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Abstract

Although alternating current (AC) networks are well established today, modern power
electronics have enabled an increasing number of direct current (DC) loads. Additionally,
increasing environmental concerns and uncertain investment policies for centralized
electricity generation are causing a shift towards distributed energy resources (DER). Most
DER require DC in the power conversion chain. The increasing number of DC loads and
generation consequently encourages the power industry to develop DC networks that can
avoid AC/DC conversion steps which reduce the system efficiency.

This thesis addresses voltage stability in low-voltage DC networks, since it is of utmost
importance to ensure the safe and reliable operation of DC networks. A definition for
LVDC voltage stability is proposed, based upon the existing definition of AC power system
stability. The major contribution of this master thesis is a Matlab®) toolbox that facilitates
the dynamic simulation and linear system analysis of DC networks. Furthermore, a
comprehensive overview of DC networks is provided, including a SWOT analysis and an
overview of nominal voltage levels.
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Dutch abstract

Nederlandstalige titel:
Spanningsstabiliteit in laagspanning gelijkstroomnetten met inbegrip van verspreide
energie-opwekking

Omuwille van historische redenen, maakt het huidige elektriciteitsdistributienet gebruik
van wisselstroom -en spanning om elektriciteit naar de verbruikers te verdelen. Nochtans
is het aantal verbruikers die werken op gelijkstroom fors toegenomen door de ontwikke-
lingen in de vermogenelektronica vanaf midden vorige eeuw. Daarnaast leiden het
toegenomen milieubewustzijn en een onzeker investeringsklimaat voor centrale energie-
opwekking, tot meer verspreide energie-opwekking in het distributienet. Deze verspreide
energiebronnen leveren vaak gelijkstroom die moet worden omgezet in wisselstroom
door vermogenelektronische convertoren, wat gepaard gaat met verliezen.

Gelijkstroomnetten kunnen ook meer vermogen overbrengen over dezelfde kabels voor
wisselstroom. Daarnaast laten ze ook toe de efficiéntie van het systeem te verbeteren door
het aantal vermogenelektronische convertoren te verminderen.

Het gebruik van gelijkstroomnetten is niet beperkt tot elektriciteitsdistributie, maar ze
worden ook toegepast in de scheepvaart en luchtvaart, data centers en het laden van
elektrische voertuigen.

Deze thesis behandelt spanningsstabiliteit in gelijkstroomnetten, omdat dit belangrijk
is voor de veilige en betrouwbare werking van gelijkstroomnetten. Een definitie voor
spanningsstabiliteit is niet voorhanden en daarom stelt deze thesis een definitie voor.
Een voorname bijdrage van deze thesis is de ontwikkeling van een Matlab toolbox om
tijdsdomeinsimulaties en kleinsignaalanalyse van gelijkstroomnetten uit te voeren. Deze
analyse-methoden zijn toegepast om de stabiliteit na te gaan van een laagspanning
gelijkspanningsnet.
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Chapter 1

Introduction

1.1 Context and motivation

In the recent years, governments and the power industry are fundamentally rethinking
the ways of generating and using the available energy resources, because they have
increased environmental concerns, want to decrease their dependency on fossil fuels,
and all this in a context of liberalized electricity markets. Meanwhile, the mission of
the power industry remains to assure secure and reliable electricity supply, because
the cost of the energy-not-served significantly exceeds the cost of supplying a unit of
electricity. Although this mission remains the same as in the early days of power systems,
the operating boundary conditions are changing and the existing grid is not designed for
that.

Distributed energy resources

Today, electricity is generated by large, centralized generators and then delivered to the
customer via the transmission and distribution grid. Although this paradigm was favored
in the early days of power systems, a transition has begun. Policy incentives and technical
advancements enabled the rapid deployment of distributed energy resources (DER) that
are connected directly to the distribution network or on the customer side of the power
meter. This definition of DER includes renewable energy sources (RES) as small-scale
photovoltaic generation (PV) and wind power, but also cogeneration and fuel cells [2].
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While policy incentives aim at reducing greenhouse gas emissions and air pollution, DER
present several technical challenges to assure the secure and reliable operation of the
power system in the future. For instance, since the electric power system is the ultimate
just-in-time system [49], demand and generation should at all times remain in balance.
This balance is at stake, due to the intermittent nature of RES like PV and wind, of which
the power output varies according to weather conditions. Moreover, a large number
of DER may cause overloading of equipment in the distribution network. Consider
for example Germany, where approximately 80% of the PV generation is connected at
low-voltage: it is not uncommon for the PV power to exceed the peak load by three to four
times on feeders that are not designed to accommodate PV [65]. DER also have a lower
reliability and availability than the utility service [49].

Apart from technical challenges, the deployment of DER will require new market mecha-
nisms. Today, for instance, utilities recover the fixed costs that are due to network services
via the variable tariffs per unit electricity. Thus although customers with a PV installa-
tion profit from the network services, their annual electricity bill is low since it is only
determined by their net electricity consumption.

To overcome these technical and economical challenges, the European Power Research
Institute (EPRI) advises an integrated approach [16], where the presence of DER is incor-
porated in network development plans, network codes and market mechanisms.

Increasing demand for electricity

Apart from a shift towards DER at the generation side, the electricity infrastructure will
also have to deal with an increased demand. For instance, the International Energy
Agency (IEA) expects that in 2020, 20 million electric vehicles (EVs) will be on the road [30].
Since the current distribution network is not able to handle these large numbers, co-
ordinated charging will be required [13]. Moreover, the IEA expects a 300% increase in
ICT-related electricity consumption [29].

Increasing application of DC

While the original grid transmits electricity by means of alternating current (AC), the
interest to apply direct current (DC) for electricity distribution and transmission increases.
In fact, this situation resembles the battle of the currents at the end of the 19th century
when the first power systems were developed. At that time, Thomas Edison promoted
the use of DC, while George Westinghouse advocated the use of AC. Eventually, the trend
towards building large, centralized generation facilities required high voltages to transmit
electricity over long ranges. Only AC could at that time be easily transformed to high
voltages by means of the transformer, invented in 1886 by William Stanley [53], which is
one of the main reasons why AC transmission and distribution systems are widespread
today.
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Although electricity is transmitted using AC, a lot of loads today operate at DC or at least
require DC somewhere in the power conversion chain: personal computers, cellphones,
induction motors that are driven by a variable-speed drive, electronic ballasts for fluores-
cent lighting, LEDs. Moreover, the successful development of modern power electronics
since the 1950’s, has also enabled DC/AC conversion and DC/DC conversion. Apart
from the low-voltage applications, High-Voltage DC (HVDC) has gained importance, be-
cause this technology allows to transmit bulk power over long distances and to construct
submarine transmission links [5].

Apart from the loads, also PV generation operates at DC and wind generators require
an intermediate DC bus to inject power into the grid that matches the phase angle and
frequency of the grid. The logical next step would then be to extend this DC bus up to the
network level and construct a DC grid. This would reduce (or at least simplify) the number
of converters in the power system, and therefore the efficiency increases. Moreover, DC
enables to transmit more power across the conductors that are in place or permits to use
thinner conductors. A more detailed discussion on the advantages and disadvantages of
DC networks is provided in Chapter 2.

DC power although is not new: the first commercial high-voltage DC (HVDC) connection
was installed in Sweden [5] and the International Space Station is equipped with a DC
power distribution network [26]. In April 2013, ABB equipped a Norwegian vessel with a
full onboard DC network to improve the fuel efficiency [I]. Moreover, equipping future
aircraft with an onboard DC network allows to reduce conductor cross-sections and
consequently save weight [11].

Low-voltage DC distribution networks

Since low-voltage DC (LVDC) networks offer potential advantages and cost savings, this
has been a subject of research. The research mainly focused on possible network config-
urations and static stability (i.e. the stable and acceptable operation of DC networks in
steady-state) and control, although no definition for voltage stability in LVDC networks
exists to the author’s knowledge. While the subject of static stability and control has
attracted great attention, the transient stability (i.e. stability following disturbances that
have occurred) is under-investigated. Moreover, the available stability criteria that are
available in the literature are inherently conservative and difficult to apply to larger DC
networks.
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1.2 Thesis objectives and constraints
This thesis primarily focuses on following objectives:

* Define DC voltage stability for LVDC distribution networks and justify the impor-
tance of DC voltage stability

* Develop a Matlab toolbox to assess the stability of LVDC networks by using small-
signal analysis

* Apply the developed toolbox to analyze the stability of a reference LVDC network
that comprises distributed energy resources

This thesis focuses on the voltage stability of LVDC networks and does not consider the
interactions between the AC and DC network. Therefore, the AC network is modeled as
an infinite bus that by definition has a constant voltage magnitude, a constant frequency
and the three phases are symmetric.

DC networks consist of a large number of power electronic converters, that have nonlinear
dynamics. This thesis will apply the small-signal linearization technique to assess the
stability of LVDC networks. This thesis focusses on small-signal stability of steady-state
operating equilibria. Therefore, the start-up behavior of DC systems is not treated.
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1.3 Thesis outline

Following this introductory chapter, this thesis consists of five chapters.

Chapter 2 gives a conceptual overview of DC networks. The structure of DC networks is
introduced and the strengths, weaknesses, opportunities and threats of DC networks are
discussed. The chapter concludes with the protection of DC networks.

A definition of DC voltage stability is proposed in chapter 3, based on the accepted def-
inition of power system stability. The importance of DC voltage stability is highlighted
and the mathematical tools to assess stability are revised. This chapter also provides an
example of DC voltage instability by means of a DC network that contains a constant-
power load. The different stability analysis techniques are reviewed and are subsequently
applied to the example network. Chapter 3 ends with a discussion on static voltage control
to ensure the power balance in steady-state.

Chapter 4 addresses the time-domain modelling techniques that are appropriate to assess
DC voltage stability. Because of the nonlinear switching behavior of power electronic
converters, the dynamic simulation requires numerically stiff-ODE solvers. Typically,
these solvers apply small time steps that lead to long computation times. To overcome this
issue, the first part of this chapter gives an overview of the available dynamic modelling
techniques that smooth out the switching behavior of the power electronic converters and
therefore decrease the computation time. The second part of this chapter discusses the
modelling and control of distributed energy resources, that are present in DC networks.
This chapter concludes with a time-domain simulation of an LVDC network that shows
that averaged converter models are a good approximation to assess the stability of a DC
network that includes distributed energy resources.

Chapter 5 discusses MatIVDC, a Matlab®) toolbox that the author has developed to assess
the voltage stability of DC networks. This is the major contribution of this master thesis,
since MatLVDC allows to easily set up a state-space representation of DC networks that
can subsequently be simulated and analyzed by using small-signal analysis. This toolbox
can serve a wide variety of applications, such as DC distribution networks, data centers
and DC networks onboard ships and aircraft. An overview of the capabilities of the toolbox,
the structure of the program code and an application example is provided in Chapter 5. A
user guide is provided in the appendix.

Chapter 6 analyzes the stability of a unipolar and bipolar DC distribution network that
comprises distributed energy resources. The toolbox MatLVDC is applied here to obtain
the results, for three simulation scenarios of realistic disturbances that may occur.

The last chapter provides the conclusions of this thesis and suggestions for future work.






Chapter 2

Low-voltage DC networks

Low-voltage DC (LVDC) networks have drawn the attention of the power industry: a large
number of loads operate at DC or require DC in the power conversion chain and, in
addition, LVDC distribution systems can facilitate the increasing number of distributed
energy resources (DER) that regularly output DC power.

This chapter introduces LVDC networks. The first section will introduce the structure of
DC networks, including a discussion on the possible network configurations and possible
voltage levels. The second section will discuss differences between AC and DC distribution
networks. In particular, this section analyzes the strengths, weaknesses, opportunities
and threats (SWOT) of DC networks and discusses whether the existing AC infrastructure
is suited for DC distribution. The last section will discuss the protection system for DC
distribution grids.

2.1 Structure of LVDC networks

2.1.1 Distribution network configurations

The technical literature proposes two network configurations for LVDC distribution net-
works: the unipolar and bipolar configuration (Figure 2.1). The unipolar configuration
consists of a positive (+) and negative (-) phase conductor (+) that carry the load current,
while the bipolar configuration provides an additional neutral (0) return conductor at an
intermediate voltage level.

The bipolar configuration offers advantages over the unipolar configuration in terms of:

1. Increased reliability: two conductors can remain in service when the third conductor
would fail[33}37]
2. Increased power transfer capability: this will be elaborated in section 2.2.1.
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FIGURE 2.1: DC and AC network configurations

2.1.2 DCdistribution network components

A DC network requires an AC/DC inverter as an interface between DC and AC distribution
networks. Moreover, bipolar DC networks apply additionally converters to balance phase

voltages and currents.

AC/DC interface inverter

Both the unipolar and bipolar configuration will require an inverter at the interface be-
tween the DC and AC distribution networks. This inverter should enable bi-directional
power flow, especially when distributed energy resources are implemented [10} 31]. A
forced-commutated voltage-source (VSC) inverter (VSC) is therefore preferred to a line-
commutated current-source inverter (LCC). A VSC requires smaller harmonic filters than
a LCC because of the higher switching frequencies [6]. Furthermore, a VSC can provide
reactive power support to the AC system, or operate at unity power factor to minimize

transmission losses in the AC system [4].

Ly
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DC networks are also capable of operating as a microgrid. Microgrids are electrical
networks that that can run either in grid-connected mode or in islanding mode. In
islanding mode, the microgrid is disconnected from the utility grid and demand and
generation need to be balanced locally. In DC microgrids, the AC/DC inverter should
provide the smooth transition between grid-connected and islanding mode [37].

Voltage and current balance converters

A bipolar configuration will require a voltage balancer to balance the voltage between the
phase conductors and the neutral conductor. When no voltage balancer is installed, the
voltage between the positive terminal and neutral will differ from the voltage between the
negative terminal and neutral.

In bipolar configurations, when the load currents that flow through the positive and
negative line differ, the current in the neutral conductor will not be zero. Therefore losses
arise in the neutral conductor, which can be avoided by a current balancer. This current
balancer can additionally participate to dampen oscillations in DC networks [45].

2.1.3 Nominal voltage levels

The nominal voltage level will determine the conductor insulation level and cross-section,
the rating of the power semiconductor devices and the protection devices. According
to the EU Low-Voltage Directive [21], this voltage level should range between 75 V and
1500 V. Table 2.1 provides an overview of the voltage levels that are proposed.

At the moment of writing, no nominal voltage standard exists for LVDC distribution
networks [45].

Voltage level | Proposed by | Motivation

+170V [35] Low voltage to the ground and 340V available for loads
that require more power. Matches the Japanese AC
power network.

326V (19] 326 V is the peak voltage of the utility network in Eu-
rope, that allows to reconstruct AC voltage waveforms.

380V 18] Limit of the AC wiring infrastructure and power semi-
conductors

400V 139] Covers most existing consumer loads and indoor appli-

dances
More studies are reported in [32]

TABLE 2.1: Proposed voltage levels for LVDC distribution networks
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2.2 DC versus AC distribution networks

2.2.1 Strengths, weaknesses, opportunities and threats

Table 2.2 outlines the strengths, weaknesses, opportunities and threats (SWOT) of DC
distribution networks as compared to AC distribution. The strengths and weaknesses of
DC distribution networks are the inherent advantages and disadvantages. The opportu-
nities and threats take into account the external factors, like the increasing number of
distributed energy resources. The following paragraphs will motivate this SWOT analysis
more in detail and compare DC to AC distribution systems.

Strengths

Transfer more power In contrast to AC, DC distribution networks enable to transfer more
power through the same cable infrastructure and involve less conduction losses [34, 3} 9].

When comparing the cable infrastructure of three-phase AC networks (Figure 2.1(c)) to
DC networks (Figure 2.1(a), Figure 2.1(b)), DC networks are able to operate around the
peak voltage level that is v/2 higher than the AC rms voltage [3,34]. This is illustrated by
the voltage and current waveforms in Figure 2.2. The filled grey and blue area indicate
the energy that the current and voltage waveforms contain within one AC period, while
the current and voltage are at the operating limits. Since the grey area is larger than the
blue area, the average DC power is higher. Also note that the blue area further decreases
when the AC waveforms are not in phase (cos¢ = 1). Figure 2.3 illustrates this effect on
the maximum power that can be transmitted across a three-phase AC, a unipolar and a
bipolar configuration [4].

pvi T
1p.u. Vpeak

= Voltage
= Current
= Power

. AC energy
. DC energy

FIGURE 2.2: AC and DC waveforms

10



2.2. DC versus AC distribution networks

Strengths

Weaknesses

¢ DC networks can transfer more power
through the same cable as compared to
AC

* DC networks involve less losses

¢ DC DER do not require frequency syn-
chronization by means of a phase-
locked loop (PLL)

¢ More control is possible in the context
of smart grids since DC grids consist of
controllable power electronic convert-
ers:

- The AC/DC interface inverter can
operate at unity power factor to
minimize the losses in the trans-
mission network

¢ The power quality increases

— The AC/DC interface inverter pro-
vides better fault-ride through ca-
pability

— The controllable DC converters
can regulate the load voltage,
when a voltage fluctuation occurs
in the DC distribution network

* Protection is more difficult

* More power electronics affect the reli-
ability and filters are needed to reduce
the harmonics

* Relatively new technology: uncertainty
in reliability, technology and costs evo-
lution

e The AC/DC inverter, at the point-of-
common-coupling between AC and DC
networks, has converter losses.

Opportunities

Threats

¢ DC networks can facilitate the increas-
ing number of DER

e DC grids are suited for an increasing
amount of DC loads

¢ DC microgrids can operate in remote
areas, that AC distribution lines cannot
reach

¢ The existing distribution network infras-
tructure uses AC, a reliable and trusted
technology

» No standards for DC grids are available

TABLE 2.2: SWOT analysis of DC grids

Less losses At the network level, conduction losses are lower since DC networks do not
transmit reactive current [36]. Moreover, no inductive voltage drop appears across the
line 62,33, 37]. At the system level, DC distribution systems allow to reduce the number
of power conversion steps and hence increases the efficiency [3}[8]. Moreover, the power
electronic converters for DC have a smaller footprint. A comprehensive analysis in [36]
proves to be 15% more efficient at a system level.
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2. Low-VOLTAGE DC NETWORKS
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FIGURE 2.3: AC versus DC current distribution [4]
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FIGURE 2.4: Number of converters in DC and AC distribution networks|[3]

No frequency synchronization In AC networks, the frequency is an indicator of the
power balance in the network. This role is taken over by the DC voltage in DC networks,
which means that the DC voltage will rise (fall) when more power is injected (withdrawn)
than withdrawn (injected) [3]. This simplifies the control of the converters that connect
distributed energy resources and loads to the network, since no phase-locked loo;ﬂis
necessary [37]. Similar to frequency droop control, different distributed voltage control
schemes exist to balance the load and generation [32].

1A phase-locked loop synchronizes the converter to the grid frequency

—
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2.2. DC versus AC distribution networks

More control The increased number of controllable converters allows to optimize the
network flows or other system variables. Therefore the DC network aligns with smart
distribution grids, that will apply (distributed or centralized) control strategies to regulate
bi-directional power flows in the network [55].

Increased power quality The interface inverter between the AC and DC network improves
the fault-ride through capability of the DC network, since the interface inverter can
avoid that AC voltage fluctuations propagate to the DC network. Moreover, the interface
converter can regulate the reactive power that is withdrawn from the AC grid to zero
and hence operate at unity power factor, which consequently reduces the losses in the
transmission network [36].

Opportunities

Distributed energy resources Policy incentives, technical advancements and uncertain
investment prospects on centralized power generation (like fossil fuels and nuclear power)
promote the use of distributed energy resources (DER) that are connected at low and
medium voltage levels. Especially decentralized renewable energy sources like solar
photovoltaics and wind power are gaining importance. In most cases, a power electronic
converter interfaces DER with the AC distribution network, since DER produce DC power
or incompatible AC power. A DC network can simplify the interfaces between DER and
the distribution network, since less power semiconductor devices are necessary [32].
Moreover, the increased power transfer capability of DC networks allows to re-use the
existing infrastructure closer to the limits. Implementing a DC distribution network thus
facilitates the increasing number of distributed energy resources.

DCloads While DC DER are deployed in distribution networks, the development of power
electronics has resulted in numerous loads that require DC power in the power conversion
chain. Examples are computers, fluorescent lighting, variable-speed drives [32] and LED
lighting. Since DC loads are mostly interfaced to AC systems using uncontrollable diode
rectifiers, DC systems can eliminate this inefficient conversion stage (Figure 2.4).

DC networks are also suited to connect DC battery energy storage systems (BESS). In
particular, there is an opportunity for DC networks to charge electric vehicles, that can be
considered a mobile BESS [30]. DC networks thus enable the integration of vehicle-to-grid
concepts (V2G).

Electrically undeveloped areas DC networks can also be installed in electrically unde-
veloped areas where no electricity infrastructure is present yet, especially if the local
generation comprises DER.

13



2. Low-VOLTAGE DC NETWORKS

Weaknesses

Although DC networks are promising as explained above, there are still some technical
challenges that need to be overcome.

Protection Protection devices in DC networks need to operate faster than in AC net-
works [58]. Due to no zero-crossing of the voltage, current interruption is an issue with
High-Voltage DC (HVDC). However, at low-voltage levels, AC protection devices are suited
for DC protection systems [61}59]. This is elaborated further in section 2.3.

More power electronics affect the reliability DC networks contain more controllable
power converters, which implies that the number of power semiconductor devices will
increase. Power semiconductor devices typically have shorter lifetimes as compared to the
existing AC network equipment and therefore may affect the reliability of DC networks [34].
These power electronic converters will also need harmonic filtering, but applying high
switching frequencies (order of 10 kHz) reduces the filter size.

Uncertainty Since LVDC networks provide an alternative lay-out for power distribution in
contrast to the established AC networks, the reliability has not been proven. DC networks
also imply uncertainty with respect to the technology and future cost projections.

Threats

AC is established The established AC network infrastructure is reliable and secure, widely
spread and difficult to adapt: most of the distribution cables in Belgium are older than
20-30 years, since replacement requires extensive planning, permitting and collaboration
with other utilities (water suppliers, telephone operators).

No standards To assure interoperability between different component manufacturers,
standards need to be developed. A voltage standard for LV and MV DC networks is not
available at the moment of writing. Standards enable the industry to produce equipment
that is interoperable, so that DC systems can be interconnected and overlaid.

2.2.2 Re-use of the existing AC network infrastructure

Re-using the existing AC distribution network infrastructure for LVDC networks is feasible
and even profitable to transmit more power through the same lines, as is elaborated
above.
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2.2. DC versus AC distribution networks

The existing AC network cables or overhead linesE] can be arranged in a unipolar or bipolar
configuration for DC electricity distribution:

* The three phase conductors compose a bipolar configuration. Since there are
in total 4 conductors available, one conductor will in essence not be used. This
conductor can serve as a spare conductor.

» Two pairs: a pair of two phase conductors and a phase and neutral conductor pair
can compose 2 unipolar configurations. Note that the second pair contains the
neutral conductor that regularly has a smaller cross-section and consequently has
a lower rated current.

The existing AC network cables have following operating limits [3]:

* To avoid thermal overloading, the maximum rms current is limited

* The cable insulation level determines the maximum line-line and line-ground
voltage

As explained in section 2.2.1 and shown in fig. 2.3, DC permits to transfer more power
through the same lines. The flat part of the curves in fig. 2.3 is due to the rms current limit

of the cable. The second, decreasing part of the curve is due to the maximum voltage drop
across a cable.

2In Flanders: rural medium-voltage feeders regularly apply BXB 3x95+54.6/mm? and urban feeders apply
EAXVB 4x150mm? (4]
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2. Low-VOLTAGE DC NETWORKS

2.3 Protection of DC distribution networks

DC networks require a well-functioning protection system that ensure reliable and secure
power distribution. While AC protection systems are well-established, DC protection
systems are under-investigated. Salomonsson et al. [59] designs a protection system for
LVDC distribution networks.

2.3.1 Grounding

Grounding allows to detect ground faults that ensure personnel and equipment safety [19].
Since metallic parts of consumer appliances are connected to the ground via a protective
earth conductor, they cannot become energized: a ground current will flow when a phase
conductor touches the metallic parts. While AC distribution networks are grounded
(Figure 2.1(c)), LVDC networks can be ungrounded or grounded by connecting the neutral
or one of the phase conductors. The positive phase is preferably connected to ground
compared with the negative one to reduce the impact of corrosion.

High-impedance and low-impedance grounding are feasible for LVDC networks and
affect the behavior of the network during faults. Low-impedance grounding results in
large fault currents and consequently large DC voltage transients. Large fault currents
facilitate the fault detection, but large DC voltage transients will affect the power quality.
A high-impedance grounding prevents large DC voltage transients, but measuring and
detecting the fault current is more difficult.

[3] notes that, when connecting the neutral conductor of a bipolar DC network to the star
point of the AC transformer, the DC current can drive the transformer into saturation.
Consequently, a voltage balancer (Section 2.1.2) is essential to avoid a DC current in the
transformer.

2.3.2 Protection devices

The protection devices that constitute the protection system are (1) voltage and current
measurements, (2) protective relays to process the measurements and (3) current inter-
rupters. It should be stressed that measurement devices need to be able to measure DC
values and therefore electromechanical residual current relays cannot be applied[32].

Current interrupters for AC are also suited for DC: fuses and molded-case circuit break-
ers (MCCB)[58]. Fuses have rated rms currents and voltages that are equally applicable
to DC and AC. MCCB will interrupt the current when the instantaneous or rms value of
the current exceeds a preset value. The instantaneous value is tracked using a magnetic
tripping device, while the rms current is tracked by a thermal tripping device. MCCB
current ratings always specify rms values and therefore the magnetic tripping device
should be able to handle the peak value of the DC current.
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2.3. Protection of DC distribution networks

When fuses and MCCB have too large time constants and are consequently too slow,
power-electronic switches can be applied that operate faster at the expense of more losses.
To compensate for the losses, a switch is proposed in [51], that is a compromise between
a mechanical and power-electronic switch.

2.3.3 Protection system design

The objective of the protection system is to detect and isolate faults fast and accurately to
ensure personnel and equipment safety. The protection system needs to act fast, since
faults influence the DC bus voltage and consequently the power quality of DC networks.
Designing a protection system will have to take into account following considerations [58]:

1. the type of faults that can occur

2. the consequences of a particular fault type
3. the required protection devices

4. back-up protection devices

5. detection methods

6. measures to prevent faults and measures to prevent incorrect operation of the
protection system
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2. Low-VOLTAGE DC NETWORKS

2.4 Conclusion

This chapter introduced the structure of DC networks, including the unipolar and bipolar
configuration and possible voltage levels. The strengths, weaknesses and opportunities
were subsequently discussed:

DC networks allow to transmit more power than an AC network that uses the same in-
frastructure. Moreover, DC distribution systems require less power converters, since
numerous loads require DC and most DER generate DC power or incompatible AC power
that needs to be converted via an intermediate DC voltage bus. These power semiconduc-
tors devices typically have shorter lifetimes than AC network components, which affects
the reliability of DC networks. The main treats to DC distribution networks are the lack of
standardization and uncertainties regarding the reliable operation.

This chapter ended with the protection of DC networks, which is still subject for de-
bate. The aspects of grounding, the ability to re-use AC current interrupters and the
considerations of protection system design were discussed.
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Chapter 3

DC voltage stability and static control

Chapter 2 introduced the structure and advantages of DC networks. This chapter in-
troduces a definition of DC voltage stability, since it is essential to assure the proper
operation of a DC network.

The DC bus voltage plays an important role: it is an indicator of the power balance
in DC networks. The DC bus voltage will increase when more power is supplied than
withdrawn and vice versa. Consequently, the role of the DC bus voltage in a DC network
is comparable to the role of the frequency in AC networks.

The aim of this chapter is to propose a definition for DC voltage stability, that is based
upon the accepted definition of power system stability. The first section will introduce
a definition and stress the importance of DC voltage stability. The second section will
discuss the system-theoretical framework of system stability, while the third section
outlines control of the DC voltage to ensure power balance in steady-state.

3.1 Adefinition of DC voltage stability

Stability is related to the dynamics of systems. Intuitively, stability means that a system
reaches an equilibrium state and remains there [40]. Frequently, the concept of stability
is illustrated by a rolling ball that starts top-hill and rolls down into a valley, i.e. a stable
equilibrium point.

In this section, a formal definition of DC voltage stability is introduced, based on the
accepted definition of power system stability. According to the author’s knowledge, no
definition exists at the moment of writing.
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3. DC VOLTAGE STABILITY AND STATIC CONTROL

3.1.1 Power system stability

Kundur et al. [43] define power system stability as:

Definition 1. Power system stability is the ability of an electric power system, for a given
initial operating condition, to regain a state of operating equilibrium after being subjected
to a physical disturbance, with most system variables bounded so that practically the
entire system remains intact.

This definition focuses on the dynamical behavior of power systems: the state of the
power system will change over time due to varying inputs and disturbances. Stability in
particular, considers the trajectory that a system state travels along between an initial
and final condition following a disturbance. Examples of disturbances in AC networks are
network reconfiguration (e.g. line disconnection to interrupt a fault current) and changes
in load and generation. Similar disturbances can occur in DC networks, especially when
more distributed energy resources are involved [16]. It is concluded that stability and
dynamics are strongly interlinked.

From the system-theoretical viewpoint, a system is stable if the system state remains
bounded, starting from a bounded initial condition (Figure 3.1). However, the definition
of power system stability is more strict in the sense that it not only requires the state to
be bounded, but also that the state is confined within a subspace that is bounded by the
operating limits of the components. This of course makes sense from a practical point of
view, since voltage and current limits apply for the components constituting a DC system.
Apart from requiring the system state to remain stable, the system state should thus also
be acceptable, meaning that operating limits should not be violated.

unstable state trajectory

\ operating limit

\
initial condition !

equilibrium point

Q

stable state trajectory

operating limit violated
Confined subspace

FIGURE 3.1: Stability in the state-phase plane
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3.1. A definition of DC voltage stability

The definition makes an interesting nuance by stating that “..., with most system variables
bounded ...". The question arises here whether or not all system variables should be
bounded. A first remark is that stability in practice does not require all state variables
to be stable, assuming that the disregarded state variables will not alter the stability
of the power system appreciably. Needlessly conservative designs can be avoided this
way. A second remark is that every stability assessment model requires assumptions and
approximations which subsequently result into reduced order models. So requiring all
state variables to be bounded, would involve complex models and it is never guaranteed
that the model incorporates all conceivable dynamics. Both remarks relate to the concept
of partial stability, that requires only a subset of the system variables to remain stable.
The remarks indicate that every stability analysis will be inherently focused on partial
stability.

It is worthwhile to emphasize that the definition of power system stability refers to the
ability of an electric power system to regain a state of operating equilibrium after a distur-
bance has occurred; the focus thus lies on the stability of the entire system, rather than
the individual components that constitute the system.

3.1.2 DC voltage stability

Following definition for DC voltage stability is proposed:

Definition 2. DC voltage stability is the ability of a DC power system to maintain the DC
voltage within an acceptable operating margin at all DC buses constituting the DC system
before and after a disturbance has occurred.

Discussion of the definition

Similar to the definition of power system stability, DC voltage stability is also approached
from a system point of view, but also draws the attention to the individual components
since every DC bus voltage is required to be acceptable, i.e. within operating limits.

The definition is more strict than stability in the mathematical sense, since the DC voltage
should remain within an acceptable operating range. The operating limits should there-
fore not be violated. Standards ETSI EN 300 132-3-1 [22] and MIL-STD-704-F [15] define
nominal voltages and voltage transient envelopes in case of disturbances for telecom-
munication systems and aircraft systems respectively. An example of a transient voltage
envelope is shown in fig. 3.2.

The acceptable operating range in practice will depend on the type of equipment. There-
fore the boundaries of the acceptable operating range are still to be determined and
can vary depending on the type of equipment. The acceptable operating range can also
be defined as a voltage envelope that limits the transient voltage waveform following a
disturbance.
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3. DC VOLTAGE STABILITY AND STATIC CONTROL
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FIGURE 3.2: Transient voltage envelope MIL-STD-704-F (270 V DC system) [15]

DC system variables other than DC voltages (e.g. current and power) also need to remain
within their operating limits. Stability of these system variables is covered by the general
definition of power system stability (Definition 1), which requires each of these state
variables to regain an acceptable operating equilibrium after a disturbance has occured.

Since the DC bus voltage is an indicator for the power balance in the system, DC voltage
stability is important from a control perspective [7}[45,[39].

Classification

Although power system stability is essentially a single problem, distinguishing different
classes of power system stability intends to properly understand, analyze and finally
effectively treat the phenomena related to stability [43]. The concept of partial stability
(explained in section 3.1.1) justifies this approach. Also for DC power system stability a
similar classification holds.
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3.1. A definition of DC voltage stability

AC power system stability is categorized into 3 groups:

* Rotor angle stability refers to the ability of synchronous machines of an intercon-
nected power system to remain in synchronism after being subjected to a distur-

bance.

* Frequency stability refers to the ability of a power system to maintain steady fre-
quency following a severe system upset resulting in a significant imbalance between

generation and load.

» Voltage stability refers to the ability of a power system to maintain steady voltages
at all buses in the system after being subjected to a disturbance from a given initial

operating condition.

DC power system stability differs from AC power system stability in the sense that the
classes rotor angle stability and frequency stability are not present. These system variables
are not present in a pure DC system that is not interconnected with an AC system. When
studying the interaction between AC and DC systems, of course these concepts come
back into play. Only the class of voltage stability remains.

DC power system stability

DC voltage stability

[

Small disturbances

Large disturbances

Short term

Long term

FIGURE 3.3: DC voltage stability classification[43]
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3. DC VOLTAGE STABILITY AND STATIC CONTROL

DC voltage stability is further classified according to the type and the time frame of the
disturbance that is subject to study (Figure 3.13). Disturbances can be either large or
small, which are relative concepts. In general, small disturbances refer to disturbances
which allow to apply small-signal analysis techniques. Large disturbances are outside of
the region where small-signal analysis techniques are appropriate. In stead, it requires
for instance time-domain simulations or nonlinear stability assessment techniques. The
second subdivision is based on the time frame and distinguishes short and long term
phenomena. Short term phenomena are typically within the time frame of less than
a second to several seconds. Long term phenomena extend from several seconds to
minutes, even hours. Long term stability can also be considered as static stability, referring
to steady-state behavior, as will be elaborated in section 3.3.

3.2 System-theoretical framework for stability

To comply with the proposed definition of DC voltage stability (Definition 2), the DC
system variables should not violate their operating limits. This section reviews the system-
theoretical framework for stability of operating points, since a prior requirement for
acceptability is that the operating point is stable, from a system-theoretical point of view.

How to assess DC voltage stability?

I

Real, physical DC system

I

Mathematical model

Nonlinear models /

Switched models Averaged (continuous time) models
Time-domain simulation Small-signal linearization Lyapunov stability analysis
Anti-optimization Minor loop gain criteria

Conventional linear system analysis

FIGURE 3.4: Overview of the stability analysis techniques

Itis important to note that every stability analysis technique is based upon a mathematical
model of the real, physical DC system (Figure 3.4). This mathematical model will always be
an approximation to the physical DC system, and therefore will not include all conceivable
system dynamics. The mathematical model should incorporate those dynamics that are
important to ensure voltage stability, without containing overdetailed system dynamics.
Therefore, the mathematical model will always be a trade-off between the available
computational resources and the required level of detail.
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3.2. System-theoretical framework for stability

A large number of power converters will be present in DC networks, that have (nonlinear)
switching dynamics. Chapter 4 will elaborate further on the mathematical time-domain
modelling techniques, and explain the use of switched models and averaged models. For
the remainder of this section, it is sufficient to know that switched models will incorporate
the switching dynamics, while averaged models do not. Therefore, switched models have
a higher level of detail, but require much more computational resources to simulate a
power converter.

Both switched and averaged models present nonlinear dynamics, that do not allow to
apply the regular linear system analysis techniques, unless the equations are linearized
around a steady-state operating equilibrium. This linearization process is referred to as
small-signal linearization and allows to apply conventional linear system analysis and
minor loop gain criteria that are developed for DC networks. It is important to emphasize,
that small-signal linearization is only applicable for small deviations around the operating
equilibrium. Therefore, stability is not guaranteed for large deviations (i.e. large-signal
stability). However, when the linearized system is unstable around a specified operating
equilibrium, also the nonlinear system will be unstable, which allows to detect instability
using small-signal linearization.

Since small-signal linearization is inherently limited to small deviations from the oper-
ating equilibrium, time-domain simulations are regularly applied in daily practice. Test
scenarios that are likely to occur in practice are set-up and subsequently simulated. The
advantage of time-domain simulations is that large-signal behavior is included. The draw-
back of time-domain simulations is that it is time-consuming and not necessarily includes
all possible causes of instability. To partially overcome these drawbacks, [41] applies a
technique called anti-optimization to the control design of a buck converter. There the
stability problem is transferred to an optimization problem for finding worst performance
regarding stability criteria for a parameters range. This technique matches the needs and
practice of industry, that specify transient envelopes and operating limits (Figure 3.5), and
can be automated. The drawback of the methodology presented in [41] is that detailed
switched models are applied that require extensive computational resources.

Throughout this chapter, the concepts are illustrated using the example DC circuit that is
depicted in fig. 3.6. The circuit comprises a source, typically followed by a LC filter, and a
load that consists of a resistor and a constant-power load (CPL). Typical constant power
loads in practice are for instance constant-speed drives. Buck converters that control the
output power also operate as a CPL.

CPL are known to destabilize DC systems, as will be shown in the subsequent discus-
sion [18].

25



3. DC VOLTAGE STABILITY AND STATIC CONTROL

Envelope of a normal voltage transient for 28 V Buck converter
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FIGURE 3.5: Envelope of a normal voltage transient for 28 V buck converter [41]
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FIGURE 3.6: DC system comprising a contant-power load (P)

3.2.1 System dynamics

In general, system dynamics are mathematically described by a set of differential equa-
tions:

d—x—f( f) 3.1)
dr o '

where x € R”" is the state vector that contains the n state variables of the system and f(x, )
is a vector-valued function that will govern the system dynamics at time t. When f depends
only implicitly on the time, i.e. f(x, t) = f(x), the system is time-invariant.

Points xg where f(x) = 0 are equilibrium points, since the derivative of the state vector is
zero and consequently, the system will remain there. In the remainder of this section,
without loss of generality, the origin will be the equilibrium point of the system. Since a
set of state variables is not uniquely determined, every equilibrium point can be located
at the origin by a proper transformation of the state variables [40].
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3.2. System-theoretical framework for stability

Conventional circuit analysis techniques lead to the equations that describe the system
dynamics of the example circuit (Figure 3.6):

(3.2)

@: P 0tV

{ L%:fl(xl!xZ):Vs_xz—V—Rsxl—RSIL
Tt =, x) =0+ I - ey - 2

where L, C, R, R; are the circuit elements as in fig. 3.6, P is the power of the CPL and x; and
X, are the state variables that are related to the inductor current and the capacitor voltage:
x1 =1ir— I, xo = v—V,where I} and V denote the steady-state equilibrium values of the
inductor current and capacitor voltage respectively. By defining x; and x; this way, the
origin (x; = 0, x2 = 0) will be the steady-state equilibrium of the phase-plane.

3.2.2 An example of instability in DC networks: constant-power load

To intuitively understand the influence of a CPL on the stability of DC networks, consider
the example in fig. 3.6. (Table 3.1 contains the circuit parameters that are used to obtain
the results in this section.)

The source and load characteristic (in steady-state) are shown in fig. 3.7 for varying
values of the load resistor. Consider the load characteristic that is highlighted in red and
operating points A and B. When, following a small disturbance, the voltage decreases
(increases) in point A, the load current will decrease (increase) as well. Therefore the
voltage drop across the resistor R, will decrease (increase), and consequently the voltage
across the load will increase (decrease) back again. Finally the voltage settles back in
equilibrium point A, that is stable. This is not the case for point B: when the voltage
decreases (increases), the current will increase (decrease) and therefore the load voltage
will decrease (increase) even more, since the voltage drop across R; increases (decreases).
The voltage will thus move away from operating point B, and consequently point B is an
unstable equilibrium point.

The load characteristic shows a turning point (where the current i attains a minimum)
that separates the unstable equilibrium points that lie below and the stable equilibrium
points that lie above. At this turning point, the power that is withdrawn by the CPL equals
the power that is withdrawn by the resistive load (P = V?/ R)H Above the turning point,
the resistive load power exceeds the CPL and the equilibrium points are stable and vice
versa [18].

When the resistance value increases, the power that is drawn by the resistive load conse-
quently decreases and therefore the turning point occurs at a higher voltage as is shown
in fig. 3.7.

1 Actually, the CPL power can be a little higher, because in this example R; is included. However, since R
is small, this can be neglected as will be clarified in section 3.2.4
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The (in)stability of the equilibrium points A and B in fig. 3.7 also appears from the phase-
plane in fig. 3.8. A phase-plane plot displays the trajectory that the two state variables x;
and x, follow, starting from an initial condition. Figure 3.8 shows different trajectories that
start from different initial conditions. Figure 3.8(a) shows that the trajectories converge to
the steady-state equilibrium (x; = 0 and x, = 0), while the trajectories diverge from the
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equilibrium in Figure 3.8(b).
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3.2. System-theoretical framework for stability

Quantity Symbol | Value
Source voltage Vs 300V
Inductance L 1mH
Capacitance C 0.1mF
CPL power P 2kW
Load resistor R 10Q
Source resistor R; 0.01Q

TABLE 3.1: The circuit parameters for fig. 3.6

3.2.3 Stability of nonlinear systems

Lyapunov studied the stability of autonomous systems, i.e. systems without inputs that
are described by g—’; = f(x). From a system-theoretic point of view, an equilibrium point is
stable when all trajectories that start at nearby points, stay nearby [40].

This “working definition” translates into following definition of stability:
The autonomous system is stable if: Ve > 0,1:356 =6(e) > 0: |x(f) | <6 = [l x(2) |l

This definition is intuitively understandable when considering the 2-variable phase-plane
in For an equilibrium point to be stable, every initial condition that is bounded,
should remain bounded as in fig. 3.8(a). On the contrary, in fig. 3.8(b) such a bounded set
does not exist.

Lyapunov approached the stability of mathematical systems from an energy perspective.
He argued that when the stored energy in an autonomous system no longer changes,
the system should be at rest. Furthermore, the stored energy should decrease up to the
equilibrium point. This reasoning lead to the definition of a Lyapunov function, that
resembles an energy function that describes the total energy that is stored in a system,
but is more general. In mathematical terms, a Lyapunov function V (x) satisfies following
criteria [25]:

1. V(0)=0
2. V) >0when ||x]| #0

3. V(x) is continuous and has continuous derivatives with respect to all components
ofx

4. The total derivative V(x) < 0 along the trajectories of the equation
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3. DC VOLTAGE STABILITY AND STATIC CONTROL

Lyapunov stated that if a Lyapunov function can be found for a system, then the equilib-
rium point is stable and, furthermore, if condition 4 is restricted to to V (x) < 0Vx # 0, the
equilibrium point is asymptotically stable, which means that any trajectory that starts
nearby will end up in the equilibrium point itself:

The autonomous system is asymptotically stable around 0 if: t — co = [|x(#)|| — 0

Lyapunov’s theorem allows to investigate the stability of systems using the Lyapunov
function V' (x). The main difficulty in applying Lyapunov’s theorem to an arbitrary system,
is finding a suitable Lyapunov function V (x).

3.2.4 Stability of linear system

For a linear system, a Lyapunov function can be found:

Consider a linear time-invariant system: Z—’t‘ = Fx. Lyapunov showed that the equilibrium
point x = 0 is asymptotically stable, if and only if all eigenvalues A; of the system matrix F
satisfy Re(1;) < 0. For linear systems that satisfy this requirement, a Lyapunov function
can be found [40].

The next chapter will show that power electronic converters are nonlinear systems. More-
over, a Lyapunov function cannot always be found, especially for larger DC networks
that are considered in this work. However, following theorem exists, that allows to assess
the stability of a nonlinear system around an equilibrium point, based upon a linearized
version of the nonlinear system.

The theorem states that if x = 0 is an equilibrium point of the nonlinear system Z—’; =f(x)
and f(x) is continuously differentiable, then the system can be locally approximated
around the origin by:

Z—’; =f(x) =~ Vf(x = 0)'x = Fx (3.3)

where F = Vf(x = 0)” is the Jacobian of f (i.e. the transpose of the gradient V f(x)) of f).
Then, regarding stability of the origin:

1. The origin is asymptotically stable if Re(A4;) < 0 for all eigenvalues of F
2. The origin is unstable if Re(1;) > 0 for one or more of the eigenvalues of F
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3.2. System-theoretical framework for stability

This theorem is known as Lyapunov’s indirect method, which can be summarized as
follows [25]:

1. Find the linear approximation and compute the eigenvalues of F

2. If all the eigenvalues have strictly negative real parts (are in the left-half complex
plane), then there is a region of stability about the origin

3. If at least one of the eigenvalues has a strictly positive real part (i.e. a right-half
plane pole), then the origin is unstable

4. If the system has eigenvalues on the imaginary axis, no conclusion on stability can
be drawn based on this method

It is important to note that a linearized approximation of the original unstable system
is applied. Therefore, the statements on stability are only valid when the linear approxi-
mation is valid, which is mostly valid for small variations around the equilibrium point.
Therefore, this type of analysis is termed small-signal analysis. On the contrary, large-
signal analysis assesses the stability for large excursions around the equilibrium point. To
guarantee large-signal stability, other tools that are less generally applicable are necessary,
which is out of the scope of this work. The interested reader is referred to [50].

This work will draw conclusions on the stability of equilibria based upon small-signal
analysis, since this is a method that is generally applicable. The drawback of this method
is that it is only valid within a limited range around the equilibrium point.

Retake the example CPL circuit (Figure 3.6), which is nonlinear due to the power term
in the second equation of eq. (3.2). Linearizing around the equilibrium point x; = 0 and
xp =0 gives:

% = 1fi(x1, %) = Vs—x2 - V= Rox; — Ryl = _%xl — X (3.4)
G =thmx) =0+ -y - s+ (g - el v
The characteristic equation of eq. (3.4) is:
R p 1 1 RP
/12+[—S——+— Ae o BP (3.5)
L CV? RC LC LCV?
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3. DC VOLTAGE STABILITY AND STATIC CONTROL

To check whether the eigenvalues A that satisfy eq. (3.5) have negative real parts, the
Routh-Hurwitz criterion is applied [25], that requires all coefficients of A in eq. (3.5) to be
positive. This avoids a cumbersome calculation of the eigenvalues and leads to the same
results, since we are only interested in the stability criteria that apply to the component
parameters:

V2  CV?R v?
P<—+ P<— (3.6)
R L Ry
This limits are visualized in fig. 3.9. Since R; is small, the term %ZRS in eq. (3.6) is negligible.

Also since Ry is small, the second inequality will be automatically satisfied for moderate
power values P. This stability criterion is the same as was developed in section 3.2.2: the
power of the CPL should be smaller than the resistive load power, in order for the system
to be stable.

‘ ‘ VZ . CVR,
80} =P < ¥+ S|
V2
= 60/ o
2 /
- Unstable area 4
2 407 /
o -
A 7/
20} ya
2 Stable area
.~
0 - -

0 200 400 600 800
Voltage [V]

FIGURE 3.9: Stability limits for the CPL example network fig. 3.6

3.2.5 Minor-loop gain criteria

To study the system interaction between source and load subsystems, several stability
criteria that are based on the minor-loop gain for DC systems are proposed [57]. These
stability criteria specify input and output impedance requirements by breaking down the
DC network into source and load subsystems. The minor-loop gain Ty, is the ratio of
the source subsystem output impedance Zs ,,,,; and the load subsystem input impedance
Zlin:

Tyvig = — : (3.7)

To obtain the output and input impedances, a transfer function of the linearized DC
system is necessary. Therefore, all minor-loop gain criteria are only applicable in the
range where the linearized system is valid (i.e. small-signal stability).
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FIGURE 3.10: Minor loop gain criteria [57]

The use of the minor-loop gain Ty is justified by Middlebrook’s Extra Element Theorem,
that was originally intended for designing input filters of power converters in 1976 [52].
Consider the subsystems in fig. 3.11 and assume that the individual subsystem closed-loop
transfer functions G and G; are stable. Upon interconnecting the subsystems, the total
input-to-output transfer function Gg; becomes:

Viout Zlin 1
Gy = 2 = GG = GGy (3.8)
Vs,in Zl,in + Zs,out 1+ TMLG
* Voou | " * Viou *
Vs,in G/' - v Vs,out Vl,in GB = v, V\,oul
Zs,out ZI,in

FIGURE 3.11: Subsystem interconnection [57]

The last equality in eq. (3.8) is equivalent to the transfer function of a closed-loop system
of which the loop-gain equals Tj1;. Therefore, the Nyquist criterion can be applied to
Twmic to ensure the stability of the interconnected system. The Nyquist criterion requires
that the Nyquist contour of Tjs1; does not encircle (-1, 0) [25]. This illustrated in fig. 3.10
and the Nyquist contour for the minor-loop gain of the CPL example is shown in fig. 3.12.
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3. DC VOLTAGE STABILITY AND STATIC CONTROL

The Nyquist criterion is a necessary and sufficient condition for the stability of an oper-
ating point, but does not ensure acceptability. Therefore several DC stability criteria are
developed that define forbidden areas in the Nyquist plot, that are more restrictive than
the Nyquist criterion (Figure 3.10) [57]. These criteria are sufficient conditions, but not
necessary. The drawbacks of these criteria is that they are only applicable for unidirec-
tional power flow and depend on the component grouping of source and load subsystems.
Therefore, these criteria are not applicable to DC systems with bi-directional power flow.
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3. DC VOLTAGE STABILITY AND STATIC CONTROL

3.3 Control of the DC voltage

3.3.1 AC and DC power system balance

The bus voltage in DC networks is an indicator of the power balance in the network, similar
to the frequency in AC networks [7]. Although the AC frequency and DC voltage play a
similar role, their dynamics are governed by similar, but physically different equations.

The frequency in AC power systems is governed by the swing equation that relates the rate
of change of the rotational kinetic energy to the power balance in the network [42]:

T3/ |=Pg—Pa—Pi (3.9)

where J is the equivalent rotational inertia of the AC power system, w = 27 f is the grid
angular frequency, Pg is the power generated, P, is the power demand and P, are the
system losses.

The swing equation shows that the grid frequency will increase when the power gener-
ation exceeds the power demand and the losses. Consequently, the grid frequency will
decrease when the power generation cannot meet the power demand and losses. The
swing equation represents the mechanical dynamics of the (synchronous) generators that
generate AC power: when the mechanical torque of the prime mover differs from the
electrical counter-torque, that is provided by the electrical generator, the rotational speed
will start to deviate.

On the other hand, the bus voltage v in DC distribution systems is governed by:

1(161;2):1) —P4-P (3.10)
dr\2 gmrdT '
This equation shows that the rate of change of the electrostatic energy that is stored in
the equivalent capacitance C of the system is determined by the power generated Pg,
power demand P, and the system losses P;. When the generated power exceeds the
power demand, the DC bus voltage will start to rise. Consequently, the DC bus voltage
will decrease when the power demand exceeds the generated power.

Although eq. (3.10) resembles eq. (3.9), the dynamics of the AC frequency and DC voltage
represent different physical phenomena: the AC frequency is related to the rotational
kinetic energy, while the DC voltage is determined by the electrostatic energy.

The converters that control the voltage will determine the steady-state bus voltages. This
work refers to this type of control as static control. Dynamic control on the contrary,
will control system variables during transient phenomena (e.g. to provide damping or
improve the transient response).
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3.3. Control of the DC voltage

3.3.2 Centralized and decentralized voltage control

To achieve power balance in DC networks, centralized and decentralized control schemes
exist [39]. In a centralized master-slave control scheme (Figure 3.13(a)), all system data
is collected in the master that sends out the power set points of the converters that are
responsible for voltage control (the slaves). The master itself serves as a slack bus, that is
the only device that controls the voltage and supplies the losses in the network. On the
contrary, in a decentralized droop control scheme (Figure 3.13(b)), the local measurement
of the voltage determines the power set-point of the converter. The advantage of a decen-
tralized scheme is that a centralized master controller, that is a single-point-of-failure, is
avoided.

Py Py
Master
Pl,ref Pn,ref
Py P 2,ref
Slave Slave o Slave

(a) Master-slave control

Pre f P >
Voltage controller Power DC Network
iref source

Vref _

(b) Voltage droop control

FIGURE 3.13: DC voltage control possibilities

With voltage droop control, each converter that participates in voltage control has a con-
trol scheme similar to fig. 3.13(b). The voltage controller sets the output power reference
signal of the power source. Alternatively, a current reference signal can serve the same
purpose, which reflects the linear control behavior of the DC network [7]. Working with
current reference signals, will retain the linear system dynamics, while power reference
signals will automatically introduce nonlinear control behavior.

The principle of droop control is illustrated in fig. 3.14. Every voltage controller will
increase or decrease it's power or current reference signal (AP;.f or Ai,.f) proportional
to the voltage deviation (Av), that is measured relative to the nominal voltage. The slope
K of the characteristic is referred to as the droop setting and determines the power or
current reference signal: AP,y = —KAv or Aiy.r = —KAv. The larger the droop setting,
the higher the power or current reference signal.
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FIGURE 3.14: DC voltage droop control characteristic

The generators that participate in droop control should be able to regulate their power
output. The generators that can be considered for droop control are battery energy
storage systems (BESS), microturbines and fuel cells. Droop control with renewable
energy sources that have an intermittent power output, is not feasible.

In practice, droop control schemes will also have to take the power limits into account,
as is elaborated more in detail in [7]. Furthermore, when battery energy storage systems
participate in voltage control, the state-of-charge should be monitored, since a BESS
cannot supply power indefinitely. Therefore a control scheme using fuzzy control and
gain scheduling is proposed in [38].

3.4 Conclusion

This chapter introduced a definition for DC voltage stability, where acceptability is a key
concept. Acceptability means that the system variables remain within their operating
limits. The definition was discussed and the importance of DC voltage stability was
stressed.

A necessary condition to remain within the operating limits is stability from a system-
theoretical point-of-view. An equilibrium point is stable when, starting from an initial
condition and after a disturbance has occurred, the system state returns to the equilibrium
point. The concepts and theorems of Lyapunov were reviewed in the second section.

Lyapunov also proved that, when the linear approximation of a nonlinear system is stable
around the equilibrium point, then a stable region exists around that equilibrium point.
Consequently, no stable region exists when the linearized system is unstable. This justifies
the approach used in this work to assess the stability of DC networks using linearized
subsystems.
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3.4. Conclusion

To study the interaction between DC subsystems, minor-loop gain criteria were proposed,
that assess stability based on source and load impedance representations. Minor-loop
gain criteria can be considered a subclass of linear system analysis, since the impedance
representations are obtained for the linearized DC system. However, minor-loop gain
criteria cannot be applied for bi-directional power flow and are sensitive to the component
grouping in source and load subsystems.

This chapter ended with a discussion on voltage control. The converters that participate
in static voltage control govern the DC bus voltage in the network. Two control schemes
were discussed: centralized master-slave control and decentralized droop control.
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Chapter 4

Time-domain models of DC systems

Chapter 3 introduced a definition for DC voltage stability and mentioned the available
techniques to analyze DC voltage stability. This thesis will rely upon small-signal analysis,
complemented with time-domain simulations, to assess the stability of operating points
before and after a disturbance has occurred.

This chapter will focus on the mathematical formulation of time-domain models of DC
systems. Figure 4.1 gives an overview of the subsystems that constitute a DC system.
In general, a DC system consists of a DC network, power electronic converters (PEC)
and source/load subsystems. The DC network includes all busses, where components
can be connected to, and all branches representing lines that transfer electrical power
between the busses. The source/load subsystems can range from classical resistive loads
to distributed energy resources (DER) like solar photovoltaic generation (PV). The PEC
is the interface between the source/load subsystems and the DC network, that allows to
condition the electrical power flow. Therefore a controller will provide the control inputs
of the PEC, based upon (local) current and voltage measurements. The combination of a
source/load subsystem, a PEC and it’s control circuitry is referred to as a component.

T T TControl inputs

PR
Controller f—— |
Voltage and current measurements

Component

e |

1 i |

Network — = PEC —=-1  Source/load i
+

Yo \\ |

|

J [ RE I s T
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|
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|

|

FIGURE 4.1: Overview of a DC system
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4. TIME-DOMAIN MODELS OF DC SYSTEMS

The goal of this chapter is to provide a set of first-order ordinary differential equations
(i.e. a state-space representation) that describes the time-domain dynamic behavior of all
the subsystems that constitute a DC system. These state-space models are used in the
subsequent chapters to simulate the time response of a DC system and to analyze the
stability via small-signal analysis.

This chapter is organized as follows: the first section will discuss the modelling techniques
for PEC. The second section will list available models for DER, that are validated in the
technical literature. The third section shows the results of a time-domain simulation of a
small DC system that allows to compare the accuracy between averaged and switched
PEC models to study DC voltage transient phenomena.

4.1 Models of power electronic converters

Power electronic converters (PEC) are electrical devices that convert and process electrical
energy by supplying voltages and currents in a form that is optimally suited for the
application [54]. In essence, a PEC consists of:

* Power semiconductor devices (IGBTs, MOSFETS, bipolar transistors, diodes) to
control the voltage, current or power.

* Passive elements (inductors, capacitors, resistors) to filter the switching harmonics

¢ Snubber circuits to reduce power semiconductor stresses and handle the reverse
recovery current of diodes [54]

* Measurement and control circuitry to drive the gate of the power semiconductor
switches

The power semiconductor devices operate in switching-mode to obtain a high power
conversion efficiency in order to minimize losses. Minimizing losses is important because
of the cost of wasted energy and the difficulty in removing heat [54].

DC systems are characterized by a high number of controllable PEC. This in contrast to AC
systems that also include PEC like diode rectifiers, but those are not controllable. The most
common converters in DC systems are DC/DC step-up (boost) and step-down (buck)
converters. Furthermore AC/DC inverters allow to interconnect DC and AC systems.
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4.1. Models of power electronic converters

Time-domain simulations of DC systems require models of PEC to verify the correct
operation and study the system stability. The goal of the model is to approximate the
behavior of the physical circuit with sufficient accuracy, without requiring excessive
computational resources. A model is therefore always a trade-off between accuracy
and computational resources. The required accuracy in turn depends on the needs
of the designer. E.g. when designing snubber circuits, the designer is interested in
the intra-cycle switching transients, typically considering time constants smaller than
the switching period. For this application, detailed power semiconductor models are
regularly provided by the manufacturers. On the contrary, in this work, the models are
used to assess the stability of multi-component systems. Applying detailed models of the
power semiconductors would require excessive computational resources and therefore
simplifications are essential.

This section will introduce 4 modelling techniques for PEC, that are summarized in fig. 4.2.
The figure shows the accuracy versus the required computational resources for the dif-
ferent modelling techniques qualitatively. On one hand, switched models (SWM) offer
a detailed model of the PEC switching behavior, but require extensive computational
resources. On the other hand standard averaged models (SAM) and sampled-data mod-
els (SDM) are less computationally intensive, but the behavior within one switching
period is blurred. Generalized averaged models (GAM) are an extension to SAM that
provide a better accuracy, while still requiring less computational resources than SWM.

Throughout this section, a bi-directional DC/DC converter is modeled to apply and
compare the different modeling techniques. Figure 4.3 shows the circuit topology of the
converter, where only components essential to the power processing functionality are
shown. The purpose of the DC/DC converter is to step down the source voltage v, to
the voltage level v¢ that is suitable for the resistive load R. A gate signal is applied to
the power semiconductors 1 and 2 to turn 1 and 2 on or off and by varying the time that
the switches are on or off, the power flow is regulated. Note that 1 and 2 are never on
simultaneously, to avoid a short-circuit at the source side of the converter. Figure 4.3(b)
shows the two operating modes of the DC/DC converter, depending on the state of the
power semiconductors. While 1 is on, the inductance L is charged. While 1 is off, the
load resistor is powered by the energy that is stored in the inductor. The capacitor will
dampen the load voltage fluctuations. The diodes allow the inductor current to flow in
both directions. The inductor current and voltage waveforms are shown in fig. 4.4.
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FIGURE 4.2: Overview of the modeling techniques for power electronic converters

4.1.1 Switched models

Switched models (SWM) focus on the components central to the power processing func-
tion and therefore neglect snubber circuits and parasitics [46] [48]. Regularly, power
semiconductor switches are represented by ideal switches, having a zero on-resistance
and an infinite resistance when turned off. Elementary circuit analysis leads to detailed,
continuous-time, nonlinear, time-varying models in state-space form:

ax(t)
dt

=[g(®A1+ (1 - q(0)Ao]x(1) + [g(HB1 + (1 - q(2)) Bo| u(?) (4.1)

where

* ¢(?) is a switching signal, which is related to the voltage applied to the gate of power
semiconductor switch. By convention g(¢) = 1 when the switch is on and g() =0
when it is off.

* (Ao, Bp) and (A;, By) are the system matrices when the switch is off and on respec-
tively.
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FIGURE 4.4: DC/DC converter inductor voltage and current waveforms

The approach thus comprises following steps:

1. Construct the system state matrices (Ag, Bp) and (A;, By) for the system when the
power semiconductor switch is open and closed respectively.
2. Apply eq. (4.1) to obtain the switched model

This approach can be automated, starting from state-space representations or a circuit
schematic. E.g. PLECS is a Matlab/Simulink toolbox that can simulate switched circuits.

Consider the example of a switched circuit model for a bidirectional DC-DC converter
(fig. 4.3). 1 and 2 are complementary on: when 1 is on, 2 is off and when 2 is on, 1 is off.
In practice, there is a short deadtime during which both 1 and 2 are off; this deadtime is
neglected in a switched model.
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4. TIME-DOMAIN MODELS OF DC SYSTEMS

x=[ir(Hvc()]T and u(t) = ve.(¢) are the state and input vector. When 1 conducts (index
1) or 2 conducts (index 0), following state-space matrices govern the circuit dynamics:

0 -1/L 0

AO_[I/C —I/RC] BO_[O] (4.2)
0 -1/L 1/L

A= [1/c —l/RC] Bl_[ 0 ] 43

From eq. (4.1), the switched model equations become:

ﬂ_l[—l/ () + gD vee(D)] (4.4)
dr L ¢ 4\ Vcc ’
dvc _ 17, ve(l)

a1 C i (1) R (4.5)

4.1.2 Averaged models

Averaged models are derived from switched models like eq. (4.5), but neglect part of the
dynamics within one switching period. Initially, standard averaged models (SAM) were
developed that consider average state variables that are averaged over one switching
period [48]. Later, generalized averaged models (GAM) were developed, that improve the
accuracy of SAM; GAM approximate the switching waveform by a truncated Fourier series
within one switching period. SAM only track the 0-th order Fourier coefficient (the DC
average value of a waveform), and are thus a subclass of GAM.

Standard averaged models

SAM track the average state variable over one switching period Ts:

t
x(1) = % f x(t)dt (4.6)

sJt-T;

The average state variables represent the average of the switching waveform within one
switching period and neglect the waveform ripple. This approximation is justified when
the waveform ripple (i.e. the higher order harmonics) can be neglected and the waveform
is sufficiently approximated by it’s switching period average [48]. A first justification for
this approximation is that converter components are selected to limit the waveform ripple,
since this can lead to untolerable component stresses. Moreover, at higher switching
frequencies, the waveform ripple diminishes and the accuracy of SAM improves. A second
justification is that the details of the switching ripple are not of interest when designing
feedback compensation, since the objective is to control the average quantity.
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The SAM of the DC/DC converter (Figure 4.3) is readily obtained by averaging both sides
of the switched model (Equation (4.1)):

ax(t)
dt

=[d(OA1 + (1 - d () Aglx(1) + [d()B1 + (1 - d(1)) Bolu(?) (4.7

Where x(#) and u(#) now represent the average value of the state-variables, and d(f) = q(t).
This equation implicitly assumes that q(#) v¢c(£) = q(t)Vc(¢), which is acceptable when
the voltage ripple is small as compared to the average value of the voltage waveform.

Applying eq. (4.7) leads to the SAM of the buck converter:

dip 1. _ =

d_tL:Z[_vc(t)'Fd(f)Vcc(t)] (*8)
dve _1[- . Tc)

ar TR "

Generalized averaged models

The main idea of generalized averaged models is to approximate waveforms within one
switching period by a truncated Fourier series [12}/47]. The SAM is a special case of gener-
alized averaged models, where only the zero-th order Fourier coefficient is considered
and the higher order terms are neglected.

For the mathematical elaboration, consider a portion of the waveform (which can be for
instance the inductor current or capacitor voltage of the buck converter) in a timeframe
T € [t — T; t] and the Fourier representation of the signal in the specified time interval:

x@= Y x(elles (4.10)

I=—0c0

where ws =27 fsy, T = stw and (x);(?) is the index-k coefficient in the Fourier series, which
is also referred to as the k-phasor. The k-phasor is in general a complex quantity given by:

t .
x0)(0) = %f Tx(r)e‘f’““s’dr (4.11)

Equation (4.11) explicitly denotes the dependency of the complex k-phasor on the time t.
This means that the k-phasor will vary as the window [¢ — T; t] slides along the waveform
as t advances.
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Only retaining the first-order Fourier coefficients (x)_;(?), (x)o(#) and (x),(¢) already
leads to acceptable results, as will be shown in the last subsection. Note that (x)((?)

corresponds to the averaged quantity as in the SAM:

t
oD = = f x@)dr 4.12)
TJe-T

The procedure for obtaining a generalized averaged model is |60, 48]:

1. Apply the averaging operator on both sides of the switched model
2. Apply the following properties to simplify the equations:

Property 1. Derivative of the k-phasor: % = <%> (1) — jkwg(x) (1)

Property 2. Average of a product: (q(£)x(1)) = OZO (@ r—i{x);
i=—00

Property 3. Negative k-phasors: (x)_; = (x);;, where -* denotes the complex con-
jugate
3. When necessary, apply assumptions (such as slow variations of (x)(#)) to obtain a
state-space representation.

Applying this procedure to obtain a GAM of the the buck converter inductor current

0-phasor:

d{ir)o _ 4.13)

o [—(Yo +{(qVecho]

SIS

[=Wo +{@1{vee) -1 + (P olvec)o + (@) -1{Vec)1] (4.14)
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The other phasors can be obtained in a similar way, leading to following GAM state-space
representation [17]:

[ (i)E] r 7+ R
<l.L>11 0 ws _Tl 0 0 0 <l.L>11
iy ! (!
d R -0os 0 0 +&+ 0 0 R
wor| | L7 o =L o ol lwer
e wor| | § RC s L et *
1 0 0 0 0 0 Ff[V
{i)o o o0 o o L1 =zi|]%id
[ (vcho| * ¢ Rl | (veyo) -
d 1 .
L 0 5o sin (27 d)
0 ¢ — 5 (1 - cos (2md)) .
" (Voo
0 0 0 )
0 0 0 il’jccil
ﬁsin(an) ;—I{ (1-cos(2nd)) % cc)0
0 0 0

where the real and imaginary state variables are denoted by (-)% and (-} respectively.

d = d(t) denotes the averaged switching waveform, which is introduced by the quantities:

1 t
(@o= —f q(r)dTr =d(1) (4.16)
TJi-1
_J (,-jend _
(g = - (e 1) (4.17)

Equation (4.15) clearly shows that the state-space representation of the GAM depends
upon the switching frequency via wg = 27 fs,,. This is a useful feature to study the influence
of the switching frequency on the stability of the system, which is not possible when
applying SAM or SDM. Moreover, GAM are suited to model resonant converters applied
for soft-switching [60].
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4.1.3 Sampled-data models

Sampled-data models (SDM) are discrete time models that are similar to averaged models
in the sense that the behavior of the waveform within a switching period is blurred [64].

SDM obtain the values of a waveform at discrete instants. Starting from an initial value,
the switched model is solved using matrix exponentials [46]. While the switch is on, during
the first part of the switching period [t — T; t — T + d[k] T], the circuit dynamics are given
by:

t
x(t) = MU= 00x (1) + f AR u(r)dr (4.18)

[4)

where t; denotes the time ¢t — T + d[k] T that the switch operates, x(#) is the initial condi-
tion of the state-vector x(¢), and u(¢) is the input vector.

At the end of the period [#, #;] the state is given by evaluating eq. (4.18) at ¢ = #;, which is
the initial condition for the equation governing the parts in the second part [#, ] of the
switching period when the switch is off:

t
x(t) = eA"“‘“’x(an MR (1) dr

5]

H ¢
= pfolt—11) eAl(h*to)x(tO)_’_f eAl(tliT)Blu(T)dT + eAO(tlir)Bou(T)dT
to n
t-T+d[k]T (4.19)
_ GAolI=dIkDT eAld[k]Tx(t_T)+/ MU-T+AKT-T)g 4oy 1
t—-T
t
+/ D Bu(r)dr
t—-T+d[k]T

Using following simplifications and assumptions, eq. (4.19) is reduced to a discrete model
eq. (4.20):

o AT ~I+AT
* Assume u(t) = u(fp) is constant during one switching period [23]
* Neglect terms in T?

x[k+1] =x[k] + T [(d[k]A; + d'[k]Ao) x[k] + (d[k]B; + d'[k]Bo) ulk]] (4.20)

where d'[k] =1 - d[k].

A discrete model facilitates the design procedure of digital controllers, that rely upon
discrete-time control techniques [25]. SDM enable fast time-domain simulations, since
only a discrete, linear set of difference equations needs to be solved. The drawback of
SDM is that the accuracy is poor at low switching freqencies, as will be illustrated in the
next paragraph.
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4.1.4 Comparison between the models

Figure 4.2 (repeated in fig. 4.5) gives an overview of the modelling techniques for power
converters, with respect to the required computation time and the accuracy. As is men-
tioned in the introduction, a model intends to approximate the real behavior of a power
converter. The physical system, per definition, has an infinite accuracy and requires an
infinite computation time as is shown in the figure. The figure furthermore shows the
approximations that are at the base of these models.

Physical set-up (unbounded)

_— - — — — — - — — —

Snubber circuits, power semiconductors, control electronics,... |

accuracy

- Ideal switches SWM |
- Focus on power processing functionality
- Discontinuous switching functions |

- Higher order switching harmonics neglected GAM |

- Able to study effects due to a varying f;, |

I
- Tracks the average of the waveform SAM

- Independent of switching frequency |

- Discrete model
- Accuracy depends strongly on f5,, |

—_—
>

computational resources

FIGURE 4.5: Overview of the modeling techniques for power electronic converters

The switched model generally focuses on the components essential for the power pro-
cessing function of the circuit. The power semiconductors are modeled as ideal switches,
which lead to discontinuous, square wave switching functions like g(#) in section 4.1.1.
Applying this switching function results in current and voltage waveforms as shown in
fig. 4.4. The GAM approximates these waveforms by a truncated Fourier series (within one
switching period), thereby neglecting higher order switching harmonics. Only retaining
the zero-th order Fourier coefficient, leads to the SAM, which is independent from the
switching frequency. The SAM is a good approximation when the waveform ripple is
negligible. The SDM differs from the SAM and GAM in the sense that it is a discrete model
and only samples at multiples of the switching period are used. Therefore the accuracy of
the SDM depends strongly on the switching frequency. For developing digital controllers,
the discrete SDM model can be applied when the switching frequency is sufficiently high.
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The overview in fig. 4.2 is only qualitative and therefore this paragraph shows the modeling
results for a buck converter (the equations were derived in sections 4.1.1 to 4.1.3) to
obtain a quantitative comparison. The model of the buck converter is simulated in
Matlab/Simulink/PLECS using the different techniques. Moreover, these simulations are
carried out for different parameter variations. This comparison will show that the GAM
gives good results with respect to computation time and accuracy. The switched model
serves as a reference for the model accuracy.

Methodology

To compare the accuracy of each model to the detailed SWM, the error is defined by:

n

)y (x(” - ng},)z 4.21)

1
E=—
ny=

where

n is the number of data points that are calculated numerically
x0 - xg, is the error at time t between the SAM, GAM or SDM and the SWM
x¥ is a general notation that refers to the current or voltage respectively

This error measure comes down to calculating the 2-norm of the error vector containing
n error values. The error is normalized per data point through dividing by #, since the
number of data points differs between the models. The detailed SWM contains the most
data points, but these points do not necessarily coincide in time with the SAM, GAM or
SDM. Therefore the points of the SWM are linearly interpolated to coincide with the SAM,
GAM or SDM.

The absolute error is taken as a measure to quantify the accuracy of the models, since the
relative error would lead to large numbers when the reference value is low.

Apart from the error, the computation time is measured to compare the computational
speed between the models. This computation time is obtained by repeating the simula-
tions 50 times and computing the average computation time to eliminate random effects
that slow down or speed up the computation temporarily, like other processes running on
the computer.
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Parameter description | Symbol | Value
Inductance L 10mH
Capacitance C 20 uF
Resistance R 2Q
Switching frequency fsw 5kHz
Duty cycle D 0.5
Source voltage Vce 400V
Load voltage Ve 200V
Load power p 2kw

TABLE 4.1: Model parameters

10"
v GAM = SAM o SDM v GAM = SAM o SDM

>
® oo

Error per data point [A]
S
Error per data point [V]
S
®o

%
E ]
1072 ° M
® v
v

107 10° 10° 10 107 10° 10°
Computation time [s] Computation time [s]

44

FIGURE 4.6: A comparison between the different models w.r.t. computation time and
error for the inductor current (left) and capacitor voltage (right)

Results

Figures 4.7 to 4.10 shows the results for the comparison between the different mod-
els, where the DC/DC converter is modeled. The model parameter values are given in

section 4.1.4. Four parameters are subsequently varied to see the effect on the model
accuracy:

Case 1. Variation of the switching frequency
Case 2. Variation of the inductance value L
Case 3. Variation of the capacitance value C
Case 4. Variation of the duty cycle D

The error versus computation time for both the current and voltage waveforms is given in

figs. 4.7 to 4.10. Figure 4.6 combines all results for the different cases and shows that the
GAM gives the most accurate results.
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FIGURE 4.7: Case 1 — Variation of the switching frequency

Following conclusions can be drawn:

* At high switching frequencies, the current and voltage ripple due to the switching
waveforms will diminish. Therefore the accuracy of the average models, both
SAM and GAM, improves. Although the results for the SAM remain the same, the
error will decrease since the SWM will match the averaged waveform more closely.
The SDM proves only to be accurate when the switching frequency is sufficiently
high (25 kHz).

* The GAM includes the influence of the switching frequency. This is the only model
presented here that models the quantities within a switching cycle.
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FIGURE 4.8: Case 2 — Variation of the inductance

* The voltage waveform ripple is lower than the current waveform ripple. Reducing
the capacitance, will increase the voltage ripple, but the results show that even
decreasing or increasing the capacitance by a factor 3, does not alter the results
appreciably. When focusing on voltage stability, SAM are sufficiently accurate.

* The GAM fails to approximate the sharp peaks of the SWM (fig. 4.7), as this involves
higher harmonic order Fourier coefficients that are not modeled in the GAM. This
is also pointed out in [12].

* The SDM model requires substantially less computation time, but suffers from poor
accuracy.
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FIGURE 4.9: Case 3 — Variation of the capacitance

* The SAM gives good results, when the switching ripple can be neglected. For
stability analysis, the SAM gives the average of the switching waveform, which may
be sufficient to determine the stability of the network. However, when power quality
requirements require the voltage to remain within restrictive bounds, not taking

into account the switching ripple, may result in violating these constraints.
* The GAM gives the best accuracy as compared to the switched model, at the expense

of more computation time.

Although the GAM improves the model accuracy, it is less suited to study DC systems
because the k-phasor state variables of different converters can only be related when they
share the same switching frequency [17]. Moreover, the converter controllers regulate the
average waveform value (0-phasor) and not the higher-order k-phasors.
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FIGURE 4.10: Case 4 — Variation of the duty cycle

4.1.5 Model of an AC/DC converter

This subsection will present a model of an AC/DC voltage-source inverter (VSI), that allows
to interconnect AC and DC networks [67]. In contrast to thyristor-based current-source

inverters (CSI), the inverter current flow (and hence the power flow) can be controlled in
both directions.

The AC side is modelled as an infinite bus, connected via an RL filter to the converter.
To facilitate the controller operation and design, AC quantities are expressed in the dq
reference frame. This approach allows to simplify the controller equations and hence
increase the controller performance. The dq frame control requires a synchronization
mechanism that is usually achieved through the phase-locked loop (PLL).
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The model of the AC/DC interface converter can either control the AC active power
injection or the DC bus voltage. The latter case can be considered an extension to the first:
controlling the DC bus voltage requires an additional control loop that determines the
active power setpoint of the power controller.

AC/DC inverter

4(} 1 1
4(} 1 1

PAC PDC

AC system DC system

C —1  Vde <1> iload

FIGURE 4.11: AC/DC interface converter

Following assumptions are introduced to simplify the analysis of the AC/DC inverters:

1. The AC grid is modelled as an infinite bus system, arbitrarily assuming the AC grid
voltage to be aligned with the d-axis.

2. The effect of the phase-locked loop is neglected. This corresponds to setting the
quadrature component of the AC grid voltage to zero (V4 = 0).

3. The interface converter operates at unity power factor in steady-state. This assump-
tion comes down to setting i ;‘] =0.

4. The AC frequency is assumed to be constant at wo = 27 - 50rad/s

5. Switching and resistive losses in the interface converter are neglected

The equations of the AC side, expressed in dq quantities are:

dig 1 .

a7 = I (=Rig+ug) (4.22)
di 1

d_tq = Z (—Riq + Ltq) (4.23)
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R is the AC resistance, iy and i, are the direct and indirect line current components. u,
and u, are defined by:

mg (1) = (ug (1) + Vsa — Lwgig (1)) (4.24)

2
Vac (1)

mg (t) = (tg (1) + Vg + Lwoiq (1)) (4.25)

2
Ve (1)
mg and m refer to the modulation index, V. is the DC bus voltage, Vi, and V4 represent
the AC grid voltage, L is the AC inductance, wy is the steady-state frequency.

Two PI controllers control i4 (£) and i, (¢) to their respective reference values. i ; (1) is set to
zero, regulating the reactive power flow to zero in steady-state. i; in this case determines
the active power flow. The presence of an integrator in the PI controller, requires the
introduction of an additional state variable per controller (x; and x4 respectively). The
controller equations become:

U () = xq (1) + Kpa (i () = iq (1)) (4.26)

g (1) = x4 (1) + Kpg (i5 ()= i (1)) (4.27)
dxg (t

x;t( ) ia (i (D —iq (D) (4.28)
dxq (1) o .
——= Kig (i (0= iq (1)) (4.29)

x4 and x4 are the internal states of the PI controllers, K4 and K}, are the proportional
control gains, K;4 and Kj, are the integral controller parameters. Since the dynamics of
both i; and i, are similar, the two PI controllers can be have the same parameters (i.e.
Kpd = qu and Kid = Kiq)-

The dc side consists of a capacitor. The capacitor current equals the difference between
the output dc current of the interface converter and the dc grid load current. Both are
equal in steady-state. When neglecting converter losses, the AC power and DC power
should be equal. That allows to relate DC to AC quantities, without describing the power
electronic switching dynamics in detail:

Pac=Pac = Vac (D ige (£) = = (Vsaia (1) + Vsgig (1)) (4.30)

N W

The dynamics of the capacitor are governed by:

dVdc _ 1 %[Vsdid(t)+vsqiq(t)]

dt E Vdc

—lload (1) (4.31)
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The first term represents the interface converter output current. The DC load current
i1oaa (1) is determined by the DC grid input impedance, which relates i;,,4 (%) to vg4. ().

By applying an additional outer control loop to regulate the DC bus voltage vy (2) to v,
the voltage controller equations become:

i =Xy (8) + Kpy (V) — vac (1) (4.32)
dx, (1)
dt

= Kiv (v, = Vac (1) (4.33)

Equations (4.23), (4.29), (4.31) and (4.33) constitute the state-space representation of an
AC/DC inverter. The six state variables are iy, ig, X4, Xg, Vac, Xp-

4.2 Models of distributed energy resources

The technical literature has presented innumerable models of distributed energy re-
sources. The models that are applied in this thesis are listed in table 4.2. This section
will review the model of a PV generator that is current-controlled, which differs from the
model that is proposed in [66], where a power controller is applied. The models of the
other distributed energy resources are available in the references.

Model \ Reference

Models of DER
PV generation [66] (modified in this section)
Microturbine 124]

Battery Energy Storage System | [28]
Models of power converters

AC/DC inverter [67] (included in previous section)
Voltage balancer [35][44]
Current balancer [45]

TABLE 4.2: References to the models of distributed energy resources and power converters
that are applied in this thesis
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4.3 Model of a photovoltaic system

This section develops a model for a photovoltaic (PV) system (Figure 4.12). The model
consists of a boost DC/DC converter and a PV source, comprising n,, strings that each
have n; PV modules connected in series. The boost converter is included to regulate the
PV DC voltage vy, (1), in order to operate at the PV maximum power point (MPP), and
maximize the power output [20].

DC/DC boost converter PV generator

L ; L
1 O PV,
™~ - + Y

“Le 00 D
Vcc<j> —|[< M S s e n, in series
-

np in parallel
Current c.ref u,| Voltage e MPPT
controller ) controller Vpviref

FIGURE 4.12: Control scheme of a PV generator interfaced via a DC/DC boost converter

The PV array is modelled as follows [66]:

q Vpu(D)

exp (— ) - 1] (4.34)

where n, denotes the number of PV strings in parallel, n; equals the number of PV
modules connected in series per string, I; denots the reverse saturation current, g =
1.0622-10719C is the electron charge, k = 1.38-10"2%J/k is the Boltzmann constant,  is the
temperature in Kelvin, A is the ideality factor and v, () is the voltage at the PV terminals
as defined in fig. 4.12.

I, is the photo-current, which in turn dependents linearly upon the incoming solar
radiation S [%]E] and the cell temperature 6[K]:

S
Iphz [Iscr+k9 (H—Href)] ﬁ (4.35)

where I, denotes the short-circuit current of one PV module at the reference temperature
Oref, ko is the temperature coefficient.

1§ = 100% corresponds to 1kW/m? solar irradiation
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The dynamics of the coupling capacitor C (Figure 4.12) are governed by:

dvpy(t) | .

in which i4.(t) denotes the current flowing into the boost converter. An inner control
loop in the boost converter regulates the current to the reference dc current i; , which
can be controlled by varying the duty cycle of the boost converter. The reference current
i}, is in turn set by the outer loop voltage controller, that controls vy, ().

The dynamics of the boost converter are governed by:

dige

L
dt

= Upy — dUcc (4.37)

where d denotes the duty cycle and L the value of the boost converter inductor.

Now consider the outer-loop voltage controller that regulates v, (Figure 4.12). The
dynamics of v, were given by eq. (4.36). Note that eq. (4.36) is nonlinear, since the PV
output current iy, is related to vy, via eq. (4.34). Feedback linearization [40] is applied
to eliminate this nonlinearity. u, is defined by eq. (4.38) as the output of the voltage
controller. This way, the dynamics of v, reduce to eq. (4.39).

Uy = idc,ref - ipv (4.38)

dvpv(t)
—_— = 4.39
dr Uy ( )

The voltage and current controller equations are:

{ d= KpiGiac,ref —tac) + xi (4.40)

dx; . .
4t = Kii(iac,ref — ldc)

where K); and Kj; are the current controller proportional and integral gain and x; is the
current controller state variable.

(4.41)

dx, _

Uy = KpyWpp,ref — Vpv) + Xy
Tt = Kiv(Wpy,ref — Vpv)

where K, and K;, are the voltage controller proportional and integral gain and x, is the
voltage controller state variable.
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4.4 Switched simulation of a small LVDC system

The previous sections in this chapter focussed on the individual components in DC sys-
tems. This section presents a time-domain simulation of a small LVDC network, that
allows to compare the results of averaged and switched PEC models. The results that are
presented in this section were accepted for publication on the Young Researchers Sympo-
sium 2014 [27]. The publication is included in appendix C.

The DC system that is investigated (fig. 4.13) consists of 2 power sources and two loads that
are interconnected via 3 distribution lines. Source 1 is an AC/DC inverter interfaced with
the utility grid that controls the DC bus voltage in the network and hence is responsible
for the power balance in the system. Source 2 is a PV generator, that is interfaced via
a DC/DC boost converter to the distribution network. The DC system also includes a
battery energy storage system (BESS), that is connected via a DC/DC boost converter at
bus 3. Load 1 and 2 are modelled as constant-power loads, that are interfaced via a buck
DC/DC converter to the distribution network. For a detailed explanation on the models,
the reader is referred to appendix C.

L31 R31

Source #1 i1 i2 Source #2

Load #1 Load #2

FIGURE 4.13: Circuit diagram of the investigated DC system

Three simulation scenarios are considered to compare the time-domain responses be-
tween switched and averaged converter models:

Test case 1 Decrease of the PV solar irradiation from 100% to 75%, corresponding to a
decrease of 1750 W of PV generation

Test case 2 Variation of the battery operating mode from discharging —5A to charging 5A

Test case 3 Variation of the AC/DC inverter DC bus voltage reference from 400V to 380V.

In all three cases, the switched and averaged DC bus voltage waveforms at bus 3 are com-
pared. The results in fig. 4.14, indicate that the averaged model is a good approximation
of the switched voltage waveform to study DC voltage stability. It is moreover argued and
demonstrated by the simulations in[4.1]that averaged models will become more accurate
with increasing switching frequencies and harmonic filtering. Therefore it is concluded
that averaged models of PEC in DC systems are applicable to study DC voltage stability in
DC power systems that include distributed energy resources and feedback controllers.
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FIGURE 4.14: Comparison between averaged and switched DC bus voltage waveforms at
bus 3

4.5 Conclusion

This chapter presented the existing modelling techniques for power electronic converters
and models of distributed energy resources. These models are required to assess the
stability of DC power systems and are applied in the subsequent chapters.

In a design environment where the designer wants to verify the influence of design
decisions, simulation time is a concern. Therefore, much attention has been drawn
to the modelling of power electronic converters in this chapter. It is concluded that
averaged models are advised, since they significantly speed up simulations as compared
to switched models. This conclusion is based on the time-domain simulation of a DC/DC
buck converter in the first section, and a time-domain simulation of a DC power system
in the third section. The time-domain simulation of a DC power system demonstrated
that averaged models are also applicable to DC power systems that include distributed
energy resources and feedback controllers.
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Chapter 5

MatLVDC

MatLVDC is a Matlab® toolbox, developed to analyze DC networks (including power
electronic converters and distributed energy resources) via time-domain simulations and
small-signal stability analysis. The MatLVDC input format is similar to MatPower [68] and
therefore facilitates the simulation setup of unipolar and bipolar DC networks. MatLVDC
has a component library, including power electronic converters and distributed energy
resources (Chapter 4). Users are able to define custom components in an obvious manner.

This chapter provides an overview of MatLVDC, that will be applied in chapter 6 to
analyze a medium-sized LVDC network. The first section will introduce the capabilities of
MatLVDC, the second section will explain the structure of the toolbox and the last section
provides an application example to make the reader comfortable with the input data
format of MatLVDC and it’s functionalities. A user guide is included in appendix B.

5.1 Capabilities of MatLVDC

MatLVDC analyzes DC voltage stability via time-domain simulations and small-signal
analysis. This tool has more capabilities than the DC Stability Toolbox [63] that has been
published in the past. That toolbox assesses the small-signal stability of DC systems by
using minor-loop gain criteria. As was outlined in chapter 3, minor-loop gain criteria
are only applicable for unidirectional power flow and may lead to conservative design
decisions [57].

65



5. MATLVDC

The capabilities of MatLVDC are:

¢ Perform time-domain simulations of DC networks

Including loads and generation that are interfaced via power electronic con-
verters

Simulate bipolar and unipolar network configurations

Simulate radial, ring and meshed network topologies

Calculate time-domain transients for varying parameter values

* Determine the steady-state operating point
* Perform small-signal stability analysis

- Calculate a linearized system state-space representation
- Calculate the poles of the linearized system

— Plot arootlocus for varying parameter values

Perform time-domain simulations of DC networks MatLVDC facilitates setting up the
dynamic equations of the networks and components to perform a time-domain simula-
tion subsequently. The network can contain unipolar and bipolar connections (or feasible
combinations of both). MatLVDC can also handle various network topologies: from radial
topologies to meshed topologies (Figure 5.1). The input data format is provided in the
user guide (Appendix B).

(a) Radial topology (b) Ring topology (c) Meshed topology

FIGURE 5.1: Possible network topologies

MatLVDC will subsequently construct a (nonlinear) state-space representation of the net-
work in a format that is compatible with Matlab®) built-in ordinary differential equation
(ODE) solvers.

Determine the steady-state operating point The state-space representation of the net-
work can be solved using a nonlinear equation solver like fsolve. This allows to deter-
mine the steady-state equilibrium solution.

Perform small-signal stability analysis The state-space representation that is constructed
can subsequently be linearized around a specific operating point. This allows to calculate
the system poles and apply conventional linear analysis techniques.
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5.2 Structure of the toolbox

MatLVDC uses the object-oriented capabilities of Matlab to obtain a structured program
code. An overview of the classes is shown in fig. 5.2. DC System is the main class of
MatLVDC that works together with the subclasses Network, Bus and Component to setup
the model equations:

Network The network class will handle the state-space representation of the electrical
network.

Component The components represent the devices (load and generation) that are present
in the network.

Bus The bus class represents the physical busses in the network, where components can
be connected to.

Network
Y
Bus DC System q—l
Y
Stability Analysis
Component

Signal Builder

Post Processor

=

FIGURE 5.2: Class overview of MatLVDC

The class structure thus strongly relates to the real DC system, that includes the elec-
trical network and components that represent subsystems. MatLVDC will provide the
state-space representation of the DC system, which incorporates the interconnections
between different components in the system. An interconnection connects the output of
one subsystem, which can be a Network object or a Component object, to the input of
another subsystem (Figure 5.3). MatLVDC furthermore distinguishes internal inputs and
external inputs. Internal inputs are inputs that are determined by the interconnection of
subsystems. Examples are terminal voltages or load currents. On the other hand, external
inputs are inputs that need to be provided to the DC system externally. Examples are solar
irradiation and reference set-points.

Figure 5.3 also shows that the Component objects and the Network object have parameters.
MatLVDC is constructed in a way that Component parameters can be modified externally
between simulations. This allows to study the effect of parameter variations on the system
response, steady-state equilibrium and pole locations.
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DC system
outputs
. —>
external internal

external inputs input output input IS
Component Component —
>

—_— Parameters l l Parameters

’ L ||
B ——

Network

Parameters

FIGURE 5.3: Overview of a DC system

DC systems include a method to execute a time-domain simulation. The Signal Builder
class is used to create the external input signals as a function of time. MatLVDC includes
step signals and constant signals, but users can also define other input signals. The results
of a time-domain simulation can subsequently be plotted using the Post Processor class.

The DC system object can also calculate the steady-state operating point. The steady-state
solution can serve as a starting point for the time-domain simulation, or as an operating

point around which the DC system is linearized.
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5.3. Application Example: circuit including a constant-power load

5.3 Application Example: circuit including a constant-power
load

This section uses MatLVDC to assess the stability of a small DC system that is depicted in
fig. 5.4. The circuit consists of two busses that are connected by a branch. Atbus 1 a voltage
source (COMP 1) is connected; at bus 2, an RLload (COMP 3), a capacitor (COMP 2) and a
DC/DC converter supplying an R load are connected. The DC/DC converter component
(COMP 4) includes an inner loop current controller and an outer loop voltage controller.
The reference voltage v, is regulated at a constant value (100V). Consequently, COMP 4
operates at constant power and it has been demonstrated in chapter 3 that this can cause
voltage instability.

.COMP 3
Branch ‘,..-COMP 2
L R, : :
COMP 1 T COMP 4
N L2 Lb
O _rnn

Vv

Vi) \p R2C== ___%} _C>b+ R;»—\t

PIi ‘—G‘}i PIV — Vief

BUS 1 BUS 2

FIGURE 5.4: Application example to demonstrate MatLVDC

Goal

MatLVDCis used to determine the load resistor values R for which the DC system becomes
unstable.

Following steps will be taken to demonstrate the use of MatLVDC:

1. Provide the input data for MatLVDC

2. Determine the system poles of the linearized DC system for varying R values

3. Plot the time-domain response for varying R values to verify the results from the
linear system analysis
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1. Input data for MatLVDC

The input data for the example circuit is entered using the MatLVDC input data format
(Figure 5.5). Once the bus matrix, branch matrix and component matrix are created, a new
DCSystem object is setup. Subsequently the method steadyState is applied to calculate
the steady state of the DCSystem.

2. System poles of the linearized DC system

Since the output voltage of the buck converter is regulated at a constant value, the power
will remain constant for a constant R value. The goal is to determine for which values of
R the system is stable. Therefore the poles of the linearized DCSystem are determined,
using the function dc_system_cpl.linearSys(X,u_ext) where X is the steady-state
operating point for the linearization and u_ext is a vector containing the external inputs
to the DCSystem (i.e. the voltage source value v; (COMP 1) and the voltage setting v, ¢
(COMP 4)).

This procedure is repeated for various values of R, that lead to the root locus plot in
fig. 5.6(a). The root locus plot displays the poles of the DC system, that should be located
in the left-half plane in order to be stable.

The stability is concluded based upon the location of the system poles. The results are
shown in table 5.1. One pole is located in the right-half plane for R = 0.0005€2. Since this
value is very small, stability of the DC system can be concluded for realistic values of R.

R [Q] Stable/Unstable
0.0005 | Unstable

0.278 Stable

0.556 Stable

0.833 Stable

1.11 Stable
1.38 Stable
1.67 Stable
1.94 Stable
2.23 Stable
2.5 Stable

TABLE 5.1: Stable and unstable values of R

3. Time-domain response

The results of the stability analysis in the previous paragraph are verified via a time-
domain simulation. The voltage transients at bus 2 for varying values of R are shown in
fig. 5.6(b). The power waveforms in this case are depicted in fig. 5.6(c).
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(c) Power waveforms for R = 0.0005Q2
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5.4 Conclusion

This chapter introduced the capabilities and structure of MatLVDC. MatLVDC is a Matlab®
toolbox that allows to perform steady-state calculations, time-domain simulations and
small-signal analysis of DC systems. This functionality is not included in the DC System
Stability Toolbox that was published in the past and relies on minor-loop gain criteria that
are only applicable for unidirectional power flow.

MatLVDC facilitates the simulation of DC systems, via a straightforward input data format.
This allows to setup a simulation easily and fast. MatLVDC will construct a nonlinear set
of ordinary differential equations (ODE), that can be solved using Matlab built-in ODE
solvers. MatLVDC can simulate both bipolar and unipolar networks and different network
topologies, including meshed topologies. Users can furthermore extend the available
component library with custom components.

The structure of the program code is object-oriented and matches the physical structure
of DC networks. By applying object-oriented programming, the program code remains
structured.

The use of MatLVDC was illustrated in the last section using a small LVDC network that
includes a DC/DC converter that operates at constant-power and therefore may cause
instability. Using MatLVDC, instability of certain operating points was investigated via
small-signal analysis and subsequently confirmed by time-domain simulations.
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Chapter 6

DC voltage stability of a LVDC
network

The previous chapter introduced MatLVDC, a Matlab toolbox to assess the DC voltage
stability of LIVDC networks with the presence of distributed energy resources. This chapter
will use this toolbox to analyze the stability of two LVDC networks that resemble the
reference microgrid proposed by [56]. The first network has a unipolar configuration,
while the second network has a bipolar configuration.

The first section will describe the unipolar and bipolar networks that will be subsequently
analyzed. The second section will demonstrate the effect of power variations on the bus
voltages in the network.

6.1 Description of the network

The unipolar and bipolar networks, that are analyzed in this chapter, are shown in fig. 6.1
and fig. 6.2 respectively. The unipolar network operates at 380V across the positive L+
and negative L— conductor; the bipolar network operates at 380V across the positive
L+, neutral L0 and negative L— conductors.

To compare the performance of the unipolar and bipolar configuration, the unipolar
and bipolar network have the same network topology and serve the same loads and
generators. The network topology contains a main feeder and 4 side branches. The main
feeder connects bus 1, 2, 3, 4, 6 and 8. Bus 10 is connected to bus 3; bus 5 is connected to
bus 4; bus 7 is connected to bus 6 and bus 9 is connected to bus 8.
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6. DC VOLTAGE STABILITY OF A LVDC NETWORK

Following load and generator components are present in the network:

1 AC/DC inverter that interfaces the DC network to the AC bus. The AC/DC inverter
controls the DC voltage and adjusts the power transfer between the AC and DC
network accordingly to balance load and demand. In the bipolar network configu-
ration (Figure 6.2), a voltage balancer is connected at the DC output of the AC/DC
inverter to generate +380V, 0V and —380V.

2 Battery energy storage systems that are connected via a bi-directional DC/DC
converter. The battery current is controlled.

6 Resistive loads are connected via a DC/DC buck converter to step down the load
supply voltage. The resistor output voltage is regulated at 100V, and therefore the
load power is constant (P = V?/R).

3 PV generators that are connected via a DC/DC boost converter. The boost con-
verter steps up the PV voltage to 380V and regulates the PV voltage to operate at the
maximum power point.

1 Microturbine generator that is connected via an AC/DC inverter to the DC network.
The rotational speed of the generator is regulated at a constant value.

Table 6.1 lists the main parameters of the components. For a detailed mathematical de-
scription of the models that are applied in this chapter, the reader is referred to chapter 4.

Component Parameter Symbol | Value [Unit]
PV generator Rated power p 6kw
PV voltage Upy 200V
Microturbine generator | Rated power P 30kW
Nominal rpm n 55854rpm
BESS Rated power P 3kw
Nominal voltage v 60V
Resistive load Rated power P 1kwW
Nominal voltage v 100V
Resistance R 10Q
AC/DC inverter Rated power P 30kW
AC rms line-line voltage v 300V
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6.1. Description of the network

AC bus
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DC network —
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FIGURE 6.1: Unipolar DC network
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6.2. Influence of power variations

6.2 Influence of power variations

This section will analyze the influence of power variations on the bus voltages in the DC
network using MatLVDC. Three simulation scenarios are considered:

e Variation of the generated PV power, connected at BUS 7, 9 and 10
¢ Variation of the microturbine power, connected at BUS 5
* Variation of the resistive load power, connected at the positive phase of BUS 4

6.2.1 Stability of the initial operating point

The unipolar and bipolar DC system are linearized around the initial operating point. This
allows to determine the poles of the overall system and assess the stability of the initial
operating point (fig. 6.3). The poles are located in the left-half plane, indicating that the
initial equilibrium is stable.
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(a) Poles of the unipolar network

FIGURE 6.3: Linearized system poles
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(a) Poles of the bipolar network
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6. DC VOLTAGE STABILITY OF A LVDC NETWORK

6.2.2 Variation of the generated PV power

The influence of a variation in generated PV power is studied. The generated PV power
depends on the incoming solar irradiance, that is converted to electricity by the PV
array. The PV array is interfaced to the DC network via a DC/DC boost converter that
regulates the PV voltage to operate at the maximum power point: following a variation

in solar irradiance, the maximum power point will move and the PV voltage is regulated
accordingly.

In the unipolar and bipolar DC network, three PV generators are present that each ini-
tially deliver 5kW when the solar irradiance is 1kW/m?. Subsequently, at £ =0.01s a step
change in solar irradiance occurs and the PV output power of all converters changes. The
influence on the main feeder bus voltages (positive to negative terminal) with respect
to time is shown in fig. 6.5 for the unipolar configuration and in fig. 6.6 for the bipolar
configuration for varying magnitudes of the step change.

The simulation results of the power generation and demand and the system losses are
shown in fig. 6.4. This figure clearly shows that the bipolar configuration has less losses
than the unipolar configuration, as expected since the voltage level is doubled (+380V).
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FIGURE 6.4: Simulation results for a PV input power 50% step change
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The voltage transients at the bipolar network busses show a larger variation, since less
losses (Figure 6.4) occur in the bipolar network and therefore the variation is less damp-
ened. Note that the bus voltages are measured between the positive and negative phase
conductor, both for the unipolar network and the bipolar network.

Figure 6.7 shows a bode diagram that represents the frequency response of the main feeder
bus voltages to variations in the PV input irradiances S. A resonance peak is observed for
both the unipolar and bipolar network at 13.2 Hz, that matches the period that is observed
in the bus voltage transients (fig. 6.5; fig. 6.6).

6.2.3 Variation of the microturbine generation

Similar to the simulation scenario that is elaborated in the previous section, the microtur-
bine power generation at bus 5 is varied and the effects on the bus voltages are simulated
for the unipolar (Figure 6.8) and bipolar network (Figure 6.9).

The voltage transient in this scenario is less pronounced than in the PV scenario, since
the initial operating power is lower (15kW initially for PV, while 10kW initially for the
microturbine).

The bode diagram resembles the bode diagram for the PV scenario (Figure 6.7) and is
therefore omitted.

6.2.4 Variation of the load power

Similar to the previous simulation scenarios, the load power at bus 4 (1kW is varied in this
scenario. The bus voltage transients for the unipolar and bipolar topology are presented
in fig. 6.10 and fig. 6.11. The influence on the bus voltage of a load change is marginal,
since the load power is relatively low as compared to the other simulation scenarios.
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FIGURE 6.5: Unipolar bus voltage transients for varying PV power generation
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FIGURE 6.6: Bipolar bus voltage transients for varying PV generation
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FIGURE 6.8: Unipolar bus voltage transients for varying microturbine power generation
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FIGURE 6.9: Bipolar bus voltage transients for varying microturbine power generation
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FIGURE 6.10: Unipolar bus voltage transients for varying resistive load (BUS 4) power
demand
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FIGURE 6.11: Bipolar bus voltage transients for varying resistive load (BUS 4) power
demand
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6.3 Conclusion

This chapter used the toolbox MatLVDC to study the influence of power input variations
on the bus voltages in a DC network. A unipolar and bipolar network, that supply the
same loads and have the same topology, were presented and the results were subsequently
compared.

The bipolar configuration shows higher voltage fluctuations when a power variation oc-
curs, in comparison to unipolar networks. Meanwhile it was observed that the conduction
losses in the bipolar network are lower. Therefore less damping is present in bipolar
networks, which is an explanation for the higher voltage transients.

The results are also given for variations of the microturbine generated power and load
power. Similar transients are observed with the same period, that can also be derived
from a bode diagram of the linearized network.

While this chapter considered some specific power variations to demonstrate the use of
MatLVDC, future work should investigate the influence of short-circuits and grounding
schemes on the voltage stability. Furthermore, the DC systems that were studied in this
chapter are AC grid-connected. In the context of DC microgrids, voltage stability in
islanding-mode should also be investigated. The toolbox MatLVDC can contribute to
investigate these phenomena.
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Chapter 7

Conclusion and future work

The increasing number of distributed energy resources that require DC power, in particu-
lar renewable energy sources, and the increasing number of DC loads, offer opportunities
to apply DC power instead of AC power in distribution networks.

DC power systems have furthermore strengths, weaknesses and threats in comparison to
AC power systems. The increased power transfer capability and increased power quality
are identified as the main strengths. The main weakness of DC power systems is the
unproven reliability, in contrast to AC power systems. The lack of standardization presents
today the main threat to DC power systems. In particular, no nominal voltage level
has been standardized, but several nominal voltage levels are proposed in the technical
literature (an overview was provided in table 2.1).

To ensure the safe and reliable operation of DC networks, stability of the DC voltage is of
utmost importance. Since no definition for DC voltage stability is available, this thesis
proposed one that is based upon the accepted definition of power system stability.

The destabilizing influence of constant-power loads on the DC voltage is demonstrated
from different perspectives and they all lead to the same result: the maximum power that
can be drawn by the constant-power load depends quadratically on the nominal voltage
level.

Multiple stability criteria for DC networks were proposed in the past, but have some
inherent drawbacks. All these are restricted versions of the Nyquist criterion for linear
systems applied to the minor-loop gain at the point of interconnection between source
and load subsystems. Therefore, these criteria only apply for unidirectional power flow.
Consequently, these criteria are not valid when bidirectional power flow occurs in DC net-
works that contain distributed generators. Moreover, these criteria only provide sufficient
conditions for stability that can lead to conservative design decisions.
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To overcome these drawbacks, this thesis addresses voltage stability using small-signal
analysis and time-domain simulations. Small-signal analysis can only be applied for
small disturbances around a specific operating point, but can prove instability of an
operating point when poles are located in the right-half plane. To study large disturbances,
time-domain simulations for specific scenarios are considered.

Both the time-domain simulations and the small-signal analysis require a dynamic model
of DC power systems. This model should include the network equations, and models of
the loads, power sources and the power electronic converters. The equations can sub-
sequently be linearized to analyze small-signal stability or solved to study time-domain
responses.

Time-domain simulations are always a trade-off between the required accuracy and the
available computational resources. Time-domain simulations that take too long will not
facilitate the design process, where the designer wants to verify the stability and check
the influence of design decisions on the safety and reliability of DC networks. Switched
models of power electronic converters exist that are very accurate, but require substantial
simulation times, especially when larger networks need to be analyzed. On the contrary,
simulations have proven that averaged models of power electronic converters require sig-
nificantly less computational resources, while still providing sufficiently accurate results
to assess voltage stability.

To analyze the stability of DC power systems, the author has developed MatLVDC, a
Matlab®) toolbox that is capable of setting up a model of a DC power system fast and
easy using a user-friendly input data format. MatLVDC includes functions to execute
time-domain simulations, compute linearized system poles and study the influence of
parameter variations. MatLVDC can also be used to determine source and load impedance
specifications for existing stability criteria.

This thesis uses MatLVDC to assess the stability of a DC network and to compare the
voltage transients between the unipolar and bipolar configuration for different simulation
scenarios. The simulations show that power fluctuations in the bipolar network configu-
ration result in larger voltage deviations compared to the unipolar network configuration.

Further research should focus on causes for instability and solutions to improve the
stability of DC networks. The application of active damping techniques, that for instance
can be provided by energy storage systems in DC microgrids, should be considered. Also
the influence of grounding and protection schemes on the voltage stability should be
investigated. When a short-circuit occurs in the network, this may result in unstable
behavior. Therefore the fault-ride through capability of the power generators in the
network should be defined based upon large-signal stability assessment. DC voltage
stability should also be ascertained when DC microgrids operate in islanding-mode.
MatLVDC can contribute to analyze these phenomena.

92



Appendices

93






Appendix A

Maximum power through a line

The maximum power through a line is calculated for three-phase AC, unipolar DC and
bipolar DC distribution networks. The formulas that are derived in this appendix, apply to
a line that connects between a source and a load. This facilitates the comparison between
possible configurations for distribution networks, and shows that more power can be
transmitted through the same line when DC is applied [9} [4].

A.1 Assumptions

e The maximum line-line voltage between the conductors V equals the peak voltage
of the cable insulation. The source voltage in every case that is studied is assumed

to deliver the peak voltage:
Vac,sre = \/% (three-phase AC), Vpc2,src = 1% (unipolar DC) and Vpcs,src = %

e The maximum line current (/) through a conductor equals the maximum rms
current

* The maximum voltage drop across a line equals 10% of the source voltage

* The load is assumed to be balanced in case of the three-phase AC and the bipolar
DC distribution network

* Following line elements are taken into account in the calculation:

— AC: line resistance r and inductance x per unit lengtkE]
- Unipolar DC: line resistance r and neutral resistance r,, per unit length

- Bipolar DC: line resistance r per unit length

ISince the three-phase AC distribution line is balanced, no current flows through the neutral conductor
and consequently, the resistance and inductance of the neutral conductor do not have to be taken into
account.
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A. MAXIMUM POWER THROUGH A LINE

A.2 Maximum power through aline

In the subsequent paragraphs, the expressions will be derived for the maximum transmis-
sible power at the load end of the distribution line. The maximum rms current through
and maximum voltage drop across the line limits the transmissible power. For short
lengths, the maximum rms current will limit the maximum transmissible power, while for
long lengths the voltage drop will be the limiting factor. There thus will be a cross-over
between both limits at a certain line length.

Three-phase AC distribution

When the maximum rms current flows through the distribution line, the maximum three-
phase transmissible power at the load end equals:

N

Puci= \/§Vloadlcos¢ = \/5\/(% —L-r-D?+(L-x-D)%*Icos¢ (A.1)

where Vj,44 is the rms load line voltage and cos ¢ is the power factor of the load. r and x
are the line resistance and inductance per unit length respectively. L is the line length. In
the last step, Vj,44 is substituted and it is assumed that the peak voltage at the source end
equals the maximum peak current of the conductor.

When the maximum voltage drop AV,;;4x = 10%\% appears across the distribution lines,
the maximum three-phase transmissible power at the load end equals:

v v 0.1%
Pacav = V3i—+0.1—

Ccos
V2o V2L (L 0?

(A.2)

Unipolar DC distribution

When the maximum rms current flows through the unipolar DC distribution line, the
maximum transmissible power at the load end equals:

Ppcai=(V—L-(r+ry,)-DI (A.3)

where r,, denotes the neutral conductor resistance value per unit length.

When the maximum voltage drop AV, = 10%V appears across the unipolar DC distri-
bution line, the maximum three-phase transmissible power at the load end equals:

. . 01V
Ppcaoav = (V - 0-1V) m (A.4)
: n
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A.2. Maximum power through aline

Bipolar DC distribution

When the maximum rms current flows through the bipolar DC distribution line, the
maximum transmissible power at the load end equals:

N

14
PDCB,i:(Z'E_Z'L'r'I)I (A.5)

When the maximum voltage drop AV,,,,, = 10%V appears across the bipolar DC distribu-
tion line, the maximum three-phase transmissible power at the load end equals:

. Y

P =12-—-0.1— A.6
DC3,AV ( > 2)2-L~r (A.6)
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MatLVDCvi.0 User Guide

Giel Van den Broeck

MatILVDC is a Matlab® toolbox to analyze the stability of low-voltage direct current (LVDC) net-
works (including power electronic converters and distributed energy resources) via time-domain
simulations and small-signal stability analysis. The toolbox is intended for students and researchers
that are investigating DC networks and to facilitate the design process.

1 Capabilities

MatLVDC includes following capabilities:

¢ Time-domain simulation of DC networks

— Including loads and generation that are interfaced via power-electronic converters
— Unipolar and bipolar network configurations

- Radial, ring and meshed network topologies (Figure 1).
* Analyze the DC network stability

— Perform small-signal analysis
— Determine system pole locations

— Analyze the frequency response

(a) Radial topology (b) Ring topology (c) Meshed topology

Figure 1: Possible network topologies



2 Installation

MathWorks Matlab®is required to use MatLVDC

1. Unpack the MatLVDC zip-file
2. Open Matlab®
3. Add the unzipped folder MatLVDC and it’s subfolders to the Matlab® path

3 Terminology and input data

The DC system (fig. 2) refers to the overall system that includes all elements and control loops that
are present in the DC network. MatLVDC distinguishes three types of elements that constitute a
DC system:

Bus A bus is a connection point in a network where loads and generation can be connected to
(fig. 3).

Branch A branch is an electrical connection between two busses. The branch model is shown in
Figure 5.

Component A component refers to a load or generation subsystem that is part of the DC net-
work. Examples of a component are: photovoltaic generation, battery energy storage system,
AC/DC voltage-source inverters.

Component 3

Component 1 — ﬁ

AV

o~ T IS
Ao AR

Component 2 Component 4
Figure 2: DC system
To setup a DC system, the busses, branches and components need to be defined as input data in a

matrix format that resembles the input data format of MatPower and MatACDC (see Table 1, 2 and
3).
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Figure 3: Possible branch and bus configurations
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(a) Unipolar component (b) Bipolar component

Figure 4: Possible component configurations

The branches, busses have a configuration and components have a connection parameter that can
take 3 values (see Fig. 3):

1. Unipolar positive In case of a bus, the bus has a positive and a neutral terminal. In case of
a branch, the branch has a positive and neutral conductor and in case of a component, the
component is connected between the positive and neutral terminal of a bus.

2. Unipolar negative In case of a bus, the bus has a negative and a neutral terminal. In case of
a branch, the branch has a negative and neutral conductor and in case of a component, the
component is connected between the neutral and negative terminal of a bus.

3. Bipolar In case of a bus, the bus has a positive, negative and a neutral terminal. In case of a
branch, the branch has a positive, negative and neutral conductor and in case of a compo-
nent, the component is connected to the positive, negative and neutral terminal of a bus.

Components are considered as (multi)port subsystems, that can take the terminal voltage as an
input and take the input current that flows into the component as an output. Be careful not to con-
fuse input currents and voltages with system in and outputs: the input current can be a subsystem
output.
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Figure 5: Branch model

1 | BUSDC_I Bus number
BUSDC_CONFIG | The bus configuration:

1. Unipolar + to n
2. Unipolar n to -

3. Bipolar p to n

Table 1: Bus input data

Two component configurations exist:

1. Current controlled components control the input current that flows into the component. The
input voltage is taken as a system input and the input current is the system output.

2. Voltage controlled components control the input voltage across the component terminals.
The input current is taken as a system input and the input voltage is the system output.

Because of the internal structure of the software, every bus needs to have just one voltage controlled
component connected to every terminal (between positive and neutral and negative and neutral).
In most of the cases!, this will be a capacitor component. This capacitor component should also
include the branch shunt capacitances. The resulting capacitance at a bus can be calculated using
the function getBusCapacitances (busNumbers).

4 Component library

MatLVDC contains a component library that includes common models for DC networks. The avail-
able components are listed in table 3.

10ther cases are when the bus is used to regulate the network voltage. E.g. an AC/DC converter or a battery energy
storage system that regulate the DC voltage.



1 F_BUS The number of the bus where the branch departs
T_BUS The number of the bus where the branch arrives
3 | BR_.CONFIG | The configuration of the branch:

1. Unipolar + to n
2. Unipolar n to -

3. Bipolar p to n

4 | BRR1 Series resistance of the positive conductor (Figure 5)

5 BR_R2 Series resistance of the negative conductor (Figure 5)

6 | BRRn Series resistance of the neutral conductor (Figure 5)

7 | BRL1 Series inductance of the positive conductor (Figure 5)

8 | BR_L2 Series inductance of the negative conductor (Figure 5)

9 | BR.Ln Series inductance of the neutral conductor (Figure 5)

10 | BR.C1 Shunt capacitance between positive and neutral conductor
(Figure 5)

11 | BR.C2 Shunt capacitance between the neutral and negative conductor
(Figure 5)

Table 2: Branch input data

5 Using MatLVDC

How to run a time-domain simulation

—

Create the bus matrix, branch matrix and component matrix

Create a new DC System object via DCSystem

3. Determine an initial condition. Use the steady-state method of the DC System class via
steadyState to determine the steady-state solution. Provide a nonlinear equation solver (e.g.
fsolve) to the method.

4. Create a SignalBuilder object and define the external input signals to the DC system.

5. Run simulate, provide an initial condition and a time frame to simulate

N

simulate allows to specify a ordinary differential equation (ode) solver. The Matlab built-in vari-
able step ode solver ode23tb is recommended. Users can specify error tolerances according to the
required accuracy.

How to perform a small-signal stability analysis

1. Determine an equilibrium point for the small-signal analysis

2. Run linearSys to calculate the linearized system. linearSys also returns the linearized system
poles.

3. Process the results

» Use PostProcessor.polePlot() to plot the system poles
* Use PostProcessor.rootLocus() to plot the system poles for varying system parameters

¢ Use PostProcessor.time3dplot() to study the influence of a parameter variation on the
time-domain transient in a Xyz axis representation



COMP_I

Component number

COMP_BUS The bus number of the bus where the component is
connected to
COMP_TYPE The type of the component:

1. Photovoltaic array interfaced via a boost
DC/DC converter

2. Battery energy storage system interfaced
via a DC/DC boost converter

Three-phase AC/DC inverter
Current source

(No component defined)
Voltage source

(No component defined)

oo N o o b W

Resistive load interfaced via a DC-DC
converter

9. Bipolar capacitors
10. Unipolar capacitors
11. Voltage balancer

12. AC/DC converter interfaced via a voltage
balancer

13. Permanent-magnet synchronous generator

14. Microturbine

COMP_CONFIG

The component configuration:
1. Current controlled

2. Voltage controlled

COMP_CONN The component connection:

1. Unipolar + to n

2. Unipolar n to -

3. Bipolar p to n
C1 Input capacitor connected between + and n
Cc2 Input capacitor connected between n and -

Table 3: Component input data




6 Troubleshooting

Errors

MatLVDC verfies the input data that is entered by the user. Following errors can occur and subse-
quently be resolved by adapting the input data:

Component x has an invalid connection specified Check the connection of component x

Invalid input data: multiple voltage controlling components connected at positive/negative ter-
minal of BUS x Check the number of voltage controlling components at BUS x. Only one voltage
controlling component per bus terminal (postive/negative) is allowed.

Invalid input data: no voltage controlling component is connected at the positive/negative ter-
minal of BUS x Make sure that just one voltage controlling component is connected at BUS x.
Regularly, this can be a capacitor component (COMP 9 for bipolar busses or COMP 10 for unipolar
busses)

Branch x is a bipolar branch and cannot be connected between unipolar busses Check the branch
and bus configuration

Branch x is a positive/negative branch and cannot be connected between unipolar negative/pos-
itive busses Check the branch and bus configuration

Component x cannot be connected to a unipolar positive/negative bus Check the bus connection

Following warnings may occur:

The component numbering has been updated The user can assign random component numbers
in the component matrix. However, MatLVDC requires the numbers to be in ascending order,
starting from 1. If the component matrix numbering does not follow this rule, the component
numbers are updated by MatLVDC.

The bus numbering has been updated The user can assign random component numbers in the
bus matrix. However, MatLVDC requires the numbers to be in ascending order, starting from
1. If the bus matrix numbering does not follow this rule, the bus numbers are updated by
MatLVDC. MatLVDC will transfer the bus numbers in the component matrix to the updated
versions.

Difficulties with steady-state convergence

To determine the steady-state, MatLVDC allows to specify a nonlinear equation solver. Matlab
built-in nonlinear equation solver fsolve is recommended, but can have difficulties to converge
to the steady-state solution.

This difficulty can be overcome by providing a good initial estimate of the DC system state. There-
fore the steadyState method in the DCSystem class initializes the bus voltage to the nominal voltage
level.

Alternatively, the user can provide an initial estimate. A good initial estimate can be obtained by
running a short time-domain simulation of the DC system until steady-state. The last solution in
the time-domain simulation can then serve as an initial point for the nonlinear equation solver.



7 For developers

How to define custom component definitions?

1. Determine the configuration of component x: unipolar (2 terminals) or bipolar (3 terminals)
2. Create 3 Matlab functions, starting from the template scripts:

x_deqn contains the state-space representation of the custom component. Replace 'x’ by a
custom component name.

x_oeqn contains the outputs of the custom component. The first outputs are predetermined

according to table

XXX.

x_labels contains the state, input, output and parameter labels of the component. This al-
lows to automatically create legend entries for plots.

Component configuration | Type Required internal inputs | Required outputs
Unipolar Voltage-controlled i v
p Current-controlled v i
. Voltage-controlled lipin] [vpv]
Bipolar Current-controlled [vpUn] [ipin]

Table 4: Component inputs and outputs




8 Function reference

The Matlab code is documented, including all input and output specifications of the functions of
MatLVDC. This function reference gives an overview of the main functions of MatLVDC

DCSystem is the main class of MatLVDC
DCSystem(bus_matrix, branch matrix, component matrix) Createanew DC system object
steadyState(extInputs, x0, nominalVoltage, solverOptions) Calculate the steady state
using fsolve, for the given set of external inputs to the DC system
simulate(odesolver, solverOptions, t_span, signalBuilder, x0) Simulate the DC sys-
tem response for a given set of external input signals specified by a Signal Builder object.
linearSys (X, extInputs) return the linearized system matrices for the DC system around
an operating point X for a given set of external inputs.
setComponentParameters (COMP_ID, parameters) Setthecomponentparametersofthe com-
ponent specified by the COMP_ID. The parameters is an input vector.
displayStates, displayInputs, displayOutputs Display the states/inputs/outputs of a DC
System. The index of the state/input/output is returned, the component it belongs to
and the label. This function allows to track the system variables.
PostProcessor presents the simulation results graphically
polePlot(poles,markerSize) plotthe poles that are specified in the poles array.

statePlot(time,results,labels) Create a plot with the results with respect to time. The
results array has the same structure as the array that is returned by Matlab built-in ode
solvers. The labels are the legend entries for the results.

time3dplot Create a xyz plot of the time response for a specified quantity and a specified
range of a parameter that is altered. To be used in conjunction with
StabilityAnalysis.multiTimeSim.
StabilityAnalysis includes the functions to analyze the stability and effect of parameter variations
on the DC system stability
rootLocus Create a root locus pole plot for a specified range of a parameter
miltiTimeSim Run multiple time-domain response simulations for a specified range of a pa-
rameter
SignalBuilder creates the input signals for time-domain simulations
newSignal (externalInputNumber, signalFcn, SignalParameters) Addsasignalto the Sig-
nalBuilder that will be applied at the external input that is specified by externallnput-
Number. signalFcn allows to specify a type of signal. Built-in signals are @ constant (1
parameter being the constant signal value) and @step_ signal (3 parameters: the instant
when the step occurs, the initial value and the final value).
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Modeling Dynamics of Electric and Electronic
Components in DC Distribution Grids

Giel Van den Broeck, Mai Tuan Dat, Graduate Student Member, IEEE and Johan Driesen, Senior Member, IEEE

Abstract—DC power has recently become a potential option
to contribute to future power systems. While the steady state
analysis of DC distribution networks becomes more and more
mature, dynamic analysis of DC grids is under-investigated. On
the other hand, transient of DC network is different from AC
networks’ due to a greater participation of electronics converters
at generator sides and consumption sides. This paper describes
a model of a DC network comprising several components to
produce a general formulation which is subsequently simulated
and validated.

Index Terms—DC power system, DC grids, distribution net-
works, Renewable Energy Sources (RESs), converters, dynamic
analysis, transient.

[. INTRODUCTION

The continuous power demand at distribution grids drives
distribution systems to operate more efficiently. Nevertheless,
quick development of Distributed Energy Resources (DERs)
introduces a technical stress on the existing AC power net-
works because of unpredictable production of Renewable En-
ergy Sources(RESs) particularly low-power top-roof PVs and
wind turbines.

In order to overcome this issue, DC grid is proposed
as an alternative solution at distribution power networks to
integrate completely RESs, electronically based loads, and
electric vehicles into DC power. DC technology is already
widespread in several applications such as telecommunication
systems, data centers and mobility applications. DC power at
power distribution levels currently has technical-economical
advantages over traditional AC power. One of distinguishing
features of DC grids is the requirement of electronic converters
at both generator sides and load sides to regulate power as well
as voltage in the networks.

While the analysis of DC distribution networks becomes
more and more mature in steady states, the dynamic analysis is
under-investigated to assess the reliability during transient [1].
Firstly, independent controllers of each converter should be
taken into account in the analysis. Secondly, non-linearity of
constant power loads causes incorrect results if the linearisation
does not coordinate all of sub-models of the system. Thirdly,
grouping different sub-models, which yield an overall system,
need to be defined for stability analysis. However, this task has
not been straightforward.

G. Van den Broeck, T-D. Mai and J. Driesen are with group Electa, the De-
partment of Electrical and Electronics Engineering at Katholieke Universiteit
Leuven (KU Leuven) and Energy Ville, Belgium. This work was supported in
part by FWO Project of DC grids G037312N Dynamische Efficintie Analyse
van Midden-en Laagspanning DC Distributie Netwerken

This paper proposes a general methodology to formulate a
DC grid network. A generalized formulation of the network is
manipulated by sub-models of electrical components in space-
states matrix. The models of generators, distribution lines and
loads are introduced in average mode equations. Different
kinds of controlled-converters situated at generator side and
loads side are taken into account. Large signal analysis and
results of various test cases are employed to validate the
proposed formulation method.

II. SWITCHING-MODEL TYPE VERSUS AVERAGE-MODEL
TYPE IN SIMULATION

Due to the switching operation of power converters, values
of voltage and current quickly vary corresponding to the states
of power switches. A simulation of DC grid in a switching
model hence provides more detail results. However, the simu-
lation in the switching model also requires more computational
resources that becomes insufficient for a large scale simulation
of DC grids. On the other hand, the simulation in average-
model yields the same results as the switching-model approach
and fully expresses the transients of values. A comparison
of these two different approaches is introduced in Fig.l
Issues of harmonics is assumed not to be presented in this
paper. Therefore the average-model approach is adequate for
modeling large scale systems.

III. DC MICRO-GRID MODELING

This paper introduces a simple model of a DC network,
comprising an AC/DC interface converter at node 1, 2 constant
power loads (CPLs) at node 2 and 3, a PV system (node
4) and a battery energy storage system (BESS) at node 3,
which are interconnected by 3 distribution lines. This simple
model shown in Fig.2 is suitable to emphasize the context of
this paper. While Source #1 represents the AC/-DC interface
converter, which controls the DC bus voltage v; by varying the
amount of power exchanged between the DC and the AC grid.
It therefore operates as a slack bus. Source #2 is considered
as a PV array system interfaced via a DC-DC boost converter.
Source #3 is a battery energy storage system (BESS) operating
as a current controlled-source. Load #1 and #2 are both
constant-power loads which behave as a negative incremental
impedance that subsequently leads to instability. The nominal
voltage level of the DC grid is assumed at 400V.



— Switched model
— Averaged model]

IS
S
=S

Voltage [V]
=
S
£
Voltage [V]
IS
8

&

<]

S
w
o
P

=
=3
=3

— Switched model
— Averaged model

——Switched model
—— Averaged model

Voltage [V]

3 385 37,
0.54 0.55 0.56 0.57 0.58 0.59 0.54 0.55 0.56 0.57 0.58 0.59 054 0.55 0.56 0.57 0.58 0.59
Time [s] Time [s] Time [s]
(a) Case 1 (b) Case 2 (c) Case 3

Fig. 1. Step responses of the voltage at different test cases simulated by the detail switching-model and the average-model approach
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‘Source #2

Source #1 in i

Load #1 Load #2

Fig. 2. Representation diagram of a simple DC network with 3 sources and
2 loads

IV. ELECTRICAL ELEMENTS OF THE DC MICRO-GRID
A. Distributed generators

Model of generators is divided into 3 groups depending on
the hardware topology. They are categorized into three phase
AC-DC rectifiers, single phase AC-DC rectifiers and DC-DC
converters. Controller integrated at each converter regulates
either voltage or current at bus. Due to the assumption in this
paper, models of a single phase DC converter and an AC-
DC converter are described as a demonstration. The alternative
representative model of DC-DC converter is slightly different
from [2] and suitable with the PV model in [3]. The model of
AC-DC rectifier is formulated in an average-model approach
with a DC voltage control.

i vae(t) Cac == i

DC grid side

Fig. 3. Representation of a three-phase PMSG interfacing with a three phase
converter

1) Three phase AC-DC rectifier: AC-DC PWM interface
rectifier is a power converter that interconnects between a DC
distribution grid and an AC grid. This device allows power to
be delivered in a bidirectional flow. The AC side is modeled
as an infinite bus, connected via an RL filter to the converter.

AC electrical components are expressed in the d — ¢ rotat-
ing reference frame to facilitate the controller operation and
design. This approach considerably simplifies the controller’s
equations and hence improves the controller performance. The
d—q frame control requires a synchronization mechanism. It is
usually achieved through the phase-locked loop (PLL) which
is assumed to work properly in this scheme. The model of the
AC-DC PWM rectifier controls not only the AC active power
injection but also the DC bus voltage level. The proposed
cascade structure controlling the DC bus voltage is an outer-
loop control which determines the active power set-point of
the inner-loop controller.

Lf% = —Ryiqg+wLysiyz — Veonvg + Vg o
Lf% = —Ryiq —wLyiqg — Veonvg + V,
By giving 2 control inputs Vconvgy = md% and
Veonvg = mg?4e
Lfd%d = —Ryiqg+wlyiqg — “=mq + Vg )
Lyt = —Ryig —wLyia — *32mq + Vg

Modulation index mq and m, are regulated by the control

law: ) ,
mg = @(—ud + Lywiq + Va),

. 3
mg = Vde (_u(l - wald + ‘/(1) ( )
Inner loop current controller:
Lfd% :—sz'd—i—ud )
Lf% = —Ryig + uq

By introducing two controller equations which are ex-
pressed as follows

ua(t) = za(t) + ka(s) (ia(t) = ia,., (1))
uq<t) = xq<t) + kq(s) (iq(t) - iqrcf (t))
Two PI controllers &y, (s) and k,(s) are employed to control

iq(t) and i4(t) corresponding to their respective reference
values and are described as follows

k‘ S + k‘z
als) = ky(s) = "2

&)

(6)

L R
where k, = 2L, k; = =L
T

i Ti

Current 74(t) is set to zero to regulate the reactive power
flow at zero in steady-state while i4(t) determines the active



power flow. The participation of PI controllers for close loop
control produces two additional state variables (zrq and x,
respectively) at each converter. Eq.4 yields

iq(s) _ 1
iges(8)  Tis+1

zd(s)

idref (S)

)

Therefore, the transfer function between the actual values
and the set-point values of the system is composed as a low-
pass filter when an inner loop feedback are implemented by
the current loop controllers.

Outer loop current controller: DC voltage at the DC side
is expressed as

C dvs
2 dt

= Pconvoyr — Pyria (8)
= %’Udid — Usis

where v,,¢ are the grid connected DC side voltage and its
current respectively.
By neglecting switching loss:

%’Udgd = Lelectric — %szg (9)
% d;ts = Lelctric — %szfi - Usis
where Pelectric = Pprime mover %% is the number of
pole pairs. Ry is small and considered as a disturbance.
Introduce iyef = u, + vpeﬂji:”‘” se(t) =v2 , —v3
DC-link equation yields
dv?
% qujtb = (1 - ’V)Pwind _ VsUy (10)
Uu(s) =kyEyu(s) = ;‘(18:2“32) E,(s)
By combining Eq.7 and Eq.10, the space states yield
iq 00 0 0 £ iq 0
d iq 0 0 0 0 O iq 0
u G =10 0 —a3 0 O G +11
Gz 00 1 0 0 G 0
idrcf 0 0 a1 (5] 0 idref 0
A B
(11

The Eg.11 demonstrates that an AC-DC converter with
cascade controllers in DC grid is feasible to be implemented
as a slack bus and modeled in a states-space representation
form.

DC converter

Fig. 4. Representation pf an PV array interfacing with a buck converter

——

2) DC-DC converter: Model of a PV array is described
as a current function according to the PV output voltage and
expressed as the following

a ”d“>—1} (12)

ipv = anph — nplrg |:e.%'p (M -

where
I, : reverse saturation current of p — n junction.
g = 1.602 x 1071°C : unit electric charge.
k=1.38 x 10723J/K : Boltzman ‘s constant.
¥ : p —n junction temperature (in °K).
A : ideality factor. I, : short-circuit current of one string
of the PV panels, is the function of temperature, is a linear
function of the solar irradiation level S, as

S

ﬁ} (13)

Iph = [Iscr + kﬁ(ﬁ - 197‘)]

where
9,2 cell reference temperature
Ise,: short circuit current of one PV cell at the reference

temperature irradiation level, and ky is a temperature
coefficient.

P, pv = Z.pv Vdc

P, = f(Wde, S, 9) (14)

_ q_ Vge
= anphvdc - anrsvdc |:€l'p (m nds ) - 1:|

The PV array is interfaced with the DC network through
a DC-DC boost converter. Controller of the DC-DC converter
regulates vy, in order to operate the PV array at the maximum
power point (MPP). The dynamics of v, are negatively af-
fected by the capacitor C' at the input of the DC-DC converter:
Dynamical equation of DC-link voltage is based on the
principle of power balance, as
e(t) Ml i, (v,,.5.0) - (1)
where P,. denotes the power delivered to the VSC DC side
Upy, VoOltage across PV array.
A PV array interfaced via a DC buck converter is expressed
as the following

(15)

Py =vgi+ Ri*+ L%

. . -2
= vgi + Ri® + %%

(16)

where i(t) : inductive current controlled by an inner current
control loop via the control input d(t).

The PV characteristic iy, in 15 is a nonlinear expression.
To facilitate the controller design, an alternative control input
is proposed as follows

Uy = 0* — iy (17)

Thanks to the inner control loop control, output current is
assumed to quickly fit with the reference current i(t) ~ i*s
i(t). In addition, response of the inner control is considerably
faster than the outer voltage control loop. Therefore the transfer



function of current shown in Fig. 18 is approximated by a first-
order low pass-filter.

Idc(s) 1
= 18
I;C(S) ( )

T7s+1
A PI controller ky,(s) = Kp+ Ig L regulates vp, to the desired
reference value vy, corresponding to the MPP. The voltage
controller parameters are tuned by matching the desired system
poles to a second order closed-loop transfer function.
The system state-space description corresponding to Equa-

tion 19 yields

dt | ¢ K; 0 ¢ K|

3) General dynamic equation: Both two models of gener-
ator are combined in one state-space matrix. The general form
of this matrix is described as follows:

a[e] =5 e [ o

d .
Exgen Ac *Tgen + Bc -1+ Sc * €source
lgen = Cc * Lgen (20)
Vgen = Ec *Lgen

A generator operates at one of two functions which are ei-
ther a slack bus or a no-slack bus depending to the operational
scheme of a multi-terminal DC grid [4]. where

Ae Ac(slack) 0

0 Ac(no slack)
B. = [0 Bc(no slack) ]T;
Sc - [Sc(slack) ]T;
C. = [Cc(slack) 0 ]T;
E. = [0 Ec(no slack) ]T;

B. Battery Energy storage system - BESS

The BESS is modeled as a constant voltage source and an
internal resistance and neglected the dynamics of the state-of-
charge of the battery. This assumption is valid since the state-
of-charge will not show fast dynamics during the transients
which are the topic of this paper. The BESS is interfaced
via a bi-directional DC-DC converter with the DC network,
which allows to control the battery current. Conversely, the
BESS is modeled as a current constant load in charging mode.
The NREL model of a Lead-acid battery shown in in Fig.5 is
implemented in this paper.

R
2'A'%%

\ B8

Vbattery

—‘7 CC :
1 -

Fig. 5. NREL model of a lead-acid battery

C. Distribution Lines 4

Distribution lines are modeled as components consisting
of resistance and inductance values. Although the inductance
value is rather smaller than the resistance values in distribution
lines, it is not neglected in the simulation because of the
voltage impact during transients. The dynamics of voltage and
current in the distribution lines yields

%xline = An * Lline + Bn CUy + Gn “Ue + Ln * Uload
Z.line = Cn * Tline
Veonv; = En * Tline
Vbus = Hn * Lline
(22)
where
Lline = [ilinesa Vcurrent source];

u,,: voltage at other buses ;
uc: current generated by current-source converters
Ujoaq: current required by loads

For instance, representative matrix of the distribution lines
introduced in Section III. is formulated as follows:

-0 0z O 0
Rao 1 1
0 -z 0 g Tz O
0 0 R3s3 0 1 1
A, = 1 1 L33 L33 L33
& & 01 0 0 0
0 & & 0 0 0
0 0 e 0 0 0 |
B, = [#£ 000 0 0]
0000 —L 0 0
= C2
@D Cn 000 0 -4 0
D, = [00000 —& |
D. Loads

1) R-L Load: is considered as a current depending load.

Al - Tioad + B -
C1 - Tioad

d
atLload =

23
Tload = ( )

where ;.44 = i1 ; w; is the voltage across load ; A; = %L ;
B, = L% ; C; = 1 for one load.

2) Constant power Load (CPL): A CPL is interfaced
through a power electronic stage which is either DC-DC or
DC-AC converter [5]. A feedback loop is required to control
load demand described in [6]. A formula in [7] expresses a
strict relation of consumption demand and converter compo-
nent values as the following

C 1
P < VP =R+ — 24
L <V, ( ot R (24)

where V] is the steady voltage across load; C, Ry are capac-
itor and resistor connecting in parallel with CPL respectively;
L;, R; are inductor and resistor connecting in series with the
power converter stage.



TABLE I
CIRCUIT PARAMETERS

Parameter description | Symbol | Value
Constant-power load power Pep 3 kW
Rated PV power Ppy 7 kW
Distribution line resistance R31 = R32 = R33 0.138 Q
Distribution line inductance L31 = L3s = L33 0.26 mH
Distribution line capacitance Co=C3=0Cy 1 mF
AC/DC interface converter capacitance Cq 2.2 mF
Nominal DC grid voltage Vie 400 V

V. GLOBAL LINEARIZED MODEL

Different elements of the DC micro grid introduced in the
previous section are composed and formulated in the unique
matrix. Thanks to the mutual interconnection of electrical
values, outputs of one element are inputs of other elements.
The general dynamic equation X,,s = f(X,ys) + g(u) after
linearization yields:

A, B. x E, 0

4 X ys B, x C, An Lo X B | - Xeys
0 Bl X Hn Al
S.  Bc(noslack) 0 Esource
+ | o 0 S
0 0 Bycrr) Pepr
(25)

where Xsys = [xgen§ Lline; xload]

Dimension of matrices in Eq.25 depends on a number of
components of components, including generators, loads and
distribution lines so that the global linearized model matrix
consists 2 sparse matrices A,, and B,,. The sparsity of the
system matrices allows to exploit sparse matrix solvers, which
are computationally less intensive.

VI. VALIDATION

In order to validate the method of modeling DC grids with
converters proposed in this paper, a simulation using PLECS
and Matlab/Simulink is presented here. Electrical components
are separately built as sub-models before being formulated
in a global generalized model in Eq.25. Three test cases are
deployed as follows to fully evaluate the formulation as well
as the simulation results in average mode approach.

1) Test case 1 - Shading PV showing the transient when
the production on PV diminishes.

2) Test case 2 - Transient caused by BESS when the battery
switches from discharging to charging mode.

3) Test case 3 - Voltage step-change at slack bus showing
the transient when the output voltage level at the AC-DC
converter is immediately regulated from 400V to 380V.

Results of the three test cases are evaluated at each bus in
terms of the variation of voltage, current, power and losses.
The simulation interval is examined from 0.54s to 0.6s. Initial
condition of three test cases have the same values to emphasize
the variation of each value during transient. Some assumptions
are applied to simplify the simulation model which include the
following

p—

L 5

= hhat

p—
acde

= oad,1

Yload2
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Fig. 6. Transient of voltage, current, load and power in Test case 1 in case
of changing PV power

o The BESS is modeled as a constant voltage source and an
internal resistance, interfaced via a DC-DC buck converter
to the DC network.

« Averaged models are used for the converters by assuming
that the switching ripple is negligible as compared to the
time averages of the voltages and currents.

o The converter is a loss-less device in which no switching
losses and conduction losses are taken into account.

o« The MPP of the PV array is tracked instantaneously,
thereby neglecting the MPPT algorithm dynamics.

o The PLL properly functions to keep Vg at OV.

o The AC-DC interface converter drives as a slack bus. The
AC grid is modeled as an infinite bus with a constant
voltage amplitude.

A PV shading in Test case 1 assumes that the solar irradia-
tion suddenly decreases from 100% to 75% corresponding to a
decline of 1750W of PV production. The transients of values
shown in Fig. 6 mainly affect the voltage level at each node.
The voltage at node 4 where PV array is installed drops by
nearly 2V while the voltage at other buses is less influenced
by this PV power variation. The power sent back to AC grid
side also decreases so that total losses in distribution lines also
decreases.

Operation mode of the BESS is switched from discharging
mode to charging mode in Test case 2 in which the output
current is triggered from —5A to 5A. The BESS behaves
as a constant current source rather than a slack bus in this
simulation. A DC converter is interfaced to boost voltage
from 200V at battery’s terminals to 400V at the DC side.
Although the electrical oscillation appears and lasts during the
transient, the voltage step change is unremarkable. However,
the overshoot of line currents and bus power where the BESS
is installed are twice higher than the deviation of two steady
state values which is shown in the Fig. 7. So the losses are
also overshot of their values and ringed during transient.

The responses of electrical values when the set-point value
of the slack bus declines to 380V are introduced in Fig. 8.
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Fig. 7. Transient of voltage, current, load and power in Test case 2 in case
of changing operational mode of BESS
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Fig. 8. Transient of voltage, current, load and power in Test case 3 in case
of changing slack-bus voltage

Voltage at the other buses accordingly changes without any
oscillation. A transient peak of power and current exists at
the node installing AC-DC converter due to the capacitor filter
which also causes transient of total losses.

VII. CONCLUSION

A global model is obtained by linearizing sub-models and
coupling them. The dynamic behavior of each component is
plotted and evaluated if there is any transient occurring at a
specific bus.

The proposed dynamic model is applied not only for tran-
sient analysis such as voltage, power, and current but also for
evaluating total losses of system caused by converters in DC
grids. Because control parameters of converters mainly affect
the overall system, the dynamic model is also an alternative
assessment tool to tune the parameters of converters.
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