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Abstract

Renewable energy systems are likely to become wide spread in the future due
to environmental demands. As a consequence of the dispersed nature of
renewable energy systems, this implies that there will be a distributed
generation of electric power. Since most of the distributed electrical energy
sources do not provide their electric power at line frequency and voltage, a DC
bus is a useful common connection for several such sources. Due to the
differences in output voltage among the sources, depending on both the type
of source and their actual operating point, the sources are connected to the
DC power system via power electronic converters. The intention behind the
presented work is not to replace the existing AC power system, but to include
local DC power systems. The AC and DC power systems are connected at
some points in the network. The renewable energy sources are weak compared
to the present hydro power and nuclear power plants, resulting in a need of
power conditioning before the renewable energy is fed to the transmission
lines. The benefit of such an approach is that power conditioning is applied on
a central level, i.e. at the interface between the AC and DC power systems.

The thesis starts with an overview of related work. Present DC transmission
systems are discussed and investigated in simulations. Then, different methods
for load sharing and voltage control are discussed. Especially, the voltage
droop control scheme is examined thoroughly. Since the droop control
method does not require any high-speed communication between sources and
loads, this is considered the most suitable for DC distributed power systems.
The voltage feed back design of the controller also results in a specification of
the DC bus capacitors (equivalents to DC link capacitors of single converters)
needed for filtering. If the converters in the DC distribution system are
equipped with capacitors selected from this design criterion and if the DC bus
impedance is neglected, the source converters share the total load equally in
per unit.



The same DC distribution bus configuration is studied in a wind power
application. Especially the dynamic properties of load-source interactions are
highlighted. They are interesting since the sources are considered weak for a
distributed power system. This is illustrated with simulations where the power
is fed from wind turbines only and constant power loads are controlled at the
same time as the DC bus voltage level. The wind power generators are
modeled as permanent-magnet synchronous machines. The controller needed
for the machines, including position estimation and field weakening, is
discussed. To control the DC bus voltage, the available wind power must be
higher than the power consumed by the loads and the excess power removed
by pitch angle control. Pitch angle control is a comparably slow process and,
therefore, the DC bus voltage controller must handle the transient power
distribution.

Personal safety and prevention of property damage are important factors of
conventional AC power systems. For the investigated DC power system this is
maybe even more important due to the fact that the star point of the sources
and loads is left ungrounded or grounded through high impedance. The
difficulty of detecting ground faults arises from the fact that the AC sources
and loads are ungrounded or have high impedance to ground in order to
effectively block zero-sequence currents flowing between the AC systems. A
grounding scheme for the DC distribution system together with algorithms
for detection of ground faults, are presented. The proposed method detects
ground faults on both the AC and DC sides and is extended to cover short
circuit faults with a minor work effort.

Two schemes for high voltage interconnection of DC systems are studied.
One of them provides galvanic isolation, which is an advantage since elevated
voltage might appear in the DC systems otherwise, in the case of a ground
fault in the high voltage interconnection.

Experimental verifications follow the theoretical investigations introduced
above. First, dynamic properties are studied and the behaviour predicted from
theoretical analysis and simulations is verified. Then, load sharing is
investigated. Also in this investigation, the experimental results agree with the
simulated.
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Chapter 1
Introduction

In this chapter DC distributed power systems (DPS) are introduced together
with a review of the DC DPS state of the art technology. Renewable energy
systems are likely to become wide spread in the future, due to environmental
demands, for example, regarding pollution. This implies that there will be a
distributed generation of electric power. Since several of the distributed
electrical energy sources provide DC voltage, several such sources might be
connected. Due to the differences in output voltage among the sources,
depending on both the type of source and their actual operating point, the
sources are connected to the DC power system via power electronic
converters.

It should be clear that the intention is not to replace the existing AC power
system, but to include local DC systems [14]. These AC and DC systems are
connected at some points in the network. The benefit of such an approach
arises from the fact that renewable energy sources are weak compared to
present fossil fuel, hydro power and nuclear power plants, resulting in a need
of power conditioning before being fed to the transmission lines. With a DC
distributed system, conditioning can be applied at a central level of the AC
distribution system, close to the DC system connection points. Also, several
consumer loads operate on DC (rectified AC). Therefore, DC distribution
could be used to omit the need for transformers and rectifiers in every single

load.

The DC distributed power system has various kinds of energy storage added,
which means that it can support nearby customers during AC power system
failure or emergency situations. Also, sensitive equipment likely to be installed
in future intelligent buildings also needs energy backup, i.e. uninterruptable
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power supply (UPS) properties. This is already in use, for example, in
telecommunication sub-stations where backup batteries are usually installed.
Another example is given in [63] where a battery powered DC system is
supplying the AC system circuit breaker control system. Of course, reliable
operation of such systems is necessary.

A larger part of the power transmission network is likely to use high voltage
direct current (HVDC) transmission technology in the future [14]. Also, the
recently introduced medium voltage DC (MVDC) technology is likely to be
used in DC distributed power systems [14]. This implies that future electric
power systems constitute a mixture between AC and DC technology.

A distributed power system with as much as several hundred power electronic
converters, call for new methods and technologies, both on the operator and
system level. Not only an increased control effort is required, but also the
complexity of protection systems will increase in the case of dispersed
generation [31]. This is true especially if autonomous operation of the
distributed power system is intended.

This work addresses control and stability issues of DC distributed power
systems together with their connections to surrounding AC power systems,
sources and loads. Also grounding and issues on fault detection and clearance
are considered.

1.1 Objectives

The main objective of this work is to study the consequences of large-scale
incorporation of power electronic converters in DC distributed power systems.
The main objective is split into several sub-objectives, all imperative for a
large-scale system. The first issue to treat is selection of a suitable system
voltage, at least at the consumer level. Stability and dynamic properties of DC
voltage control are of great concern. Requirements on hardware and software
should be stated so that the system could grow, i.e. additional converters
installed in an existing system, without system degradation. Voltage control in
the case of weak sources should also be investigated, since several of the
renewable energy sources possess low inertia. Suitable grounding and fault
detection schemes should be investigated. Connection of several DC systems
should be investigated. One important objective is that the need of
communication should be studied.
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1.2 Contributions

The contributions of this work are given in Chapters 3 to 7 and concluded in
Chapter 8. The main results are summarised here. Suitable voltage levels are
not explicitly discussed in the thesis. Instead, a DC bus voltage level suitable
for 400 V AC sources and loads is adopted. This is due to the fact that by
doing so, the proposed system voltage covers existing consumer loads. Future
apparatus might require a different load voltage level. To compensate this
shortcoming, a large portion of the investigation is made on a per unit (p.u.)
basis. Therefore, the results can be used for any DC bus voltage level.

The converters are first specified with focus on interaction between the AC
and DC sides. Then a DC bus voltage droop controller is adopted. The
demands on interaction together with droop requirements give a specification
of the relation between rated power and converter DC side filter, i.e. DC bus
capacitance, for each converter. The dynamic properties are investigated, both
by means of stability analysis, in terms of root-locus, and large-signal
simulations. It is found that for reasonable DC bus cable parameters, stability
is of minor concern, for the selected DC side filter. In other words, the
requirements on interaction between input and output of the converters is
stronger than the stability requirement. Voltage droop control provides
autonomous load sharing, implying that communication is not needed. The
selected implementation of the droop algorithm and the controller parameters
allow an arbitrary number of converters in the DC system. Furthermore, the
already inserted units are not altered if additional units are incorporated.

A wind powered DC system is adopted to investigate voltage control and load
sharing in the case of renewable energy sources. In this case a speed droop
algorithm is developed. The dynamic properties of speed and voltage droop
control are investigated. It is concluded that low-speed communication is
beneficial for non-dispatchable sources. A fault detection algorithm is
developed. The algorithm is studied for different levels of communication,
ranging from none to point-to-point communication. An existing converter
topology is adopted for interconnection of DC systems. The same converter
topology is also used for power transmission. Voltage droop control is adopted
also here. Thus, high-speed communication is not necessary. However, when
low-bandwidth communication is utilised, the system operator has the ability
to control power flow. A laboratory set-up is designed to verify voltage
control, load sharing and fault detection.
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1.3 Outline of the thesis

This chapter contains a brief introduction to the thesis and the academic work
presented. A survey of previous work is also given. Chapter 2 reviews classical
HVDC and Voltage Source Converter (VSC) based HVDC transmission
systems. The study includes simulations, where especially the harmonic
content of the currents is compared.

In Chapter 3, voltage and power control methods for the investigated
distributed power system are developed. This analysis also results in a method
for selection of DC bus filter capacitors. The steady state and dynamic
properties of the selected control scheme are investigated for varying cable
parameters. Load sharing is investigated for different voltage control methods.

In Chapter 4, the same system but with weak sources is investigated. Here, the
DC power system is fed only with wind power and still constant power loads
can be supplied and the DC bus voltage controlled. Personal safety and
protection of equipment are important issues for any power system and
Chapter 5 is devoted to these topics. The chapter starts with a presentation of
the grounding scheme and typical fault conditions. Then the methods of fault
detection and localisation are presented and verified in simulations.

In Chapter 6, connection of DC distributed systems is considered. The
proposed scheme contains a transformer, providing galvanic separation
between different DC systems. In Chapter 7, measurement results verifying
dynamic properties, load sharing and fault detection are presented. The work
is concluded in Chapter 8.

MATLAB™ Power System Blockset is utilised for the time-domain
simulations of Chapter 2 where thyristor based converters are considered.
DYMOLA™ is utilised for the time-domain simulations including transistor
based converters, i.e. for the simulation of VSC based HVDC transmission in
Chapter 2 and all time-domain simulations in Chapters 3 to 7. Large-signal
converter models are used for simulations investigating two-converter systems
and DC transmission systems. Average converter models are utilised for
simulations where load sharing or fault detection is investigated. Discrete-time
controllers are utilised for both the large-signal and the average converter
models. MATLAB™ is used in Chapter 3 for investigation of stability for
different cable parameters in terms of root-locus of the poles. The simulations

in the appendixes are all carried out in MATLAB™-SIMULINK™.
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1.4 Publications

The results presented in this thesis regard DC bus voltage control and fault
detection and clearance, found in Chapters 3, 4, 5 and 7. The main results of
these chapters are also presented in

P. Karlsson and J. Svensson, "DC Bus Voltage Control for Renewable Energy
Distributed Power Systems", IASTED Power and Energy Systems Conference, PES
2002 Conf. Proc., Marina del Rey, CA, USA, May 13-15, 2002, pp. 333-338.

P. Karlsson and ]. Svensson, "Fault Detection and Clearance in DC Distributed
Power Systems", IEEE Nordic Workshop on Power and Industrial Electronics,
NORPIE 2002 workshop proc., Stockholm, Sweden, Aug. 12-14, 2002, CD-
ROM pages 6.

P. Karlsson and J. Svensson, "DC Bus Voltage Control for a Distributed Power
System ", provisionally accepted for publication in IEEE transactions on power
electronics, paper no. 2001-834-LP.

P. Karlsson and J. Svensson, "Voltage Control and Load Sharing in DC
Distribution Systems", submitted to European Conference on Power Electronics
and Applications, EPE 2003, Toulouse, France, Sept. 2-4, 2003.

The thesis author has also authored the publication

J. Svensson and P. Karlsson, "Wind Farm Control Software Structure”,
International Workshop on Transmission Networks for Offshore Wind Farms,
workshop proc., Stockholm, Sweden, Apr. 11-12, 2002, proceeding pages 15.

in the same research project. The contribution made by the thesis author in
the last paper is minor.

The previous work on off-board battery chargers for electric vehicles, also part
of the research work, is reported in

P. Karlsson, M. Bojrup, M. Alakiila and L. Gertmar, "Efficiency of Off-Board,
High Power, Electric Vebicle Battery Chargers with Active Power Line
Conditioning Capabilities”, European Conference on Power Electronics and
Applications, EPE 97 Conf. Rec., Trondheim, Norway, Sept. 8-10, 1997, vol. 4,
pp. 4688-4692.
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M. Bojrup, P. Karlsson, B. Simonsson and M. Alakiila, "A Dual Purpose Battery
Charger for Electric Vehicles”, IEEE Power Electronics Specialists Conference,
PESC 98 Conf. Rec., Fukuoka, Japan, May 17-22, 1998, vol. 1, pp. 565-570.

M. Bojrup, P. Karlsson, M. Alakiila and L. Gertmar, "A Multiple Rotating
Integrator Controller for Active Filters", European Conference on Power
Electronics and Applications, EPE 99 Conf. Rec., Lausanne, Switzerland, Sept.
7-9, 1999, CD-ROM pages 9.

P. Karlsson, M. Bojrup, M. Alakiila and L. Gertmar, "Zero Voltage Switching
Converters", IEEE Nordic Workshop on Power and Industrial Electronics,
NORPIE 2000 workshop proc., Aalborg, Denmark, Jun. 13-16, 2000, pp. 84-
88.

P. Karlsson, M. Bojrup, M. Alakiila and L. Gertmar, "Design and
Implementation of a Quasi-Resonant DC Link Converter”, European Conference
on Power Electronics and Applications, EPE 2001 Conf. Rec., Graz, Austria, Aug.
27-29, 2001, CD-ROM pages 10.

Only minor parts of the work reported in the second and third publications
above are attributed the author of this thesis. The work on resonant converters
reported in the other publications above is also the basis of the Licentiate’s
thesis

P. Karlsson, "Quasi Resonant DC Link Converters - Analysis and Design for a
Battery Charger Application”, Licentiate thesis, Department of Industrial
Electrical Engineering and Automation, Lund Institute of Technology, Lund,
Sweden, November 1999.

This work was evaluated by Professor Frede Blaabjerg at the Department of
Energy Technology, Aalborg University, Denmark.

Besides the publications within the research projects, another publication
related to power electronics education has been presented

A. Nilsson, P. Karlsson and L. Gertmar, "Environmental Engineering in the
Power Electronics Education”, European Conference on Power Electronics and
Applications, EPE 2001 Conf- Rec., Graz, Austria, Aug. 27-29, 2001, CD-ROM
pages 10.

Less than half of the work of this paper is attributed the thesis author.
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1.5 Previous work

This section provides a literature survey of previous work on renewable energy
sources and distributed power systems in which the most relevant previous
work is discussed. A classification of the papers is made based on the nature of
the references even though several of them cover more than one topic.
However, the references are sorted under the topic, which the thesis author
find most interesting in the context of the rest of the thesis.

Distributed energy systems

Several arguments for distributed power systems are listed in [31]. Among
these, transmission capability saturation of centralised power systems and
related stability problems seem most important. The additional intelligence
needed to control, protect and maintain distributed power systems is focused
in [31]. The future market of (DC) distributed power systems is discussed in
[33], where it is concluded that the growing market includes computer,
military/aerospace and communication applications. It is also stated that
distributed power systems are more costly than centralised. Note that in [31],
the distributed system is part of a nation wide power transmission/distribution
system including dispersed generation. In [33], the distributed system
intended is restricted to supply power to electronic equipment like inside a
single computer.

Power electronics for use in renewable energy applications are discussed in
[14]. Also some benefits and drawbacks associated with renewable energy
sources are discussed. Photovoltaic, fuel cell and wind energy systems are
reviewed briefly. Small-scale hydro pump stations or battery banks for electric
energy storage are, however, not discussed in [14]. Still, they are included in
the principal scheme of a distributed power system, together with flywheel and
superconducting magnetic energy storages.

DC distributed power systems

Some of the literature studied does not fit into the study, though interesting.
For example, [39][40][41][42][66] investigate a high current, low voltage DC
mesh with thyristor based converters. In [39][40][42], a superconducting
power system is considered, whereas an industrial power distribution system
with inherent UPS properties is considered in [41][66]. The intended system
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might contain several hundred thyristor based sources (rectifiers) and loads
(inverters), but the simulated systems are of considerably lower complexity. In
[39], a DC power system formed by one rectifier and three inverters is
studied. In [40][41][42][66], three rectifiers are used as sources. Since three
sources are present, load sharing has to be considered. In all these cases, DC
voltage droop control is used to give appropriate load sharing. This means that
a voltage droop characteristic is assigned to each source. In [40][66], the
LVDC mesh is simplified to a ring bus and in [42] a superconducting energy
storage (SMES) is added to the system. The paper [41] focuses on
investigation of the droop scheme. It is stated that this works well for
superconducting networks. However, the performance of a non-
superconducting network is questioned.

In the literature the term power electronic building block (PEBB) is
sometimes used as a term for generic building blocks for power conversion,
control and distribution with control intelligence and autonomy. The work
presented in [11] proposes a distributed digital controller for PEBBs. The
main requirements and desired features of such a controller is discussed in
[11]. The proposed controller is based on components presently available and
used in other applications.

A 600 W front-end source converter module and a 300 W load converter
module are designed in [36]. The source converter is designed for zero voltage
transition (ZVT) technique and the load converter utilises zero voltage
switching (ZVS) technique. The source converter is formed by a single-phase
rectifier, equipped with a power factor corrector (PFC), i.e. followed by a
boost converter. The DC system voltage equals 48 V. Experimental results are
included in [36]. In [46], converter topologies suitable for DC distributed
power systems are evaluated. Especially, source side front-end boost rectifier
candidates are investigated but also load side converter modules.

Voltage control and load sharing

There are basically two different methods to achieve load sharing. One of the
methods is referred to as the droop concept and the other as the master/slave
concept.

For the droop concept, a finite loop gain for the DC voltage controller is
adopted. A droop characteristic is obtained from the transfer function slope in
the P-V plane at the desired DC bus voltage. Since this droop characteristic
appears as a negative slope in the P-V plane, load sharing is obtained. The
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quality of load sharing is determined by the negative slope of the droop
characteristic, i.e. for a steep slope, load sharing is good but voltage regulation
is poor. On the other hand, for a shallow slope, load sharing is poor but
voltage regulation is good. Therefore, a trade-off between voltage regulation
and load sharing has to be made for the droop concept.

In the master/slave concept, only one of the source converters is controlling
the DC bus voltage. The other source converters are current controlled. This
results in a stiff DC bus voltage regulation and a fully controllable load
sharing.

The papers [38][52][58] give an overview of these paralleling methods.
According to [52], five different droop schemes exist. The first is based on the
use of converters with inherent droop feature. The second scheme is based on
voltage droop due to series resistors. The third scheme is called voltage droop
via output current feedback. The fourth scheme is referred to as current mode
with low DC gain. The fifth is scheduling control via a non-linear gain. The
benefits of the droop schemes are the ease of implementation and expansion
and that no communication between the converters (i.e. supervisory control)
is needed. This gives high modularity and reliability. The main disadvantages
are that the voltage regulation is degraded to achieve the droop characteristic
and that the current sharing is poor due to open loop control of the entire
system.

The next large group identified in [52] is referred to as active current sharing
schemes. Common to these schemes, is that an additional control loop is used
to provide current sharing. According to [52], three different active current
sharing control structures are used for parallel converter systems. The first
control structure is called inner loop regulation (ILR). The second control
structure is referred to as outer loop regulation (OLR). The third structure
relies on an external controller (EC). EC implies a large number of
interconnections between the converters. This means that both the modularity
and reliability might be degraded. It is, however, stated in [52] that the rapid
development of distributed power systems implies that this technique should
be examined in a new light. The high level supervisory controller can be
redundant, and the converter cells are only responsible for gating and fault
indication. This method is likely to yield the highest performance because of
its possibility of interleaving [52].

Also six current programming (CP) methods for active current sharing
schemes are reviewed in [52]. Of these six, three are average and three are
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master/slave current programming methods. Seven methods to operate
multiple DC-DC converters in parallel are given in [38]. In [58], four
methods to achieve load sharing in parallel converter systems are given.

In [29], load sharing properties are studied by examining the output plane
(output current versus voltage). A small-signal model is developed for the
investigation. Simulations and experiments verify the theoretical results. The
output plane is derived from equations for current programmed converters in
[13]. The output plane is verified in large-signal simulations and experiments.
Droop load sharing is evaluated in [37]. One of the important conclusions
made in [37] is that the droop method requires precise control of the initial
output voltage. It is also stated that the main advantages of the droop control
method compared to other converter paralleling schemes, are the ease of
implementation and that communication by means of control-wire
connection is not required.

A droop function with a programmed droop resistance equal to the equivalent
series resistance (ESR) of the output capacitor is proposed in [16]. Load
sharing with the selected droop function is investigated by means of
simulations and experiments.

A paralleling scheme called central-limit control, closely related to master/slave
control, is presented in [64] and reviewed in [58]. The main difference
between master/slave and central-limit control is that for the latter all the
sources regulate the load converter DC bus voltage.

Autonomous master/slave current sharing is used in [62] for two source
converters connected in parallel. A small-signal model for the two source
converters together with their controllers is derived. A current sharing
algorithm is also presented. Current sharing control is necessary since
otherwise small differences in the source converter parameters would cause
severe load imbalance. Also, the voltage loop is investigated. Design of the
compensators is discussed but only a few actual results are concluded.

In a situation where several converters connected to the DC distribution bus
that all control the voltage precisely to the reference at their respective
connection point, load sharing among sources is not controlled. Instead, load
sharing is entirely determined by the distribution bus impedance [75].

In [76], it is stated that distributed power systems have better performance
than centralised. Moreover, it is stated that the sources connected in parallel to
the DC bus (front-end boost rectifiers), should share the load to ensure proper
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operation. In [76], the droop method is used together with gain scheduling,
which is said to give a robust design in terms of source-load interaction, i.e.
good load sharing and good voltage regulation for a modular design approach.

According to [76], the main problems of master/slave load sharing are that fast
communication is required and that a single point failure can disable the
entire system. Also, all modules are control dependent. Six important issues
are addressed in [76]. The first is stability, for example, in terms of
interactions between parallel converters (especially in the case of three-phase
sources due to the appearance of zero-sequence currents). The second
important issue is load sharing when several sources are connected in parallel
to the DC distribution bus. The third issue is modularity, i.e. the ability to
manufacture and maintain the DC system. The fourth issue is autonomous
control enhancing modularity and providing increased system reliability and
redundancy. The fifth issue is DC bus voltage control, which is imperative.
The sixth and last issue identified in [76], is the source output impedance
which indeed affect several of the other issues, for example, the interaction
between converters connected to the DC system.

The gain-scheduling method utilised in [76] is based on a modified droop
method where the voltage loop gain is increased for increasing output power
in such a way that the voltage error decreases compared to the case with a
constant gain droop function. According to [76], both DC bus voltage control
and load sharing show better performance compared to master/slave control.
An interesting option not discussed in [76] is to use an adaptive controller for
the DC bus voltage control.

In [44], a droop load sharing scheme is investigated where the DC bus voltage
reference is adaptively controlled for each converter, in order to improve
voltage regulation and load sharing.

Small-signal stability based on impedance specification

A system with an arbitrary number of DC-DC source converters paralleled
using master/slave control, is investigated in [61]. Small-signal stability and
dynamic performance are investigated. Also, a current sharing compensator is
developed. The compensator is designed in the frequency-domain and verified
through time-domain simulations.

A small-signal model for a parallel rectifier system is derived in [12]. Dynamic
properties in the case of long inductive and resistive cables are investigated. It
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is found that the cable parameters do not affect the dynamic properties
extensively. Load sharing is investigated for both droop and master/slave
methods. It is found that a system with parallel rectifiers is stable provided
that each individual rectifier is stable when the droop method is applied. This
is not true in the case of master/slave control, which should be designed
carefully.

Small-signal stability criteria for DC-DC converter systems often end up in an
impedance specification, where the relation between source converter output
impedance Z and total load converter input impedance Z, is given by

(1.1)

2/<<lz 22

where Z,, is the input impedance for converter 4. This impedance criterion
was first established in the paper “Input Filter Considerations in Design and
Application of Switching Regulators” written by Middlebrook in 1976 [55].

Some of the more recent impedance specifications for stable operation of DC
distribution systems instead specify a “forbidden” region in the complex
frequency plane [20][21][28][70]. In [70], a forbidden region for the total
loop gain is specified so that a minimum phase margin is ensured. This is
further developed in [20][21] where the individual load converter impedance
is specified so that the forbidden region is avoided by applying

P
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The results obtained in [20][21] are applied for the power supply of a
Pentium processor in [71]. The power system of the investigated PC provides
the voltage levels 3.3 V, 5 V and 12 V. The interactions between source and
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load are found to be strong but no instability occurs. However, it is found that
conditional stability problems might occur. It is stated that conditional
stability problems cannot be solved by the application of the impedance
criterion. According to [71], there are two possible solutions to check for
conditional stability. The first is to derive the system transfer function with
different loads, which is generally very complicated. The second is to include
gain information in the impedance criterion, giving a set of impedance curves
for the source converter output impedance. There are also two methods
reducing the risk for occurrence of conditional stability. The first is to increase
the source converter DC side capacitance. The second is to apply a current
feedback loop. The work in [20][21] together with the stability margin
monitoring method presented in [22][23][24][50] is concluded in [25].

In the paper [65], the relationship between stability and DC bus capacitance is
studied. Also fault propagation is investigated. The main objective of the
investigation is to minimise the DC bus capacitance.

In [28], large DC power systems for space applications are investigated. Here,
equation (1.1) is used for small-signal stability analysis. It is also pointed out
that large-signal or transient stability issues are of great concern. The methods
suggested for large-signal analysis are computer analysis involving Bode plots,
Nyquist curves and transient responses. Also, hardware testing, both for
validation and model development, are used in the stability analysis.

Input filter design is discussed in [27]. Here, all the DC-DC converters are
equipped with an input filter. Initially, the effect of the input filter on the
DC-DC converter transfer function is investigated. Then, the extra element
theorem [56] is used to investigate the effect caused by the impedance seen
from the filter input terminals. This impedance is divided into two parts: the
source (series) impedance and the cumulative (shunt) impedance, i.e. the
collective regulator input impedance resulting from the input filters of the
other power modules. If

24 <<z, -
24 <<z |

hold, where Z is the filter output impedance, Z, and Z, are the DC-DC
converter input impedances with the output nulled and shorted, respectively,
then the DC-DC converter transfer function is in principle unaltered by the
input filter [27]. Furthermore, this means that the negative impedance
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resulting from a constant power load is decoupled from the DC distribution
bus. It is found that if several DC-DC converters, equipped with filters
designed from this rule are connected to a common DC distribution bus, then
the cumulative impedance is positive and decrease as the number of power
modules increase. This means that the stability margin increases as the number
of connected power modules increases.

In [51], power buffering is utilised to enhance stability of a DC distributed
power system during transients. This is achieved by reducing the loop gain,
and consequently, the negative incremental input impedance of the converters
so that the sum of the source output impedance and the negative incremental
input impedance is positive. This yields a stable system. Another possibility is
also discussed in [51], where the power buffer is controlled to a certain input
impedance during the transients.

Large-signal stability

Large-signal stability is treated in [2], where the distributed power system is
formed by one single DC source with several load converters connected. Each
load converter is equipped with an input LC-filter. The LZC-filters are modeled
as ideal except for a resistor R connected in series with the inductor. The large-
signal stability constraints are expressed as boundaries on R. The upper limit
for R is formed by application of the equilibrium point condition, i.e. by
investigation of the maximum R yielding an intersection between the source
and the load characteristics. According to [2], this gives
2
R<l Ve (1.6)
4 B,

where V_ is the DC source voltage and P is the load converter output power.
The lower limit for R is found from the mixed potential criterion. In [2],
lower limits on R are established for the cases with one, two and #» load
converters connected to a single DC source. However, computational
problems appear for larger systems. Therefore, approximations are used in the
case of multiple constant power loads. In the case of 7 constant power loads it
is also assumed that these are equal in terms of filter component values and
output power. For this case, an approximate lower bound is given by [2]

R>\E\/2n2—n (1.7)
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For high 7, the resistance R has to be high, which implies high power
dissipation. In [2], it is found that the approximation of the lower bound for R
gives an error between the approximated maximum singular value and the
exact approaching 11% as 7 increases.

Robustness against parameter uncertainty

In [47], DC power system stability is investigated with focus on robustness
against parameter uncertainty. Robust control theories are applied to DC
power systems. According to [47], this is done to cope with the sensitivity to
parameter and load variation resulting in DC power systems prone to
instability. The stability robustness is investigated by computing the
multivariable stability margin, 4, and the structured singular value, u.
Calculating these quantities exactly is cumbersome. Therefore, different
approximation methods are investigated in [47].

The inherent instability of DC distribution systems originates from the fact
that constant power loads appear as negative resistances to the regulators
(source converters). The equivalent resistance seen from the regulator is [47]

_ov_ Vgus
Req i P (1.8)
In [47], Middlebrook’s Criterion [55] is regarded as the normal way to handle
this problem, i.e. to use an isolation concept. Two problems arise from using
Middlebrook’s Criterion according to [47]. Firstly, parameter variations are
not covered by the criterion and, secondly, it is intended for a two-port
system. For the multiloop case considered in [47], a multiple input multiple
output (MIMO) system should instead be investigated, which is not covered
by Middlebrook’s Criterion. In [47], expressing the electrical system as a
MIMO system and then use the convex hull algorithm to calculate the
stability margin is instead emphasised. This method is compared to other.

Converter modeling and control

Modeling and control issues for front-end three-phase boost rectifiers are
discussed in [34]. An average model is developed and the stability with
different loads connected across the DC side is investigated. Since an average
model is used, a constant power load is modeled as a resistor with negative
resistance. A non-linear controller, e.g. with feed forward of the load current,
gives the best performance.
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Modeling of a four-leg inverter, i.e. a neutral connected inverter, used in a
PEBB based DC distributed power system, is investigated in [67]. The four-
leg converter is presented in [78]. As in [34], the converter model in [67] is
averaged. The converter input filter is of LC-type but with an RC-circuit
connected across the capacitor to increase the shunt impedance at high
frequencies. The impedance overlap between the filter input and output
impedances is investigated, to fulfil equation (1.1). As expected, the
interaction between input and output decreases as the damper resistance
increases, i.e. the phase margin increases. In [67], a single source converter
formed by a transistor front-end rectifier is considered. The DC side filter of
the transistor rectifier is formed by a capacitor. Interaction between the
rectifier output filter and the inverter input filter is also investigated. As in the
previous case, the phase margin increases with increasing damper resistance.
The same result is achieved by increasing the rectifier DC side capacitance. A
more interesting solution exists according to [67]: if the controller bandwidth
is reduced, the phase margin is increased. The interesting characteristic about
this feature is that it can be tuned online, whereas the system has to be shut
down for the other two methods.

In [75], two source converters connected to the same DC distribution bus are
modeled simultaneously to investigate their interaction. Here, master/slave
control is used and it is claimed that the same control strategy as in the single
source case applies. However, it is stated that for long distribution distances
with several sources and loads, other control strategies are probably required.

A switch model for large-signal modeling of distributed power systems is
studied in [10]. It is found that the simulation with the proposed model shows
good agreement with device level simulations. It is also found that the
simulation time is reduced significantly.

The zero-sequence current in distributed power systems

The fact that grid connected converters might give rise to high common mode
currents is well known. This causes problems like bearing currents and
insulation problems in electrical machines [48]. The common mode current
results from the variations in voltage potential of the DC side supply rails,
depending on the actual switch state. Consequently, the fundamental of the
common mode current appears at switching frequency. The capacitive
coupling between the supply rails and ground provides a path for the common
mode current. Due to the capacitive nature of the current path, the common
mode current magnitude increases with increasing switching frequency.
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In [72], the supply rail voltage shift is analysed. First, the neutral to ground
voltage variation for a diode rectifier/three-phase converter combination is
investigated. The neutral is in this case the star-point of the load at the
converter output, which for example could be the star-point of an electrical
machine. It is shown that the neutral to ground voltage varies as the negative
supply rail to neutral voltage for the rectifier with the converter switching
superimposed. Both simulations and measurements are shown. Second, the
same investigation is made for a controlled rectifier/converter combination,
connected back-to-back. In this case the situation is even worse, at least in
terms of high frequency content, since the negative supply rail to ground
voltage variation is determined by the switching frequency of the rectifier.
According to [72], one way to partly reduce the problem is to synchronise the
modulation carriers of the rectifier and converter. Note that synchronisation
should be avoided if modularity and autonomous control is desired. Also a
third case is investigated, where two generators feed the same DC distribution
bus via transistor rectifiers. In this case it is complicated to synchronise the
switching patterns since it is likely that the generators operate at different load
conditions. Furthermore, there might be extremely high zero-sequence
currents if both generators are grounded to the same physical ground
potential. Three methods are proposed to reduce the problems related with
common mode currents. First the alleviation method, which includes
installing electromagnetic interference (EMI) suppressing chokes, filtering and
the use of soft-switching techniques. The second method is referred to as a
tolerant method, where EMI currents are allowed but shielding is used in the
motor to reduce the bearing currents and insulation stress. The third method
addresses new converter topologies, where the four-leg VSC [67][78] is
mentioned as an example. In [1], high impedance grounding is investigated to
manage problems associated with neutral voltage shift.

In [74], two transistor rectifiers are connected to the same generator (or
equivalently AC power system) and the rectifiers feed the same DC
distribution bus. It is found that in the average simulation model, in dg-
coordinates (Appendix B), the zero-sequence current does not appear. Instead,
a dg0 simulation model has to be adopted. In this simulation model, a high
zero-sequence current appears. This problem is especially obvious when one of
the rectifiers has the switch state 000 and the other 111 (Appendix A), which
means that the DC distribution bus voltage is applied across the sum of the
generator stator inductances for each phase. In [74], this is solved by adopting
a modulation strategy where the zero voltage vectors, 000 and 111, are not
utilised for the source rectifiers. In [77], a non-isolated system of one front—
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end boost rectifier and one inverter is studied, from a converter modulation
point of view. It is found that the proposed modulation scheme (interleaving)
reduces the common mode current. In [75], ground loop interactions between
two generators with a common ground, is also discussed.

An active filter for the DC bus is discussed in [73]. The active filter is formed
by a transistor half-bridge and a DC link capacitor. The DC distribution bus
side filter is purely inductive. The active filter is required to reduce AC current
components injected from three-phase voltage source converters. These AC
components result from negative-sequence or harmonic currents on the AC
side of the three-phase converters. In [73], the switching frequency of the
active filter is selected considerably higher than the one of the other converters
of the DC distribution bus. The high switching frequency implies that
interactions between the other converters can be suppressed, resulting in a
stabilising effect. Consequently, the DC distribution bus impedance is tuned
for best performance, thus, enhancing the stability. Note that the DC link
capacitor voltage must be higher than the DC bus voltage, for the active filter.

Electromagnetic interference

In the paper [8], EMI problems related to switch mode power supplies
connected to a DC distribution bus of long length are investigated. The load
converter switching appears as a variable load, which generates reflections. The
high rise and fall times generate high frequency signals radiated by the long
power system conductors.

In [15], high frequency interaction in terms of disturbance propagation from
DC distribution bus voltage to load converter output voltage is addressed. The
problem is investigated from an analytical point of view and with simulations
and experiments. The key result is that the switching frequencies of the
converters should be as equal as possible to reduce load converter output
oscillations.

Load flow and short circuit calculations

DC power system analysis in terms of load flow and short circuit calculations
is investigated in [26]. Numerous source models (i.e. battery charger, rectifier
and generator models) are given. Also connector models for load flow and
short circuit calculations are investigated. Loads and branches are modeled.
According to [26], the present standards (in the year 1996) are not complete
and need further work.
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In [3], the methods of the IEC draft standard “Calculation of short circuit-
currents in dc auxiliary installations in power plants and substations” are
investigated. The calculations are intended to determine appropriate fusing for
the system. Four different loads are investigated in [3]. These are the
(thyristor) converter in 50 or 60 Hz AC systems, stationary lead-acid batteries,
smoothing capacitors and DC motors. The straightforward methods given in
the standard are compared with EMTP simulations. The standard gives
conservative estimates of the short circuit currents (25% overestimated). Also,
the time constants estimated according to the standard are longer than the
simulated. The standard was not applicable (in the year 1996) to large DC
systems, such as railway traction systems, HVDC transmission systems and
photovoltaic systems. According t