for
power electronic converters. Moreover, a higher voltage level may pose greater risks
to human health in case of contact. Given that LVDC grids are intended to replace
existing AC infrastructures, it is economically prudent to continue utilizing current
equipment as much as feasible. For example, if existing overhead lines or underground
cables have not yet reached the end of their economic lifespan and are compatible with
the planned DC network voltage, they should be employed. Similarly, if the existing
network contains economically valuable equipment, the voltage levels of the planned
DC network should accommodate the continued use of this equipment. Consequently,
the selection of voltage levels must carefully balance economic, technical, and public

health considerations.

One method to establish the voltage level involves using the permissible DC voltage
drop in the network. By calculating the load distance based on the maximum voltage
drop, it is possible to determine the optimum DC voltage for the area under study.
Utilizing the DC voltage drop equation, the cable length corresponding to a given
current magnitude can be ascertained. Subsequently, by applying the maximum
voltage drop, the maximum cable length that accommodates the desired power transfer

capacity can be calculated which is defined as load distance [4].

Voltage drop equation is given in Equation 3.7 where; AV is the DC voltage drop, rdc
is the DC resistance, liine is the line length and liire is the current magnitude. Using the
maximum permissible voltage drop, maximum line length Imax can be calculated as
given in Equation 3.8. Since the lines have a maximum current capacity, the equation

can be re-written as given in Equation 3.9 where; Vrom is the nominal voltage level.

AV = 14c X Ljine X ljine (37)

I — AVmax X Vmin
max = =g (38)
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Vnom X Imax —P

2
I max X Tdc

lmax -

(3.9)

With this method, it is assumed that the loads are lumped at the end of the line which
may not be realistic. However, the drawbacks of this assumption can be eliminated by

using a computer load flow program.

An example calculation of load distance is given in Figure 3.20. In this example, the
DC voltage is 750 V, line DC resistance is 0.191 Q/km, maximum permissible voltage
drop is 5% and maximum current is 366 A.

As can be seen from the Figure 3.20, 250 kW load can be transferred to a distance
about 600 meters within the voltage drop limits. Increasing the permissible voltage
drop will decrease the load distance greatly. However, maintaining a certain level of

voltage drop will affect the power quality in the network.

Transfer Capacity within Permissible Voltage Drop Level
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Figure 3.20 : Load Distance Calculation For 750V DC and 5%.

The same calculation for 1500 V DC voltage level is provided in Figure 3.21. 250 kW
load can be transferred to a distance more than 2 kilometers which is more than the
double that of 750 V DC.
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Transfer Capacity within Permissible Voltage Drop Level
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Figure 3.21 : Load Distance Calculation For 1500V DC and 5%.

Voltage level significantly influences the choice of equipment used in the network.
Higher voltage levels correspond to greater transmission capacity and reduced losses;
however, they also result in increased equipment costs. As illustrated in Figure 25,
different voltage levels must be analyzed to ascertain the optimum voltage level for
the area under study.
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Figure 3.22 : Voltage Level and Total Costs for LVDC Networks [23]

A study cited in [23] demonstrates that total cost outcomes vary with voltage level
adjustments: while one scenario reveals that higher voltage levels lead to reduced
costs, another scenario presents the exact opposite result as shown in Figure 26.
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Figure 3.23 : Voltage Level and Total Costs for LVDC Networks [23]

Voltage level also affects the protection system design, touch voltages, electrical
safety, control strategies and equipment characteristic [27]. IEC Technical Report
63282 lists common voltages used in LVDC networks. These voltage levels are given
in Table 3.1 and 3.2 and recommended by the IEC 63282 report for implementation in
IEC 60038 standard.

Table 3.1 : IEC 63282 Recommended Voltage Levels for Unipolar Systems.

Unominal Unmin Umax

380V
350V 320V 440 V
700 V 640 V 760 V

Table 3.2 : IEC 63282 Recommended Voltage Levels for Bipolar Systems.

Unominal Unmin Umax
760 V

+350/700 V 640 V 880 V
+700/1 400 V 1280 V 1500 V
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4. IMPLEMENTATIONS OF LVDC DISTRIBUTION NETWORKS

Pilot implementation of a new technology is crucial for testing the technology's
performance in real-life scenarios within a controlled environment. Should the
technology fail to perform as it did in its development setting, such as a laboratory,
adjustments can be made. They provide huge amount of data and information for

standardization of the LVVDC distribution networks to the researchers.

There are several pilot implementations of LVDC distribution networks globally with
countries such as Finland, China, Korea, Germany and Netherlands. Researchers in
[21] have discussed the necessity to renew the majority of the 20 kV lines in Finland,
highlighting how LVDC could offer advantages over LVAC in terms of long-term
investment. They also present their experiences and results from a pilot LVDC
distribution system in a rural area of Finland. The customers are fed by a 120 kVA
IGBT based back-to-back converter. The main purpose of this converter is to increase
the transmission capacity of the network. Converters used the pilot site are ABB’s
ACS800-11-5 converters.
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Figure 4.1 : Single Line Diagram of The Network [21]
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The cabinet and ABB ACS800-11-5 converter installation at the site are given in
Figure 4.2 and Figure 4.3.

Figure 4.2 : Converter Cabinet Installation at the Site [21]

P ‘.-——\:r, =

Figure 4.3 : ABB ACS800-11-5 Converter Installation [21]
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Power quality index measurements from the site are provided in Figure 4.4. According

to the authors, high levels of voltage drops were observed prior to the pilot

implementation. However, following the implementation of the LVDC network, there

has been a significant improvement in power quality.
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Figure 4.4 : Power Quality Measurements from the Test Site [21]

The line voltage and line current during a clearing a fault are given in Figure 4.5.
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Figure 4.5 : Clearing of a Three-Phase Fault [21]
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Another pilot implementation of an LVDC network in Finland is being carried out by
Jarvi-Suomen Energia Oy DSO in collaboration with Lappeenranta University of
Technology. This network supplies four different customers using three inverters, and
the topology of the LVDC network is depicted in Figure 4.6. The test site employs a
bipolar £750 V topology, with the single line diagram of the network provided in
Figure 4.7.
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Figure 4.6 : Topology of the LVDC Network [13]
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Figure 4.7 : Topology of the LVDC Network [13]

The network extends for a total of 1.7 km and continues to use the existing
underground cable, which is suitable for the planned project, thereby avoiding the need
for new cable installation. This arrangement ensures that, in the event of operational
issues, the region can still be powered from the AC network. Although the initial
project designs depicted in Figure 4.6 show rectifiers with IGBTSs, thyristors were
initially preferred due to cost considerations. However, after 9000 hours of operation,

the IGBTs were replaced with transistors to facilitate the bidirectional power flow
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required by the energy storage systems planned for future installation. Currently,
isolation between the AC and DC terminals is achieved using 50 Hertz transformers,
but there are plans to replace these with the Bidirectional Active Bridge DC/DC

converters [13].
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Figure 4.8 : Topology of the LVDC Network [13]
Researchers have shared their experiences and findings from their pilot LVDC
implementation site in their article [64], with the single line diagram presented in
Figure 4.9 and Figure 4.10. The LVDC network has 750 V voltage level and the site

has total of 1.5 km length.
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Figure 4.9 : Single Line Diagram of the Site [64]
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Figure 4.10 : Topology of the LVDC Network Test Site [64]

The DC distribution concept demonstration project in the Baolong industrial zone,

situated in the Longgang district of Shenzhen, includes several nationally recognized

high-tech companies. The project employs a hand-to-hand connection type to enhance

the absorption and storage capacities for renewable energy within the area. This

topology connects the DC distribution line to the AC distribution line in two different

points, offering greater power supply reliability compared to a radial connection type.

While the nested connection type minimizes power interruption losses by improving

the stability of the supplied power and facilitating faster fault location, it also heightens

the demands for protection control and fault identification coordination [65].
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Figure 4.11 : Baolong DC Demonstration Project Site [65]

substation

Researchers in [66] present the design, configuration and experiences from their pilot

LVDC site in Geochado Island, Korea. Single line diagram of the site is illustrated in
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Figure 4.12. Ten residential and two commercial existing loads, 4 new electrical

vehicle charging station with vehicle-to-grid capabilities, 1 new DC home and 10 DC

street lamps are planned to be supplied by the LVDC distribution network. The

network has two different DC voltage levels which are £190 V and +750 V.
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Figure 4.12 : Geochado Island LVDC Pilot Site [66]
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5. METHODOLOGY

In designing a LVDC distribution network, multiple criteria and constraints must be
considered, as discussed in previous sections. However, the considerations are not
limited to those already mentioned and encompass a broader range of factors essential
for effective planning. These criteria and constraints can be utilized during the technic

analysis of the network such as:
e Topology
e Voltage level
e Converter topology and control strategy
e Protection and grounding
e Communication Infrastructure

However, technical aspects should not be the sole focus of the criteria and constraints
in the LVVDC distribution network design process. From any engineering perspective,
the technical advantages of a design often carry an economic burden. Therefore,
engineers must always seek a balance between technical benefits and economic
drawbacks, while also taking into account sociological concerns. In this regard,
cost/benefit analysis methods are a great way to analyze a design from both technical

and economical perspectives.

The first step in a cost/benefit analysis is to determine the benefits of the system under
study. Recognizing both direct and indirect benefits is crucial as it aids in the
formulation of costs. Employing flowcharts or hierarchy charts can enhance the
visualization of these benefits. While it may not be feasible to analyze every benefit
from a cost perspective, documenting these advantages can still underscore the

potential benefits of implementing an LVDC system.

After identifying all the benefits of the system, the next step is to formulate the
associated costs. The parameters for this formulation can be derived using various

methods, such as employing generally accepted or standard values, utilizing data
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obtained from simulations, or referencing exchange rates published by governments
or financial institutions. This method guarantees a thorough and precise economic

evaluation of the system being considered.

The direct and indirect costs of LVDC distribution networks, as defined in this study,
are illustrated in Figure 5.1. Costs associated with these benefits will be analyzed
through a comprehensive economic analysis. Methods such as DCF and NPV will be

employed in this analysis, with detailed explanations provided in later sections of the

study.
Benefits of
LVDC
Distribution
. ‘ Non-Direct
Direct Benefits Benefits
) H1gl}er_ Control
— Transmission | Capability
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Lower
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Durations Operation
|| Lower Voltage L Higher
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Figure 5.1 : Benefits of LVDC Distribution Networks

Costs can be divided into two as Capital Expenditure (CAPEX) and Operational
Expenditure (OPEX).

CAPEX: CAPEX refers to money used by a company to buy (or invest in) physical
ass