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Abstract—In this paper a high-quality zonal DC distribution
system is proposed. The system layout and the relative power
converters are presented in detail and fault analysis is
performed in the different sections of the system. Reliability
considerations are presented to support the effectiveness of the
proposed layout and criteria for protection design are provided.
The proposed distribution system allows obtaining high levels of
reliability and selectivity with no need for particular switching
devices by mean of suitable converters selection and control,
overcoming traditional issues of DC distribution systems.

Index Terms—Fault Analysis, Multiport Converters, Power
System Reliability, Zonal DC Distribution System.

1. INTRODUCTION

Power supply continuity is becoming a strong need for
many electric power systems, in that short interruptions or
uneven voltage quality can cause production processes to stop
and eventually create significant safety risks; this issue is
usually addressed by mean of UPS systems feeding the most
sensitive loads. On the other hand, power-electronics based
loads intrinsically work with DC and many studies have
highlighted the advantages of DC distribution systems with
respect to conventional AC ones in terms of sizing and energy
efficiency [1]-[5]. Moving from these considerations, in this
paper a high-quality DC zonal distribution system [5],[6] is
proposed. The considered system is based on two partially
redundant DC feeders connecting the different zones the
system is divided into. The two DC feeders power supply is
granted by two independent AC sources by mean of IGBT-
based VSC, while each zone is feed by a multiport converter
[7]-[11]. Feeder converter are constituted by an active rectifier
cascaded with a DC/DC stepdown converter. This solution can
avoid the typical issues related to VSC DC faults
vulnerability: in fact, it is well known that DC short circuits
are the worst operating conditions for VSC. Even if the IGBT
can be opened in very small time, the free-wheeling diodes are
exposed to uncontrollable overcurrent, which requires large
oversizing to avoid semiconductors damage [12],[18]. The
proposed solution also allows coordination among feeders
fault protection and DC capacitors sizing, obtaining effective
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protection and selectivity with traditional circuit breakers and
no need for static ones.

Multiport converters are connected to both DC feeders and
are equipped with a certain number of outputs, each feeding a
small group of loads. Note that, due to the modular
constitution of the multiport converter, each output port can
provide different voltage levels and be configured for DC or,
if necessary, AC loads with no issue [10],[12]. Furthermore,
the multiport converter configuration can control the system
both in steady state and fault conditions [11],[12]. In addition,
multiport converters can effectively avoid fault propagation,
such that healthy ports are not affected by faulted ones and
exhibits higher quality performances [7],[9]-[11]. In
comparison, the achievement of similar results through
traditional UPSs would require to install one UPS for each
group of loads, hence increasing system complexity and
reducing efficiency. Of course, the proposed solution is also
suitable for applications where the continuity requirements
vary form one load to another.

The paper is organized as follows: section II presents the
proposed system topology, while section III reports the
analysis of fault currents and their relationships particular
system components. Section IV reports considerations on
reliability indexes to support the effectiveness of the proposed
system, while criteria for protection design and selectivity are
presented in section V. Final conclusions are reported in
section VL.

II. ZONAL DC DISTRIBUTION SYSTEM LAYOUT

The proposed zonal distribution system layout is depicted
in Fig.1. It consists of two feeder converters (active rectifier
and DC/DC stepdown) connected to two independent AC
sources, two DC feeders and N multiport converters (Fig.2),
one feeding each zone the system is divided into, which
provide the different voltage levels required by the loads. This
configuration is particularly suited for applications where it is
necessary to feed several loads with different voltage and
reliability requirements, since the usage of multiport
converters as interface among the two DC feeders and the
loads allows providing quality power supply to DC and AC
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Figure 1 - Proposed zonal DC distribution system

loads (both three-phase or single-phase) independently.
Furthermore, it is easy to include storage devices in multiport
converters to integrate UPS functionality if necessary. Each
feeder converter should have a rated power equal to

N
I)feeder =a 1)1 (l)
i=1

where P; is the i-th multiport converter rated power and a is a
parameter related to the number of uninterruptible loads, such
that 0.5<0< 1. Assuming that the non-uninterruptable loads
can be included in load shedding policies when one of the two
feeders is out of service, the parameters a will be directly
proportional to the percentage of uninterruptible loads over the
total loads. This implies a=0.5 when uninterruptable loads are
up to 50% of the total load and, eventually, a=1 when all loads
are uninterruptable. The extensive use multiport converters to
feed and manage DC zones grants several advantages over
other topologies, including:

- seamless interface with the two available power
sources, even in case of faults

- control of external voltages or exchanges power
- integrated UPS function where necessary

- integrated load shedding strategies: predetermined
loads are disconnected in case of fault on one feeder

- short-circuit current control: the multiport converter
control can easily recognize external faults and current
controllability is maintained during faults

Considering the cost and efficiency issues related with
static DC circuit breakers, the converter capability to control
steady state short-circuit currents is particularly interesting. In
fact, it is easy to introduce control algorithms such that
multiport converters provide a predetermined short-circuit
current Iy.,=kgl, (with 2< kg < 5) towards loads and zero
short circuit current toward the feeder. Analogously, the
feeder converter can be controlled to provide a similar short-
circuit current contribution in case of faults on the feeder.
Obviously, short circuit-current should not be maintained over
few seconds to avoid safety issues. Circuit breakers are still
necessary for safety and selectivity reasons, but their operation
is less critical and traditional circuit breakers can be used;

| 1]
THTRE s8THT
gy e
AT g % T

Figure 2 - DC multiport converter layout
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further consideration on circuit breakers will be presented in
Section I'V.

III.  FAULT ANALYSIS

The short circuit current can be calculated considering, at
least as first instance, the contribution of one converter only.
This is clearly the case of a fault on the load side, which is fed
by one port of the multiport converter only, but the results can
also be extended to a feeder fault as long as the fault current
contribution from multiport converters is sufficiently small.
Since the fault affects an RLC circuit, it is possible to
experience oscillations, which can be critical for two reasons:
firstly, the capacitors used for this applications are often
electrolytic capacitor, which cannot withstand significant
negative voltages. Furthermore, a negative capacitor voltage
would cause the converter to loose current controllability,
which can lead to converter damage. In order to avoid these
issues, a diode has been included in each multiport converter
module to avoid negative voltages across the capacitor. This
leads to three different transient phases, depending on the
diode conduction state, but assures that eventual voltage
oscillations cannot reach negative values. Assuming the
current controllability condition to be maintained up to current
limit of the control, the short circuit current expression is
given by
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where V, is the converter nominal voltage, /., is the steady-
state short-circuit current injected by the converter and ¢,, is
the instant in which the voltage across the capacitor reach the
diode turn-on threshold. R is defined as R '=(R+d 7)) and L’ is
defined as L’=d-l;,, where r; and [; are the resistance and
inductance per meter of the line between the converter and the
fault, d is the distance between the converter and the fault, Ry
is the fault resistance. The roots of the characteristic equation
are given by
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and they are real as long as R™>2 1/(L ’/C), which permit to
determine the portions of the line in which the transient fault
current would have a natural oscillatory behaviour, if any. The
approximation on controllability lead to an overestimation of
the current initial value, which can be considered
precautionary. Furthermore, simulation results show that this
difference has a small impact on the overall current transient.
Analogously, the voltage across the capacitor during the
transient is given by
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where 7,7 is the instant in which the current flowing through
the diode reach its turn-off threshold.

Let us consider the main parameters affecting the fault
current. While the line resistance and inductance can be easily
calculated given the line rated power, voltage and length, the
converter filter capacitance is not univocally defined. It is
possible to define a minimum value for C necessary to obtain
acceptable voltage ripple, namely

Al
C=—HL (5)
81 AV,

where A4/ is the maximum current ripple in the switching
inductance, AV is the maximum acceptable voltage ripple and
fs is the switching frequency. However, one should also
consider that, in order to further stabilize voltage, this
capacitor is usually oversized in DC converters. This
consideration suggests that, in order to both increase voltage
stability and to increase the peak value of fault currents, it may
be of interest to determine alternative sizing criteria for the
feeder converter capacitor. One possible solution is to size the
capacitor such that it is granted that, at the end of the line, the
short circuit current /g, satisfies Iy, >kl,,, where usually 5<k</0.
It is possible to determine the capacitance value which will
provide the desired fault current peak value from (2) and (3),
neglecting fault resistance, which is very difficult to estimate.
This capacitance value is given by

C _ dmax : ll

V:z _dmax I’} .].vh—n 2 + (dmax 1/1)2
kI -1 4

n sh—n

(6)

Anyway, this value will not provide the desired fault current
because of the natural dampening of the transient, which again
depends on fault resistance. Iterative solutions of the problem
are possible, but still the dependence on fault resistance can
cause issues. Another possible solution is the definition of
sizing criteria based on energetic considerations, which means
choosing a capacitor such that it can provide the converter

rated power for a predetermined time period fzc within a
limited relative voltage discharge dV., which leads to

c:—f'P"'tCz 7
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Note that (7) leads inevitably to a significant oversizing over
the minimum acceptable value of C needed for the converter
correct functioning, but this allows obtaining significant short
circuit currents even in case of non-negligible fault
impedances, which otherwise could create selectivity issues.

When considering a fault on one feeder, the fault current
is constituted by transient contribution from all converter,
while the steady-state short circuit current is limited to the
feeder converter predetermined contribution. The exact
determination of the short circuit current is uneasy in that it
requires the solution of system of differential equations of
dimension 2(N+1). If necessary, the problem can be stated
considering that a short circuit on a feeder splits the system
into two independent subnetworks which can be studied
separately, where the only significant difference is the steady-
state short circuit current, which is present only in the
subnetwork comprising the feeder converter. Assuming a short
circuit happening on m-th feeder section, the independent
variables can be expressed as

V:[vo,vl,
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where v is the vector of capacitors voltages; the vector i is
constituted by the currents in the lines connected to each
converter, which means that i, is the current in the first section
of the feeder, while i; ., are the currents in the derivations
connecting, respectively, each multiport converter to the
feeder. The system inputs are defined as
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where i is the vector of short-circuit currents injected from
the converters, which usually implies all terms are null except
from the first one, due to the feeder converter. The considered
dynamic system can then be written in quasi-normal form as
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where R, L are defined in Appendix, I is the Ax/ identity
matrix. C is defined as C=[Cy, C;, Cs, ... , Cy]-Im, with Cy
being the feeder converter output capacitor and C; . ,, being
the input capacitor of the different multiport converters. The
system can then be solved assigning suitable initial conditions,
and the other subnetwork can be studied with this same
approach. An approximated evaluation of short-circuit
currents for protection design purposes will be presented in
Section V.

IV. RELIABILITY CONSIDERATIONS

In this section reliability considerations supporting the
effectiveness of the proposed distribution system are



presented. For these purposes, the possibility of a line fault is
considered negligible with respect to a converter or AC source
fault, in that the reduced extension of the proposed distribution
system and the fact that there are no loads directly connected
to the feeders reduces the possibility of line faults merely to
cable faults, which is usually remote. In fact, the cable Mean
Time Between Failure MTBF usually reaches values so high
that, in real applications, the probability of cable faults is
negligible with respect to unpredictable accidents involving
the cable itself. As a first instance, let us consider total
redundancy (a=1) and no storage devices in the system. This
implies that, in case one AC source is out of service, the
relative feeder goes out of service. Let A; and A» be,
respectively, the frequencies of AC source 1 and 2 black-outs.
Being the two AC sources independent and o=1, a load can
experience a loss of power supply only if, during the black-out
period Thackot Of one AC source, the other AC source
experiences black-out. Consequently, the frequency of load
power-supply loss is given by:

A =2-T A A

load _mult ’ black —out ’ 1 2
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According to Italian norms, one MV user can experience no
more than 6-10 interruptions during more than one second per
year, depending on the location. This implies that, in the worst
allowed case, one AC source experiences a blackout every 36
day (864 h) and, assuming A=A, and an average Toiack-out = 2
min, the frequency of load power supply loss is equal to
Moad mut = 8.93-108. This results in a MTBF of load power
supply equal to MTBFpuq pmue = 11,196-10° 2= 1278 Y.

Strictly speaking, a load can experience a power-supply
loss also if, during the out-of-service of one feeder, the other
AC/DC feeder converter or the multiport converter module
connected to that feeder is affected by a fault. The possibility
of a converter fault during a black-out of one AC source,
which usually is only a short interruption, is negligible with
respect to probability of a converter fault. In order to consider
the possibility of converter faults, the fault frequency Aioad is to
be incremented of a quantity Al equal to:

A2 =2-MRT-2,’

load _mult conv
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Considering for power converters a reasonable MTBF equal to
250000 / and a Mean Repair Time MRT = 24 A, it follows
Moad mue = 7,7-1071%. Considering the frequency of load
power-supply loss due to converters faults with reference to
the frequency of load power-supply loss due to the black-out
of one AC source, the former is clearly negligible.

These considerations cover the possibility of all loads
connected to a multiport converter experiencing a power
supply loss. Anyway, the frequency of power supply loss
experienced by a single load is higher, in that it is necessary to
consider the possibility of fault of the module feeding the load
itself. Since the module, especially if the load is fed in DC, is
a very simple converter, its fault is pretty rare. Typical values
for this kind of converters, obtained from statistical surveys,
are, conservatively, MTBFg. = 7-10° # = 80 Y, corresponding
t0 Agate = 1,43-10°. Consequently, a single load can experience
a power supply loss frequency given by

ﬂ’load = ﬂ’

load _mult

+ /”tgm (13)

which, considering the aforementioned typical values, results
in Moag = 8.93-10%+1,43-10° = 1,51-10°, corresponding to
MTBF g = 6,622:10° 7 = 75,6 Y. If this value is considered
unacceptable for a certain load, it is possible to significantly
increase it using two redundant modules to feed that particular
load. In this case, a load experiences a power supply loss if a
fault of one module happens during the reparation time of
the other. Considering MRTgu = 2 A, which is reasonable
considering the modular structure of the multiport
converter,

AA,,, =2-MRT,

gate
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resulting in AXj.d = 8,18-1072. This value should be added
t0 Moad mure = 8.93-1078, but it is clearly negligible such that
Aoad=Aload_mult, corresponding to MTBF i mur = 11,196-10° h
=1278Y.

Considering now the case of o<1, in case of black-out of
one AC source, the previous considerations are valid for
uninterruptible loads, which are obviously not included in load
shedding strategies. The other loads, on the contrary, are
disconnected by their relative multiport converter in case of
loss of one power source. The frequency of power-supply loss
experienced by non-critical loads is equal to Aioad nc = A1tz =
2,31-107, corresponding to a worst-case MTBFioaq ne =432 h =
18 days. Considering that most grid outages are transitory (< 1
s) or short interruptions (< 3 min), an interesting possibility is
the oversizing of the AC/DC converter and the module
feeding the multiport converter such that it is possible to grant
total redundancy (a=1) for few minutes. This solution is cheap
and easy in that it only implies the usage of oversized
semiconductor modules, while the heat sinks should be still
dimensioned on the desired redundancy level. As a
consequence, the system grants total redundancy (a=1) for
short interruptions, while load shedding strategies are needed
in case of long interruptions. In this case, Aioad nc Should be
computed considering only long interruptions, which, from
statistical surveys, are usually no more than two per year. This
implies Aiong i = 2,314-10%, and consequently Aiad ne =
2-Nong_int 4,629-10%, corresponding to a worst-case
MTBFioad ne = 2160 h = 90 days. Still, if the MTBFieuq is
considered insufficient, it is possible to introduce storage
devices, usually batteries or supercapacitors, to realize UPS
functionality and reduce the impact of long interruptions.

To summarize, it is possible to divide the loads fed by each
multiport converter into three categories:

- Type 1: fed when at least one AC source is available

- Type 2: fed when at least one AC source is available, but
disconnected if one AC source is unavailable for more
than few minutes

- Type 3: disconnected when one AC source is unavailable

The consequences of the proposed management strategy are
reported in Table 1.



TABLE 1 - FAULT CONSEQUENCES ESTIMATION

Fault Type 1 Type 2 Type 3

AC source short No No Power supply
interruption consequence | consequence loss

AC source long No Power Power supply
interruption consequence supply loss loss
AC/DC converter No Power Power supply
fault consequence supply loss loss

MC (Multiport No Power Power supply
Converter) input consequence supply loss loss
module fault

MC output module Power Power Power supply
fault (without supply loss supply loss loss
redundancy)

MC output module No No No

fault (with consequence | consequence consequence
redundancy)

V. PROTECTION DESIGN AND SELECTIVITY

Distribution system selectivity requirements usually
include selectivity among different load groups and on the
feeders. With respect to selectivity among loads, the issue is
directly addressed by mean of the adoption of multiport
converters, which can easily decouple the different outputs
even in case of faults. For each port, the consideration
presented in section III are valid and, as a consequence, the
short circuit current can be calculated by means of (2). Line
protection from short-circuits and overloads can be obtained
by means of magnetic-thermic circuit breakers. The peak
value of the short circuit current can then be obtained by
means of

'
sh—n (esltmax
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where tww=In(s2/s;)/(s;-sz) is the instant when the current
reach its maximum value. This value should be considered
when selecting the switching devices breaking capacity.
Furthermore, it is useful to remember that the multiport
converter act as a backup protection in that it limits short-
circuit currents to a predetermined value and, in case the fault
is not extinguished in few seconds, finally forces the current to
Zero.

With respect to selectivity on the feeder, it is usually
required to recognize faults among the different derivations
from the main feeder to the loads and among different sections
of the feeder itself. The resulting protection scheme is reported
in Fig.3. However, the specific system considered in this paper
and considerations on system reliability reported in Section IV
suggest that it is not necessary to divide the feeder in different
sections, in that faults on the feeder itself are remote.
Consequently, even if all the switching devices reported in the
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Figure 3 - Protection schematic

SN out

schematic must be present for maintenance reasons, just Seder,
S;, ... Sy need to be automatic circuit breakers; other
switching devices may be simple disconnectors or, potentially,
may not be present. While the general solution for short circuit
current calculation has been presented in Section III, (10) is
not particularly useful for general considerations in that the
solution of the system is complex and strongly dependant on
fault resistance. For this reason, it may be of interest to
consider approximated approaches to the definition of short
circuit currents for protection design purposes. In particular,
one interesting solution is obtained considering the multiport
converters filter capacitors to be dimensioned by means of (5),
while the feeder converter filter capacitor can be dimensioned
considering (7), such that the multiport converters contribution
to the fault current is negligible. Consequently, the short
circuit current can be calculated again by means of (2) and its
peak value can be obtained from (15). For the sake of clarity,
the behaviour of fault currents along the feeder is reported in
Fig.4. A line length equal to 500 m has been considered, while
other circuit parameters are: V, = 800 V, P, = 100 kW, Iy, =
24y, v1=0,384 mQ/m, I; = 0,318 uH/m, Ry =0, tc = 10 ms and
dV,. = 0,9. Short-circuit currents are computed every 50 m.

This approach allows obtaining amperometric selectivity
by mean of magnetic-thermic circuit breakers among the
feeder and the derivation towards multiport converters, in that,
in a system comprising N multiport converter, each would
have a rated power roughly similar to Pp.s./N. Consequently,
the switching devices S;, ... Sy will have a rated current which
is much smaller than Sj.q- rated current. On the contrary, it is
not possible to obtain selectivity among different feeder
sections because of the decreasing values of the peak current.
Anyway, this is little issue in that the system can reach high
levels of reliability even if the whole feeder is disconnected in
case of a fault. In particular cases where selectivity along the
feeder is requested, this can be obtained introducing magnetic-
thermic circuit breaker instead of disconnectors and
implementing automatic reclosure. This would not guarantee
direct selectivity on the feeder, but at least permits to isolate
the faulted section and not to disconnect healthy ones.
Consequently, only some multiport converters experience the
loss of one feeder and less loads may be involved in load
shedding. However, considering the reliability indexes
reported in Section IV, this further protection strategy is
usually unnecessary.

25 w10

current [A]

0 0.005 0.01 0.015

time [s]
Figure 4 — Short circuit current behavior: fault current in case of fault at
the feeder converter terminals (blue) and fault currents in successive
feeder sections (calculated every 50 m)
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Power electronic converters can provide interesting
solutions for the ever-growing power supply reliability
requirements. In particular, a zonal DC distribution system has
been considered in this paper, which allows obtaining high
reliability performances with no need for traditional UPS.
Power converters capabilities regarding fault currents control
and limitation are exploited in order to obtain the required
selectivity levels with no need for particular switching

CONCLUSIONS

devices, overcoming the traditional issue of DC distribution
systems.

VII. APPENDIX: R, L, C MATRIXES DEFINITON

The matrices used in (10) are defined in this section.
Quantities with 0 subscript indicates the different section of
the feeder, while other ones indicate the derivation towards
multiport converters. The parameter B indicates the portion of
the last line section before the fault.

_Rm +R +R, +..+pR + R, R,+R +..+pR + R, R, +..+BR + R, BR, + R
R,+R +..+BR + R R+R +R +..+pR + R, R,+R +..+pBR + R, AR+ R
R = R +..+BR + R, R,+R +..+pR + R, R +R +R +..+pBR + R, AR+ R
BR, + R
L PR, + R, PR+ R, PR+ R, PR+ R R + PR, + R |
(L +L +L +..+pL, L +L +..+pL, L, +..+pL pL, |
L,+L +..+pL L+L,+L, +..+BL, L,+L, +..+pBL pL,,
L= L,+..+pL, L,+L, +..+BL L +R +L +..+pR pL,,
BL,,
L ﬁLa,,, ﬁLM ,b’LOm ﬂLM L+ ,BLM N
REFERENCES [11] S. Negri, E. Tironi and G. Ubezio, "Local DC Distribution System in

[1] H. Pugliese and M. Von Kannewurff, “Discovering DC: A primer on
DC circuit breakers, their advantages, and design,” /EEE Ind. Appl.
Mag., vol. 19, no. 5, pp. 22-28, Aug. 2013.

D. Salomonsson and A. Sannino, “Low-voltage DC distribution system
for commercial power systems with sensitive electronic loads,” [EEE
Trans. Power Del., vol. 22, no. 3, pp. 1620-1627, Jul. 2007.

A. Emhemed and G. Burt, "The effectiveness of using IEC61660 for
characterising short-circuit currents of future low voltage DC
distribution networks," 22nd International Conference and Exhibition
on Electricity Distribution (CIRED 2013), Stockholm, 2013, pp. 1-4.

A. Emhemed and G. Burt, "Protection analysis for plant rating and
power quality issues in LVDC distribution power systems," 2015 IEEE
Power & Energy Society General Meeting, Denver, CO, 2015, pp. 1-5.
M. E. Baran and N. R. Mahajan, "DC distribution for industrial
systems: opportunities and challenges," in /[EEE Transactions on
Industry Applications, vol. 39, no. 6, pp. 1596-1601, Nov.-Dec. 2003.
E. Tironi, M. Corti and G. Ubezio, "Zonal electrical distribution
systems in large ships: Topology and control," 2015 AEIT International
Annual Conference (AEIT), Naples, 2015, pp. 1-6.

M. Corti, E. Tironi and G. Ubezio, "Multi-port converters in smart
grids: Protection selectivity," 2016 International Symposium on Power
Electronics, Electrical Drives, Automation and Motion (SPEEDAM),
Anacapri, 2016, pp. 143-149.

M. Corti, E. Tironi and G. Ubezio, "DC Networks Including Multiport
DC/DC Converters: Fault Analysis," in /EEE Transactions on Industry
Applications, vol. 52, no. 5, pp. 3655-3662, Sept.-Oct. 2016

W. Jiang and B. Fahimi, "Multiport Power Electronic Interface—
Concept, Modeling, and Design," in [EEE Transactions on Power
Electronics, vol. 26, no. 7, pp. 1890-1900, July 2011.

P. Shamsi and B. Fahimi, "Dynamic Behavior of Multiport Power
Electronic Interface Under Source/Load Disturbances," in /EEE
Transactions on Industrial Electronics, vol. 60, no. 10, pp. 4500-4511,
Oct. 2013.

[2]

[3]

(4]

[3]

(6]

(7]

(8]

9]

[10]

Presence of RES and Storage Devices: Multiport Converters
Application," 2018 IEEE International Conference on Environment
and Electrical Engineering and 2018 IEEE Industrial and Commercial
Power Systems Europe (EEEIC / I&CPS Europe), Palermo, 2018, pp.
1-8

M. E. Baran and N. R. Mahajan, "Overcurrent Protection on Voltage-
Source-Converter-Based Multiterminal DC Distribution Systems,"
in [EEE Transactions on Power Delivery, vol. 22, no. 1, pp. 406-412,
Jan. 2007.

Z. Shuai, D. He, Z. Xiong, Z. Lei and Z. J. Shen, "Comparative Study
of Short-Circuit Fault Characteristics for VSC-based DC Distribution
Networks with Different Distributed Generators," in /EEE Journal of
Emerging and Selected Topics in Power Electronics.

A. A. S. Emhemed and G. M. Burt, "An Advanced Protection Scheme
for Enabling an LVDC Last Mile Distribution Network," in IEEE
Transactions on Smart Grid, vol. 5, no. 5, pp. 2602-2609, Sept. 2014.

J. Yang, J. E. Fletcher and J. O'Reilly, "Short-Circuit and Ground Fault
Analyses and Location in VSC-Based DC Network Cables," in [EEE
Transactions on Industrial Electronics, vol. 59, no. 10, pp. 3827-3837,
Oct. 2012.

S. D. A. Fletcher, P. J. Norman, K. Fong, S. J. Galloway and G. M.
Burt, "High-Speed Differential Protection for Smart DC Distribution
Systems," in [EEE Transactions on Smart Grid, vol. 5, no. 5, pp. 2610-
2617, Sept. 2014.

J. Yang, J. E. Fletcher and J. O'Reilly, "Multiterminal DC Wind Farm
Collection Grid Internal Fault Analysis and Protection Design,"
in [EEE Transactions on Power Delivery, vol. 25, no. 4, pp. 2308-2318,
Oct. 2010.

L. Qi, A. Antoniazzi and L. Raciti, "DC Distribution Fault Analysis,
Protection Solutions, and Example Implementations," in/EEE
Transactions on Industry Applications, vol. 54, no. 4, pp. 3179-3186,
July-Aug. 2018.

[12]

[13]

[14]

[15]

[16]

[17]

[18]




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /ITA <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



