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Abstract — In this paper, the issues related to short-circuit
calculations in hybrid AC/DC microgrids are discussed. The
reference standard for short-current calculations in DC systems
is the IEC 61660, which provides a mathematical formulation of
the problem. The standard only includes radial DC grids and does
not consider a more complex system, such as meshed DC systems
or a hybrid AC/DC microgrid. This paper proposes a generalized
approach that can be used independently of the characteristics of
the hybrid system. The proposed approach is applied to four test
microgrids with different distributed sources and number of
nodes and the results are compared with those obtained
simulating the same grids with Neplan 360°®.

Index Terms—AC/DC Microgrids, Fault
calculation, hybrid systems.
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I.  INTRODUCTION

Over the past decade, the concepts of DC and hybrid
AC/DC microgrids have become a popular topic among
engineers, fueling the debate on pros and cons of transforming
an AC distribution system into a DC. This matter has been
examined from different perspectives and by considering
structural, design, and operational concerns.

As an example, in [1] and [2], the authors present a
comprehensive review of power architectures, applications,
and standardization issues, control strategies and stabilization
techniques for DC microgrids. The voltage control issue is
discussed in [3], where the authors propose an energy
management strategy of active distribution systems with a
grid-connected DC microgrid, as well as for an isolated DC
microgrid with hybrid energy resources. In [4], a power
architecture for residential buildings consisting in a multilevel
DC microgrid is presented, together with a method for
maximizing the energy efficiency of parallel DC/DC
converters. In [5], a microgrid based on solar PV-battery
energy storage with a multifunctional voltage source converter
is presented. In [6], a new and more flexible architecture for
hybrid AC/DC microgrids with a multi-port interconnected
converter is proposed. Finally, in [7] and [8] a simulation
analysis for assessing the reliability of AC/DC hybrid
microgrids is performed on four test grids and some system’s
indicators are assessed.
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A.  Motivation of the research and research gap

In this context, the topic of calculating short-circuit currents
in DC networks is of interest. The standard IEC 61660 [9]
proposes a short-circuit current calculation methodology but
given the age of this document the most recent developments
in technology and, among other things, the simultaneous
presence of AC and DC sources, are not considered. The
methodology proposed in this paper tries to fill this research
gaps due to the increasing importance that hybrid AC/DC
systems are gaining in modern distribution grids.

B.  Background and related works

With the aid of a power grid simulation software, some
authors have tried to overcome the limitations of [9] and have
proposed improvements based on simulation results. In[10],
the authors develop an original package of programs used for
the analysis and rating of DC protective devices in power
systems. In [11]-[12], two different modeling approaches to
evaluate DC-side short-circuit currents in DC distribution
systems fed by rectifiers are presented and validated by a time-
domain simulation. The above-cited works present useful
formulae that could be integrated in the IEC 61660 approach
when DC distribution systems are applied to microgrids
operating in island mode. Reference [13] presents an algebraic
model to approximate the DC short-circuit current contribution
of converters without DC fault ride-through capability. In [14],
the authors analyze the limits in the application of the IEC
61660 standard to HVDC systems. In [15], the author shows
that the equations of the IEC 61660 standard, originally for
low-voltage (LV) systems, can also be applied to medium
voltage (MV) DC networks and discusses some limitations of
the standard. In [16], HVDC systems in short-circuit
conditions are studied in the case of dual inverters with dual
DC-link; however, the authors, although providing an
interesting description of the control system, do not consider
these devices in a more general methodology for calculating
DC short-circuit currents. The research work in [17] proposes
a fault current calculation method for DC railways. The paper
presents a method to model in Matlab/Simulink railway
substations, trackside paralleling huts, wayside energy storage
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devices, track feeders (positive and negative), overhead
contact systems, running rails, and rail-to-earth resistance. The
results of the short-circuit calculation are compared with those
obtained from the simplified formulas of the international
standard EN 50123-1 standard for DC railway systems [18]. In
[19], the authors propose the wavelet transform to extract high-
frequency components of fault currents to identify internal and
external faults in VSC-HVDC grids. In addition, to design a
protection circuit breakers in DC side, authors use the
instantaneous voltage polarity difference of the current
limiting reactor to determine the fault direction.

Some further steps in the simulations of DC short-circuits
are done in [20] and[21]. In the first paper, the authors present
an approach and some formulae for short-circuit calculation in
a DC system in the case of line-to-line and line-to-ground
faults and validate the results with Matlab/Simulink. In the
second paper, a mathematical model and the related
experimental validation are presented for short-circuit
calculations in DC grids supplied by hybrid AC/DC power
supply generators. The research work in [22] tries to
distinguish steady-state, transient and fault operation in low
voltage DC microgrids supplied by PV and battery storage
systems. The proposed algorithm calculates residual current in
voltage source converters and load branches, while not
consider the effect of generation units. The models proposed
in [23]-[24] are compared to simulation results. The prior
adopted a mathematic model to calculate short-circuit current
in multi-terminal DC grid using simplified converters and
overhead line circuits, and the second one calculates short
circuit current in HVDC systems considering IEC 61660. In
[25], the authors model a DC-side bipolar fault current in
steady-state stage for modular multilevel converters connected
to AC system. Finally, in [26], an approach to extend the IEC
61660 standard to meshed systems is proposed.

All the above-mentioned works deals with the modelling of
specific components of the DC system, with the dynamic
behaviour of the system during the fault or propose methods
that are used for DC grids with a single source.

C. Main contribution of the proposed work

In this context, this paper proposes a generalized approach
that can be used for calculating AC/DC short-circuit currents
in hybrid AC/DC microgrids, independently of the
characteristics of the hybrid system. The methodology is based
on the main equations of the IEC 61660 standard, employed
for the calculation of equivalent resistances for a matrix
formulation of the problem. This methodology can be applied
to both radial and meshed structures since, as it is further
clarified in this paper, meshed structures can also be reduced
to simpler radial configurations. To demonstrate the robustness
of this proposed method, two test microgrids are examined and
the results are compared with those obtained with the
modelling software Neplan 360°.
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D. Structure of the paper

The rest of the paper is organized as it follows:

e Section II presents the proposed methodology and
contains several references to the original IEC 61660
standard;

e Section III presents various case studies defined for
testing the proposed methodology;

e Section IV reports the conclusions of the work.

II. METHODOLOGY

Fig. 1 shows a generic topology of a DC microgrid with N
buses, loads, and sources. Each DC source can be a rectifier, a
battery energy storage system (BESS), a capacitor, or a DC
motor (Fig. 2). Other types of DC sources, such as fuel cells or
photovoltaic systems, are not considered because the IEC
61660 standard does not provide any guidance for calculating
the short-circuit current in the presence of such elements.

[r] = [Gsc][Uo] — [Gsc]UF] M

@— DC source \L DC load

Fig. 1. Generic representation of a DC microgrid with N buses.
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Fig. 2. DC sources considered in the study according to IEC 61660.
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Rectifiers are located at the connection points between DC
microgrids and AC grids, and their presence will be used to
include the fault current contribution of the main AC system
into the calculation.

The steady-state short-circuit current calculation at a
generic " bus of the DC microgrid in Fig. 1 is performed by
calculating the short-circuit conductance matrix [Gg-] [26]-
[27]. According to this method, the short-circuit current is
found solving the matrix equation:

Where [I] is a vector that has all null elements except the
i™ element, which is the fault current I; at the i node, [U,] is
a vector whose elements are the voltages at the nodes of the
DC microgrid, which are assumed to be equal to the rated
voltage of the system, or to the pre-fault voltages obtained by
means of the load flow analysis of the microgrid. Finally, [Ur]
is a vector whose elements are the voltages at the nodes of the
DC microgrid during the fault. The i element of [Ug] is set to
zero in the case of a bolted short-circuit fault (i.e., zero
impedance), all other elements, including the fault current, are
the unknowns of the system. Equation (1) represents,
therefore, a system with N equations and N unknowns (1
current and N-1 bus voltages). The diagonal element Gy of the
conductance matrix [Gs;] is obtained as the sum of all
conductances of all elements connected to the k" bus. The
extra-diagonal element Gy, of the matrix is the opposite of the
sum of all conductances of all elements connecting buses & and
h. For calculating the contribution of a DC source to a generic
Gu element, the expressions reported in the standard IEC
61660 are used. A more detailed description of the IEC 61660
approach is not in the scope of this paper and can be found both
in [10] and in [15].

In the case of a BESS, the equivalent resistance of the
source is given by:

R _ 0.9'RB +RBL (2)
BB 0.95 - kg

where Ry is the short-circuit resistance of the battery
provided by the manufacturer, Rg; is the resistance of the
connection cable from the battery to the DC bus, kg is a
coefficient set to 1.05 for charged batteries and to 0.9 for low-
charged batteries. The battery voltage before and during the
fault is set to the rated voltage of the DC microgrid.

The DC motor resistance is simply the resistance of the DC
circuit from the output terminal of the motor and the DC bus.

In the case of a shunt capacitor with rated capacity C, the
equivalent resistance of the source is given by:

Rey 3)
Rep =~
CB kC

where R, is the resistance of the connection cable from the
capacitor to the DC bus and k. is a coefficient given by IEC
61660 and dependent on the inductance L.; of the same
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connection cable and on the frequency w, = 1/4/L¢,C. This
resistance can be used for calculating the peak value of the
short-circuit current, but for steady-state contribution the
resistance must be set to infinity.

Finally, in the case of rectifier, the equivalent resistance of
the source must consider the contribution of the AC grid
upstream of the converter. Using the expressions in IEC
61660, the following resistance can be obtained:

1 2 ZQ
Reony = E § ’ Z + Rioss + Ry, “

where Z, is the module of the short-circuit impedance of
the AC grid at the input terminals of the rectifier referred to the
DC-side voltage, calculated, according to IEC 60909 by
neglecting the presence of the rectifier as a possible element
for creating a reclosing loop during the fault on the AC side;
Aq is a coefficient provided by IEC 61660, whose value
depends on the rate between the real and imaginary part of Z,
and the rate between the resistance of the DC circuit
downstream of the converter and the resistance of the AC
circuit upstream of the converter; R, is an additional
resistance that takes into account the internal power losses of
the converter; and Ry, is the resistance of the connecting cable
from the rectifier to the DC bus. Finally, in (4) the coefficient
¢ is the voltage factor defined by IEC 60909, which is herein
introduced to simplify the calculations.

Based on the same principle, it is possible to propose a
similar approach for taking into account the presence of PV
generators in the calculations. In DC microgrids, PV plants are
connected directly to the DC bus or by a DC/DC converter and
in both cases their contribution to the short-circuit current is
always known and provided by the PV module manufacturer.

Since a photovoltaic field is composed of strings of modules
connected in parallel, the short-circuit contribution /sc of a PV
plant with N strings during a fault in the DC microgrid can be
expressed as:

Isc = Ns * Iscimoa )

where Igc moq 1S the short-circuit current of a single PV
module provided by the manufacturer. With the goal of
calculating the maximum short-circuit current in the DC
network, it is possible to define an equivalent short-circuit
resistance of the PV field so that to also integrate this source
in the proposed methodology:
(6)

Uout

Rpy = + Ry,

ISC

where U,,; is the voltage at the output voltage of the PV
plant, assumed equal to the rated voltage of the DC system and
Rpg;, is the resistance of the connection cable from the PV field
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to the DC bus.

Using the above defined resistances and the resistances of
the DC cables connecting the buses of the DC microgrids, all
elements of the matrix [Gg-] are known for the specific
microgrid and the short-circuit current and the voltages in all
buses during the fault are obtained by solving equation (1)
written in explicit form:

N
0 = Z th(UOk - UFk) Vh * l
k=1
N
Ip; = Z Gix (Uok — Upy) + G Uy,
= ™

k=i

III. CASE STUDY

The proposed approach is applied to four test microgrids
[7]-[8], three of which are parts of the hybrid MV/LV grid of
Fig. 3 and one is the more complex grid represented in Fig. 4:
an underground station, a smart car parking, a residential area
and a port area microgrid. For each microgrid, a DC-side fault
is assumed to occur at the main DC bus. The faulted nodes are
indicated in Figures 3 and 4 and named:

e NI for the underground station microgrid,

e N2 for the smart car parking microgrid;
N3 for the residential area microgrid;

e N4 for the port area microgrid.

The figures show the state (i.e., open/close) of the AC lines
since their state impacts the value of the impedance Zp in
equation (4). According to the proposed methodology, the
initial symmetrical short-circuit powers defined by IEC 60909
at the rectifiers input terminals, necessary for the Zp
evaluation, are reported in Figures 3 and 4. The four short-
circuit currents are calculated considering the contribution of
the PV plants and, where present, the contribution of the
batteries of electric vehicles connected to the grid. Capacitors
and DC motors are not present in any bus of the hybrid grids.

The parameters for the calculation are reported in Tables |
through IV. The four tables report all the data necessary to
calculate the expressions (2) to (7). For the AC grid upstream
the fault location the rated voltage and the initial symmetrical
short-circuit power at the rectifier input terminals are given to
calculate the maximum short-circuit current on the AC side
and the related equivalent short-circuit impedance. For
rectifiers and BESSes, the output voltage, the rated power and
the internal resistances are given. BESSes are considered
charged for the calculation of the maximum short-circuit
impedances (i.e., k=1.05).

For PV systems also the number of strings N, and of
modules N, are provided, since the output voltage U
depends on the number of modules connected in series (it is
the sum of the output voltage of each series-connected module)
and the short-circuit current /. depends on the number of

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.or_lglgublications/rights/index.html for more information.
niv of Palermo. Downloaded on January 06,2023 at 07:36:37 U

Authorized licensed use limited to: Univ degli Studi di Palermo -

strings, as expressed by equation (5). For all sources, the length
of the connection cables and the related resistances are given;
these data are necessary to calculate some of the coefficients
appearing in the resistances in the IEC 61660 standard. The
Neplan 360® project files with the grids in Figures 3 and 4 may
be provided upon request by the authors.

A.  Underground station microgrid

The microgrid belongs to an underground station with a
floor area of 3000 m? and an annual passenger inflow of around
5.3 million, as in the case study described in [28]. From the
data in Table I, using the formulas in Section II, the following
quantities are calculated:

, U (UDC)2_1.1-22 (1.5)2_00407Q
¢S, u,) 608 \2/) 7
1 2z,
RCONVZE § 'Z+Rloss+RRL
1 2 0'04O7+0001
~105\J3 " T097 TV
+0.0025 | =0.101 Q

_09:Rg+Rp, _09:0.2+0.025

Ron ="095-%, 095-105 2068
Uyt 1500
Rey = 24+ Ry = 55+ 0011 = 41320

For the short-circuit current calculation in N/, the microgrid
can be represented by a simple 4-bus network where N/ is
indicated as bus 2 (Fig. 5). The matrix [Gg.], obtained using
the coefficient of the system of linear equation (7), is:

9.88 —-9.88 0.00 0.00
[Gsc] = —-9.88 14.75 —4.85 -0.02

0.00 —4.85 485 0.00

0.00 —-0.02 0.00 0.02

[Gsc] is a 4x4 square matrix being four the nodes involved
in the calculation. Imposing that the voltage at buses 1, 3 and
4 during the fault are equal to the rated voltage of the microgrid
(such hypothesis is realistic, since these voltages are those
internal to the DC sources), the fault current obtained by (7) is
22.13 kA. The same current evaluated by Neplan 360®is 21.77
kA. The difference between the two values is, therefore, 1.6%.

B.  Smart car parking microgrid

The network under consideration, schematically
represented in Fig. 6, includes the supply of roadside services,
charging stations for electric vehicles with slow charging and
fast charging, and photovoltaic generation with a dedicated
storage system. From the data in Table II, similarly to sub-
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section 4, the following quantities are calculated:

Zy = 0.0489 Q; Reoyy = 0.1350Q; Rpy = 0.206 Q;
Rpper = 0.181 Q; Ry = 41.32 0

For the short-circuit current calculation in N2, the microgrid
can be represented as a 5-bus network where N2 is indicated
as bus 2. The matrix [Gg], in this case, is a 5x5 matrix:

7.40
—-7.40
[Gsc] = 0
0

-740 O 0 0

17.80 —4.85 —5.52 —0.02
—4.85 4.85 0 0

=552 0
0 -00z 0 0

5.52 0
0.02

and the fault current is 10.68 kA. The same current
evaluated by Neplan 360® is 10.90 kA with a difference

between the two values of 2%.
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Fig. 3. City area MV/LV AC/DC microgrid.
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TABLE L UNDERGROUND STATION MICROGRID: PARAMETERS FOR TABLE IL. SMART CAR PARKING MICROGRID: PARAMETERS FOR THE
THE CALCULATION OF THE SHORT-CIRCUIT CURRENT. CALCULATION OF THE SHORT-CIRCUIT CURRENT.

AC grid Rated Voltage U,=2 kV; AC grid Ra}t'ed Voltage L{»1=0~4 kV; o .
Initial symmetrical short-circuit power at the input Initial symmetrical short-circuit power at the input
terminals of the rectifier S,.=60.8 MVA terminals of the rectifier S.=7.73 MVA

Rectifier Output Voltage U,,~1.5 kV; Rectifier Output Voltage Up,=0.6 kV;

Rated power S,=800 kVA; Rated power 5,=400 kVA;

Coefficient 14=0.97 (from IEC 61660); Coeffient 44=0.97 (from IEC 61660);

Internal resistance Rj,,=0.001 Q Internal resistance Ri0s=0.01 Q

DC connection cable lenght d=5 m; DC connection cable length =5 m;

DC connection cable series resistance Rg;=0.0025 Q DC connection cable series resistance Rg;=0.0025 Q

BESS Output Voltage U,,~1.5 kV; BESS Output Voltage U, =0.6 kV;

Charged battery kz;=1.05; Charged battery kz=1.05;

Rated power S,=250 kVA; Rated power §,=40 kVA;

Short-circuit resistance of the battery Rz=0.2 ; Short-mrcm? resistance of the battery R;=0.2 Q;
DC connection cable length d=50 m; DC connection cable length ¢=20 m;

DC connection cable series resistance: Rg;=0.025 Q DC connection cable series resistance Rp;=0.011 Q

PV Output Voltage Uy, =1.5 kV; EV BESS Output Voltage Uni=0.4 kV;

Number of modules N,=44; Charged battery kz=1.05;
Number of strings Ns=3; Rated power S,=400 kVA;
Rated power S,=50 kW; Short-circuit resistance of the battery Rg,=0.2 Q;
Module’s short-circuit current Zscmo=12.1 A; DC connection cable length ¢=20 m;
DC connection cable length d=20 m; DC connection cable series resistance Rp;,=0.0007 Q
DC connection cable series resistance Rx;=0.011 Q PV Output Voltage Uy, =1.5 kV;

Number of modules N,=44;

Number of strings Ns=3;

Rated power S,=50 kW;

Module’s short-circuit current Iscmo=12.1 A;

DC connection cable length =20 m;

DC connection cable series resistance: Ry, =0.011 Q
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RESIDENTIAL AREA MICROGRID: PARAMETERS FOR THE

CALCULATION OF THE SHORT-CIRCUIT CURRENT.

AC grid

Rated Voltage U,; =2 kV

Rated Voltage U,,=0.4 kV

Initial symmetrical short-circuit power at the input
terminals of the rectifier S..;/=33.54 MVA

Initial symmetrical short-circuit power at the input
terminals of the rectifier S..,=11.16 MVA

Rectifier (2
kV)

Output Voltage U,,~0.6 kV;

Rated power S,=2000 kVA,;

Coefficient 1;=0.97 (from IEC 61660);

Internal resistance R,;=0.01 Q

DC connection cable length d=5 m;

DC connection cable series resistance Rg;,=0.0025 Q

Rectifier (0.4
kV)

Output Voltage U,,~0.6 kV;

Rated power S,=2x400 kVA;

Coefficient 1,=0.97 (from IEC 61660);

Internal resistance R;,,=0.01 Q

DC connection cable length d=5 m;

DC connection cable series resistance Rg;,=0.0025 Q

BESS

Output Voltage U,,~0.6 kV;

Charged battery kz=1.05;

Rated power S,=200 kVA;

Short-circuit resistance of the battery Rz ~=0.2 Q;
DC connection cable length d=20 m;

DC connection cable series resistance Rz =0.011 Q

PV

Output Voltage U,,~0.6 kV;

Number of modules N,=1111;

Number of strings Ns=52;

Rated power S,=500 kW;

Module’s short-circuit current Is¢ =189 A;

DC connection cable length d=20 m;

DC connection cable series resistance: Ry, =0.011 Q

TABLE IV.

PORT AREA MICROGRID: PARAMETERS FOR THE

CALCULATION OF THE SHORT-CIRCUIT CURRENT.

AC grid

Rated Voltage U,=2 kV;
Initial symmetrical short-circuit power at the input
terminals of the rectifier S..=118.25 MVA

Rectifier (2
kV)

Output Voltage U,,~0.69 kV;

Rated power S,=3000 kVA;

Coefficient 1;,=0.97 (from IEC 61660);

Internal resistance Rj,;=0.01 Q

DC connection cable length d=5 m;

DC connection cable series resistance Rz;=0.0025 Q

On-board
BESS

Output Voltage U,,~0.69 kV;

Charged battery kz=1.05;

Rated power S,=2x10 MVA;

Short-circuit resistance of the battery Rz=0.1 Q;
DC connection cable length d=20 m;

DC connection cable series resistance Rz;=0.011 Q

PV

Output Voltage U,,~0.69 kV;

Number of modules N,=888;

Numero di stringhe Ns=42

Potenza nominale S;=400 kW

Lunghezza del cavo di collegamento in DC d=20 m

Resistenza del cavo di collegamento in DC RFL= 0.011

Q

EV BES

Output Voltage U,,~0.69 kV;

Charged battery kz=1.05;

Rated power S,=2000 kVA;

Short-circuit resistance of the battery Rp.,~=0.2 Q;

DC connection cable length d=20 m;

DC connection cable series resistance Rp;,,=0.0007 Q

Authorized licensed use limited to: Univ degli Studi di Palermo -

C. Residential area microgrid

For the purpose of calculating the short-circuit current at
fault point N2, the Residential area microgrid is shown in Fig.
7, where the collecting bus 2 represents the faulted node N3.

From the data in Table III, the following parameters for the
solution of the system of linear equation in matrix form in
equation (7) are calculated:

Zg1 = 0.0113Q; Zy, = 0.0339 Q; Rooyy; = 0.097 Q;
Reonyz = 0.042Q; Ryp = 0.181Q; Rpy = 0.79Q

The matrix [Gg] in this case is:

Rectifier

Fig. 5. Schematic representation of the Underground station microgrid.

Rectifier

EV
BESS

Fig. 6. Schematic representation of the Smart car parking microgrid.

Rectifier 2

Fig. 7. Schematic representation of the Residential area microgrid.
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10.28 —10.28 —5.52 —5.52 —1.27 —24.23
—10.28 47.41 0 0 0 0
Go] = —5.52 0 5.52 0 0 0
[Gse] = —5.52 0 0 5.52 0 0
-1.27 0 0 0 1.27 0
—24.23 0 0 0 0 2423

and the fault current obtained from the resolution of
equation (7) is 29.50 kA versus 29.13 kA evaluated by Neplan
360®. The difference between the two values is 1.3%.

D.  Port area microgrid

Fig. 4 shows a Port Area microgrid. The DC fault point is
indicated as N4. The network configuration has two rectifiers
in parallel fed from the 2 kV busbars and another two rectifiers
fed from the 0.69 kV busbars. When the fault occurs, it is
possible to assume that the two rectifiers connected to the 2 kV
busbars operate as a single element connecting the DC busbars
with the AC busbars. In fact, the formulae proposed by IEC
61660 do not consider the rated power of the rectifier but only
its presence. Therefore, since the two elements connect the
fault node to the same source, they can be treated as a single
element. The presence of the two rectifiers on the 0.69 kV
busbars can be instead neglected. In fact, when the fault occurs,
the rectifiers fed from the 2 kV busbars create a preferential
path for the fault current compared to that formed by the 0.69
kV rectifiers and the 2/0.69 kV/kV transformers in the figure.

Consequently, the network can be represented as in Fig. 8
where node 2 represents fault node N4.

ON BOARD
BESS 1
Equivalent

Rectifier

ON BOARD
BESS 2

EV FAST CHARGING

Fig. 8.  Schematic representation of the Port area microgrid.

From Data in Table IV the following parameters are
calculated:

ZQ =0.0042 Q; Rcoyy = 0.024 Q; Rgp onboaraiz =
0.091 Q; RBB,EV = 0.181 Q; RFV = 1.12 Q

and, as a consequence:

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.or_lglgublications/rights/index.html for more information.
niv of Palermo. Downloaded on January 06,2023 at 07:36:37 U

Authorized licensed use limited to: Univ degli Studi di Palermo -

42.23 —42.23 -10.99 —-10.99 -5.52 -0.89
—42.23 70.63 0 0 0 0
Go] = —-10.99 0 10.99 0 0 0
[Gse] = —-10.99 0 0 10.99 0 0
—5.52 0 0 0 552 0
—0.89 0 0 0 0 0.89

Even in this case, bus voltages at nodes 1, 3, 4, 5 and 6 are
assumed equal to the rated one at the DC side, therefore, from
equation (7) a short-circuit current equal to 51.72 kA is
obtained. The same current assessed by Neplan 360® is 49.79
kA, with a difference of 3.9% between the two values.

IV. CONCLUSION

This paper is an extended version of [29], presenting a
general methodology for short-circuit calculations in hybrid
AC/DC microgrids. The proposed approach shows great
accuracy and proves to be easy to apply in all cases where there
is no specialized software for the calculation of short-circuit
currents in hybrid DC microgrid. The matrix approach lends
itself to an iterative implementation that is fairly simple to
implement and easily automated. In addition, it allows to
consider in a simple way also the presence of PV generators
connected to DC buses crossing the limits of IEC 61660
standard.

The computational burden required by this methodology is
that necessary for solving a nxn linear system and, as shown
by the four different case studies, the accuracy of the solution
does not change with the increase in the number of nodes of
the networks. As to this aspect, the chosen case studies have
from 4 to 6 nodes; in real-life microgrids a higher number of
sources which can feed the fault are hardly expected, since the
control of numerous distributed resources would be rather
complex and impractical.

The method can be still improved and simplified by
considering the additional indications of IEEE Standard 946-
2020 [30]. As an example, according to [22], the contribution
of DC motors and inductive loads to the short-circuit current
can be conservatively estimated as ten times the motor’s rated
full-load current. This allows to eliminate from the microgrid
graphs those nodes containing DC motors and inductive loads.
In this way their fault contribution can be taken into account
by adding it to the fault current calculated in the network
without these elements, as similarly suggested for AC
networks by IEC 60909. In a future work, this methodology
will be applied considering the above-mentioned sources and
new sources such as fuel cells and Li-ion (or other type of)
batteries. In particular, in this case, it will be important to
model the contribution of the static converter that interfaces
the element to the DC grid.

Finally, a short note to promote a discussion on the topic of
short-circuit calculation in DC grids: does the method provided
by the IEC 61660 lead to the calculation of significant values
of the short-circuit currents in modern smart grids with static
converters with current limiters? This is a very important topic

from IEEE Xplore. Restrictions apply.
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if the age of the standard is considered. Indeed, while smart
grids are becoming more and more common in modern
distribution systems, the number of static converter-interfaced
distributed resources is increasing. It appears rather unrealistic
to base the sizing of circuit-breakers and other components on
short-circuit current values calculated according to the
assumption of the IEC 61660: the effect of current limiters is
neglected. This issue may lead to oversizing the ratings of
protective devices and it should be discussed by the experts.
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