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SUMMARY

The traditional ac power system is challenged by emerging distributed renewable energy
sources and an increase in installed load capacity, e.g., electric vehicles. Most of these
new resources use inherently dc as do more and more appliances. This poses the ques-
tion, if they should still be connected on ac in the low voltage grid, which was chosen a
century ago, because at that time dc could not be easily transformed to higher voltage
levels.

In this dissertation, steps are set towards a universal dc distribution system that has
the capability of replacing current low voltage ac grids. Standardization is very impor-
tant at this voltage level due to the high number of connected devices. Therefore, an
analysis of the future power system requirements is made and a modular architecture
is proposed that consists of connected nano- and microgrids. The dc distribution grid
could be meshed and these nano- and microgrids could be connected without a con-
verter separating them, which has significant implications on the overall design of the
system. Modular bipolar voltage levels can increase the efficiency of the system, but
complicate its operation as well.

The exact optimal power flow is formulated for bipolar dc distribution grids with
asymmetric loading. It can be used to manage congestions that could affect only one
pole. Congestions in distribution grids are likely to increase, due to the increase in in-
stalled capacity. They are also more severe in dc grids due to the use of power electronic
converters that have very hard limits in comparison with ac transformers. A general
method to calculate locational marginal prices between any two nodes in the dc grid
is formulated. The optimal power flow formulation is extended to multiple periods in
order to include storage operation.

Protection is one of the main challenges in creating large dc grids, as short-circuit
currents can be very high and there is no current zero crossing as in ac. A low short-
circuit current protection philosophy is formulated to deal with this. It also addresses the
challenge of very low fault current contribution in case of islanded operation. Solid-state
circuit breakers are proposed as the main protection devices for dc distribution grids
in combination with fast fault detection and clearance. The challenges regarding fault
discrimination and selectivity are addressed. Additionally a classification of protection
zones in dc distribution grids based on risk is proposed. Experimental measurements of
a developed prototype using current derivative tripping are shown.

Finally, dc ready devices, that can operate on dc as well as ac, are introduced as a
means of simplifying the transition towards dc distribution grids. The losses in the rec-
tification components, when operated on dc instead of ac, are analyzed and it is found
that the rectification components of wide input range devices do not need to be en-
hanced.

ix





SAMENVATTING

Het traditionele wisselstroomsysteem wordt uitgedaagd door opkomende gedistribu-
eerde hernieuwbare energiebronnen en een toename in geïnstalleerd vermogen, bij-
voorbeeld van elektrische voertuigen. De meeste van deze nieuwe bronnen gebruiken
inherent gelijkstroom, evenals steeds meer apparaten. Dit stelt de vraag, of ze nog steeds
verbonden moeten zijn op wisselstroom in het laagspanningsnet, dat een eeuw geleden
werd gekozen, omdat gelijkstroom op dat moment niet gemakkelijk naar hogere span-
ningsniveaus kon worden getransformeerd.

In dit proefschrift worden stappen gezet op weg naar een universeel gelijkstroomver-
deelsysteem dat de capaciteit heeft om het huidige laagspannings-wisselstroomnet te
vervangen. Standaardisatie is erg belangrijk op dit spanningsniveau vanwege het grote
aantal aangesloten apparaten. Daarom wordt een analyse van de toekomstige systeem-
vereisten voor het elektriciteitsnet gemaakt en wordt een modulaire architectuur voor-
gesteld die bestaat uit verbonden nano- en microgrids. Het DC-distributienet kan ver-
maasd worden en de nano- en microgrids kunnen worden verbonden zonder een om-
zetter die hen scheidt, hetgeen significante implicaties heeft op het algehele ontwerp
van het systeem. Modulaire bipolaire spanningsniveaus kunnen de efficiëntie van het
systeem verhogen, maar maken de werking ervan ook compliceerder.

De exacte Optimal Power Flow is geformuleerd voor bipolaire DC netten met asym-
metrische belasting. Het kan worden gebruikt om congesties te beheersen die slechts
één pool beïnvloeden. Congesties in distributienetten zullen waarschijnlijk toenemen
vanwege de toename van het geïnstalleerde vermogen. Ze zijn ook ernstiger in DC van-
wege het gebruik van vermogenselectronica die hardere heeft hebben in vergelijking met
wisselstroomtransformators. Een algemene methode wordt geformuleerd om de locale
marginale prijzen tussen twee willekeurige knooppunten in het gelijkstroomnet te be-
rekenen. De optimal power flow formulering wordt uitgebreid naar meerdere perioden
om de invloed van opslag mee te nemen.

Beveiliging is een van de grootste uitdagingen voor grote gelijkstroomnetten, om-
dat kortsluitstromen zeer hoog kunnen zijn en er geen stroomnulldoorgang is zoals bij
wisselstroom. Een lage kortsluitstroom beveiligingsfilosofie is geformuleerd om hier-
mee om te gaan. De uitdaging van een zeer lage foutstroombijdrage in het geval van
een eilandbedrijf is ook behandeld. Scheiders op basis van halfgeleiders worden voorge-
steld als de belangrijkste beveiligingsinrichtingen voor DC-distributienetten in combi-
natie met snelle foutdetectie. De uitdagingen met betrekking tot foutendiscriminatie en
selectiviteit worden beschreven. Daarnaast wordt een classificatie van beschermings-
zones in DC-distributienetten op basis van risico voorgesteld. Experimentele metingen
van een ontwikkeld prototype met behulp van stroomafgeleiding worden getoond.

Ten slotte worden DC-ready-apparaten, die zowel op DC als AC kunnen werken, ge-
ïntroduceerd als een middel om de overgang naar DC-distributienetten te vereenvoudi-
gen. De verliezen in de gelijkrichters, wanneer ze worden aangesloten op gelijkstroom

xi
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in plaats van wisselstroom, worden geanalyseerd en er is vastgesteld dat de gelijkrichters
van apparaten met breed invoerbereik niet behoeven te worden vergroot.



1
INTRODUCTION

The traditional ac power system is challenged by increasing numbers of decentralized
energy resources. In the extreme and most challenging case, power would be provided
100 % by intermittent renewable energies. Most of the distributed sources have a fluctu-
ating behavior and as a consequence, demand response, i.e. the adaption of consump-
tion, and/or energy storage will have to be used to keep the system operational. If the
generation capacity is too high it may have to be curtailed.

Moreover, the installed power capacity is increasing, e.g. due to an increase in use of
electric vehicles. This would lead to more congestion in the distribution grid and corre-
sponding solutions need to be developed. One bottleneck in the distribution grids will be
the substations as they are often rated for only 10 or 20 % of the connected peak power,
considering that not everyone will use electricity at the same time. However electric ve-
hicles and photo-voltaics might result in more synchronized grid usage, and actions will
have to be taken. There are two fundamental possibilities to deal with congestion. One
is by control and the other is market based. Market based control of congestion in its
purest form leads to nodal prices in the distribution grid.

From these considerations it can be seen that significant changes are needed in the
traditional power system in order to satisfy the new requirements. This is a good oppor-
tunity to reconsider the whole system and look for other possible improvements such as
a dc distribution system.

1.1. COMEBACK OF DIRECT CURRENT
The war of currents between Edison with dc vs. Westinghouse and Tesla with ac was won
by ac for good reasons a century ago. However as time passed and new developments
were made, the foundations of this victory have become obsolete. Power electronics
enable dc/dc conversion and in that way, allow the achievement of what hundred years
ago only ac transformers could do properly: the change of voltage levels. From the high
voltage side, HVdc lines are now used for long distance power transmission, as dc line
losses are much smaller than ac ones. Other benefits achieved are the prevention of

1
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skin effects and a reduction of problems related to cable capacitance and the resulting
reactive power flow, especially for submarine cables.

However, also from the low voltage side, dc is having a comeback. Until now, this has
taken place mostly inside the devices. First, ac transformers were used to bring down
the voltage to usual application levels, e.g. 20 V, and rectification was done thereafter.
Nowadays, ac transformers in devices are more and more being replaced by dc/dc con-
verters. Due to their higher switching frequencies, typically 100 kHz instead of 50/60
Hz with ac, much smaller passive components can be used, which reduces size, weight,
and material costs. The ac from the grid needs therefore to be rectified and – to pre-
vent distortion of the ac grid – artificial sinusoidal currents are drawn using power factor
correction (PFC). Today even ac motors are more and more driven by motor controllers
using ac/dc followed by dc/ac conversion, which allows variable speed control.

It is important to note that distributed renewable energy sources are mostly either dc
inherently, e.g. photovoltaics, or use a dc link to decouple rotations speeds from the ac
grid such as wind power. Furthermore, batteries are dc in general and their application
is evolving in electric vehicles and other devices. For these reasons it is now plausible
to consider bringing dc one level higher and to transform the distribution grid from ac
to dc, eliminating dc/ac and ac/dc conversions. This is one of the main motivations for
having dc distribution networks.

Microgrids have the potential to improve reliability in the case of an outage occur-
ring at a higher voltage level in the network by using available distributed sources and
storage. DC microgrids can have some advantages over ac microgrids. For example, bal-
ancing local supply and demand and establishing financial compensation for grid losses
could be done using the dc voltage. Due to the lack of synchronization requirements
in dc, the re-connection to a higher level grid is straightforward. The centralized ac/dc
conversion from low voltage or medium voltage ac grid can be made more efficient and
can even help stabilize the ac grid, for example by supplying reactive power. The reduc-
tion of conversion steps and the lack of synchronization requirements motivate further
research in dc distribution networks.

1.2. DC DISTRIBUTION SYSTEM
The hypothesis for this dissertation is that with a dc distribution system, the previously
mentioned smart grid challenges could be solved more easily and more reliably than
with ac distribution networks. The transition from ac to dc is very challenging. However,
for countries with little ac infrastructure the option of going directly for dc and skipping
the traditional ac power system, has the potential to be more suitable. DC ready devices
that work on both ac and dc would not need to be more expensive than ac-only devices
and would simplify the transition with economics of scale.

When just looking inside buildings or small houses, many options for dc are already
available on the market. For example, the USB Type-C connector with USB Power Deliv-
ery up to 100 W will make the transition to a dc system considerably smoother, as small
devices will not come with an ac connection anymore.

The NEN and IEC standardization process started in 2014 and is currently ongoing.
Designing a complete system from scratch gives a unique chance to include features for
the future smart grid. For this reason it is essential to explore at this moment what are
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the potential opportunities that dc systems could provide. In this way, the requirements
related to new applications can be directly included into standardization.

Of the whole power system, the low voltage grid connecting households and build-
ings is the most important section to be developed. Due to the many entities involved
(grid operators, owners, device manufacturers), standardization in this level is most es-
sential. In medium voltage for example, grid operators can autonomously decide on its
system, and therefore system standardization is not mandatory.

Until now, in the literature of dc microgrids, it is generally assumed that the electrical
installations inside and outside the buildings are separated by a converter to be located
at the entrance of each building.This is a convenient assumption as it decouples the in-
ternal grid from the one in the street. However when thinking of a future dc distribution
system, this will probably not be the optimal solution as these converters would have to
be rated for the peak load of every house. In present ac systems – at least in Europe –
there is no transformer at every house entrance; instead there is one for several of them.
This allows to use a smaller power rating, as not all houses have their peak power at the
same time. The important conclusion is that for the dc distribution system one should
start considering a system that comprises both the electrical installation inside and out-
side the building as a whole, as it is done in ac distribution grids. This is what will be
considered in this dissertation.

In ac grids, distribution is done often in two or three phase systems. This allows
to connect small devices to a single phase and larger devices to multiple phases with a
higher voltage in between. Similarly in dc distribution grids bipolar grids could be used
to provide a lower voltage to small devices and double the voltage to large ones. As the
two poles of the dc distribution grid in this case are unlikely to be loaded evenly, special
care has to be taken if the system is to be operated close to its limits.

Protection in dc distribution systems is a crucial topic but it has had little attention
in previous research. The use of traditional protection strategies with high short-circuit
currents is a possibility, but converters need to be designed for higher peak currents. The
same would also be necessary in ac systems when there is no rotating inertia. Therefore
a new protection philosophy with low short-circuit currents should be used for dc distri-
bution systems.

Several aspects of protection will be considered in this work and will serve as a con-
tribution to this challenge. This has to be done in coordination with all other parts of the
system.

One of the major challenges is that the field is young and a lot of inter-dependencies
exist among the components of the system; especially linked to the possible protection
strategies and control methods.

1.3. RESEARCH OBJECTIVE
The main objective of this dissertation is the following:

To enable an universal dc distribution system that can accommodate a signif-
icant share of distributed renewable energy sources, by considering optimal
power flow, storage operation and protection in such systems.
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1.4. RESEARCH QUESTIONS
The main objective is approached by the formulation of several research questions. The
following research questions are considered in this dissertation:

1. How can the dc distribution system be designed to allow for resilience with signif-
icant share of distributed renewable energy sources?

2. How should optimal power flow be implemented in meshed bipolar dc distribu-
tion grids in order to achieve minimum operation cost respectively maximization
of social welfare, while respecting operation limits of lines and converters?

3. How can nodal prices for prosumers be derived in dc distribution grids such that
they allow for independent economics agents to optimize for their own profit and
encourage congestion management?

4. How is storage operated optimally in bipolar dc distribution grids and what effect
does the operation of storage have on the nodal prices.

5. What protection philosophy should be applied to large dc distribution grids such
that both connected and islanded operation of individual dc microgrids is possi-
ble?

6. Do the rectification components of ac devices need to be enhanced if they are op-
erated on dc instead of ac?

1.5. OUTLINE
This dissertation is based on publications. The publications are referred to on the first
page of each chapter. In Figure 1.1 a visual overview of this dissertation and the relation
of the chapters is shown. The dissertation is structured by the following chapters:

Chapter 2: Towards the Universal DC Distribution System addresses the first research
question by making a system level synthesis of the envisioned universal dc distribution
system. First a general analysis of future use-cases is done. A modular dc distribution
system is described that can include modular connection of different nano- and micro-
grids without converters. This design can make the system more resilient in the pres-
ence of distributed renewable energy sources as the nano- and microgrids could con-
tinue operation in case of higher level outages. Further, meshed grids are discussed to
better interconnect the system and provide alternative power paths in case of conges-
tion and outages. Modular voltage levels are introduced to accommodate the needs of
both low and high power sources and loads in the same standardized dc distribution sys-
tem. Furthermore, operational aspects such as electricity market design and protection
are addressed. The challenges in the transition to a dc distribution system are covered
towards the end. These three emphasized topics are covered in more detail by the fol-
lowing chapters as illustrated in Figure 1.1.

Chapter 3: Optimal Power Flow for Unbalanced Bipolar DC Distribution Grids de-
rives the exact optimal power flow for bipolar dc distribution grids that could be used for
electricity market design. It addresses the second research question. The exact optimal
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Figure 1.1: Visualization of the outline of this dissertation and its chapters. Chapters 2 covers the overall sys-
tem, from which three selected topics are covered in more detail. Chapters 3 and 4 build up on each other.

power flow will be formulated in terms of current and voltage and includes current limits
for lines and converters instead of only power limits.

Additionally, the third research question is addressed by deriving a general way of
obtaining locational marginal prices between any two connection points in a bipolar dc
distribution grid. This can include pole-to-pole and pole-to-neutral connections.

Chapter 4: Storage Operation in Unbalanced Bipolar DC Distribution Grids extends
Chapter 3 to multiple time periods. In this way the fourth research question can be ad-
dressed by modeling the energy storage system equations behind a grid interface. The
effect on the locational marginal prices is shown in several examples. Further, variable
time periods are used to reduce the computational effort.

Chapter 5: Low Short-Circuit Current Protection Philosophy for DC Distribution Grids
addresses the fifth research question. Based on the architecture and modularity derived
in Chapter 2, the challenges of using traditional protection strategies are elaborated.
Solid-state protection is identified as the suitable method for dc distribution grids. In or-
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der to not destroy solid-state circuit breakers by high currents, a low short-circuit current
protection philosophy is formulated. The challenges of the necessary fast fault clear-
ance regarding fault detection, discrimination, and selectivity are addressed. Moreover,
a classification of protection zones by risk is proposed. The chapter is concluded with
measurement results from an operational street lighting system and an experimental
solid-state circuit breaker using current derivative for fault detection.

Chapter 6: DC Ready Devices – Is Redimensioning of the Rectification Components
Necessary? introduces dc ready devices and analyses the losses in the rectifying com-
ponents. DC ready devices could simplify a transition towards dc distribution grids as
described in Chapter 2. In this chapter, the sixth research question is addressed.

Chapter 7: Conclusions draws the conclusions of the overall dissertation. Every re-
search question is readdressed and it is shown how they were answered in the individual
chapters / publications.



2
TOWARDS THE UNIVERSAL DC

DISTRIBUTION SYSTEM

Due to an increasing number of power generation units and load devices operating with
direct current (dc) at distribution level, there is a potential benefit of leading efforts to-
wards building a dc distribution system. However, the implementation of dc distribution
systems faces important challenges, including the market inertia of ac systems and stan-
dardization. Many of the benefits that are attributed to dc can only be realized if a com-
plete dc system is developed, and not if only a few components are replaced. This chapter
presents the concept of a universal dc distribution system.The universal dc distribution
system could be implemented in various use cases, but could also completely replace ac
distribution grids. The chapter covers the possibilities of having dc nanogrids inside build-
ings, dc microgrids in neighbourhoods, and the connection to ac and dc medium voltage
grids. Furthermore, considerations regarding flexibility, electricity market design, control
and protection are presented.

This chapter is based on L. Mackay, N. H. van der Blij, L. Ramirez-Elizondo, and P. Bauer, “Toward the Universal
DC Distribution System,” Taylor and Francis, Electric Power Components and Systems, 2017.
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2.1. INTRODUCTION
The electrical power system is significantly changing in order to cope with the increas-
ing participation of various distributed energy resources. These changes are required to
ensure the reliability, efficiency, power quality, protection, and cost effectiveness of the
system. This presents a good opportunity to reflect about the overall system and recon-
sider certain design choices.

AC is nowadays the standard for transmission and distribution grids. The dominance
of ac was facilitated by the ease of transforming ac electrical energy to different volt-
age levels through the ac transformer, needed for efficient transportation over long dis-
tances [1, 2]. However, the advances in power electronics nowadays allow for an equally
simple transformation of dc voltages.

Currently, the employment of dc is growing at various voltage levels in the power
system. The adoption of HVDC lines for the transport of electrical energy over long dis-
tances is one example. The advantages of HVDC over HVAC are reported to be low cost,
decreased losses, and absence of restrictions on long distance cables [3].

At device level dc is also having a comeback. The high switching frequencies of dc/dc
converters result in smaller passive components and consequently a reduction in size,
weight, and cost. In systems where previously an ac transformer was used to step down
the voltage before it was rectified, rectification is now be immediately applied. Moreover,
dc is being adopted for an ever increasing amount of applications including data centers,
telecommunication, buildings and ships. The benefits of adopting dc in, for example,
data centers includes improved efficiency, lower capital cost, increased reliability, and
improved power quality [4].

Due to the increasing number of dc applications, it becomes potentially beneficial
to build the distribution system on dc instead of ac. In literature, dc is seen to have sev-
eral advantages over ac in terms of transmission, efficiency, converters, and control [5].
However, the broad application of dc distribution systems still faces challenges includ-
ing the market inertia of ac systems and the lack of standardization. A comparison of ac
and dc will not be covered in this chapter, since the full benefits of dc over ac can only be
quantified once a complete dc system is developed.

The lack of a general standard has lead to diverse architectures and operations of
dc distribution systems. Most literature focuses on local dc grids in buildings [6], e.g.
for lighting applications and data centers [7]. Many of the design choices have been
made for specific applications, without taking the potential advantages of having a com-
plete low voltage dc distribution system into account. Furthermore, local generation
and storage is often assumed [8], while sharing of resources and the location of renew-
able sources is neglected.

Most of the work on dc distribution grids assumes that converters are installed at
each household, which connect the local dc or ac nanogrids [9–11]. These converters
provide a convenient separation and could also be used for protection purposes [10].
However, since these converters need to be rated for peak power they are generally ex-
pensive. By taking an integral view on the overall distribution system, these disadvan-
tages could be avoided by removing the converters at each household. However, more
complex interactions and interdependencies, e.g. in control and protection, have to be
dealt with.
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This chapter contributes to the discussion towards a universal dc distribution sys-
tem that could be generally applied to various use cases. An integral view is taken on
the larger distribution system, and the challenges and opportunities that can be found
in system interdependencies are highlighted. For example, standardization, meshed
distribution grids, modular voltage levels, flexibility, market design, control and pro-
tection are discussed. It does not only consider near future applications of local dc
nanogrids, but aims at a universal system with the capability of completely replacing
low voltage ac distribution grids in a longer term. This includes tackling the challenges
introduced by intermittent renewable energy sources. It is a continuation of two previ-
ous papers in which the opportunities and challenges of dc distribution systems were
presented [12, 13].

The remainder of this chapter is organized as follows: in Section 2.2, important el-
ements of the future power system are discussed. The envisioned architecture of the
universal dc distribution system is described in Section 2.3. Section 2.4 introduces the
operational aspects of this system. Subsequently, possible steps toward the introduction
of the universal dc distribution system are discussed in Section 2.5. Ultimately, conclu-
sions are drawn in Section 2.6.

2.2. FUTURE POWER SYSTEM
To enable the broad adoption of dc distribution grids, economics of scale should be
achieved. A universal dc distribution system that meets future requirements should be
envisioned, so that economics of scale can be realized earlier. In this section possible fu-
ture use cases are discussed, to be later covered in the envisioned system. This is impor-
tant in order to prevent over-optimization for specific near-future applications, which
could lead to drawbacks for a more widespread adoption.

2.2.1. CENTRALIZED GENERATION

The share of renewable energy generation in the electrical energy production is rising in
many countries. Therefore, the future power system should be able to cope with 100%
renewable energy supply. It is often assumed that renewable energy is inherently decen-
tralized, however this is not necessarily true.

Traditionally distribution systems are built in a centralized fashion. Future distribu-
tion systems may still contain centralized power generation, for example in cases where
conventional power plants are replaced by large-scale renewable generation plants. An
important difference is that the location of the centralized generation sites will not likely
be determined by the consumption centers anymore, but by the location of renewable
resources.

For example, wind farms can be built at sea to exploit the higher average wind speeds.
Large scale solar thermal power plants can be located in deserts to exploit the higher
solar radiation. Hydro power plants are likely placed in mountain regions where also
large-scale hydro-storage can be realized. Just like in the case of conventional power
plants, large-scale renewable generation plants also need appropriate transmission sys-
tems since consumption and generation are often far apart. HVDC will play an impor-
tant role in making this possible. Furthermore, a MV grid and a LV distribution grid are
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required in order to bring the power to the customers.

2.2.2. DISTRIBUTED ENERGY RESOURCES

In this chapter the term distributed energy resources is used to refer to distributed forms
of generation, storage, and controllable loads. Distributed renewable sources introduce
intermittency to the distribution grid due to varying availability of sun and wind. Dis-
tributed storage and controllable loads could provide flexibility to cope with this inter-
mittency.

Currently many new small-scale (renewable) energy sources are distributed in the
low voltage grid. Examples of these small-scale sources include rooftop photovoltaic
systems, and small-scale wind and hydro plants, but could also include diesel genera-
tors. Moreover, many new applications such as electric vehicles have built-in storage
capacity that could be utilized to benefit the grid. Likewise, the flexibility in loads such
as heat-pumps can do indirect energy storage by shifting the load to a more convenient
time.

It is important to note that most of these resources are owned by consumers. A pro-
sumer market model would allow to model the role of consumers and producers of en-
ergy in a more abstract way. Consequently, this could enable a more economical utiliza-
tion of these resources for both the prosumers and the overall distribution system. [14]

2.2.3. NANO- AND MICROGRIDS

The reliability of a (centralized) power system is unlikely to increase when the system
becomes more complex by the addition of distributed resources. However, distributed
energy resources enable the isolated operation of parts of the grid in case of outages at
a higher level. Therefore, it would be beneficial for the future distribution grid to consist
of interconnected microgrids. In this case the grid could sustain operation if parts of the
grid fail.

In these isolated systems, demand response is likely to play an important role, as
supply could be limited due to weather conditions. Storage and (conventional) backup
supply could be installed in important locations, however in many countries this is fi-
nancially not viable.

2.2.4. OFF-GRID SYSTEMS

With the increasing participation of distributed energy resources we can ask ourselves
if the grid is actually needed. Independent distribution grids are often envisioned as an
inevitable destination. Off-grid systems can be more economical for remote locations,
where the cost of interconnection exceeds the cost of additional storage and/or energy
generation.

However, in more densely populated areas, the advantages of sharing resources out-
weigh the additional cost due to the low cost of interconnection and the high utilization
factor. Moreover, it is unlikely that everyone will use high power loads at the same time.
Additionally, weather conditions can make it expensive to cover 100% of the demand by
local renewable energy and storage, as it is unlikely that load peaks will coincide with the
peaks in supply.
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Figure 2.1: On the right: a dc microgrid connecting a neighbourhood with multiple dc nanogrids inside build-
ings and some larger distributed energy resources. It can be connected to other dc microgrids on the same
voltage levels and/or to the medium voltage grid at the substation depicted in the center. On the left: a dc
nanogrid inside a building with various energy resources is shown in detail. A fault isolation device can sepa-
rate it from the microgrid.

2.2.5. STANDARDIZATION
Economics of scale are very important in order to realize reduced cost and consequently
to encourage a broad adoption of dc distribution grids. It is therefore important to arrive
at a standardized system that can be used for various applications.

2.3. THE UNIVERSAL DC DISTRIBUTION SYSTEM
The envisioned standardized dc distribution system should be universal in a sense of
being appropriate for various applications, conditions and sizes as described in the pre-
vious section. In order to show the full potential and the affiliated considerations, a
complete dc distribution grid architecture, that could be built in cities, is described in
this section. However, for specific or initial applications it is possible to implement only
certain parts.

2.3.1. MODULAR DC DISTRIBUTION GRID ARCHITECTURE
The dc distribution grid architecture should consist of several subsystems that can be
connected together. Moreover, it is not necessary that the complete grid is built on dc,
any part on any level in the grid could be ac and connected to the dc grid via an ac/dc
converter. Especially during a transition to a full dc distribution grid.

DC NANOGRID

The grid inside buildings (or on private property) could be operated independently from
the main grid in islanding mode if distributed energy resources exist. In order to enable
the utilization of this energy supply potential in case of faults in the distribution grid, it
could be beneficial if this part of the grid would be able to operate independently as a
nanogrid. Nanogrids can be owned and controlled by independent entities. They can
be connected to the dc distribution grid by a smart meter and a protection device, or
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to an ac distribution grid by an ac/dc converter. An example of such a nanogrid and its
connection is shown in Fig. 2.1 on the left. A typical power rating of a nanogrid could be
10 kW.

Inside the nanogrid, extra low voltage subsystems could be implemented. Typical
voltages for these systems are 48 V, 24 V or 12 V [15]. They could, for example, be used
for low power LED lighting, or for connecting loads by USB Type-C connector and USB
Power Delivery [16]. These are not in the scope of this chapter as their design does not
directly affect the distribution grid, because they always need to be galvanically isolated
by a full power converter.

DC MICROGRID

In order to allow the sharing of distributed energy resources between nanogrids (neigh-
bours) in a resilient way, even if higher level grids fail, dc microgrids should connect a
neighbourhood. The size of these microgrids could be, for example, one street block,
one low-voltage feeder or the low voltage distribution grid under one substation (e.g.,
500 kVA) of today’s 400 V ac grids.

Such a dc microgrid could have a connection to higher level grids but could also
directly connect to neighbouring dc microgrids as shown in Fig. 2.1 on the right. As
such, the low voltage grid is built out of interconnected microgrids [17] and could be
extended to a large grid, connecting a whole city. These dc microgrids should be able to
operate independently and therefore protection devices should separate them. In order
to allow economic dispatch, even in islanded operation, local electricity markets could
be implemented on this level. Also the power flow and congestion should be controlled.

MEDIUM VOLTAGE GRID

Fig. 2.2 shows an example of a medium voltage and a high voltage grid overlaying the
connected dc microgrids. The medium voltage grid can be implemented in dc and could
connect large scale energy resources such as onshore windfarms. These grids could also
be implemented in ac with a modular ac/dc converter at the substation connecting it
to the low voltage dc grid, allowing for high partial load efficiency [18]. A connection to
a medium voltage grid is optional and may not be implemented for remote locations.
Microgrids could only connect to neighbouring microgrids, which may or may not be
connected to the medium voltage grid, or operate fully independently.

2.3.2. MESHED DC DISTRIBUTION GRIDS
Nowadays ac distribution grids are often operated in a radial structure as this has advan-
tages in protection and power flow control. Grids in densely populated areas are often
constructed in a meshed architecture, but the meshes are not closed in order to keep
the operation radial. This allows for more flexibility in, for example, maintenance and
repair.

With the increased utilization of the grid infrastructure due to electrical vehicles, heat
pumps and solar panels, it would be preferable to take advantage of available meshed
connections [19]. In dc distribution grids, dc/dc or ac/dc converters take the role of
traditional ac transformers. These power electronic converters cannot be overloaded
for extended periods of time, like ac transformers can be. Meshing the low voltage grid
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Figure 2.2: An overview of a distribution area with multiple dc microgrids that are directly connected (black)
to each other forming some meshes. On top of that, a medium voltage dc grid (red) connecting most of these
microgrids at substations. Furthermore, a high voltage transmission system is depicted in green.

can allow for the utilization of a neighbouring substation in case of congestion at one
converter.

It has to be ensured that the power flow does not exceed the line limits for extended
time periods. Power flow control converters, that impose voltages in series with lines,
can be added to influence the power flow. In this way the infrastructure can be bet-
ter utilized if this is necessary, however, they increase control complexity and cost and
can decrease reliability. Power flow control converters are built using partial power con-
verters to enhance efficiency and reduce cost. However, therefore they do not provide
galvanic isolation because a major part of the power is directly transferred from one side
to the other. Large galvanically connected low voltage grids could emerge which have to
be taken into account for power flow control and protection. Ensuring line limits can be
done in a decentralized way without communication [19].

2.3.3. NO CONVERTERS AT THE NANOGRID’S INTERFACE

Low voltage dc grids have emerged from applications such as lighting and data centers.
From this perspective it is normally assumed that dc nanogrids are interfaced with ac
grids by a central ac/dc converter [20]. In literature, dc distribution grids are considered
to have dc/ac inverters for each costumer, allowing the usage of legacy ac devices [9, 21].

When combining these two approaches one would naturally end up with a dc/dc
converter at the entrance of every house [11]. The advantage of this system architecture
is that the nano- and microgrid systems are electrically separated. Consequently, the
control and protection of this system is easier as only well defined parts of the subsystem
have to be taken into consideration.

However, when considering a universal dc distribution grid, that can be used for all
use cases, this solution is, in general, suboptimal. This is best illustrated with an exam-
ple of two neighbouring buildings. The first buildings has solar panels while the other
has storage facilities. During the day when little of the power is used, the solar power
from the first building is stored in the second building’s storage. Later, when demand
is highest, the stored electrical energy is (partially) transferred back to the first building.
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Consequently, the two extra converters at the interfaces of the two nanogrids with the
microgrid introduce 4 additional conversion steps, significantly decreasing efficiency.

Another problem with a converter at the nanogrids interface is that these converters
would need to be designed for the peak demand of the nanogrid, which is expensive.
Consequently, this converter will have a low utilization factor as the average demand is
significantly lower. Most of the time these converters would operate at partial load con-
dition with poor efficiency, as modular converters might not be economically feasible
at these power levels due to the overhead of modularity. If the converters at the inter-
face are replaced with a combined converter at a substation, it could be designed with a
much lower rating than the sum of each nanogrid’s peak demand. In ac grids, substation
transformers are commonly designed for 10-20% of the total connected peak demand.
Furthermore, since the power from distributed sources can take a direct path to the de-
mand inside the microgrid, converter power capacity can further be reduced.

To summarize, removing the converters at the interface between nanogrids and the
microgrid can reduce investment cost significantly. Nevertheless, in remote locations
with long distances between nanogrids or for dc nanogrids connected to ac distribution
grids a converter at the interfaces could still be favorable.

2.3.4. MODULAR BIPOLAR VOLTAGE LEVELS

One of the challenges in low voltage dc is to standardize the voltage levels. Extra low volt-
age levels are often seen in dc nanogrids, such as 24 V proposed by EMerge Alliance [7],
48 V in the telecommunication industry [22], or the 20 V of the USB Power Delivery Stan-
dard [16]. They are, however, not suitable for a distribution grid with higher power and
longer distances as they would result in high losses or thick and expensive cables.

It is expected that the standardization of input voltage levels for generic devices will
converge to a value between 350 V and 400 V. These voltage levels are also widely used in
the dc links of ac power supplies today. Therefore, these voltage levels would allow easy
implementation of dc ready devices [23].

Most of the low voltage dc literature focuses on these local dc grids and does not
consider the expansion to a complete dc distribution grid. EMerge Alliance proposes
to use midpoint grounding, effectively making ±190 V out of the 380 V [7]. This can be
applied to isolated local dc grids, such as today’s data centers.

When it comes to transporting power over longer distances, higher system voltages
are necessary. Using true bipolar systems where devices with their defined input voltage
are connected pole-to-neutral instead of pole-to-pole could half the line losses for bal-
anced systems while copper could be reduced. Device interfaces should then be made
such that they can be connected to a midpoint grounded system ground but also be-
tween a pole and the neutral. Bigger devices, that today are connected to three phase ac,
could then be connected directly between a positive and a negative pole.

Fig. 2.3 shows an example of a modular bipolar system of ±350 V, as proposed by
Direct Current B.V. [24]. A ±700 V grid could then be made for applications where a
lot of large loads are to be connected. With a margin for overvoltage droop regulation
considered, this voltage stays under 1500 V low voltage limit imposed by the IEC. How-
ever, also ±375 V and ±750 V have recently been discussed and might be a good compro-
mise [15]. Regardless of the chosen nominal voltage levels, there is always an operation
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Figure 2.3: Modular bipolar voltage levels can be implemented for industrial applications with ±700 V and for
residential applications with ±350 V. Small appliances connect to 350 V while large appliances connect to 700 V
by connecting to both poles. Isolation consideration have to be made for 700 V devices.

range around the chosen values that has to be specified. Modular voltage levels, if used
from the beginning, would allow for the scaling of the system and increase compatibility
with systems of different sizes.

In these bipolar systems it can be, in some cases, beneficial to remove the neutral
conductor. This might be relevant when refurbishing 4-cable 3-phase ac cables where
then two conductors could be used for each pole. However, if the neutral is removed
the currents flowing in both (independent) poles must be balanced. This can be done by
means of a balancing converter shifting power between the two poles or by balancing lo-
cal supply and demand on both poles (by using distributed energy resources or demand
response).

2.4. OPERATIONAL ASPECTS

The standardization of a new systems gives the unique opportunity to incorporate fea-
tures that may be desirable in the future. Trade-offs will have to be made as optimal
solutions for some applications may cause problems for other applications. This section
highlights some of these aspects.

A key challenge in the operation of the universal dc distribution system is that the size
and composition of different systems can vary. Moreover, the size and composition of a
distribution grid could also vary over time due to grid extension, faults, or maintenance
reasons. For example, microgrids and nanogrids should be able to island themselves
and continue operation when other parts of the grid experience difficulties. After the
problems have been resolved, the microgrids should reconnect (de-island) to reestablish
the sharing of resources. Furthermore, the nanogrids should independently be able to
black start to facilitate the usage of available energy sources as soon as they are available
after a grid collapses.
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2.4.1. ENABLE FLEXIBILITY

To facilitate operation when supply is scarce, enabling flexibility in demand and supply
is crucial [25]. This will be more common as intermittent renewable sources are intro-
duced.

Load shedding can be used as a last resort to prevent the collapse of the system. In
dc grids load shedding can be done based on the local voltage, which is a direct indicator
of the system’s power balance [26]. The voltage thresholds, at which load shedding oc-
curs, should be standardized and incorporated into all devices. Priority of loads can be
realized by employing different voltage thresholds for different types of loads. In order to
increase system stability loads should ramp down proportionally to the voltage if possi-
ble (e.g. lighting) [27]. It is important to note that this will prevent a grid outage in cases
where nowadays ac grids would already be blacked out, increasing user satisfaction.

The increasing flexibility in appliances such as electric vehicles can, if enabled, re-
duce infrastructure investments significantly. While the overall system benefits can be
high, individual benefits are often so small that this certainly has to be automated and
no user interaction should be required. In case of demand response the users should
be able to actively increase the importance in order to override automatic action at any
given time.

The smaller the devices get the worse the trade-off is in implementing these features.
Therefore, a good balance has to be found. Local economical demand response could be
achieved by combining a smart meter with a power flow controller. In this case the smart
meter, which is connected to the market, could accomplish economical load shedding
by reducing the voltage inside the nanogrid (triggering load shedding). Such a system
could be interesting in, for example, developing countries when a cost limit should be
achieved.

2.4.2. ELECTRICITY MARKET DESIGN

Electricity market design is important to stimulate the utilization of distributed resources
[14]. Until now this has often been regarded as an independent topic on top of the tech-
nical aspects and independent of ac or dc. However, better utilization of the infrastruc-
ture could be realized if the market is seen as part of the (optimal) control system.

Prosumer market models in which each participant is equally able to consume and
produce power seem to be the proper answer for emerging distributed resources as they
do not penalize the storage of energy [14, 27]. Furthermore, grid fee and electricity fee
should be explicitly separated to allow for economic dispatch based on marginal cost in
an energy only based market. The grid fee, which is used to cover infrastructure invest-
ment and maintenance, can still depend on the rating of the connection to the grid.

Dynamic prices in an energy market could enable the utilization of distributed de-
mand and storage flexibility. The faster the dynamic prices are updated the less reserve
power is needed. However, as a consequence the cost and complexity of communication
and clearing may rise, and thus a balance has to be found. The market model should in-
corporate price forecasts to allow adequate utilization of resources (such as load shifting
and/or storage).

Increases in installed power by, for example, PV or electric vehicles are expected to
lead to congestion in the low voltage grids and this should be taken into account when
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building dc grids. Also in dc distribution grids the stricter limit of ac/dc and dc/dc con-
verters may lead more easily to congestion than ac transformers (which can be over-
loaded for some time). Therefore, the market model should manage congestion by, for
example, dynamic nodal pricing [25] using exact optimal power flow calculations [28].
Cost functions of demand need to be assumed in order to incorporate demand response.
Exact optimal power flow in bipolar grid can lead to nodal or local marginal prices that
depend on the pole of connection when only individual poles are congested due to un-
balance. Losses of converters, lines, and power flow control converters (that modify the
power flow) should also be included [28].

Market clearing should be implemented in a (partially) distributed way in order to
allow independent operation of microgrids, but also to reduce complexity and commu-
nication needs [29, 30]. Microgrids could act as an aggregator of the information that is
shared with connected microgrids and higher level grids in order to converge towards
a more globally optimal operation. While centralized optimization can (in theory) al-
ways outperform or be equivalent to distributed control (because it could implement
the same actions as distributed agents), in practice the problem complexity, communi-
cation effort and resilience speak in favor of suboptimal distributed solutions.

Preliminary work indicates that for dc new solutions for distributed market clearing
might be possible. This could include “physical market clearing”, where price informa-
tion is broad-casted and market participants act directly (only giving physical feedback).
Moreover, local measurements might be taken into account for distributed real-time op-
timization iterations.

2.4.3. CONTROL

A large amount of research has been done on the control of dc microgrids [31]. Often,
full knowledge of the system components and parameters is assumed, which should not
be a requirement for the universal dc distribution system. Rules for the control should
be developed and standardized that allow reconfiguration of the system and enable eco-
nomics of scale.

In normal operation, optimization could be done by the real-time market. The con-
trol should be implemented in a hierarchical way such that lower parts can continue
operation even if communication is lost, increasing resilience of the system. Therefore,
not only set points should be defined, but the current-voltage (IV) characteristics should
be defined for the full operation range of the converters. In Fig. 2.4 an example of such an
operation range is shown for a storage system. It can include current limits, power limits,
droop control for the operation of parallel sources, and optionally a deadband where the
converter is off. Ideally these parameters can be modified based on the market clearing
or environment.

Moreover, the rules should consider the behavior and development of power elec-
tronics towards higher switching frequencies and smaller passive components. The low
inertia of dc distribution grids results in strict requirements on the control system [32].
It should be noted that low inertia grids are also a problem for future ac grids. Con-
stant power loads complicate this challenge due to their negative impedance. Possible
solutions could be standardized control bandwidths and converter ramp rates to ensure
system stability. Slower behavior of loads on the grid side results in better stability, but
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Figure 2.4: Possible current-voltage characteristic for the local control of a storage converter. In general current
limits, power limits and droop rates should be defined if it is desired to increase the resilience of the system.

as a trade-off intermediate storage is needed for devices that need fast power changes.
For long line lengths active damping could be necessary and limits may have to be

defined. Disconnection and connection events of microgrids, especially in case of faults,
should be given considerable attention in the design of the control guidelines.

2.4.4. PROTECTION

The protection of dc grids is considered as one of the biggest challenges in the field and
it is getting more and more attention [33]. Unlike in ac systems, the current has no zero
crossing that extinguishes arcs, resulting in high fault currents in dc systems. Moreover,
series arcing can be an issue when high power loads are unplugged. Special plugs with
leading pins is one of the possible solutions, but also selective load side arc detection
could be implemented [34]. Furthermore, coordination with frequency based backup
protection would need to be standardized.

Traditional protection schemes in the low voltage grid rely on high short circuit cur-
rents, a radial system, and unidirectional power flow for selectivity. However, since these
three elements are not necessarily present in dc distribution systems new short circuit
protection strategies need to be developed.

Advances in power electronics have lead to a reduction of capacitor size and conse-
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quently their contribution to short-circuit currents. It should be noted that freewheeling
diodes of converters (e.g. ac/dc) can lead to additional short circuit current in case of
protection failure. Oversizing the converters is sometimes employed for ac systems [35]
and could be considered for dc but is an expensive solution. Also, a small nanogrid in is-
landed operation might not be able to produce high enough short-circuit currents, even
with oversized converters. Since high fault currents are not inherently desirable, a new
low short-circuit current protection philosophy is favorable [36].

Low short-circuit currents allow for solid state breakers to be used, which enables
fast fault clearing and avoids arcing. Fast selectivity in meshed grids with bidirectional
power flow is therefore essential and an important research challenge. Current limiting
inductors that limit the rate of change of the current need to be used. The significant
impact of these limiting inductors on the control system which needs to be taken into
account. Inrush currents and ramp rates must be specified in order to allow fast fault
discrimination. [36]

Grounding is another important topic to be taken into consideration since dc can
cause corrosion if it flows trough metallic structures in the environment for an extended
period [33]. High impedance grounding schemes have often been used in dc microgrids
(e.g. data centers), since it allows to sustain operation during a single ground fault. How-
ever, selectivity is not possible because only the voltage change is detected but no fault
current is flowing to the fault. As selectivity is important in larger systems, this is not fea-
sible for dc distribution grids. Solid grounding in one point allows for selective protec-
tion for residual ground currents, however if there are multiple grounding points, ground
currents would flow. Multiple grounding points would be needed in order to be able to
island individual nanogrids. The development of advanced grounding schemes is there-
fore fundamental. Preliminary research indicates that capacitive grounding could be an
interesting alternative since it provides low impedance for fault transients and blocks dc
currents.

2.5. HOW TO GET THERE?
This chapter discusses many technological challenges of the universal dc distribution
grid. However, the biggest challenge for the adoption of universal dc distribution grids
is the market inertia of ac systems. Even if there are technological and economical ben-
efits it is challenging to select dc systems over the well-established proved ac systems.
Therefore, this section discusses possible paths for the adoption of the universal dc dis-
tribution grid.

There are several technologies that are in development or already available that could
benefit the adoption of dc distribution grids. Firstly, a important development is the in-
troduction of USB Type-C and USB Power Delivery, which allows up to 100 W (5 A at 20 V)
to be transferred [16]. Therefore, USB Type-C could be used to provide power to most
consumer electronic devices, even those that traditionally are connected to the ac grid.
It is expected that in the near future many types of low power devices will be available
with USB Power Delivery. As a result, fewer devices would be directly connected to the ac
power system. This means that all these devices could be connected to a dc distribution
grid by means of a USB wall socket, thus simplifying a transition.

Secondly, dc ready devices that can work on both ac and dc, could allow for eco-
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nomics of scale for higher power appliances. DC ready devices are not significantly more
expensive than ac only devices and enable the flexibility of choosing between ac and
dc [23].

Currently, dc systems are mostly used for specific (industrial) applications such as
telecommunication and data centers. In the near future it is expected that the number
of these industrial applications of dc systems further increases due to the scale of the
applications. Some examples are LED street lighting, greenhouse lighting, motors with
speed control, and shipboard power systems.

Upcoming is the application of dc distribution systems for commercial buildings.
Commercial buildings adopt early as the benefits of dc outweigh the engineering effort
at this larger scale. For example, LED lighting combined with USB Power Delivery and
PV interconnected on dc can be an early business case for office buildings.

Once a market is established from industrial applications and commercial buildings,
economics of scale are applied. As a result more dc devices will become available and
the cost of these devices will decrease. At this point residential dc houses could become
feasible. Most of the higher power appliances (such as heat pumps, washing machines,
cooking facilities and lighting) are fixed inside the building. Consequently, residential dc
appliances could be installed during construction by the housing corporations (even if
the supply is still limited).

A subsequent opportunity would present itself when in neighbourhoods the majority
of buildings operate on dc. In this case, using a dc distribution grid to connect these
buildings would be beneficial. Moreover, in some cases parallel street lighting systems
could be switched to dc and offer an alternative connection.

It is likely that ac and dc grids will co-exist at some locations for a transition period
because of market development. However in long term, these hybrid systems will not
produce a benefit, as virtually all appliances connected to the voltage grid use a dc bus
inside or could be designed with lower or comparable cost for dc.

When thinking about future dc distribution grids one must realize that the transition
is challenging. DC will only become a real alternative to ac once a market for dc de-
vices is established. When working infrastructure exists, the benefits of dc are unlikely
to outweigh the cost of replacing a working system. However, opportunities in these sys-
tems present themselves when line capacity has to be expanded or if changes have to be
made anyway to the existing system. When new infrastructure is built, a true choice ex-
ists. This would be for example the case in not-electrified areas in developing countries,
which could be built completely on dc, once a standard and market is established.

2.6. CONCLUSION
In this chapter considerations for a universal dc distribution system that is capable of
completely replacing nowadays ac distribution grids have been presented. Starting from
the need for economics of scale, the various use cases of the power system in the fu-
ture and desired system properties were discussed. The universal dc distribution sys-
tem was described as a system that can come in many different forms. Starting from dc
nanogrids inside buildings and dc microgrids in neighbourhoods to the connection to ac
and dc medium voltage grids, and with that to higher voltage systems. The advantages
and challenges of meshed dc distribution grids were discussed.
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One important aspect is that full power converters should not separate nano- and
microgrids at building entrances. In this way the voltage levels inside buildings and in
the street will be equal. Furthermore, bipolar grids with modular voltage levels can sat-
isfy the different power needs.

Operational aspects of the envisioned system were briefly discussed including flex-
ibility, market design, control and protection. Moreover, the challenging transition to
the universal dc distribution system was discussed with USB Type-C connector and USB
Power Delivery as important enablers for the millions of small devices.

In conclusion, this chapter encourages to look at the big picture and longer term fu-
ture applications of low voltage dc. Only considering near future applications and busi-
ness cases lead to (de-facto) standards that are suboptimal for a widespread adoption of
dc. These standards would complicate the large scale utilization and rollout of dc distri-
bution systems. The ongoing standardization efforts pose a unique opportunity to do it
right in the first place and create a system that can cope with most future challenges to
come and the various use cases in the different regions of this planet.
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3
OPTIMAL POWER FLOW FOR

UNBALANCED BIPOLAR DC
DISTRIBUTION GRIDS

The emergence of distributed energy resources can lead to congestion in distribution grids.
DC distribution grids are becoming more relevant as more sources and loads connected to
the low voltage grid use dc. Bipolar dc distribution grids with asymmetric loading can ex-
perience partial congestion resulting in a nodal price difference between the two polarities
if a respective market model is applied. In order to take into account this price difference,
this chapter presents an optimal power flow (OPF) model formulated in terms of voltage
and current. In the case of bipolar dc distribution grids, the single line approximation is
no longer valid because current can flow in the neutral conductors as well. Moreover, loads
and sources can be connected between any two nodes in the network. The proposed exact
OPF formulation includes bilinear equations. The locational marginal prices (LMP) are
derived by linearizing the problem at the optimal solution. Example cases show the vari-
ous phenomena that can appear under asymmetric loading, such as pole-to-pole connec-
tions combined with pole-to-neutral connections, parallel sources, meshed grids and their
effect on the LMP.

This chapter is based on L. Mackay, R. Guarnotta, A. Dimou, G. Morales-Espania, L. Ramirez-Elizondo, and P.
Bauer, “Optimal Power Flow for Unbalanced Bipolar DC Distribution Grids,” in IEEE Access, 2018
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Figure 3.1: Modular bipolar LVdc voltage levels and how devices could be connected [2].

3.1. INTRODUCTION

Distribution grids are expected to experience more congestion problems due to the emer-
gence of electrical vehicles, renewable energy sources, and other distributed energy re-
sources. Locational marginal prices (LMP) can enable optimal utilization of distributed
energy resources owned by different entities. DC distribution grids have advantages over
ac distribution grids due to their inherently higher power transfer capacity, and due to
the fact that most loads and sources connected to the low voltage grid nowadays are al-
ready dc. In the future, more and more, will be either inherently dc or use a dc link to
couple variable rotation speeds [1].

Bipolar dc grids have a neutral conductor in addition to the positive and negative
conductor of unipolar dc grids. Their configuration can be compared to that of a 3-
phase or 2-phase ac grid. As shown on the left side of Fig. 3.1, small devices (comparable
to single phase devices in 400 V ac systems) can be connected between the positive pole
and the neutral or between the neutral and the negative pole. Without loss of generality,
in this chapter a nominal voltage of ±350 V is assumed [1]. Bigger devices can be con-
nected directly between the positive pole and the negative pole. Therefore, a voltage of
700 V is available to these devices. This voltage is close to the double the peak of 230 V
ac which would be the minimum dc voltage after activ rectification of three phase 400 V
ac when neutral is connected (400 V/

p
3 ·p2 ·2 ≈ 650 V). The power available on a 700 V

dc connection corresponds to the one of a 400 V 3-phase ac connection with same rms
current rating I , while using one wire less (

p
3 · 400V·I = 693 V·I ≈ 700 V·I ). For bigger

industrial applications, e.g., photovoltaic power plants, a bipolar 700 V grid can be made
as shown on the right side of Fig. 3.1 [2].

Bipolar dc distribution grids offer twice the power transfer capacity (+100 %) of unipo-
lar dc grids, while only one conductor is added (+50 %). The total losses in a balanced
system remain the same as does the voltage rating of the small devices. Small devices in
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general have galvanic isolation inside or do not refer their potential to ground. Therefore,
no increase in component cost is expected. Longer distances could be bridged with-
out a neutral conductor saving additional 33 % of conductor material, if both poles are
balanced at each end or a balancing converter that shifting power between polarities is
added to do so. This balancing converter is not in the scope of this chapter.

Optimal power flow (OPF) is a method to optimize the dispatch of generation and
load in order to minimize the total cost or maximize the social welfare while respecting
operation limits. In literature for bipolar dc grids, OPF has been done for HVdc and a
combined approximated OPF for hybrid ac and dc networks [3–5]. Bipolar HVdc lines
are normally operated symmetrically, hence a single line approximation can be used in
these dc networks [6]. DC microgrid literature contains a vast amount of research on
local energy managment systems. Mostly local dc nano- or microgrids are considered
where network constraints are not included [7] and, if they are, only unipolar dc grids
are considered [8].

In bipolar dc distribution grids [1] the lines can be loaded asymmetrically (unbal-
anced), i.e., devices connected between pole and neutral, to allow smaller devices to
connect to lower voltage. Due to this likely asymmetric loading of both polarities in dis-
tribution grids, partial line congestion can appear. Congestion of distribution grids oc-
cur when power flows are subject to physical or operational limitations. These are likely
to occur in distribution networks in the future due to the increase of installed power ca-
pacity (e.g. electric vehicles and photovoltaics). Partial line congestion means that for
example only the positive pole is overloaded while more power could be transferred on
the negative pole. This can be related to congestions in unbalanced 3-phase ac distribu-
tion feeders. Moreover, asymmetric congestion should result in differing LMP on the two
polarities at the same location. Furthermore, parts of the grid may be built with only one
of the two polarities, or the neutral conductor can be left out for longer distances. The
voltages in the low voltage grid can have significant variations due to losses and have to
be kept within bounds.

This chapter proposes a method to model the OPF problem for unbalanced bipolar
dc grids. It can also be used for bipolar dc grids under symmetric loading. The prob-
lem is formulated in terms of voltage and current, instead of the usual formulation in
power. The formulation does not use the usual single line approximation, as the cur-
rent in the neutral conductor influences the potentials of the neutral nodes. The present
chapter builds up on previous work [9], however, the LMP results are different. Instead
of only fixing the voltage at the optimal solution, this chapter uses a first order lineariza-
tion. This ensures the same optimal solution in the linear program. Thereby the ap-
plicability is extended and allows for the optimization of meshed grids, which was not
possible before. The new formulation leads to the incorporation of marginal losses into
the LMP, which means that the current prices within non-congested areas are no longer
equal. Furthermore the proposed mathematical formulation is more precise and allows
multiple sources at the same location. More complex examples and special cases can
therefore be demonstrated.

The remainder of this chapter is organized as follows. Section 3.2 introduces the
modeling method without single line model. Based thereon, the exact OPF problem is
formulated and the LMP are derived in Section 3.3. In Section 3.4 some numerical ex-
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ample cases are presented in order to demonstrate the methodology developed. Finally,
in Section 3.5 conclusions are drawn and future work is identified.

NOMENCLATURE

INDICES AND SETS

N =N+∪N−∪NN Positive, negative and neutral nodes.

N ; Nodes N without reference node.

m,n ∈N Nodes of the bipolar grid.

(m,n) ∈G Pair of nodes with connecting line.

(m,n, s) ∈S Individual sources s at nodes (m,n).

VARIABLES

um Voltage at node m [V].

im Total current at node m, going from the source

layer into the resitive network [A] (see Fig. 3.2b).

im,n Line current from node m to n [A].

i S
m,n,s Current of one source, defined as negative (−),

or a load defined as positive (+) [A].

pS
m,n,s Power of source s connected at (m,n) [W].

λI
m LMP for node m in terms of current [m.u./Ah].

λP
m,n LMP for nodes (m,n) in terms of power [m.u./Wh].

(·)∗ Superscript for variable value at optimal solution.

PARAMETERS

Gm,n Branch conductance [S].

U ,U Voltage limits for both poles [V].

U N,U N Voltage limits for neutral conductor [V].

I m,n , I m,n Line current limits [A].

I S
m,n,s , I

S
m,n,s Current limits for source [A].

P S
m,n,s ,P

S
m,n,s Power limits for source [W].

ΠS
m,n,s Marginal cost/value of sources [m.u./Wh].
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Figure 3.2: (a) Traditional representation of a node with connected lines and sources that can be either gen-
erators or loads. (b) The node with connected lines and sources split up into source layer (top) and resistive
network layer (bottom). The node current im connects both layers in every node. It represents the total current
flowing into the resistive network from all generators and loads connected in the source layer.

3.2. MATHEMATICAL MODEL OF THE EXACT POWER FLOW IN

BIPOLAR DC DISTRIBUTION GRIDS
Instead of the usual OPF representation in terms of power [6], in this chapter the prob-
lem is formulated in terms of currents and voltages. In this way, constraints can be for-
mulated as upper and lower bounds in terms of currents and voltages. The network of
sources and lines, as shown in Fig. 3.2a, is split into a resistive network and a source layer,
as illustrated in Fig. 3.2b. This is done by putting all lines into the resistive layer and all
loads and generators into the source layer. The resistive grid is modeled similar to the
traditional dc OPF. The source layer structures the positive and negative connections of
all sources and loads and assigns them to the right nodal current. This nodal current im

links both layers and is used later for the derivation of the LMP.

3.2.1. MODELING OF THE GRID

The exact linear power flow in the network is represented by explicitly modeling voltage
and current variables. The voltage magnitude differences between two nodes and the
respective resistances of the connecting branches impose the current flow pattern [4].

The bipolar dc grid consists of the nodes in set N , for which the following equations
are true:

im,n =Gm,n · (um −un) ∀(m,n) ∈G (3.1)

im = ∑
n|(m,n)∈G

im,n − ∑
n|(n,m)∈G

in,m ∀m ∈N (3.2)
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where node current im is equal to the algebraic sum of the currents flowing into the
connected branches. This is the Kirchhof’s current law of the resistive network at the
bottom of Fig. 3.2b.

3.2.2. MODELING GENERATORS AND LOADS
In order to allow a more generic modeling of prosumers, that can both consume and
produce power, loads are also modeled as sources. For a more elegant mathematical
formulation later on, sources that feed power into the grid (generators) have negative
current and power, while sources that consume power (loads) have positive current and
power. All sources are modeled as current sources because they can be connected in par-
allel which would not be possible with voltage sources. The positive current of a current
source (load) is defined as flowing from the more positive pole to the more negative pole.
That means that current is extracted out of the resistive network at the positive pole and
fed into the resistive network at the negative pole (Fig. 3.2b).

In a bipolar grid, sources and loads can be connected between various points in the
network: between positive polarity and neutral conductor, between neutral conductor
and negative polarity conductor, or directly between positive and negative conductors,
advisable for bigger sources and loads. It is evident that in actual applications this could
lead to asymmetric loading of the grid, causing increased voltage magnitudes for the
nodes of the neutral conductor. Therefore, also the neutral conductor is modeled and all
sources and loads are connected between two nodes (m,n).

Multiple sources connected to the same nodes could be useful, e.g., to model a build-
ing with PV together with the loads of the building. In order to allow multiple sources
with different characteristics at the same location an additional sum is made over all in-
dividual sources between the same nodes. The node currents are then the algebraic sum
of all sources connected on a specific node m:

−im = ∑
n|(m,n,s)∈S

∑
s|(m,n,s)∈S

i S
m,n,s

− ∑
n|(m,n,s)∈S

∑
s|(n,m,s)∈S

i S
n,m,s

∀m ∈N ; (3.3)

Equations (3.2) together with (3.3) are essentially constituting Kirchhoff current law.
The node current im is the variable used to describe the interface between the resistive
network and the sources together with the loads connected on various nodes as shown
in Fig. 3.2b. For a node m of the system, where no current injection or extraction occurs
due to the lack of a source or a load, the node current im will be zero. Otherwise the
node current im , according to (3.3), is equal to the total balance of current injected and
extracted from this specific node.

While the power flow in the network can be described fully by previous equations,
the power of the sources will be necessary for modeling power limits and marginal cost
in terms of energy. The power of the sources is

pS
m,n,s = (um −un) · i S

m,n,s ∀(m,n, s) ∈S (3.4)

which is a bilinear equation, thus making the problem quadratic.
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3.2.3. LIMITS
The reference node is assumed to be grounded and its voltage is fixed to zero:

u0 = 0V (3.5)

Under normal operating conditions the acceptable voltage variation is limited to certain
percentage of the nominal operating voltage. Moreover, operational constraints due to
line current limits are taken into account. The nodes of the network N are divided into
three groups: N+ for the positive pole, N− for the negative pole, and NN for the neutral
conductor. The voltage and line current limits are

U ≤ um ≤U ∀m ∈N+ (3.6)

U ≤−um ≤U ∀m ∈N− (3.7)

U N ≤ um ≤U N ∀m ∈NN (3.8)

I m,n ≤ im,n ≤ I m,n ∀(m,n) ∈G (3.9)

The sources can be constrained by current and power limits:

I S
m,n,s ≤ i S

m,n,s ≤ I
S
m,n,s ∀(m,n, s) ∈S (3.10)

P S
m,n,s ≤ pS

m,n,s ≤ P
S
m,n,s ∀(m,n, s) ∈S (3.11)

Current can be used to model the limits of power electronics while power is more appro-
priate for process limits. The separation of these two limits may be preferable when sig-
nificant voltage deviations appear in the distribution grids. The power constraint (3.11)
is a indirectly a quadratic inequality constraint due to (3.4) being quadratic.

3.3. OPTIMAL POWER FLOW
After modeling the grid, sources and constraints, the OPF is solved in order to minimize
total cost. A two-step method following a similar approach as that in [10] is used to solve
the economic dispatch and derive the LMP. Firstly the exact model is used to find the
optimal solution. Secondly the problem is linearized at the found optimal solution to
derive the LMP.

3.3.1. COST/VALUE FUNCTION OF SOURCES

The operation cost of each generator and load is defined by a given marginal costΠS
m,n,s

(cost of increasing the output by one unit). Demand response of loads could be im-
plemented by giving them a marginal value (defined as opposite of marginal cost) and
allowing its power consumption to be variable. Load shedding with different priorities
could also be implemented by giving different values to loads. If the resulting price is
higher, they would automatically turn off [1].

3.3.2. SOLVING FOR THE ECONOMIC DISPATCH
The optimal economic dispatch is found by minimizing the total cost and this is equiv-
alent to maximizing the social welfare [11]. The problem formulation is presented as
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Figure 3.3: Visualization of the linearization around the solution of the bilinear power equation (surface). The
linearized power equation (at 350 V, 10 A) is shown as red mesh.

follows:

min
∑

(m,n,s)∈S

−pS
m,n,s ·ΠS

m,n,s

s.t. (3.1)− (3.11)
(3.12)

The choice of sign is important for the marginal values used in the next section. The
multiplication of the two variables in (3.4) makes the problem bilinear, a special case of
quadratic programming for which the problem is not convex.

It is important to note that due to the non-convexity of the problem, an optimal solu-
tion is not guaranteed to be the global optimum. This aspect has to be dealt with by the
optimization algorithm, which is not in the scope of this chapter. It is assumed that the
found solution is acceptable because it is feasible, even though it is possibly not globally
optimal.

3.3.3. LOCATIONAL MARGINAL PRICES (LMP)
Non-convex problems suffer from weak duality. In order to derive the LMP for the non-
convex problem, the problem is linearized at the optimal solution [10].

LINEARIZATION

Firstly, the quadratic problem (3.12) is solved and the optimal voltages u∗
m and source

currents i S∗
m,n,s are obtained. Then, the problem is linearized around this optimal solu-

tion. This means that power equation (3.4), the only non-linear equation in the problem,
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has to be linearized. By using the first order Taylor appoximation this finally results in

pS
m,n,s = (u∗

m −u∗
n) · i S

m,n,s

+ (um −un) · i S∗
m,n,s

− (u∗
m −u∗

n) · i S∗
m,n,s

∀(m,n, s) ∈S (3.13)

In Fig. 3.3 a visualization of the bilinear power equation (3.4) and its linearization (3.13)
is shown. Herewith a linear optimization problem can be formulated as

min
∑

(m,n,s)∈S

−pS
m,n,s ·ΠS

m,n,s

s.t. (3.1)− (3.3), (3.13), (3.5)− (3.11)
(3.14)

The problem formulation (3.14) is now linear, thus convex and with strong duality.
The linear problem is initialized at the solution of (3.12). In this way, the same solution
is obtained, also for the case of multiple solutions at the same optimum. In other words,
the variables computed using linear programming are then the same as for quadratic
programming. The linearization is thus exact at the solution. Therefore, the dual vari-
ables can be used to derive the LMP for the original problem [12]. Depending on the
solver, the dual variables might also be obtained from the original problem.

LMP is the marginal cost of supplying the next increment of energy at a given loca-
tion. LMP are commonly expressed in terms of power and reflect also losses and con-
gestion [13–15]. In this case, dual variables obtained from the equality constraint (3.2)
for each node are given in terms of current (instead of power) and denoted by λI

m . Using
linear programming enables to interpret these dual variables as the LMP for all m. How-
ever they are in terms of current [m.u./Ah], which is not the usual unit (m.u. stands for
Monetary Unit).

LMP IN TERMS OF POWER

LMP in power terms are calculated for all generators and loads connected between dif-
ferent polarities m,n ∈ N . Their value can be derived as follows: Let αm,n,s be the
amount payable by a prosumer per time interval, which is by definition the power times
the LMP:

αm,n,s = pS
m,n,s ·λP

m,n (3.15)

On the other hand this amount has to be equal to the amount payable for extracting the
source current i S

m,n,s in one node and injecting it in the other, because that is what is
physically happening:

αm,n,s =λI
m · i S

m,n,s +λI
n · (−i S

m,n,s )

= (λI
m −λI

n) · i S
m,n,s

(3.16)
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Table 3.1: Line Currents

N+ NN N−

Case 1

i4,5 68.03 i0,1 29.66 i8,9 -97.69

i5,6 40.67 i1,2 29.33 i9,10 -70.00

i6,7 -0.48 i2,3 -0.70 i10,11 1.18

Case 2
i2,3 13.62 i0,1 -13.62 i5,6 0.00

i3,4 -22.51 – – i6,7 22.51

Case 3

i3,4 70.00 i0,1 0.00 i6,7 -70.00

i4,5 -40.96 i1,2 5.96 i7,8 35.00

i3,5 29.04 i0,2 5.96 i6,8 -35.00

By solving (3.15) for λP
m,n and substituting (3.16) and (3.4), the LMP in terms of power

between nodes (m,n) can be derived as

λP
m,n = αm,n,s

pS
m,n,s

= (λI
m −λI

n) · i S
m,n,s

(um −un) · i S
m,n,s

= λI
m −λI

n

um −un

∀m,n ∈N (3.17)

So the LMP between two nodes in terms of power is equal to the difference of current
LMP λI

m divided by the voltage difference of the nodes um .

MARGINAL LOSSES

Using the marginal values of the OPF as LMP, includes marginal losses into the price.
Thereby the losses have a greater impact on the price than the physical power loss. The
marginal losses are approximately twice as high as the cost of the physical losses. This
phenomenon is known from literature for ac grids [16] and is therefore not further dis-
cussed in this chapter.

3.4. NUMERICAL EXAMPLES
This section presents three cases that were selected to show the special phenomenon
that can occur in bipolar dc grids with asymmetric loading, which cannot be modeled
using OPF with single line approximation. Case 1 illustrates the method and shows par-
tial congestion on only one line of a bipolar cable. Case 2 shows the effect of sources
connected directly between two poles, and multiple sources between the same nodes,
as well as interdependence between the two poles. Case 3 shows a meshed grid with
partial line congestion. In this last case the LMP on the non-congested lines are of spe-
cial interest.

The problems are modeled using GAMS and solved using the CONOPT solver [17].
The networks consist of 25 mm2 cables with I m,n =−I m,n = 70 A current limit and 50 mm2
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Table 3.2: Node Voltages

N+ NN N−

Case 1

u4 367.50 u0 0.00 u8 -367.50

u5 364.10 u1 -1.48 u9 -362.62

u6 360.03 u2 -4.42 u10 -355.62

u7 360.06 u3 -4.38 u11 -355.67

Case 2
u2 367.06 u0 0.00 u5 -332.50

u3 366.37 u1 0.68 u6 -332.50

u4 367.50 – – u7 -333.63

Case 3
u3 367.50 u0 0.00 u6 -367.50

u4 360.50 u1 0.00 u7 -360.50

u5 364.60 u2 -0.60 u8 -364.00

cables with I m,n = −I m,n = 100 A current limit. The voltage limits are set to 350 V ± 5%
and the neutral conductor has the same operating range:

U = 367.5V

U = 332.5V

U N = 17.5V

U N =−17.5V

The upper nodes of Fig. 3.5, 3.6 and 3.7 are in N+, the lower nodes in N−, and the nodes
in the middle are in NN.

Each case has its own tables to show specific configuration of loads and generators,
and LMP. Table 3.1 presents the line currents for all cases. Table 3.2 shows the nodal
voltages.

3.4.1. CASE 1: BIPOLAR GRID WITH PARTIAL LINE CONGESTION
The goal of this case is to show the congestion of only one of three conductors in a line.
Fig. 3.5 shows the example grid. The central 4 sources operate as loads. On the left and
the right each two generators are connected between neutral and the poles. Table 3.3
shows the marginal costs ΠS

m,n,s of the generators. The left ones are cheap (5 m.u./kWh)
while the right ones are expensive (10 m.u./kWh). The power limits of the generators
on the right are -20 kW and on the left -25 kW on top and -50 kW on the bottom. The
loads in the middle on the left side are fixed to 10 kW and on the right side on the top
15 kW and on the bottom 25 kW. The lines on the left and right are 100 m long and have
50 mm2 cross section with a current limit I m,n of 100 A. The lines in the middle between
the two loads have the same length but are thinner and have a current limit of 70 A which
is reached on the negative conductor i9,10 as can be seen in Table 3.1.
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Figure 3.4: Bipolar dc grid with positive (top), neutral (middle) and negative conductors (bottom). Generators
and loads are shown as two port and are connected between the respective pole and neutral.
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Figure 3.5: Bipolar dc grid with positive (top), neutral (middle) and negative conductors (bottom). The 4 central
sources are loads while the 4 outer sources are generators. A line congestion occurs on the negative conductor
in the middle.
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Table 3.3: Case 1: Source Variables

Parameter / Variables Sources’ Inputs and Outputs

(N+ , NN ) (4,0,0) (5,1,1) (6,2,2) (7,3,3)

ΠS
m,n,s [m.u./kWh] 5 0 0 10

P S
m,n,s [kW] -25 10 15 -20

P
S
m,n,s [kW] 0 10 15 0

pS
m,n,s [kW] -25.00 10.00 15.00 -0.18

i S
m,n,s [A] -68.03 27.35 41.16 -0.48

(NN , N−) (0,8,4) (1,9,5) (2,10,6) (3,11,7)

ΠS
m,n,s [m.u./kWh] 5 0 0 10

P S
m,n,s [kW] -50 10 25 -20

P
S
m,n,s [kW] 0 10 25 0

pS
m,n,s [kW] -35.90 10.00 25.00 -0.42

i S
m,n,s [A] -97.60 27.69 71.18 -1.18

Table 3.4: Case 1: Locational Marginal Prices

(m,n) ∈N (4, 0) (5, 1) (6, 2) (7, 3)

um −un [V] 367.50 365.58 364.45 364.44

λP
m,n [m.u./kWh] 9.82 9.94 10.00 10.00

λI
m [m.u./Ah] 3607.36 3641.28 3681.95 3681.71

λI
n [m.u./Ah] 0.00 8.33 37.70 37.35

(m,n) ∈N (0, 8) (1, 9) (2, 10) (3, 11)

um −un [V] 367.50 361.13 351.20 351.29

λP
m,n [m.u./kWh] 5.00 5.23 10.01 10.00

λI
m [m.u./Ah] 0.00 8.33 37.70 37.35

λI
n [m.u./Ah] -1837.50 -1879.76 -3476.18 -3475.59
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Voltage differences um −un and the LMP of each connection point are displayed in
Table 3.4. The LMP are shown in terms of power (λP

m,n) but also in terms of current for
both connecting nodes ( λI

m and λI
n).

On top for the positive conductor the locational marginal price is related to the ex-
pensive generator at the right, which is needed only to cover the losses. The line current
i6,7 is so low, that almost no losses occur and due to rounding the price at (6,2) is the
same. The current in the neutral conductor i2,3 even slightly overcompensates for those
losses in the positive conductor such that the prices is slightly lower (9.999 rounded to
10.00). Further to the left the power is flowing from the left hand side and therefore prices
decrease due to less losses on the way.

On the negative conductor at the bottom, a line congestion occurs and i9,10 is limited
to -70 A. This is not the case for the neutral conductor, as positive and negative currents
are superimposed. The prices on the both sides on the congestion diverge. The left side
is fed by generator (0,8,4) and the LMP increases due to the losses at (1,9). Additional
supply is needed from the right generator and, with some additional losses, the LMP at
(2,10) is slightly above the marginal cost of the generator.

This case presented the partial congestion (in line i9,10) which only appears in un-
balanced bipolar dc grids. This congestion cannot be modeled and observed with tradi-
tional OPF formulations.

3.4.2. CASE 2: PARALLEL SOURCES, POLE TO POLE SOURCE AND DEMAND

RESPONSE

Fig. 3.6 shows the example grid for Case 2. All lines are 100 m long and 50 mm2 thick. The
two sources on the left are generators with a marginal cost as shown in Table 3.5. In the
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Figure 3.6: Bipolar grid with parallel sources and a source from pole to pole. The two sources on the left and the
one on the right are generators, the 3 sources in the middle are loads with varying value (demand response).
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Table 3.5: Case 2: Source Variables

Parameter / Variables Sources’ Inputs and Outputs

(N+ , NN ) (2,0,0) (3,1,1) (3,1,2)

ΠS
m,n,s [m.u./kWh] 5 3 10

P S
m,n,s [kW] -5 0 0

P
S
m,n,s [kW] 0 10 15

pS
m,n,s [kW] -5.00 0.00 13.21

i S
m,n,s [A] -13.62 0.00 36.132

(NN , N−) & (N+ , N−) (0,5,3) (1,6,4) (4,7,5)

ΠS
m,n,s [m.u./kWh] 5 3 0

P S
m,n,s [kW] -5 0 -20

P
S
m,n,s [kW] 0 7.5 0

pS
m,n,s [kW] 0.00 7.50 -15.78

i S
m,n,s [A] 0.00 22.51 -22.51

Table 3.6: Case 2: Locational Marginal Prices

(m,n) ∈N (2, 0) (3, 1) –

um −un [V] 367.06 365.69 –

λP
m,n [m.u./kWh] 9.86 10.00 –

λI
m [m.u./Ah] 3619.84 3626.55 –

λI
n [m.u./Ah] 0.00 -30.38 –

(m,n) ∈N (0, 5) (1, 6) (4, 7)

um −un [V] 332.50 332.50 710.13

λP
m,n [m.u./kWh] -10.84 -10.94 0.00

λI
m [m.u./Ah] 0.00 -30.38 3615.20

λI
n [m.u./Ah] 3602.88 3615.203 3615.203
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middle there are two loads in parallel on the positive conductor. They implement de-

mand response with variable power between 0 and P
S
m,n,s by setting a constant marginal

value to ΠS
m,n,s which is below the generator cost for the left load and above the for the

right one. The bottom load also can apply demand response with a maximum power of
only 7.5 kW. On the right a renewable energy source with zero marginal cost and plenty
of supply capacity is connected directly from positive pole to negative pole.

The voltage differences um −un and the LMP of each connection point are shown in
Table 3.6. This case is constructed in order to show the challenges in asymmetric bipolar
grids. While energy could be provided at zero cost in the system, still not all load can be
supplied at the given willingness to pay. The load on the bottom and a part of the right
top load is supplied by the zero marginal cost generator between two poles. The load
on the bottom is at maximum power, therefore there is no path for additional current to
the negative pole. The voltages difference on the negative pole is reduced to the limit in
order to increase the current for the same power to the maximum.

On the positive pole the generator on the left supplies maximum power at a relatively
high price to meet the demands of the right load (3,1,2). The LMP are defined by the
willingness to pay of the right load. The price at the left generator is a bit lower due to
the losses in between. The LMP on the negative pole are negative because an increase
in load there would allow a higher current trough load (3,1,2) and thus to generate more
value. This means that loads/consumers receive money for their consumption. The
prices are even more negative than the marginal value because, for an increase in load
on the positive pole, less power is needed on the negative pole due to the lower voltage
difference there. The price between positive and negative conductor is zero due to the
available renewable energy from source (4,7,5).

3.4.3. CASE 3: MESHED BIPOLAR GRID WITH CONGESTION
Fig. 3.7 shows the meshed bipolar dc grid for Case 3. The two sources on the left are
generators with a marginal cost of zero as shown in Table 3.7. In the middle there are two
loads with demand response. The top one has a high marginal value, while the bottom
one has a low marginal value. On the right there are two more generators with, on top,
relatively low marginal cost and, on bottom, high marginal cost. The lines are 100 m long,
25 mm2 think and have a current limit of ±70 A. This current limit is reached for i3,4 and
i6,7. Even though the other path is not congested, the power flow cannot be increased
as the current distribution is defined by the difference in resistance. Current limiting
devices [18] or power flow control converters [19] would allow an impedance adaption
and better utilization of grid infrastructure. In this case however, the congestion leads to
a price divergence as shown in Table 3.8. The top right generator is producing additional
power while the bottom one is too expensive for the bottom load, which does demand
response instead.

The LMP on the negative pole are derived from the value of the curtailed load (1,7,4)
as shown in Table 3.8. At nodes (2,8) the LMP is a bit less than half of that value. If an
additional unit of load would be connected here, the load (1,7,4) would only need to
be reduced by half a unit as additional power can come directly from the source. This
decrease will reduce the voltage drop in line (7,8), therefore the voltage drop in line (6,8)
could be increased to supply the rest of the unit.
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Figure 3.7: Meshed bipolar dc grid with renewable sources on the left, variable loads in the middle and gener-
ators on the right.

Table 3.7: Case 3: Source Variables

Parameter / Variables Sources’ Inputs and Outputs

(N+ , NN ) (3,0,0) (4,1,1) (5,2,2)

ΠS
m,n,s [m.u./kWh] 0 15 5

P S
m,n,s [kW] -50 0 -50

P
S
m,n,s [kW] 0 40 0

pS
m,n,s [kW] -36.40 40.00 -4.35

i S
m,n,s [A] -99.04 110.96 -11.91

(NN , N−) & (N+ , N−) (0,6,3) (1,7,4) (2,8,5)

ΠS
m,n,s [m.u./kWh] 0 6 10

P S
m,n,s [kW] -50 0 -50

P
S
m,n,s [kW] 0 40 0

pS
m,n,s [kW] -38.59 37.85 0.00

i S
m,n,s [A] -105.00 105.00 0.00
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Table 3.8: Case 3: Locational Marginal Prices

(m,n) ∈N (3, 0) (4, 1) (5, 2)

um −un [V] 367.50 360.50 365.19

λP
m,n [m.u./kWh] 0.00 10.16 5.00

λI
m [m.u./Ah] 0.00 3632.63 1813.34

λI
n [m.u./Ah] 0.00 -31.19 -12.62

(m,n) ∈N (0, 6) (1, 7) (2, 8)

um −un [V] 367.50 360.60 363.40

λP
m,n [m.u./kWh] 0.00 6.00 2.98

λI
m [m.u./Ah] 0.00 -31.19 -12.62

λI
n [m.u./Ah] 0.00 -2194.19 -1097.10

On the positive pole, the LMP are derived from the generator at the right. The LMP
at the load is approximately double, because an increase in load by one unit would need
an increase of generation at (5,2,2), which results in higher voltage drops in line (4,5).
To keep the i3,4 below its limit, the voltage difference from node 3 to 4 needs to stay the
same. Hence, i3,5 would have to be reduced and the loss in power needs to be addition-
ally generated at (5,2,2). Therefore, approximately 2 units of power have to be provided
at price 5.00 m.u./kWh for one additional unit of load. Due to marginal losses the price
at the load is slightly more than double.

3.5. CONCLUSION
In this chapter a method to exactly model bipolar dc distribution grids with asymmetric
loading has been presented. This method can also be used for bipolar dc distribution
grids with symmetric loading. The problem is formulated in terms of current and volt-
age instead of power in order to model the grid exactly and allows limits in voltages and
currents. The objective function for the OPF problem is therefore bilinear. By linearizing
the problem at the optimal solution, the LMP can be calculated. Different case studies
showed how the LMP differ between the different polarities depending on the asymmet-
ric loading and congestion. Moreover, connection to only positive and negative poles
can lead to negative prices on one pole. The presented formulation can be used as a
foundation for future application of LMP in bipolar dc distribution grids. Because this
is the first time unbalanced bipolar dc grids are modeled the method could not be gen-



REFERENCES

3

43

erally compared with a reference case. However, during the development the validity
has been tested on samples. Also manual calculations have been performed to confirm
results.

Future work includes the modeling of multiple voltage levels and the converters con-
necting them. Decentralized current limiters [18] or power flow control converters [19]
could be included into meshed grids in order to better utilize the grid. Further, the oper-
ation of storage in the presented OPF formulation and the resulting operation of bipolar
dc grids has to be further investigated. Finally, it is relevant to investigate distributed
solutions in order to allow connected dc microgrids to robustly run their own economic
dispatch and increase system resilience.
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4
STORAGE OPERATION IN

UNBALANCED BIPOLAR DC
DISTRIBUTION GRIDS

The emergence of distributed energy resources can lead to congestions in distribution grids.
DC distribution grids are becoming more relevant as more sources and loads connected to
the low voltage grid use dc. Bipolar dc distribution grids with asymmetric loading can
experience partial congestion resulting in a nodal price difference between the two polar-
ities, as has been shown in the previous chapter. The addition of storage to a bipolar dc
distribution grid requires the optimization over a prediction horizon in order to achieve
optimal power flow. Variable time steps are used to increase precision in short term future
while reducing computation time for longer term future. The impact of storage operation
on the LMP in bipolar dc grids is shown. Examples illustrate the effect and special cases
that can occur when operating energy storage systems in bipolar dc distribution grids.

This chapter is based on a future publication.
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4.1. INTRODUCTION
Distribution grids are expected to experience more congestion problems due to the emer-
gence of electrical vehicles, renewable energy sources, and other distributed energy re-
sources. Using locational marginal prices (LMP) can enable optimal utilization of dis-
tributed energy resources owned by different entities. DC distribution grids have advan-
tages over ac distribution grids due to their inherently higher power transfer capacity
and due to the fact that most loads and sources connected to the low voltage grid nowa-
days are dc already. In the future more and more, will be either inherently dc or use a dc
link to couple variable rotation speeds [1, 2].

Bipolar dc grids have, in addition to the positive and negative conductor of unipolar
dc grids, a neutral conductor. Their configuration can be compared to that of a 3-phase
or 2-phase (180◦ phase angel difference with neutral) ac grid. As shown in Fig. 3.1 on
the left, small devices can be connected between the positive pole and the neutral or
between the neutral and the negative pole. [3]

The operation of storage is an important element in future distribution grids with
high share of distributed renewable energy resources. They can be used to deal with
the challenges caused by fluctuating renewable energies. Energy storage systems link
different time periods together. This principal problem has been well addressed in lit-
erature [4–6]. The market model has a important impact on the economical operation
of storage. In some market models storage is inherently uneconomical due to concepts
such as net-metering, where the time of consumption or production has no effect on
the cost. In other market models a part of the fixed grid cost is added to the electricity
prices which results in additional penalty and reduces the utilization of existing storage
potential. There are many heuristic storage operation approaches, such as maximizing
self consumption, which may address specific market designs but do not optimize the
total operation cost of the power system.

When using LMP the operation of storage can be used to maximize social welfare.
The LMP take into account factors such as line losses and the location in a distribution
system. Additionally congestion management can be accomplished.

The main contribution of this chapter is the extension of the single period exact opti-
mal power flow[3] by the operation of storage in bipolar dc distribution grids with asym-
metric loading. This comprises the optimization over multiple interlinked time steps.
The time steps can be of variable size which allows a more precise modeling of the short
term future with small time steps, while the longer term future can be modeled with
larger time steps in order to save computation time. Further the impact of storage oper-
ation on congestion, it’s capability of balancing the poles to some extend and the influ-
ence on the LMP is shown.

The remainder of this chapter is organized as follows. Section 4.2 introduces the
modeling method without single line model and the storage equations and constraints
that interlink the variable time steps. Based thereon, the OPF problem for multiple time
steps is formulated and the LMP are derived in Section 4.3. In Section 4.4 some exam-
ple cases are presented in order to demonstrate the methodology developed. Finally, in
Section 4.5 conclusions are drawn and future work is identified.
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NOMENCLATURE

INDICES AND SETS

N =N+∪N−∪NN Positive, negative and neutral nodes.

N ; Nodes N without reference node.

m,n ∈N Nodes of the bipolar grid.

(m,n) ∈G Pair of nodes with connecting line.

(m,n, s) ∈S Individual sources s at nodes (m,n).

S =⋃
v

Sv All sources are assigned to a set of voltage limits.

(m,n, s) ∈B Energy storage system s at nodes (m,n).

B =Bfix ∪Bvar Storage can be of fixed or variable size.

k ∈K = {0, ...,K } Time steps.

VARIABLES

um,k Voltage of node m at time step k [V].

im,k Current at node m, going from the source layer

into the resitive network [A].

im,n,k Line current from node m to n [A].

i S
m,n,s,k Current of one source, defined as negative (−),

or a load defined as positive (+) [A].

pS
m,n,s,k Power of source s connected at (m,n) [W].

em,n,s,k Energy content [Wh].

λI
m,k LMP for node m in terms of current [m.u./A].

λP
m,n,k LMP for nodes (m,n) in terms of power [m.u./W].

λ‖P‖
m,n,k Normalized LMP for nodes (m,n) in terms of power [m.u./Wh].

bm,n,s,k Binary variable for charge (=1) and discharge of storage.

qm,n,s Integer variable for the quantity of storage systems at (m,n,s).

(·)∗ Superscript for variable value at optimal solution.
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PARAMETERS

Gm,n Branch conductance [S].

U ,U Voltage limits for both poles [V].

U N,U N Voltage limits for neutral conductor [V].

U v ,U v Voltage limits for sources ∈Sv [V].

I m,n , I m,n Line current limits [A].

I S
m,n,s , I

S
m,n,s Current limits for source [A].

P S
m,n,s ,P

S
m,n,s Power limits for source [W].

E m,n,s,k ,E m,n,s,k Energy limits for energy storage system [Wh].

Q
m,n,s

,Qm,n,s Limits for the quantity of storage systems at (m,n,s).

ΠS
m,n,s Marginal cost / value of sources [m.u./Wh].

ΠESS
m,n,s Investment cost of one storage unit [m.u./unit].

ηm,n,s Storage converter efficiency.

tk Time at time step k [h].

4.2. POWER FLOW MODEL INCLUDING STORAGE IN BIPOLAR

DC DISTRIBUTION GRIDS
Instead of the usual representation in terms of power [7], in this chapter the problem is
formulated in terms of currents and voltages. This allows the straightforward exact mod-
eling of the network including losses and allows exact constraints in terms of currents
and voltages. The network of sources and lines is split into two layers. This is illustrated
on the network in Fig. 3.2a that is split up in Fig. 3.2b by putting all lines into the resistive
layer and all loads and generators into the source layer. The resistive grid is modeled
similar to the traditional dc OPF. The source layer structures the positive and negative
connections of all sources and loads and assigns them to the right nodal current. This
nodal current im,k links both layers and is used later for the derivation of the LMP.

4.2.1. MODELING OF THE GRID
By explicitly modeling voltage and current variables, the exact linear power flow in the
network is represented. Voltage magnitude differences between two nodes and the re-
spective resistances of the connecting branches impose the current flow pattern [8].

The bipolar dc grid consists of the nodes in set N for which the following equations
are true:

im,n,k =Gm,n · (um,k −un,k ) ∀(m,n) ∈G (4.1)

im,k = ∑
n|(m,n)∈G

im,n,k −
∑

n|(n,m)∈G

in,m,k ∀m ∈N (4.2)

where node current im,k is equal to the algebraic sum of the currents flowing into the



4.2. POWER FLOW MODEL INCLUDING STORAGE IN BIPOLAR DC DISTRIBUTION GRIDS

4

49

connected branches. The Kirchhofs current law of the resistive network at the bottom of
Fig. 3.2b is discribed by (4.2).

4.2.2. MODELING GENERATORS AND LOADS

In order to allow a more abstract modeling of prosumers that can both consume and
produce power, loads are also modeled as sources. For a more elegant mathematical
formulation later on, sources that feed power into the grid (generators) have negative
current and power, while sources that consume power (loads) have positive current and
power. The positive current of a current source (load) is defined as flowing from the more
positive pole to the more negative pole. That means that current is extracted out of the
resistive network at the positive pole and fed into the resistive network at the negative
pole.

In a bipolar grid, sources and loads can be connected between various points in the
network: between positive polarity and neutral conductor, between neutral conductor
and negative polarity conductor, or directly between positive and negative conductors,
advisable for bigger sources and loads. It is evident that in actual applications this could
lead to asymmetric loading of the grid, causing increased voltage magnitudes for the
nodes of the neutral conductor. Therefore, also the neutral conductor is modeled and all
sources and loads are connected between two nodes (m,n).

Multiple sources connected to the same nodes could be useful, e.g., to model a build-
ing with solar panels together with the loads of the building. In order to allow multiple
sources with different characteristics at the same location an additional sum is made
over all individual sources between the same nodes. The node currents are then the al-
gebraic sum of all sources connected on a specific node m:

−im,k = ∑
n|(m,n,s)∈S

∑
s|(m,n,s)∈S

i S
m,n,s,k

− ∑
n|(n,m,s)∈S

∑
s|(n,m,s)∈S

i S
n,m,s,k

∀m ∈N ; (4.3)

Equations (4.2) together with (4.3) are essentially constituting Kirchhoff current law.
The node current im,k is the variable used to describe the interface between the resistive
network and the sources together with the loads connected on various nodes as shown
in Fig. 3.2b. For a node m of the system, where no current injection or extraction occurs
due to the lack of a source or a load, the node current im,k will be zero. Otherwise the
node current im,k , according to (4.3), is equal to the total balance of current injected and
extracted from this specific node.

While the power flow in the network can be described fully by previous equations,
the power of the sources will be necessary for modeling power limits and marginal cost
in terms of energy. The power of the sources is

pS
m,n,s,k = (um,k −un,k ) · i S

m,n,s,k ∀(m,n, s) ∈S (4.4)

which is a bilinear equation, thus making the problem quadratic.
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4.2.3. CONSTRAINTS
A reference node is assumed to be grounded and its voltage is fixed to zero:

u0,k = 0V (4.5)

Under normal operating conditions the acceptable voltage variation is limited to certain
percentage of the nominal operating voltage. Moreover, operational constraints due to
line current limits are taken into account. The nodes of the network N are divided in
three groups: N+ for positive pole, N− negative pole and NN neutral conductor. The
voltage and line current limits are

U ≤ um,k ≤U ∀m ∈N+ (4.6)

U ≤−um,k ≤U ∀m ∈N− (4.7)

U N ≤ um,k ≤U N ∀m ∈NN (4.8)

I m,n ≤ im,n,k ≤ I m,n ∀(m,n) ∈G (4.9)

The absolute voltage limits above can be relaxed if the differential voltage for the sources
is limited:

U v ≤ um,k −un,k ≤U v ∀(m,n) ∈Sv ,∀v (4.10)

The sources can be constrained by current and power limits:

I S
m,n,s ≤ i S

m,n,s,k ≤ I
S
m,n,s ∀(m,n, s) ∈S \Bvar (4.11)

P S
m,n,s,k ≤ pS

m,n,s,k ≤ P
S
m,n,s,k ∀(m,n, s) ∈S \B (4.12)

Current can be used to model limits of power electronics while power is more appro-
priate for process limits. The separation of these two limits may be preferable when
significant voltage deviations in the distribution grids are considered. The power con-
straint (4.12) can be seen as a quadratic inequality constraint due to (4.4) being quadratic.

4.2.4. MIXED INTEGER STORAGE MODEL AND CONSTRAINTS
Energy storage systems are assumed to have a converter connecting them to the grid.
They are modeled using a source as described in Section 4.2.2 and augmented with ad-
ditional equations. The converter is modeled with constant efficiency ηm,n,s for charging
and discharging. The storage itself is assumed to be without losses and thus is modeled
as an integrator of the secondary converter power. The energy content of the storage
system is limited with and upper and lower bound:

E m,n,s,k ≤ em,n,s,k ≤ E m,n,s,k ∀(m,n, s) ∈Bfix (4.13)

These limits can change over time to model minimum backup requirements or mini-
mum range of electric vehicles.

Renewable energy sources often have zero marginal cost. In case of abundant energy
supply or congestions it can happen that the locational marginal prices become zero. In
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that case losses in the system would not have an impact on the objective function. With-
out integer variables the model would be prone to multiple optimal solutions that could
include charging and discharging at the same time. This would be invalid solutions as a
converter can physically only do either at the same time. The double losses would have
impact on all other system variables. Therefore a binary variable bm,n,s,k is introduced
to indicate if a storage system is charging (bm,n,s,k = 1) or discharging (bm,n,s,k = 0). The
power is limited to be positive if charging and negative if discharging:

(1−bm,n,s,k ) ·P S
m,n,s,k ≤ pS

m,n,s,k ≤ bm,n,s,k ·P
S
m,n,s,k ∀(m,n, s) ∈Bfix (4.14)

The initial energy content of all storage systems have to be defined:

em,n,s,0 = Em,n,s,0 ∀(m,n, s) ∈Bfix (4.15)

The main storage equation is coupling the energy content for adjacent time steps. It is
integrating the secondary power of the storage converter over the time difference be-
tween the time steps.

em,n,s,k+1 =em,n,s,k +pm,n,s,k · (tk+1 − tk )·(
bm,n,s,k ·ηm,n,s + (1−bm,n,s,k ) · 1

ηm,n,s

) ∀(m,n, s) ∈B (4.16)

The time difference is modeled explicitly in order to allow for variable time steps. In
this way the near future can be modeled with high resolution while memory and com-
putation power is saved when modeling longer future events. The secondary power is
reduced by the converter efficiency while charging. However when discharging the sec-
ondary power is greater than the primary one in order to compensate for the converter
losses.

4.3. MULTI PERIOD OPTIMAL POWER FLOW
After modeling the grid, sources, constraints and energy storage systems, the OPF is
solved in order to minimize total operation cost. A two-step method following a simi-
lar approach as that in [9] is used to solve the economic dispatch and derive the LMP.
After introducing the function in the next section, firstly the exact model is used to find
the optimal solution for the economic dispatch of generators and loads. Secondly the
problem is linearized at the found optimal solution in order to derive the LMP.

4.3.1. COST / VALUE FUNCTION OF SOURCES

The operation cost of each generator and load is defined by a given marginal costΠS
m,n,s,k .

Demand response of loads can be implemented by giving them a marginal value and al-
lowing the power to be variable. Load shedding with different priorities is implemented
by giving different values to loads and not setting the maximum and minimum power
equal but allowing for an operation range. If the price is higher they will turn off. The
marginal cost of generators and especially the marginal value of demand can change
over time. In this way time dependent preferences can be modeled.
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4.3.2. SOLVING FOR THE ECONOMIC DISPATCH

The multiplication of two variables in (4.4) makes the objective function bilinear, a spe-
cial case of quadratic programming for which the problem is not convex. Further the
binary variable bm,n,s,k makes it a mixed integer quadratic program. The energy storage
systems link all time steps together in (4.16). The objective function (4.17) is computed
using mixed integer quadratic programming while being constrained by the network’s
model for a given grid topology. The economic dispatch is then defined by i S

m,n,s,k and
branch currents are calculated for all (m,n) ∈ G and node voltages and currents for all
m ∈N .

The problem formulation is presented as follows:

min
K−1∑
k=0

∑
(m,n,s)∈S

−pS
m,n,s,k ·ΠS

m,n,s,k · (tk+1 − tk )

s.t. (4.1)− (4.16)

(4.17)

The power of each source and load is multiplied by the marginal cost and weighted by the
duration of the respective time step. This represents the minimization of the total cost
over the optimization horizon and is equivalent to the maximization of the social welfare.
The lifetime degradation of the energy storage systems due to usage is neglected. The
choice of sign and minimization is important for the marginal values that will be used in
the next section.

It is important to note that due to the non-convexity of the problem an optimal solu-
tion is not guaranteed to be the global optimum. This aspect has to be dealt with by the
optimization algorithm, which is not in the scope of this chapter. It is assumed that the
found solution is the acceptable, even if possibly not globally optimal.

4.3.3. LOCATIONAL MARGINAL PRICES (LMP)
After having found a optimal solution in the previous section, the LMP are now to be cal-
culated. Non-convex problems suffer from a weak duality between the objective func-
tion and constraints. As opposed to linear programming, dual variables cannot generally
be used to interpret LMP when non-convex quadratic programming is used. To price the
non-convex problem, the problem is linearized at the optimal solution [9].

LINEARIZATION

Firstly, the quadratic problem (4.17) is solved and the optimal voltages u∗
m,k and source

currents i S∗
m,n,s,k are obtained. Then the problem is linearized around this optimal solu-

tion. This means that power equation (4.4) has to be linearized. By using the first order
Taylor approximation this results in

pS
m,n,s,k = (u∗

m,k −u∗
n,k ) · i S

m,n,s,k

+ (um,k −un,k ) · i S∗
m,n,s,k

− (u∗
m,k −u∗

n,k ) · i S∗
m,n,s,k

∀(m,n, s) ∈S (4.18)
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Further the binary variable distinguishing charging and discharging of energy storage
systems is fixed to the optimal value thus making a constant parameter out of it:

bm,n,s,k = b∗
m,n,s,k (4.19)

Herewith a linear optimization problem can be re-formulated as

min
K−1∑
k=0

∑
(m,n,s)∈S

−pS
m,n,s,k ·ΠS

m,n,s,k · (tk+1 − tk )

s.t. (4.1)− (4.3), (4.18), (4.5)− (4.16), (4.19)

(4.20)

The problem formulation (4.20) is now linear without integer variables, thus convex
and with strong duality. Under the assumption that (4.20) provide the same optimal
solution as (4.17), the dual variables of the latter can be used to obtain the LMP. The
global objective will be the same if the variables computed using linear programming
are the same as for quadratic programming. Therefore, the dual variables can be used to
derive the LMP for the original problem [10].

LMP is the marginal cost of supplying the next increment of energy at a location. LMP
are commonly expressed in terms of power and reflect losses and congestions [11–15].
In the model proposed, generation levels of all sources define the economic dispatch.
Accordingly, the dual variables obtained from the equality constraint (4.2) for each node
are given in terms of current and denoted by λI

m,k . Using linear programming enables
the interpretation of these dual variables as the LMP for all m. However they are terms
of current [m.u./A], which is not the usual unit.

LMP IN TERMS OF POWER

LMP in power terms are calculated for all generators and loads connected between dif-
ferent nodes (m,n). Their value can be derived as follows: Let αm,n,s,k be the amount
payable by a prosumer per time interval, which is by definition the power times the LMP:

αm,n,s,k = pS
m,n,s,k ·λP

m,n,k (4.21)

On the other hand this amount has to be equal to the amount payable for extracting the
source current i S

m,n,s,k in one node and injecting it in the other:

αm,n,s,k =λI
m,k · i S

m,n,s,k +λI
n,k · (−i S

m,n,s,k )

= (λI
m,k −λI

n,k ) · i S
m,n,s,k

(4.22)

By solving (4.21) for λP
m,n,k and substituting (4.22) and (4.4), the LMP in terms of power

between nodes (m,n) can be derived as

λP
m,n,k = αm,n,s,k

pS
m,n,s,k

=
(λI

m,k −λI
n,k ) · i S

m,n,s,k

(um,k −un,k ) · i S
m,n,s,k

=
λI

m,k −λI
n,k

um,k −un,k

(4.23)
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So the LMP between two nodes in terms of power is equal to the difference of current
LMP λI

m,k divided by the voltage difference of the nodes um,k .

The LMP λI
m,k and λP

m,k depend on the duration of the time period because a change
in power for a longer time period have a greater influence on the total system cost than
one of a short period. Therefore a normalized LMP λ‖P‖

m,k is calculated as follows:

λ‖P‖
m,k =

λP
m,k

(tk+1 − tk )
=

λI
m,k −λI

n,k

(um,k −un,k )(tk+1 − tk )
(4.24)

This normalized LMP can be directly related to the marginal cost ΠS
m,n,s,k of generators

and loads and will be used for the presentation in the following section.

MARGINAL LOSSES

Using the marginal values of the exact OPF as LMP, results in the inclusion of marginal
losses into the price. The LMP are not only enhanced by the power lost on the line
but they reflect the losses that would occur if an incremental unit of load was added.
Thereby the line losses have a greater impact on the price than the their physical value.
The marginal losses are approximately twice as high as the cost of the physical losses.
This is known from literature for ac grids and is therefore not in detail discussed in this
chapter [16].

4.4. EXAMPLES
In this section several examples are shown in order to demonstrate the methodology
presented in the previous sections. It is not the intention to show realistic average use
scenarios but rather to show extreme cases that show case special conditions that could
occur in bipolar dc distribution grids. The timelines show the steady state power flow
without any dynamics or uncertainties.

4.4.1. CASE 1: BALANCING BY STORAGE TO REDUCE LINE LOSSES
The first case study is to show the how storage can balance the power flow in long lines
with asymmetric loading. In Fig. 4.1 the schematic for this case is shown. The cables
made of aluminum with 95 mm2 and have an resistance of 0.2975Ω/km (3.361 S) with a
current limit of 186 A. The middle part has a length of 1000 m the left and right part are of
100 m length. The operating voltage range for all sources are defined from 325 to 375 V.

On the left and right there are each two energy storage systems connected between
pole and neutral. For this case each of these storage systems have the approximate
specifications of two Tesla Powerwalls. With a maximum charge and discharge power
of 6.6 kW and 12.8 kWh of energy capacity. A round trip efficiency of 90% is assumed.
The initial state of energy content is assumed to be 0 kWh.

There is a generator with a marginal cost of 5 m.u/kWh at each pole on the left mid-
dle. The load on the positive pole uses 3 kW normally but has a higher power need from
01:00 till 04:00 of 18 kW. The load on the negative pole uses 2 kW normally and has a
higher power need from 02:00 till 05:00 of 15 kW. This will create a large unbalance from
01:00 till 02:00 and from 04:00 till 05:00.
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Figure 4.1: Case 1: Bipolar dc grid with two storage systems on the left and two generators, a long cable in the
middle and two loads with two energy storage systems on the right.

The multi-period optimal power flow is computed. The energy storage system on the
negative pole on the right is being used to balance the current in the long line during this
times.

An interesting observation can be made when analyzing the resulting voltages. It can
be seen that in the case of heavy unbalance (from 01:00 to 02:00 and from 04:00 to 05:00)
the voltage of the less loaded pole is reduced to the minimum. This seems on the first
look counter-intuitive. This occurs when the current in the neutral conductor is higher
than the that in the less loaded pole conductor. For the same power on the less loaded
conductor the current in the pole can be increased and the one in the neutral conductor
can be reduced by reducing the voltage on the less loaded pole.
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Figure 4.2: The voltages over time. It can be seen that the negative voltage is reduced to the minimum between
01:00 and 02:00 and the positive voltage is reduced to the minimum between 04:00 and 05:00. This reduces the
losses in the neutral conductor.
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Figure 4.3: The line currents never reach the cable limit. It can be seen that the neutral line current i1,2 has
a higher magnitude than the negative line current i9,10 between 01:00 and 02:00. This is the reason for the
voltage to go to the minimum. The equivalent can be seen on the positive conductor between 04:00 and 05:00.
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Figure 4.4: Voltages across the source terminals. The upper and lower limits are shown as dotted lines. It can be
seen how the voltage is reduced to the minimum between 01:00 and 02:00 and 04:00 and 05:00 on the negative
and positive pole respectively.



4

58 4. STORAGE OPERATION IN UNBALANCED BIPOLAR DC DISTRIBUTION GRIDS

00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00

Time [h]

-20

-15

-10

-5

0

5

10

15

20

So
u

rc
e

Po
w

er
[k

W
]

pS
0,8,4

pS
1,9,5

pS
2,10,6

pS
3,11,7

pS
4,0,0

pS
5,1,1

pS
6,2,2

pS
7,3,3
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6,2,2 goes to 18 kW from 01:00 till 04:00. The negative
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2,10,6 goes to 15 kW one hour later. This creates the large unbalance. The storage unit on the neg-

ative pole pS
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lines.
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Figure 4.6: The energy content of all energy storage systems. Only one of the storage systems (e3,11,7) is charg-
ing from 01:00 till 02:00 to balance the grid and discharging from 04:00 till 05:00. The capacity limits are shown
as dotted lines.
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Figure 4.7: The LMP in the grid change over time. Due to the unbalance the prices increase during two time
periods. This is when it is economical to use the storage systems. On the pole that is less loaded the prices
even fall below the marginal cost of the source. This is caused by the voltage rise in the neutral conductor that
provides power from the other pole. The marginal costs are shown as dotted lines.
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4.4.2. CASE 2: ±350 V DC GRID WITH 700 V PV AND STORAGE
The second case study shows the effect of pole-to-pole connected sources. In Fig. 4.8 the
grid schematic is shown. Two pole-to-neutral loads are connected on the left followed by
two generators. In the middle two pole-to-neutral energy storage systems are connected.
On the right a photovoltaic system is connected pole-to-pole in parallel with an energy
storage system. The neutral conductor is left unconnected.
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Figure 4.8: Circuit diagram of Case 2. Two loads and two expensive generators are connected on the left. In
the middle two pole-to-neutral energy storage systems can be used for balancing. On the right a more efficient
energy storage system is connected pole-to-pole in parallel with a large PV system.

In the following figures the individual values of the optimal power flow are shown
and described in the figure captions.
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Figure 4.9: The voltages over time. It can be seen that the the negative voltage is minimized between 01:00
and 02:00 and the positive voltage between 04:00 and 05:00. This is to reduce the net current in the neutral
conductor and minimize losses.
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Figure 4.10: The current in all individual lines. The constraints are shown in dotted lines. No constraints are
active. It can be seen between 01:00 and 02:00, that the neutral current i0,1 is much higher than the negative
current i8,9 this is the reason it is more efficient to reduce the negative voltage to the minimum and increase
the current in the negative conductor.
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Figure 4.11: Voltages across the source terminals. The pole to pole voltages are seen to be reduced where one
of the poles reduces to minimum voltage. The limits are shown with dotted lines.
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Figure 4.12: Power of the sources. The limits of the sources are shown in dotted lines. The two loads pS
4,0,0 and

pS
0,8,4 are changing in a time shifted and cause a unbalance between the poles. Further the PV source pS

7,11,7

is fluctuating. This causes the storage units to balance the power. The pole-to-pole connected ESS pS
7,11,7 is

reaching the charging power limit.
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Figure 4.13: The stored energy with the energy limits shown by dotted lines. The pole-to-pole connected stor-
age unit is limited in power not in energy. It is charging at higher power, due to its higher energy efficiency.
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Figure 4.14: The LMP in the grid change over time. The dotted lines show the marginal cost of the sources. The
price in the beginning is driven high by the storage it stays at 90 %of the price between 03:00 and 04:00 due to
the efficiency of the ESS. Between 04:00 and 05:00 it can be seen how the pole-to-pole connection LMP is the
average of the pole-to-neutral ones.
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4.4.3. CASE 3: DC DISTRIBUTION GRID WITH TWO LV/MV CONVERTERS
For the third case study a bigger grid is assumed. The schematic is shown in Fig. 4.15. The
dc grid is connected at two points to a higher level grid with identical time dependent
prices. It is assumed that the higher level grid a so large that its prices are not affected by
the dc grid. The converters are connected pole-to-pole, so only balanced power can be
taken out of the grid. Their power limit is 100 kW in each direction.

On the left 4 electric vehicles are connected. Two of them can only charge while the
other two can also discharge back into the grid. In the middle two time dependent loads
exist. Further two small stationary energy storage systems are installed. A combined heat
and power plant is assumed to be available at demand for at a high marginal cost. Two
PV systems are available. The system is intentionally put in unbalance giving a smaller
size to the negative pole PV pannel.
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Figure 4.15: Circuit diagram of Case 3. A ±350 V network with positiv pole on top and negative pole on the
bottom. Two LV/MV converters with a 700 V pole-to-pole connection connect to the higher level grid. All other
sources are pole-to-neutral. The left side has loads, while the right side consists of generators. Two energy
storage systems are in the middle.

A optimization for two days is made. The effects are shown in the following figures
and are explained in the respective captions.
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Figure 4.16: The node voltages over time. It can be seen that the voltage is in this case often not at the maximum
(minimum) limit. The reason for this is on one hand the unbalance of over 50 % which results in less losses if
the current of the neutral conductor is decreased, which is the result of reducing the voltage of the less loaded
conductor and increasing its current. On the other hand, the voltage is also reduced if the marginal prices are
negative. This is the case from 01:00 until 06:00 on the negative conductor. Further the voltage spread can be
seen as a result of high current flow. This is the case in the middle of the day, when the photo voltaic systems
feed power into the grids.
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Figure 4.17: In this figure an overview of the voltage profiles along the line is shown. It can be seen that the
profile is quite flat some times but in other times there is significant voltage drop. In no case the full voltage
range was used, so there did not occur curtailment because of voltage drop constraints. The voltage constraints
are applied between the positive and negative pole at connections. Therefore the absolute value with respect
to ground (Node 0) can be higher than the applied limit of 375 V as can be seen at Node 15.
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Figure 4.18: The line currents in each individual conductor are shown. The dotted lines are the current limit.
It is identical for all lines. It is reached for the lines connecting the photo voltaic systems around noon. This
congestion leads to nodal prices of zero as will be shown in a later figure.

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00

Time [h]

300

350

400

450

500

550

600

650

700

750

So
u

rc
e

Vo
lt

ag
e

[V
]

u0 −u16

u2 −u18

u3 −u19

u4 −u20

u6 −u22

u7 −u23

u8 −u0

u9 −u17

u10 −u2

u11 −u3

u12 −u4

u13 −u21

u14 −u6

u15 −u7

Figure 4.19: Voltages across the source terminals. This voltages are subject to the voltage constraints shown
as dotted lines. The pole-to-pole connected converters have a limit of 650 V to 750 V while the pole-to-neutral
connected converters should operate between 325 V and 375 V.
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Figure 4.20: Power of generators (negative) and loads (positive). The dotted lines show the limits. It can be
seen that the photo voltaic systems are curtailed and don’t use their full power around noon.
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Figure 4.21: The stored energy in the storage systems and electric vehicles. The upper and lower energy limits
are shown it dotted lines. These limits change over time for the electric vehicles. This is due to the energy
needed to drive to the destination at a scheduled time. In this example the electric vehicle do not perform that
travel but instead stay connected. Two electric vehicles can only charge while the others can also discharge.
The two stationary energy storage systems are very small compared to the electric vehicles and have fixed
limits.



4

70 4. STORAGE OPERATION IN UNBALANCED BIPOLAR DC DISTRIBUTION GRIDS

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00

Time [h]

-2

0

2

4

6

8

10

12

14

Lo
ca

ti
o

n
al

M
ar

gi
n

al
P

ri
ce

[m
.u

./
kW

h
]

λ‖P‖
0,16

λ‖P‖
2,18

λ‖P‖
3,19

λ‖P‖
4,20

λ‖P‖
6,22

λ‖P‖
7,23

λ‖P‖
8,0

λ‖P‖
9,17

λ‖P‖
10,2

λ‖P‖
11,3

λ‖P‖
12,4

λ‖P‖
13,21

λ‖P‖
14,6

λ‖P‖
15,7

Figure 4.22: The LMP in the grid changes over time. It can be seen that the pole to pole connected grid convert-
ers that connect to a higher level grid link the prices on the two poles. The are the average of the two individual
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4.4.4. CASE 4: VARIABLE TIME PERIOD
Case 4 is identical with case 3 except that now variable time steps are used. Variable time
steps can be used to reduce the computation time used for events further in the future
where generally also the uncertainty is bigger. The data of several hours is averaged for
the further away time periods. The time steps are given inputs. This approach would
favorably be used with a moving horizon. The result can be seen in the following figures.
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Figure 4.23: The voltages over time.



4

72 4. STORAGE OPERATION IN UNBALANCED BIPOLAR DC DISTRIBUTION GRIDS

0 1 2 3 4 5 6 7

-20

0

20

N
eu

tr
al

Vo
lt

ag
e

[V
]

8 9 10 11 12 13 14 15

320

340

360

380

Po
si

ti
ve

Vo
lt

ag
e

[V
]

16 17 18 19 20 21 22 23

Node Number

-380

-360

-340

-320

N
eg

at
iv

e
Vo

lt
ag

e
[V

]

Figure 4.24: Voltage drop along the line.



4.4. EXAMPLES

4

73

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00

Time [h]

-200

-150

-100

-50

0

50

100

150

200

Li
n

e
C

u
rr

en
t[

A
]

i0,1

i1,2

i2,3

i3,4

i4,5

i5,6

i6,7

i8,9

i9,10

i10,11

i11,12

i12,13

i13,14

i14,15

i16,17

i17,18

i18,19

i19,20

i20,21

Figure 4.25: Line Currents.

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00

Time [h]

300

350

400

450

500

550

600

650

700

750

So
u

rc
e

Vo
lt

ag
e

[V
]

u0 −u16

u2 −u18

u3 −u19

u4 −u20

u6 −u22

u7 −u23

u8 −u0

u9 −u17

u10 −u2

u11 −u3

u12 −u4

u13 −u21

u14 −u6

u15 −u7

Figure 4.26: Voltages across the source terminals.



4

74 4. STORAGE OPERATION IN UNBALANCED BIPOLAR DC DISTRIBUTION GRIDS

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00

Time [h]

-100

-50

0

50

100
So

u
rc

e
Po

w
er

[k
W

]

pS
0,16,1

pS
2,18,3

pS
3,19,5

pS
4,20,7

pS
6,22,9

pS
7,23,11

pS
8,0,0

pS
9,17,12

pS
10,2,2

pS
11,3,4

pS
12,4,6

pS
13,21,13

pS
14,6,8

pS
15,7,10

Figure 4.27: Power of the sources.

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00

Time [h]

0

10

20

30

40

50

60

70

80

E
n

er
gy

C
o

n
te

n
t[

kW
h

]

e0,16,1

e2,18,3

e4,20,7

e8,0,0

e10,2,2

e12,4,6

Figure 4.28: The stored energy.



4.4. EXAMPLES

4

75

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00

Time [h]

-2

0

2

4

6

8

10

12

14

Lo
ca

ti
o

n
al

M
ar

gi
n

al
P

ri
ce

[m
.u

./
kW

h
]

λ‖P‖
0,16

λ‖P‖
2,18

λ‖P‖
3,19

λ‖P‖
4,20

λ‖P‖
6,22

λ‖P‖
7,23

λ‖P‖
8,0

λ‖P‖
9,17

λ‖P‖
10,2

λ‖P‖
11,3

λ‖P‖
12,4

λ‖P‖
13,21

λ‖P‖
14,6

λ‖P‖
15,7

Figure 4.29: The LMP in the grid change over time.



4

76 REFERENCES

4.5. CONCLUSION
In this chapter a general method for the optimal operation of bipolar dc distribution
grids with asymmetric loading over a time horizon has been presented. It can be used
in general optimal power flow application in bipolar dc grids. Storage operation as the
fundamental element that needs a time horizon for optimization, has been modeled.
The impact of storage operation and congestion on the LMP was shown. Examples illus-
trate the effects that storage operation has in bipolar dc distribution grids. Especially the
difference between unipolar and bipolar connection of storage units was shown.

This model sets a foundation for optimal power flow in bipolar dc distribution grids.
It can be used to implement model predictive control using a receding horizon with vari-
able time step size. In this way short therm future can be modeled with high precision
while reducing computation time for the long term future where details are anyway sub-
ject to uncertainty.

Further elements can be added to this model such as converters linking multiple
voltage levels or power flow control converters. The storage model used is simple and
effective for fast optimization. It could be enhanced with load dependent efficiency, bat-
tery chemistry and lifetime degradation effects. However, this would increase complex-
ity and computation times and a trade-off has to be made. Load shifting and charging of
plug-able appliances, such as electric vehicles, could further be added.
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5
LOW SHORT-CIRCUIT CURRENT

PROTECTION PHILOSOPHY FOR DC
DISTRIBUTION GRIDS

Protection of low voltage dc grids with traditional protection methods is challenging. Both
large short-circuit currents and missing natural current zero-crossing make the use of me-
chanical protection devices difficult for high power applications. On the other hand, the
trend in power electronics to reduce the size of passive components (i.e., capacitors) by us-
ing higher switching frequencies, can lead to difficulties in supplying high enough short-
circuit currents for a long enough time period to allow selective fault detection in small dc
nano- and microgrids, e.g., with only small PV sources. DC distribution grids, made out of
connected dc microgrids, can experience both high and low short-circuit currents. In this
chapter, the low short-circuit current protection philosophy is presented as a way to tackle
these challenges. It comprises the removal of need for high short-circuit currents, the pre-
vention of high short-circuit currents where available and the adaption of other system
components to allow the previous. The adaptations to the system are required in order
to allow fast fault detection, discrimination and clearance by solid-state breakers. These
adaptations, upcoming challenges and future research in this direction are introduced.
Further, a classification of protection zones for dc systems is proposed. Finally, field mea-
surements from an operational dc street lighting system, using over-current tripping, and
experimental laboratory results of a more advanced di/dt-based solid-state circuit breaker
prototype are shown as examples of the introduced protection philosophy.

This chapter is based on L. Mackay, N. Gouvalas, T. Hailu, H. Stokman, L. Ramirez-Elizondo, and P. Bauer, “Low
Short-Circuit Current Protection Philosophy for DC Distribution Grids,” in Energies, under review.
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5.1. INTRODUCTION
Protection is the main challenge to be solved for dc grids to emerge from small dc nano-
and microgrids to a full scale dc distribution grid [1]. Opening circuits is not as easy as
in ac systems due to the missing current zero-crossing that supports eliminating switch-
ing arcs [2]. Therefore, more effort has to be put into the development of dc protection
devices and strategies.

In literature, the protection aspect of dc microgrids has often been neglected and left
for future work. However many interdependencies, e.g., with control design, can exist.
One important aspect to consider is that dc nano- and microgrids are often assumed
to be connected to each other by means of a converter that would separate control and
protection aspects to a certain level. In general, however, this is not an optimal solution.
Moreover, it is not appropriate to assume that converters will be placed at every house
entrance (possible boundary of a dc nanogrid, see Figure 5.1) or meter box, especially
when thinking of larger dc distribution grids [1]. The example can be taken from the ac
power systems where – at least in densely populated areas – there are no individual trans-
formers installed for every house. Not having individual converters for each household
implies that they will all be connected on the same voltage level and that the protection
system should be able to selectively protect parts of the system.

The contribution of this chapter is to propose a low short-circuit protection philos-
ophy as a fundamental design criterion for the standardization of dc distribution grids.
This philosophy is derived through the analysis of the future use cases that can result in
very large and/or very small systems [1] and the properties of distributed sources and
power electronic converters compared with traditional protection devices and philoso-
phies. Further, the general options for the needed fast fault detection are shown and
challenges for future research are identified. The classification of protection zones based
on the associated danger is introduced, which has been brought forward into the ongo-
ing standardization process. The feasibility of the proposed philosophy is underlined by
measurements from an operational, commercially available, dc street lighting system,
as well as experimental results obtained from, specifically built, more advanced solid-
state breakers using di

d t tripping. The focus of this chapter is protection of dc distribution
grids. Possible connection to ac grids and effects thereof on the dc grid are not described.

The remainder of this chapter is organized as follows. In Section 5.2, short-circuit
behavior in dc distribution grids is looked at and in Section 5.3, traditional protection
strategies are discussed. Section 5.4 describes the properties of solid-state circuit break-
ers. In Section 5.5, the low short-circuit current protection philosophy is presented. The
requirements for fault detection, device behavior and selectivity are discussed in Sec-
tion 5.6. Section 5.7 describes the classification of different protection zones that can
appear in dc distribution grids. In Section 5.8, measurements of an operational dc street
lighting system and an experimental lab setup are shown. Finally, conclusions are drawn
in Section 5.9.

5.2. SHORT-CIRCUIT BEHAVIOR IN DC DISTRIBUTION GRIDS
DC distribution grids can consist of interconnected microgrids and nanogrids as shown
in Figure 5.1 [1]. These subgrids should be able to continue operation in case of faults
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Figure 5.1: On the right: a dc microgrid connecting a neighborhood with multiple dc nanogrid inside buildings
and some larger distributed energy resources. It can be connected to other dc microgrids on the same voltage
levels (including meshed connections) and to a medium voltage grid at the substation (center). On the left: a
dc nanogrid inside a building is shown in detail with various energy resources. It can be separated from the
microgrid that connects the neighborhood by a fault isolation device. [1]

in other parts of the grid. As they are interconnected by fault isolation devices, the same
fault can produce very different results depending on the connection state of these de-
vices. While a large connected grid could provide large short-circuit currents, an is-
landed nanogrid with a small PV panel might only have a very low capacitance and there-
fore, can only provide low short-circuit current.

An important aspect to consider is the use of power electronic converters in dc distri-
bution grids. In general, power electronic converters can only provide short-circuit cur-
rents higher than their nominal current for very limited time. This can also be a problem
in ac systems where, in regions with high PV penetration, short-circuit current is low in
sunny days due to the large distances and therefore large impedance to rotating masses.
This can prevent tripping of circuit breakers in case of faults. A possible but expensive
measure is to oversize the power electronic converters.

Additionally, the emergence of distributed energy resources leads to power flows, not
only top down, but also bottom up. Furthermore, meshed dc distribution grids, that can
enable more direct power flow between distributed resources [3], add further complexi-
ties to the protection requirements, particularly as large galvanically connected systems
emerge.

Large grids with many connections and components have complex short-circuit be-
havior with fast transients that are affected heavily by frequency dependent cable pa-
rameters. Therefore, there is a need for research on fast transient models for low voltage
dc distribution grids. For illustration purposes, in this chapter, only the ideal discharge of
one capacitor will be shown. The under-damped short-circuit current response of a ca-
pacitor discharging in an RL circuit, with the initial conditions vC (0) =V0 and iL(0) = I0,
is
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Figure 5.2: Initial discharge of a capacitor C = 1µF trough and limiting inductor L = 47µH with fault resistance
R = 1Ω. It can be seen how the voltage collapses withing micro seconds. This would mean the loss of selectivity
if a fault is not cleared fast enough.

iSC(t ) =− I0ω0

ω
e−δt sin(ωt −β)+ V0ωL

ω
e−δt sin(ωt ) (5.1)

where δ = R/2L, ω2 = 1/LC − (R/2L)2, ω0 =
p
δ2 +ω2, β = arctan(ω/δ) with R the com-

bined resistance of cable and fault, L the total cable inductance and C the output capac-
itance of the converter [4].

For high frequency converters, the output capacitance can be very small. For exam-
ple, there is a 1.7 kW converter on the market with 1 MHz switching frequency and only
C = 1µF output capacitance. In this case, when assuming L = 47µH, R = 1Ω, according
to the integral of (5.1), the capacitor could be discharged in less than 4µs from 350 V to
300 V. This discharge is illustrated in Figure 5.2. This poses a challenge if selective pro-
tection should be provided such that only faulty parts of the grid are disconnected while
the non-affected parts of the grid continue operation.

Therefore, regarding protection of dc distribution grids, new strategies, that avoid
oversizing of converters, connectors and protection devices, should be investigated. This,
however, is heavily inter-dependent with all other design considerations of dc grids.

5.3. TRADITIONAL DC PROTECTION
Until now, traditional ac protection strategies are often adapted for dc systems [5]. A high
short-circuit current is guaranteed by big capacitors or directly connected battery banks.
This provides the energy necessary to detect fault currents and trip circuit breakers (CBs)
or fuses. In the following subsections, the properties of different protection devices are
briefly reviewed.
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5.3.1. FUSES

The voltage and current ratings of fuses are given in rms values, which is thermally equiv-
alent to dc ratings, and thus should be applicable for both ac and dc systems [6]. The
use of fuses in dc system applications covers a wide range of applications including dc
traction, mining, battery (storage) protection and low voltage power supplies protection
circuitry [7, 8].

The application of fuses in dc systems is not only affected by the current and voltage
ratings but also by the system L/R time constant [9]. Thus, the use of fuses is more ade-
quate in low-impedance systems with higher rate of current rise ( di

d t ), which can ensure
that the required time for the fuse melting point is kept at a minimum, leading to a fast
acting protection [6, 8]. However, the application of fuses in dc systems is limited not
only due to the high time constants and slow breaking operation [6], but also due to the
difficulty in discriminating between faults [10]. That means that fuses are not capable to
distinguish a temporary fault condition from a permanent, with the risk of nuisance trip-
ping and isolation of an important part of the network. On top of that, fuses employed
in dc systems should also have the ability to withstand low overcurrents and/or over-
loads as well as fault transient effects, preventing in this way undesirable malfunction
operation.

In view of the above mentioned requirements and restrictions, the use of fuses in
dc systems is limited as it lacks in reliability, performance and coordination with other
protective devices in the system and when applicable should be used as secondary (back
up) protection [8, 10, 11].

5.3.2. ELECTRO-MECHANICAL CIRCUIT BREAKERS

The application of electro-mechanical CBs has been used extensively in ac power net-
works over the past decades. The experience gained so far in designing CB protection
equipment is actually based upon the natural current zero-crossing that holds only in
ac. However, mechanical CBs, used in dc systems, require special design and proper
de-rating of the breaker tripping levels in order to be optimally applicable [12]. In most
cases, this adjustment takes the form of suitable multiplying factors, in the range of 1.1-
1.4 times the ac magnetic-tripping current level [13]. The CB protection equipment,
more adequate for application in LVdc systems and also commercially available, com-
prises molded-case circuit breakers (MCCB), LV power circuit breakers (LVPCB) and isolated-
case circuit breakers (ICCB) [12, 14, 15]. These types of CBs are widely used in low volt-
age, high power traction and marine applications as well as in residential premises and
commercial centres [16].

The mechanical CB switch-off operation due to the inherent arc-related extinction
process, results in typical opening times, without considering detection and tripping
time delays, in the range of tens to hundreds of ms [14, 17, 18]. However, one of the supe-
rior advantages that CBs have to show compared to alternative protection technologies
(i.e. hybrid circuit breakers, solid-state circuit breakers) is the lower contact (on-state)
resistance, which lies in the range of few to tens of µΩ [19–21]. Nevertheless, the slow in-
terrupting response (tens of ms) of electro-mechanical CBs makes the later inadequate
for converter-fed LVdc systems comprising sensitive power electronic devices of limited
fault current withstand capability (2-3 times nominal current for tens ofµs) [22] and high
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values of prospective short-circuit currents (up to 10 kA or more), caused by converters
output filter capacitors rapid discharge [7, 23].

5.3.3. HYBRID CIRCUIT BREAKERS

The slow opening time of the mechanical breaker operation has led to the development
of hybrid breakers, which is a combination of a mechanical breaker and a solid-state
path [24–26]. The basic operation of a hybrid CB is based on an arc-less opening of
the mechanical switch when the fault occurs. This is achieved by allowing the solid-
state switches to commutate at the instant that the breaker contacts start to separate
quenching the arc. The different stages at which the fault current is interrupted as well
as a more detailed description of multiple ways for dissipating the stored fault energy
through combination of hybrid CBs, snubbers and resonant circuits can be found in [24].
The hybrid CB has low conduction losses since a mechanical breaker with a low contact
resistance is normally-on supplying the nominal load current. However, despite the low
on-state losses, the total interruption time is of the order of few hundred µs [27, 28].
There are also some problems related to the solid-state part of the hybrid breaker, such as
sensitivity to electro-magnetic interference (EMI) and lack of physical/galvanic isolation
due to leakage currents during the semiconductors off-state [29]. Nevertheless, hybrid
technology has been the focus of extensive research conducted in the past, mainly for
high-power dc system applications [24, 26–28, 30].

5.3.4. OVERSIZING

The above discussed protection devices all have, compared to dc system dynamics, a
relative long clearance time, in the range of ms to tens of ms. Further, they need a cer-
tain amount of short-circuit current. Power electronic converters have a limited over-
current withstand capability (around 2-3 times the nominal load current for tens of µs)
[22]. Oversizing these converters for higher currents is possible, but expensive. Another
option is to oversize only the output capacitors which are the first providers of short-
circuit energy. This goes, however, against the general trend in power electronics which
is to increase the switching frequency in order to reduce the size of passive components
such as capacitors and thus material usage and cost.

Nevertheless, also high short-circuit capacity of large converters can be a challenge
if the fault is only cleared after tens of ms as the dc fault current rises very fast. Fur-
ther, freewheeling diodes (for example in ac/dc converters) could proved large short
circuit currents. All components and cables need to be able to withstand the thermal
stress and electromagnetic forces that act during a short-circuit. In order to prevent ex-
treme thermal and mechanical stress over the power circuit elements, the use of a fast
dc circuit breaker is deemed preferable. Also, a faster short-circuit interruption will en-
hance power quality by improving the transient response of the network system leading
to lower voltage sags during and lower over voltages after the fault clearance [17, 31, 32].
Therefore, in the next section solid-state circuit breakers are looked at.
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5.4. SOLID-STATE CIRCUIT BREAKERS
Solid-state circuit breakers utilize power semiconductor devices enabling them to sup-
ply nominal load currents but also to interrupt fault currents in the µs range based on
lower over-current (compared to traditional circuit breakers or fuses) and/or rate of cur-
rent rise thresholds [7]. The solid-state protection technology is a promising solution for
fast dc protection since it has fast opening response time, in the range of few to tens of
µs [33–36], and is also free from arc-related effects caused by contact separation in con-
ventional breakers [37]. However, the higher conduction losses of the later compared
to conventional mechanical CBs has prevented its mass production, since it requires
an additional heating management system (i.e heat-sinks) for cooling thus increasing
both physical size and cost [29]. The rapid advancements in semiconductor industry,
however, has led to the development of power semiconductor devices with on-state re-
sistance of few tens of mΩ or less [38] with improved current and voltage ratings.

The most commonly used power semiconductors for solid-state protection include
insulated-gate bipolar transistors (IGBTs), gate turn-off thyristors (GTOs) and insulated-
gate commutated thyristors (IGCTs) due to their superior switching characteristics, in-
creased controllability performance and on-state losses [17, 39]. The IGCTs and GTOs
switches have slower turn-off capability (6 times slower) compared to IGBTs due to the
inherent current limiting properties of thyristor types devices [17]. However, the high
conduction losses of IGBTs compared to IGCTs make them an unfavorable choice for
voltages higher than 2000 V [22, 40]. For voltages lower than 2000 V, IGBTs are still more
preferable compared to the faster Si MOSFETs, mainly due to the much higher (x10 at
1200 V) on-resistance of the later. On the other hand, superjunction MOSFET technol-
ogy has to show much faster turn-off speed along with low on-resistance in the range of
few tens of mΩwith blocking voltages up to 800 V at the moment due to fabrication lim-
itations [22, 38]. However, the use of ultralow on-resistance normally-on WBG devices
can also serve as ideal candidates to meet the strict protection requirements of SSCB ap-
plications in future LVdc distribution systems. Promising low voltage (<1500 V) exper-
imental prototype paradigms are already found in literature (SiC JFET [41], SiC VJFET
[42], SiC - SIT [43], GaN HEMT [22]).

5.5. LOW SHORT-CIRCUIT CURRENT PROTECTION PHILOSO-
PHY

In Section 5.2, the different sizes and connection states of dc distribution grid that need
to be considered have been discussed. The trend in power electronics is to go to higher
switching frequencies that need only very small capacitors and thus limit even the initial
short-circuit current capability of converters. This poses challenges for traditional dc
protection methods and devices. While solid state-breakers can act fast, one of their
properties is that they cannot withstand high currents. This results in a chicken-egg
problem as it is very expensive to size them for traditional high short-circuit currents.

The core idea of the low short-circuit current protection philosophy is therefore pro-
posed as follows:

1. Avoid oversizing of converters and capacitors by not requiring high short-circuit
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Converter

+

−

(a)

+

Load

−

(b)

Figure 5.3: (a) Source or bi-directional converter with its internal low short-circuit current protection solid-
state circuit breaker including limiting inductor after the output capacitor and freewheeling diode. (b) Load
with blocking diode to prevent fault current contribution from the input capacitor.

current capability for fault detection.

2. Prevent high short-circuit currents if capability is available, e.g., fast fault clear-
ance.

3. Adapt system and component design to allow the realization of the previous.

This philosophy has effect on large parts of the system and includes several problems
that can only be solved together.

In this section, the adaptations to the converters and loads in order to prevent high
short-circuit currents are discussed. The next section discusses fast fault detection and
its requirements.

5.5.1. SOURCES AND BI-DIRECTIONAL CONVERTERS
Converters should have the capability to protect themselves during a fault and, at the
same time, protect the connected grid. Mainly, semiconductors of the converters and
terminal capacitors are prone to high fault current. For the protection of semiconduc-
tors, a fast pulse width modulation (PWM) based method is normally implemented.
However, this approach does not prevent terminal capacitors from discharging the com-
plete stored energy which contributes large fault currents to the system, especially dur-
ing bolted fault. Figure 5.3a shows a converter with a possible solid-state circuit breaker
to protect terminal capacitors. This breaker uses an inductor to limit the rate of change
of current and therefore, the peak breaking current. The free-wheeling diode prevents
voltage spikes during fault isolation.

5.5.2. LOADS
Figure 5.3b shows a typical load with power electronics interface and its terminal ca-
pacitor. The value of input capacitors depends on the size of individual loads and their
switching frequency. Small devices could have negligible filter capacitors.

Input capacitors of loads can introduce high inertia which is particularly advanta-
geous for stability. However, the input capacitors also contribute high fault current dur-
ing a short-circuit event. To avoid such high short-circuit currents, diodes are used as
shown in Figure 5.3b. These diodes make the input capacitors’ stored energy not us-
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able by the system during disturbance. Therefore, only energy stored in sources’ output
capacitors can be used for stability. This has to be considered in control design.

5.5.3. SOLID-STATE CIRCUIT BREAKERS

When the converters and loads have their respective measures taken still significant
amount of short-circuit current could occur if many of them are connected closely to-
gether. Solid-state circuit breakers can segment areas and in that way limit the short-
circuit current. This is additional to providing selective protection, i.e., only a small area
containing the fault is switched off while the rest of the system can continue normal
operation.

5.6. FAST FAULT DETECTION

Fast fault detection is mandatory to allow fault clearance before the short-circuit cur-
rent goes too high as described in the previous section. This could be in the range of
µs instead of tens of ms as in traditional protection strategies, which is 4 to 5 orders of
magnitude faster. While fast fault detection is a challenge, fast selectivity is even more
challenging. In this section, the main approaches and research directions for fault de-
tection, discrimination and selectivity are discussed, as well as their system level and
component level implications.

5.6.1. DETECTION METHODS

OVER CURRENT

Traditionally, faults are detected by using current measurements and over current limits
with time grading [11, 44]. In systems where the short-circuit current can be guaranteed
to reach the over current limits, this may be feasible. However, this may not be the case
for dc nanogrids. DC nanogrids could normally be connected to a large grid and thus
have high nominal currents (e.g. 32 A) and over current limits. When the nanogrid is
operated in islanded mode only partial supply may be possible and a small distributed
source converter may not be able to provide this current. Thus, the over current protec-
tion would not trip and selectivity may be lost as the converter protection is activated
due to overload.

FAULT TRANSIENTS

New detection methods based on the characteristics of the fault transients are therefore
an interesting alternative. The current rate of change ( di

d t ) is the most prominent indica-
tor, however also voltage and its derivative and a combination of all measurements are
discussed in literature [45–47]. Based on the fault transients, the fault detection can be
very fast (in the range of hundreds of ns), however, false positives need to be prevented.
Filtering noise and adding certain time delays is crucial and can improve reliability of
these measurements, however, further measures have to be taken as will be discussed in
the following subsections.
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5.6.2. FAST FAULT DISCRIMINATION
Differentiation between fault and normal operation very early in the transient is manda-
tory for fast fault detection. In order to achieve this, the characteristics of faults and
normal operation need to be sufficiently different in the multidimensional space of mea-
surements. While traditional protection allows for a longer detection time and thus more
time for false positives to be filtered out, for fast protection this has to happen already
in the beginning of the transient. Specific measures have to be taken on system and
component level to allow this discrimination. The challenge is that it has implication on
other parts of the system, which are traditionally not looked at together.

INRUSH CURRENTS

Inrush currents are mainly caused by the charging of load input capacitors during grid
connection. They can easily reach 100 times the nominal current and also pose problem
in traditional ac protection, e.g., multiple LED drivers on one circuit breaker. These in-
rush currents would trip any fast fault detection device, but they also reduce the lifetime
of components and cause significant stress on the system such that it needs to be over-
rated (e.g. bigger CB rating). Therefore, industry is starting to take measures in order to
reduce inrush currents of appliances.

In order to allow fast fault detection without false positives, the inrush currents need
to be limited and standardized. Different inrush current limiting possibilities exist for
implementation in devices.

In addition, for fixed installations, low inrush currents can be assured by slowly en-
ergizing the grid when re-closing circuit breakers. This is mandatory anyway in order to
prevent transients on the grid upstream side of the circuit breaker. It could be imple-
mented using a linear current source or closing the solid-state breaker slowly in linear
mode. It has to be ensured that loads do not start up before the grid is fully energized.
This could be achieved by introducing some start-up delay, counting from the time the
steady-state voltage is reached.

SOFT START / LOAD CHANGES

Also during operation, it has to be ensured that no transients will trigger fault detec-
tion. Loads should not start or change their power too fast. Exact guidelines have yet to
be developed. A challenge is that many loads can be connected in parallel. Therefore,
simple limits might not be sufficient. Monitoring input voltage could be a possibility as
it reflects the state of the grid. This voltage can be strongly influenced by di

d t through
line inductance. Also random start-up delays could be considered. Limiting the rate of
change of loads would also have a positive impact on the system stability. For fast peak
power requirements, local energy buffers would need to be implemented.

5.6.3. SELECTIVITY
Selectivity is a very important topic in dc distribution grids. It is essential that healthy
parts of the grid continue operation and only the minimal faulted part is disconnected.
Additional challenges are that the power flow can be bi-directional and that the distri-
bution grid topology could be meshed. Many open research questions and opportu-
nities exist in order to achieve fast selectivity in meshed dc distribution grids with bi-
directional power flow in order to have resilient connected dc microgrids. In literature,
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Figure 5.4: An example dc application to demonstrate all different protection classification zones. From the
left: at the battery very high short-circuit can occur in Zone 0. Fuses or circuit breakers separate Zone 1, while
Zone 2 can only be fed by converters with current limiting capability. It can not guarantee circuit breaker
tripping. Zone 3 has low short-circuit protection philosophy applied with multiple sources. Zone 4 is similar,
but has only one source of power and is therefore safe if disconnected.

fast communication links have been used for protection coordination [48]. Communi-
cation links limit the speed of fault detection to the range of ms and are expensive ad-
ditional infrastructure. For a general dc distribution grid it would be preferable to not
have mandatory high speed communication for protection purposes. By considering
the design and behavior of the complete system, an elegant protection solution may be
possible.

5.7. CLASSIFICATION OF DC PROTECTION ZONES
The discussed low short-circuit protection philosophy can be applied to large parts of a
dc distribution grid. Nevertheless, some parts of the system will have different protec-
tion properties with varying danger levels. Therefore, a classification of these levels and
clear designation in the field are proposed. This has been put forward into the national
standardization process at NEN in the Netherlands and into the IEC LVdc working group
by Direct Current B.V. [49]. In this chapter, only very brief descriptions are presented
while more detailed specifications, such as current thresholds, are currently discussed
for standardization. These zones could be used for the qualification level of installa-
tion and maintenance staff and for risk assessment. Figure 5.4 shows an overview of the
zones in an example application for illustration. While the example shows a radial grid,
the principle is equally applicable to meshed grids. The different zones are proposed as
follows:

DC ZONE 0
Very high short-circuit currents occur in this zone. It is not protected by fuses or circuit
breakers. This is the most dangerous zone. This could be, e.g., directly at the contacts of
batteries before any protection device.
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DC ZONE 1
High short-circuit currents occur. Therefore, fuses or mechanical circuit breakers can be
used. The risk level is high. This zone could be situated after the protection device of a
battery.

DC ZONE 2
High short-circuit currents are not guaranteed in this zone. They may not sufficient to
trip fuses or circuit breakers with certainty, thus making application of traditional fault
selectivity methods challenging. However, the current is limited and converters go into
a current limiting mode. There is a normal risk level.

DC ZONE 3
The short-circuit current in this zone is low. It is protected by solid state breakers that
isolate faults fast. Residual ground fault detection is mandatory. There is a normal risk
level. This zone corresponds to the low short-circuit current protection philosophy pro-
posed in this chapter.

DC ZONE 4
Same as Zone 3 but power is uni-directional and only comes from one source. This en-
sures that once a circuit breaker is opened, no other sources can power the grid. The risk
is moderate due to the single disconnector.

5.8. IMPLEMENTATION EXAMPLES
In this section, two examples implementing the proposed low short-circuit current pro-
tection philosophy are provided in order to indicate its feasibility. Firstly, an operational
dc street-lighting system with over current detection is shown. Secondly, an experimen-
tal solid state breaker prototype has been built that features current derivative based
fault detection.

5.8.1. DC STREET LIGHTING SYSTEM WITH OVERCURRENT DETECTION
Direct Current B.V. has developed and implemented a street lighting system featuring
low short-circuit currents. It has been implemented in several locations in the Nether-
lands with over 1000 light poles in total. DC has several advantages over ac in this appli-
cation. This includes the removal of the power factor correction stage and the associated
electrolytic capacitor from the LED drivers with increases the lifetime and therefore re-
duces the maintenance with is very expensive on streetlights. Further the strings can be
much longer because they are not limited by the necessary steady state short-circuit cur-
rent for ac circuit breakers. Also the system can be protected for residual ground faults
to increase human safety. This is not feasible in ac grids because of the leakage currents
trough the parasitic cable capacitance. Also the losses in the cable are reduced due to
the higher average voltage or alternatively the cable diameter can be reduced.

Figure 5.5 shows the location and schematic of the field test location. The system is
operated by CityTec B.V.. The string length is around 1.6 km. The system is a bipolar dc
grid with ±350 V and 22 LED drivers with a maximum power rating of 60 W each are con-
nected alternatively between the two poles and the neutral conductor. This reduces the
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(a) (b)

Figure 5.5: Location of the dc street lighting system at the industrial area “De Liede” close to the airport of
Amsterdam, the Netherlands. (a) Satellite image of the area [50] and (b) schematic of the dc feeders starting
at substation (S) in the center. The measurements were taken on the left feeder at the locations marked A, B
and C.

losses by half compared to unipolar configuration without increasing the cost of the LED
drivers. Further reasoning on the voltage level selection can be found in [1]. Over cur-
rent protection limit is implemented with a MOSFET, limiting inductor and freewheeling
diode (as illustrated in Figure 5.3a) after the output capacitors of the sources. Therefore
the system falls into protection classification Zone 4 as described in the previous sec-
tion. The over current limit is set to 3 A at a normal operation current of around 2 A.
Inrush current is eliminated as drivers wait for a stable voltage before charging their in-
put capacitor.

In Figure 5.6 measurements of a short-circuit fault between positive and neutral con-
ductor at point A are shown. It can be seen that the short-circuit current only reaches 7 A.
After fault clearance, the grid energy mainly stored in the line inductance continues to
discharge. Diodes in the LED drivers prevent their input capacitors to discharge and
contribute to the fault current.

5.8.2. EXPERIMENTAL PROTOTYPE USING CURRENT DERIVATIVE

In this section a general experimental solid state circuit breaker is described that is not
only intended for the specific application of LED lighting as in the previous section. A di

d t -
based fault detection and protection scheme was tested experimentally by conducting
short-circuit tests in a lab environment using a 350 V uni-directional solid-state breaker
prototype. The schematic of the experimental uni-directional solid-state breaker setup
is shown in Figure 5.7b. This breaker is designed for the negative pole of a possibly bipo-
lar dc grid. Only the negative pole breaker is shown. In practice also the neutral pole
should be disconnected depending on the type of fault and the allowable neutral volt-
age. It could also be an option to let the positive pole continue operation in case of a
pole to neutral fault.

The 350 V dc-supply, with a 25µF capacitor at its output, supplies a pure resistive
load of 4.5 kΩ through a series connected 47µH di

d t -limiting inductor in normal opera-
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Figure 5.6: Measurements of a short-circuit fault between positive and neutral conductor at point A. The mea-
surements are grouped together for comparison. On top the positive pole voltages followed by the neutral
voltages, the negative voltages and the fault current. All voltage measurements are with respect to local PE
conductor. It can be seen that the fault current stops rising after 8µs.
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Figure 5.7: Photograph (a) and schematic representation (b) of the experimental uni-directional solid-state
breaker setup. The 350 V dc-supply is connected across a 25µF capacitor and feeds through a series connected
47µH fault limiting inductor a pure resistive load of 4.5 kΩ. A short-circuit is made through physical connec-
tion at the end of the 2 m conductors.



5

94 5. LOW SHORT-CIRCUIT CURRENT PROTECTION PHILOSOPHY

tion. The top cable conductor represents the ‘neutral’ while the bottom conductor the
‘negative’ pole.

A short-circuit is generated at the end of a cable of 2 m length. The solid-state breaker
is placed at the bottom side of the power circuit (negative pole) in order to avoid addi-
tional high-voltage gate driver circuitry requirements (i.e. use of charge-pump or boot-
strap circuit). Thus, the main components of the solid-state breaker include a 650V
IPB65R045C7 power MOSFET, a dc inductor of 47µH and an ultra-fast recovery free-
wheeling diode. The 25µF filter capacitor and the shunt resistor in series with the MOS-
FET are also parts of the hardware included on the PCB which is shown in Figure 5.7a.

The protection circuit is based primarly on di
d t fault detection while overcurrent de-

tection is also employed as back-up fault protection and/or sustained overload detec-
tion. The di

d t measurement is extracted from the voltage drop across the limiting in-
ductor (Ldc) while an overcurrent condition is being sensed by measuring the voltage
across a shunt resistance (Rshunt) connected in series with the solid-state switch. The di

d t
and overcurrent measurements are sent as inputs to the protection logic circuit which in
case of a fault trips and drives the MOSFET off. The analog protection signals measured
in [V] for a short-circuit fault between the neutral and negative pole are shown in Fig-
ure 5.8 (bottom). The di

d t of the line current through the inductor is being constantly
measured and compared with a threshold value of 1.75 V corresponding to 750 kA/s.
When the di

d t of the line current exceeds the predetermined threshold, the opamp-based
comparator of the protection circuit gives a high output (trip signal) which is then fed
into the gate driver that drives the MOSFET off. From Figure 5.8, it can be seen that
the di

d t fault detection circuit responds within 400 ns from the fault event (t=0 s) at which
point the trip signal goes high (3.3 V). The MOSFET gate is drained to zero in about 100 ns
after the generated di

d t trip signal, with the gate-to-source voltage (VGS) dropping from
15 V to 0 V.

In Figure 5.8 (top), the voltage and current measurements of the power circuit dur-
ing fault interruption are depicted. The fault current is interrupted within 700 ns from
the fault event at almost 5 A above the nominal load current. After fault interruption,
the diode starts to commutate and the fault current slowly (high L

R time constant) dis-
charges through the free-wheeling path (Df - Zcable - Ldc). The free-wheeling diode in-
cluded in the solid-state breaker acts also as a snubber preventing excessive overvoltage
stress across the solid-state switch during turn-off. Therefore, as shown in Figure 5.8 dur-
ing MOSFET turn-off, the drain-to-source voltage (VDS) rises up to the 350 V dc-supply
(neutral) with a small voltage-spike and then settles to the open-circuit voltage approxi-
mately 800 ns from the fault instant.

Finally, from the experimental results, the total opening response time of the uni-
directional solid-state circuit breaker prototype is 700 ns after the fault event consisting
of 400 ns fault detection time delay ( di

d t -based), 100 ns gate-driver delay and 200 ns MOS-
FET turn-off switching delay.
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Figure 5.8: Experimental measurements of a short-circuit fault between neutral and negative conductor using
the uni-directional solid-state circuit breaker prototype. On the top figure the neutral pole voltage along with
the MOSFET drain-to-source voltage and the fault current during the fault interruption. It can be seen that the
voltage across the breaker (VDS) rises up to the 350 V dc-supply (neutral) and the fault current is interrupted
within 700 ns from the fault event (t=0 s) at almost 5 A. On the bottom figure, the analog protection signals are

shown. The di
d t fault detection circuit response is 400 ns and the gate-to-source voltage (VGS) is drained to zero

in about 100 ns later.
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5.9. CONCLUSION
In this chapter, the low short-circuit protection philosophy for dc distribution grids was
proposed, considering the challenges of dc protection, the fault behavior and the devel-
opment of power electronics. It comprises avoiding oversizing of converters and capac-
itors for fault current contribution, prevention of high short-circuit currents by fast fault
clearing and the adaption of other system components in order to achieve this. Neces-
sary component modifications for sources and loads were discussed. Further, the fast
fault detection, discrimination and selectivity were addressed. These pose a vast field
of challenges and open research questions that have to be investigated in future work.
The introduced philosophy may be applied to large parts of dc distribution grids, how-
ever there will be parts that will be protected in other ways. Therefore, a classification
of protection zones was proposed, that can be used also for risk assessment and staff
qualification. Moreover, measurements of an operational dc street lighting system and
the experimental implementation of a di

d t -based solid-state circuit breaker were shown
as an indication of feasibility of the introduced philosophy. The former still relies on the
traditional overcurrent detection and its implementation is limited to radial grids with
unidirectional power flow while the latter uses fault transient detection which, after fur-
ther research, could lead to selective short-circuit protection of meshed dc grids with
bidirectional power flow.

While low short-circuit current protection philosophy adds more complexity initially,
it may offer significant savings in material and component cost in larger dc distribution
grids that may be deployed in future. The challenge is that it has effects on many other
aspects of the system that are traditionally looked at independently. Nevertheless, a lot
can be gained if these considerations are included in the ongoing low voltage dc stan-
dardization process.
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6
DC READY DEVICES – IS

REDIMENSIONING OF THE

RECTIFICATION COMPONENTS

NECESSARY?

DC has several advantages over ac. In relation with the changes needed in todays ac power
system to deal with dominating amounts of fluctuating renewable energy, it seems wise to
consider dc as an alternative. One of the problems with introducing dc grids is the lack
of availability of dc devices. DC ready devices that work on both – ac and dc – would
simplify a smooth introduction of dc there, where it has its biggest advantage. This is
especially interesting for newly built infrastructure, e.g. in developing countries with bad
ac infrastructure, but also for upgrading the power of existing ac cables when needed.

As most ac devices today already have dc/dc converters inside, the changes are not as big
as one might assume. In this chapter the rectification stage and power factor correction is
looked at in detail and it is shown that in most cases there is no need for re-dimensioning
of components to make devices dc ready. Other important points are subject of ongoing
research as are dc microgrids in general.

This chapter is based on L. Mackay, L. Ramirez-Elizondo, and P. Bauer, “DC Ready Devices – Is Redimension-
ing of the Rectification Components Necessary?,” in Mechatronika 2014 - 16th International Conference on
Mechatronics, 2014.
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6.1. INTRODUCTION
The war of currents between Edison with dc vs. Westinghouse and Tesla with ac was won
by ac for good reasons a century ago [1]. However as time passed and new developments
were made, the foundations of this victory are not as stable as one might have expected.
Power electronics enable dc/dc conversion and achieve what hundred years ago only ac
transformers could do efficiently: the change of voltage levels. DC is again used for HVdc
power transmission today as dc line losses are much smaller than ac ones. Other benefits
are the prevention of skin effects and less problems with cable capacitance especially for
sea cables.

Also from the low voltage side dc is having a come back. Until now it is mostly inside
the devices. First ac transformers were used to bring down the voltage to usual appli-
cation levels, e.g. 20 V, and rectification was done thereafter. Today ac transformers in
devices are more and more replaced by dc/dc converters. Due to their higher switching
frequencies, typically 100 kHz instead of 50/60 Hz with ac, much smaller passive compo-
nents can be used, which reduces size, weight and material costs. The ac from the grid
needs therefore to be rectified and – to prevent distortion of the ac grid – artificial sinu-
soidal currents are drawn using power factor correction (PFC). Today even ac motors are
more and more driven by motor controllers using ac/dc followed by dc/ac conversion
which allows variable speed control.

Distributed renewable energy sources are either dc inherently, e.g. photovoltaics, or
use a dc link to decouple rotations speeds from the ac grid such as wind power. Batteries
are dc in general and their application is evolving in electric vehicles and other devices.

Therefore it would be reasonable to consider bringing dc one level higher and change
the distribution grid connecting these sources and loads from ac to dc, eliminating dc/ac
and ac/dc conversions. DC microgrids [2] can improve reliability even with an outage of
the higher level grids using available distributed sources and storage. Balancing local
supply and demand and financial compensation for grid losses could be done using the
dc voltage [3]. Due to the lack of synchronization need in dc, reconnection to higher level
grids is straight forward [4]. Centralized ac/dc conversion from low or medium voltage ac
grid is more efficient and can even help stabilizing the ac grid, e.g. by supplying reactive
power.

The transition from an ac to a dc distribution grid however is a challenge even though
dc outperforms ac in many aspects. The high initial investment cost prevent the replace-
ment of a whole ac grid at one time. This results in a chicken-and-egg problem: lack of
available dc devices hinders the implementation of small dc grids while the lack of dc
grids prevents manufactures to build dc devices.

DC ready devices that work on both – ac and dc – are a solution to this problem. Large
volumes of ac consumers would also let play economics of scale for the early adopting
dc consumers if costs are not (significantly) higher than ac only devices. As common ac
devices (Fig. 6.1) use a bridge rectifier to get a fixed polarity, also a dc voltage at the input
leads to the same polarity. So in fact these devices are already dc ready. However only
two diodes are conducting constantly instead of four in the ac case. Therefore it could
be argued that they would need to be dimensioned bigger because of higher losses. This
does not hold in general as will be shown.

This chapter investigates the losses in the rectification stage when operated on dc
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Figure 6.1: A usual power supply consists of a rectification stage, a boost converter for power factor correction
and a dc/dc converter.

and determines under which circumstances the losses in an individual component are
higher than the ac losses and thus demand for redimensioning. The main contribution
is the finding that only diode bridge rectifiers rated for only 230 V ac may have to be
redimensioned. For wide input range devices and devices using active rectification the
losses in the individual rectification components are found to be smaller for dc voltages
above 300 V. The term ‘dc ready’ instead of ‘hybrid ac/dc’ [3] is introduced to prevent
confusion with hybrid ac/dc distribution systems.

The remainder of this chapter is organized as follows: In Section 6.2 the converter
topology, voltage ranges and operation under ac and dc are introduced. In Section 6.3
the rectification losses are derived. These losses are compared in Section 6.4 with the
losses when operating on different dc voltages. Further measures to built dc ready de-
vices are discussed in Section 6.5 and conclusions are drawn in Section 6.6.

6.2. POWER SUPPLY WITH POWER FACTOR CORRECTION
In a power supply with power factor correction, as shown in Fig. 6.1, the first step is to
rectify the ac input voltage (Fig. 6.2 on top). The resulting voltage is a rectified sine wave
as is shown on the bottom of Fig. 6.2. After that rectified sinusoidal currents are drawn
by the power factor correction (PFC) boost converter. This will result in sinusoidal ac
currents at the input side. The resulting dc link voltage, typically around 380 V, is then
converted by a dc/dc converter into the voltage needed by the device.

6.2.1. OPERATION ON DC INSTEAD OF AC
When dc instead of ac is applied, the currents will always flow trough the same two
diodes as shown in Fig. 6.3. One could assume that they will produce bigger losses in
the individual components that now conduct. This is what will be analyzed in this pa-
per.

An alternative, to supplying ac on the ac input, would be, to add a dc connector to the
dc link after the boost converter. In this way the rectification and power factor correction
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Figure 6.2: An ac voltage of 230 V at 50 Hz on top and the rectified voltage on the bottom.

stage can be bypassed. However this would mean that the device has to be modified and
connectors are relatively expensive. If devices are made with replaceable connectors
anyway such that they can used with the variety of outlets all over the world, this could
however be viable. The rectification and PFC could be placed in the ac plugs, while the
rest of the device is native dc. This chapter however focuses on the use of the same input
connector for ac and dc.

6.2.2. EVALUATION OF THE COMMON VOLTAGES
For the analysis it has to be taken into account that usual ac voltage levels for devices
range from 100 V in Japan to 240 V in the UK. AC devices are often constructed with a
wide input voltage and frequency range to simplify mobility and reduce the number of
product variants. If a safety margin of ±10 % is included, the lowest rms voltage can be
90 V and the highest 264 V. The latter has a peak voltage of 373 V. All devices have to be
able to insulate at least this voltage. Therefore, just from the voltage perspective, these
devices can be operated at least until this voltage if used with dc.

Devices only made for 230 V, as used in Europe, have – with a safety margin of ±10 %
– a lower bound for the rms voltage of 207 V. This is the voltage at which the current is
the highest and component loss dimensioning has therefore to be done.
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Figure 6.3: The current path true a diode bridge with dc input. Two elements conduct the whole time, while
the others are never used.

6.2.3. CURRENTS AND VOLTAGES IN AC AND DC
The currents I in ac as in dc depend on the voltage U of the grid and the power P which
is consumed by the device. It is assumed that the PFC stage is ideal so that the ac current
is sinusoidal with power factor cosϕ= 1 meaning that voltage and current are in phase.
They relate according to

P =UAC · I AC =UDC · IDC (6.1)

IDC = P

UDC
= UAC

UDC
· I AC . (6.2)

Equation (6.2) shows how IDC can be influenced by choosing UDC . Without needing any
additional insulation in rectifying devices, UDC can be as high as the peak voltage ÛAC

which is about the 1.4 fold as highest considered ac rms voltage UAC :

UDC : = ÛAC =p
2 ·UAC (6.3)

with corresponding reduction of current

IDC = P

UDC
= I ACp

2
. (6.4)

6.3. DERIVATION OF RECTIFICATION LOSSES
The losses of the common rectifiers – diode bridge and active rectification – are derived
in the following. The component models are simplified and switching losses are ne-
glected as they only occur when the ac polarity changes twice every cycle. These switch-
ing losses that occur only in ac operation would extend the dc operating range. However,
their magnitude depends on the specific components and high quality components, that
are otherwise used at frequencies hundreds of kHz, have extremely low switching losses
at 50 or 60 Hz. Therefore, this theoretical advantage can not be relied on in general terms
and is therefore neglected. It is assumed that the thermal time constant is significantly
larger than the ac period and thus is not used in the dimensioning of the original ac com-
ponents. These effects are generally not taken into account when sizing rectifieres [5]. It
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Figure 6.4: The power electronics involved in rectification. On the left the diode bridge rectifier; on the right
the four transistors for active rectification with their parasitic diodes in parallel.

is assumed that the PFC stage is ideal so that the ac current is sinusoidal with power fac-
tor cosϕ= 1 meaning that voltage and current are in phase. Ripples in dc and harmonic
distortion are neglected for the loss calculations.

6.3.1. DIODE BRIDGE RECTIFICATION – LOSSES LINEAR TO CURRENT
In a full bridge diode rectifier as in Fig. 6.4a, current is flowing through each single diode
D only half of the time. The loss of the diode pD at time t is proportional to the current
flowing through it:

pD (t ) =UD · iD (t ) (6.5)

where UD is the forward diode drop voltage – typically 0.7 V for Si-diodes – and iD the
current flowing through the diode.

With ac at frequency f the current of a single diode in the brigde rectifier over time is

iD,AC (t ) =
{

Î AC sin(ωt ) if 0 <ωt <π
0 if π<ωt < 2π

(6.6)

with ω = 2π f and Î AC the peak value of the ac current I AC . The average ac diode loss
of each single diode is the integral of the instantaneous losses pD (t ) divided by the time
period:

PD,AC =
∫ 2π

ω
0 UD · iD,AC (t )dt

2π
ω

=
1
ω2UD Î AC

2π
ω

=
p

2UD I AC

π
=

p
2 ·UD P

π ·UAC
. (6.7)

If the device is operated with dc, only two of the four diodes are used. The (average)
dc diode loss in each of the two of them is

PD,DC =UD · IDC = UD ·P

UDC
. (6.8)
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6.3.2. ACTIVE RECTIFICATION – LOSSES QUADRATIC TO CURRENT

Active rectification, also referred to as synchronous rectification, can be used to reduce
the loss caused by the forward diode drop voltage UD . In principle four transistors T
are connected in parallel to the diodes (Fig. 6.4b) and conduct if the associated diodes
would do. It is worth mentioning that this solution with MOSFETs is not commonly used
because of over-voltage vulnerability, also of the drivers. However with new technologies
like SiC this might get a more practical option. Bridge-less PFC is an alternative way of
doing active rectification. The active low-side transistors are there used to do PFC. This
is however not in the scope of this analysis.

The loss in common MOSFETs is quadratic to the current iT flowing trough it:

pT (t ) = uT (t ) · iT (t ) = RT · i 2
T (t ) (6.9)

where uT is the voltage over the transistor and RT the resistance of it when switched on.

The ac current iT,AC (t ) is the same as iD,AC (t ) in (6.6) and the average ac single tran-
sistor loss PT,AC can be derived from the instantaneous power pT,AC (t ) as

pT,AC (t ) =
{

RT · (Î AC sin(ωt ))2 if 0 <ωt <π
0 if π<ωt < 2π

(6.10)

PT,AC ,r ms =
{

RT · I 2
AC if 0 <ωt <π

0 if π<ωt < 2π
(6.11)

PT,AC = RT · I 2
AC

2
= RT

2

(
P

UAC

)2

(6.12)

where I AC is the rms value of Î AC .

If the device is operated with dc, the current is flowing only in two of the four tran-
sistors. The (average) dc transistor loss in each of the two of them is

PT,DC = RT · I 2
DC = RT

(
P

UDC

)2

. (6.13)

6.4. COMPARISON OF RECTIFICATION LOSSES

Regarding the losses of the rectification components, the worst-case rms voltages UAC

for the two ac voltage range cases are 90 V and 207 V respectively. At these voltages the
ac current and thus the losses are the highest. The dc voltage above which losses in the
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Figure 6.5: The losses of diode (solid blue) and transistor (dashed red) over the dc voltage spectrum in relation
to the worst case losses at 90 V ac (a) and 207 V ac (b). The horizontal line indicates the equilibrium of dc
and ac losses. All dc voltages higher than the vertical blue respectively red lines result in lower losses in the
operational semiconductors compared to the ac case.
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active diodes are lower are derived as follows:

PD,DC
!≤ PD,AC (6.14)

PD,DC =UD · IDC
!≤ UD · Î AC

π
= PD,AC (6.15)

UD · P

UDC
≤

UD ·p2 P
UAC

π
(6.16)

UD

UDC
≤

p
2 ·UD

π ·UAC
(6.17)

UDC ≥ πp
2
·UAC ≈ 2.22 ·UAC (6.18)

This yields in a dc voltage UDC of 200 V above which losses in diode bridge rectifier de-
vices are lower than with 90 V ac. Fig. 6.5a shows the diode loss comparison over the dc
voltage range (solid blue).

For active rectification, the needed dc voltage is:

PT,DC
!≤ PT,AC (6.19)

PT,DC = RT · I 2
DC

!≤ RT · I 2
AC

2
= PT,AC (6.20)

RT · P 2

U 2
DC

≤ RT ·P 2

2 ·U 2
AC

(6.21)

U 2
DC ≥ 2 ·U 2

AC (6.22)

UDC ≥p
2 ·UAC ≈ 1.41 ·UAC (6.23)

For devices capable of 90 V ac this yields in a dc voltage UDC as low as 127 V as shown
in Fig. 6.5a (dashed red). This yields in a dc voltage UDC of 293 V above which losses in
active rectification devices are lower than with 207 V ac (Fig. 6.5b, dashed red).

In Fig. 6.5a the losses in diodes and transistors with dc are compared to the losses
with the lowest ac voltage of 90 V. One can see that for devices capable of as low as 90 V ac,
all dc voltages above 200 V are suitable both for the diode and especially for the transistor
case.

For the transistor case a dc voltage above 293 V produces less losses even for devices
that are designed only for a minimum ac voltage of 207 V (Fig. 6.5b). If a dc voltage UDC

lower than the equilibrium voltage calculated in (6.18) and (6.23) would be used, the
graphs in Fig. 6.5a and 6.5b show for which additional losses the components would
have to be dimensioned. The relation of losses for the diode bridge can be calculated as

PD,DC

PD,AC
(UDC ) =

UD ·P
UDCp
2·UD P
π·UAC

= πUACp
2UDC

(6.24)

and the one for active rectification as

PT,DC

PT,AC
(UDC ) =

RT ( P
UDC

)2

RT
2 ( P

UAC
)2

= 2
U 2

AC

U 2
DC

. (6.25)
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DECREASING POWER AT LOW DC VOLTAGES

Instead of increasing the size of rectification components, devices could reduce power if
the dc voltage is low. This applies in general to any kind of storage devices, e.g. battery
charging, where the effect of increased charging time is not too relevant. The amount of
power reduction needed can be calculated for the diode bridge as

PD,DC =UD · PDC

UDC

!=
UD ·p2 P AC

UAC

π
= PD,AC (6.26)(

PDC

P AC

)
D
=

p
2 ·UDC

π ·UAC
(6.27)

and is shown in solid blue in Fig. 6.6. For active rectification it is calculated as

PT,DC = RT · P 2
DC

U 2
DC

!= RT ·P 2
AC

2 ·U 2
AC

= PT,AC (6.28)(
PDC

P AC

)
T
= UDCp

2 ·UAC
(6.29)

and is shown in dashed red in Fig. 6.6. For these graphs it is assumed that the compo-
nents are dimensioned exactly for ac voltages of 90 V respectively 207 V and the maxi-
mum power. In practice components are mostly oversized due to quantization. This
decreases the amount of needed power reduction. Not considered effects – like switch-
ing losses and non-sinusoidal ac currents – further contribute in advantage of dc. They
depend strongly on the implementation of the power factor correction.

It should be noted all the presented calculations evaluate the losses in single semi-
conductors. The overall rectification stage losses when operating devices on dc are gen-
erally lower than the relative comparison of ac and dc shown as only two of the four
semiconductors are used.

6.5. FURTHER MEASURES TO DESIGN DC READY DEVICES
Besides rectification there are other topics that should be considered when building dc
ready devices. The PFC stage needs to be able to detect dc and switch of the transistor of
the boost converter. This is a control issue and doesn’t affect power electronics. Trying to
detect an ac sine-wave in dc input could lead to unfavorable results. Losses in this stage
are significantly reduced.

The dc/dc converter needs to be designed for the – to be standardized – dc operating
voltage range. Another less efficient option would be to use the PFC stage to boost a too
low dc input voltage.

Implementing demand response in case of under voltage would be necessary to con-
tinue operation of high priority loads in case of insufficient supply [6]. All loads would
need to implement this. Inrush currents and load change characteristics are further top-
ics that will probably be covered in future standards and should be complied with. The
behavior of the ac grid filter when operated in dc also has to be considered.
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Figure 6.6: The dc power, in relation to the ac power at 90 V ac (a) and 207 V ac (b), that is allowed to not exceed
the ac component losses of diode (solid blue) and transistor (dashed red). The horizontal line indicates the
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6.6. CONCLUSION
It can be concluded that it is easier to make devices dc ready than one might assume.
For the discussed dc voltages between 350 V and 400 V nominal, it is shown that no re-
dimensioning is necessary for wide input range ac devices. For 230 V only devices it has
to be verified that the diodes are correctly dimensioned.

A ‘dc ready’ label should be introduced to make it recognizable. An adoption of
this practice – even by just several suppliers – would decrease initial costs for early dc
adopters significantly. It could also be considered to make this change mandatory for
new devices. Other measures concerning inrush currents, protection and demand re-
sponse could be added once a dc standard is established – but could also be connected
in front externally later.
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CONCLUSION

In summary, this dissertation covered the general requirements and design considera-
tions for the future universal dc distribution system. The system could feature modular
bipolar voltage levels of ±350 V and unbalanced connection of sources and loads. The
optimal power flow model for unbalanced bipolar dc distribution grids can handle par-
tial congestion and enable demand response if necessary. In this way operation cost
could be minimized and social welfare maximized. Nodal prices can be used to put in
place incentives for optimal behavior. This however, needs to be implemented in an au-
tomated way due to the low total electricity cost of the individual appliances. Storage
operation in these systems could be optimized using multi period optimal power flow.
The low short-circuit current protection philosophy can form a fundamental principle
for the protection of large dc distribution grids that could also be islanded into multiple
small nano- or microgrids in case of faults. DC ready devices could simplify the transi-
tion towards dc distribution grids.

In this chapter the research questions that were stated in Chapter 1, are re-addressed
and the corresponding conclusions are drawn. This is followed by an overview of the
main contributions. In the end, overall conclusions are drawn.

RE-ADDRESSING THE RESEARCH QUESTIONS

How can the dc distribution system be designed to allow for resilience with significant
share of distributed renewable energy sources?

In Chapter 2 the general considerations for a universal dc distribution system were
elaborated. The universal dc distribution system should be built out of connected dc
nano- and microgrids. This enables the continuation of operation of parts of the grid
even if they become disconnected, e.g., due to faults, and thereby increases the resilience
of the system. There are various possibilities to choose location of separation of nanogrids.
However, it was elaborated that in general this does not need to be at a location where a
fully rated converter provides isolation. That means that different dc nano- and micro-
grids can be connected at the same voltage level.
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In order to deal with a high share of distributed renewable energy sources, the oper-
ational aspects of future dc distribution systems were discussed. Enabling flexibility was
described, which can be seen as the main paradigm. It was discussed that load shedding
based on the local voltage should be used as a measure of last resort. This would need to
be included into mandatory standards. On top of that, active demand response should
be enabled for larger appliances. It was discussed that all of this should be enabled with-
out user interaction. The electricity market design was described as an important aspect
in enabling flexibility of prosumers. Dynamic prices were discussed to be essential for
this and the faster they are updated, the less reserve power would be needed.

How should optimal power flow be implemented in meshed bipolar dc distribution
grids in order to achieve minimum operation cost respectively maximization of social wel-
fare, while respecting operation limits of lines and converters?

In Chapter 3 the exact optimal power flow for bipolar dc distribution grids was de-
rived. It is formulated in terms of current and voltage. In this way the exact current limits
of lines can be expressed. Likewise, in addition to conventional power limits, the current
rating of converters can be considered as well, which is useful for wide voltage operating
ranges where the maximum power at low voltages is less, e.g., due to demand response.
Further, it was shown how the formulation allows parallel connection of converters and
converters connected pole-to-pole as well as pole-to-neutral. The social welfare was
maximized by minimizing the cost function such that all constraints were satisfied. Only
local optimality is guaranteed due to the possible non-convexity of the bilinear problem
formulation.

How can nodal prices for prosumers be derived in dc distribution grids such that they
allow for independent economics agents to optimize for their own profit and encourage
congestion management?

Also, in Chapter 3, the derivation of the locational marginal prices was presented.
These nodal prices were calculated by linearizing the problem at the optimal solution.
By using the dual variables of nodal currents, it was shown how general nodal prices
for power injection between any two nodes can be calculated. These nodal prices are
location dependent and can differ per pole due to asymmetric loading and congestion.
Due to unbalance between the poles, prices were shown to be negative in some cases.

How is storage operated optimally in bipolar dc distribution grids and what effect does
the operation of storage have on the nodal prices.

It was shown in Chapter 4 how the optimal power flow algorithm is extended for
multiple periods. This was necessary for the inclusion of storage operation. The charging
and discharging of energy storage systems were modeled by using binary variables due
to the possibility that the electricity price could be zero or negative.

Further, it was shown how, in general, storage leads to more equalized prices over
time. In unbalanced cases storage was shown to counter-act system unbalance in the
case where this could reduce the total losses respectively cost. It was seen that some-
times it is more optimal to reduce the operation voltage of the less used pole in case of
excessive unbalance.
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What protection philosophy should be applied to large dc distribution grids such that
both connected and islanded operation of individual dc microgrids is possible?

In Chapter 5, it was elaborated that dc distribution grids could have both very high
and very low short-circuit current capability. On one hand, large capacitors of high
power converters can lead to very high currents which are challenging to clear with tradi-
tional protection devices due to the missing current zero-crossings. On the other hand,
dc nanogrids operated in islanding mode may only have a very small source that would
not be able to sustain the fault current long enough in order to keep the systems selec-
tive. It was discussed how solid state breakers could clear faults very fast, but cannot
sustain large fault currents. Therefore, a low short-circuit current protection philosophy
was proposed, comprised of avoiding oversizing of converters and capacitors for fault
current contribution, prevention of high short-circuit currents by fast fault clearing and
the adaption of the other system components to achieve this.

Do the rectification components of ac devices need to be enhanced if they are operated
on dc instead of ac?

It was derived in Chapter 6 that for dc grids with an operating voltage over 300 V,
diode bridge rectifiers do not need to be enhanced if they are rated for a wide input
voltage range. However, diode rectifiers in devices rated for only 230 V ac need to be
looked at in detail in order to be sure that the losses do not exceed the device limits. The
power loss of the individual diodes that conduct is 50 % larger if operated at 300 V dc. If
active rectification was used, the losses in dc were shown to be smaller above 300 V as a
result of the quadratic relation of the losses in MOSFETs.

MAIN CONTRIBUTIONS
This dissertation contributes to the discussion towards a universal dc distribution sys-
tems that could be generally applied in various use cases. The main contributions can
be seen as follows:

• Vision on the universal dc distribution system with its challenges and opportuni-
ties.

• Modeling of unbalanced bipolar dc distribution grids in terms of voltage and cur-
rent for the purpose of power flow optimization.

• Derivation of locational marginal prices for unbalanced bipolar dc distribution
grids.

• Formulation of the low short-circuit protection philosophy as a general direction
for protecting larger dc distribution grids.

• Demonstrating ultra fast solid state protection with fault detection based on cur-
rent derivative.

• Determination of the voltage above which rectification components in common
ac devices do not need to be resized in order to be used on dc.
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In conclusion, the intention of this dissertation was to set first steps in the direction
of the universal dc distribution system. Fundamental considerations have been elabo-
rated that can serve as a basis for future research. As we have seen, many opportunities
in dc systems can only be realized if the inter-dependencies are considered and the dif-
ferent parts of the system are designed together, while making the necessary trade-offs.
This will be done best in a team covering the different inter-related fields.
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