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Abstract—In this paper a short-circuit computation (SCC) pro-
cedure for large-scale distribution systems with high penetration
of distributed generators based on contemporary technologies is
proposed. The procedure is suitable for real-time calculations.
Modeling of modern distributed generators differs from the
modeling of traditional synchronous and induction generators.
Hence, SCC procedures found on the presumption of distribution
systems with only traditional generators are not suitable in
nowadays systems. In the work presented in this paper, for
computation of the state of the system with short-circuit, the
improved backward/forward sweep (IBFS) procedure is used.
Computation results show that the IBFS procedure is much more
robust than previous SCC procedures, as it takes into account
all distribution system elements, including modern distributed
generators.

Index Terms—Distributed generation (DG), distribution sys-
tem, distribution management system (DMS), short-circuit com-
putation.

I. INTRODUCTION

N In the past, electrical energy was produced in bulk

by large power plants and transmitted to the high volt-
age/medium voltage (HV/MV) substations. Each of the sub-
stations was a single supply point of the respective distribution
system. Distribution systems consisted of passive elements
such as line sections, transformers, capacitor banks, etc. and no
energy was produced there. Power flow was from the HV/MV
substation to the consumers. Similarly, the fault-current flow
was from the HV/MV substation to the fault location.

Nowadays, this situation is rapidly changing. In the last few
decades the number of distributed generators (DGs) is rapidly
growing around the globe. The reason behind this is that DGs
provide many benefits to the distribution system operation.
Some of these benefits are: energy losses could be decreased,
DGs could contribute with a reactive power support, DGs
could contribute in preserving stable voltage profile along the
feeders, and most importantly, DGs are largely from “green”
energy resources, such as wind and sun, and thus they could
help in the combat with nowadays energy and environmental
issues.
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Nonetheless, it is generally known that integrating large
amount of DGs is accompanied with several serious chal-
lenges. Nowadays distribution systems are not passive any-
more. They are rather active, as a consequence of installed
DGs. Thus, power and fault-current flows are no more
straightforward. Additionally, a huge share of contemporary
DGs’ models differs from the traditional generators’ models.
Accordingly, DGs obviously complicate the operation and
management of distribution systems. Thus, classical calcula-
tions, based on the presumption of distribution systems with
just synchronous or induction machines, cannot be used in
nowadays systems.

In an effort to oppose the challenges of the contemporary
technologies, the distribution management system (DMS) has
become a highly attractive software package. DMS consists of
broad selection of power calculations constructed to monitor,
control and plan the whole distribution system smoothly and
accurately. Short-circuit computation (SCC) is one of the most
important DMS power calculations. Results obtained by SCC
are mandatory for execution of many different DMS power
calculations, such as: relay protection settings and coordina-
tion, short-circuit location, isolation and supply restoration,
fault management and numerous other calculations. They are
also used for protection equipments election, bus-bars con-
struction, etc. The full spectrum of the short-circuit currents
results attained by real-time SCC is used to afford safety and
differentiation of the whole protection system. Thus, the real-
time SCC needs to satisfy two necessary assets: it needs to be
fast, and it needs to be highly accurate.

A distribution system SCC procedure is proposed in the
International IEC 60909 Standard [1]. This procedure is known
as equivalent voltage source (EVS), but as it is presented in
[2], EVS is not usable in nowadays distribution systems which
contain contemporary DGs. DGs which are built on doubly-fed
induction generators (DFIGs) and inverter based DGs (IBDGs)
present special challenges. In [2], an extensive table of DGs
based on different technologies is shown. Moreover, an attempt
to expand the EVS method in order to deal with modern
DGs is suggested. However, just symmetrical three-line-to
ground faults were considered in [2], but as unsymmetrical
faults are prevalent in everyday-life, a SCC needs to handle
these types of faults also. In [3], [4] a hybrid compensation
method (HCM) is proposed for SCC of large-scale distribution
systems. The HCM uses a compensation procedure for calcu-
lating the currents in loops, short-circuit currents, and currents
of synchronous generators. Subsequently, backward/forward
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sweep (BFS) in three-phase domain computes the state of the
system with short-circuit. BFS is branch oriented method, so it
does not depend upon inversion or factorization of the (huge)
admittance matrix. This feature makes the HCM particularly
fast and efficient for distribution systems with large number
of buses. Nonetheless, HCM is built on a presumption that
synchronous machines are the lone active parts in the system,
and therefore it is not useful for SCCs in distribution systems
that contain modern DGs. A more up-to-date SCC method
for distribution systems is proposed in [5]. That method is
executed in the sequence domain, and it is presented that the
sequence domain approach is up to three times faster than
the three-phase approach. The limitation of that method is
that DGs were not discussed at all. Moreover, [5] is based
on building and factorization of the (huge) admittance matrix.
Although the admittance matrix approach is exceptionally
efficient for transmission systems, it is presented in [6] that
it is up to three times slower than the BFS for modeling and
calculation of large distribution systems.

The method proposed in this work is built on the superpo-
sition theorem [7], [8]. For calculation of the faulted system
state, an improved BFS procedure (IBFS) is proposed. The
IBFS does not depend on building and inversion (factorization)
of the admittance matrix, and it is executed in the sequence
domain. Thus, the three phase system is scaled down to three
single-phase systems, for positive, negative and zero sequence.
These features make the SCC method proposed in this paper
fast and simple for calculation. All of the contemporary DG
technologies are taken into account and modeled with the up-
to-date models [9]—[16]. DFIGs and IBDGs are particularly
stressed because their models cannot be integrated into the
traditional SCC methods. A decision-making algorithm for
determining which model is appropriate, depending on the
location of the short-circuit, DFIG’s parameters and control
settings is proposed in this paper. Moreover, low voltage ride
through (LVRT) requirements regarding DFIGs and IBDGs
are considered in the algorithm. Loop currents and currents
supplied by DGs are computed simultaneously with the whole
distribution system state using the proposed IBFS method.
Thus, unlike methods proposed in [3], [4], IBFS does not
requirean additional iterative procedure.

The SCC method proposed in this paper (IBFS) is compared
with the EVS method [1]. The computation results present that
the IBFS is more robust because it models every element with
the relevant and up-to-date models. Consequently, the compu-
tation time required by the proposed method was checked on
four large systems, with high number of modern DGs. The
results show that the IBFS solves large distribution system
with as many as 5000 buses, 10 loops and 30 different DGs
in 74 milliseconds. These results cover the computation of the
short-circuit currents of four standard short-circuits, and the
whole faulted system state. This extremely low computation
time shows that the IBFS is especially useful for real-time
calculation sin which the computation time is of crucial
importance.

The organization of the remaining part of this paper is:
Section II describes the distribution system modeling, Section
IIT outlines the idea behind the proposed SCC method, and
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Section IV presents the IBFS procedure for computation of the
state of the system with short-circuit. The computation results
are shown and discussed in Section V, while the concluding
remarks are derived in Section VI.

II. MODELING OF THE DISTRIBUTION SYSTEM ELEMENTS

In this section the SCC models of distribution system
elements are described. Modern DGs are mainly focused.

A. Power Transformers, Lines, and Load Models

Power transformers are modeled as a short-circuit
impedance in parallel with a magnetizing admittance [7]. Lines
are presented by [] schemes [7]. These models, have been
used for almost a century in the power system analysis, and
thus they are not presented in this paper.

A usual trend in distribution system SCCs is neglecting of
the influence of loads [1], [2]. A reciprocal comparison of
feeder head fault currents, obtained by three different load
models: 1) complete neglecting, 2) pre-fault currents, and 3)
constant impedances is shown in [17]. It is deduced in [17]
that the differences in results obtained by the latter two models
are minor. Nonetheless, it is deduced in [18] that complete
neglecting of the influence of loads can cause high inaccuracy
in calculating feeder head currents. Therefore in this paper, the
influence of loads is taken into account as pre-fault currents.

B. The DG Models

DGs are divided into four different types, based on their
SCC models [19]:

1) Type 1: synchronous generator directly connected to the
grid.

2) Type 2: induction generator directly connected to the
grid).

3) Type 3: DFIG.

4) Type 4: IBDG.

Type 1 DG and Type 2 DG are explained in detail in [19].
These models have been successfully used in the power system
analysis for the last several decades. Therefore, explanation
of these models is omitted in this paper. Their models are
presented in Fig. 1 and Fig. 2, respectively.

In Fig. 1, ideal voltage sources for sub-transient, transient
and steady-state, are marked with V', V| and V., respec-
tively. Positive sequence impedances for sub-transient, tran-
sient and steady-state, are marked with Z, Z' and Z_,
respectively. The negative sequence impedance is marked with
Z_.

In Fig. 2, V"’ is the voltage source behind transient reactance
X'. The rotor’s resistance and leakage reactance, are marked
with R, and X,, respectively. The stator’s resistance and
leakage reactance, are marked with R, and X, respectively.
The magnetizing reactance is marked with X,,. The slip is
marked with s.

Type 3 DG presents the toughest challenge for modeling,
as the DFIG’s model for the SCC purposes strongly depends
on the intensity of the fault as well as on the protection
scheme that is installed in the rotor’s power converter. In
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most cases DFIG possesses the protection device called the
crowbar, which, in case of the severe faults, short-circuits the
rotor in order to protect the power converter [2], [14]—[16].
In this case, DFIG’s model for SCC purposes becomes akin
to the Type 2 DG’s model [2], [12]—[16]. The only difference
between these two models is that in case of the DFIG, the
resistance of the crowbar needs to be inserted in series with
the stator’s resistance (Fig.2). The value of this resistance is
in most cases supplied by the manufacturer of the DFIG, and
its value can be more than twenty times higher than the rotor’s
resistance [12]. Therefore, the crowbar’s resistance should not
be neglected when the accurate SCC is desired.

Z" Z
I —0 L —®
) Positive Negative
V. <> sequence sequence
L] @
(a)
Z. Z
L0 ® 1 L ]
Positive Negative
v <> sequence sequence
® ®
(b)
Z, Z
I ® 1 ®
Positive Negative
V. <> sequence sequence
L J ®
()

Fig. 1.
transient state. (b) Transient state. (c) Steady state.

Synchronous generator models for the SCC purposes. (a) Sub-

14 Positive Negative
sequence sequence

(a)
X X R X X R
ey BEPY
Ri" Positive i Negative
s sequence 2-s " sequence
(b)

Fig.2.
(b) Steady state.

Induction generator models for the SCC purposes. (a) Transient state.

If the short-circuit is not as intense (e.g., in the case that it
happens at the location remote from the DFIG) the crowbar
will not be activated and the power converter would control the
DFIG’s injected short-circuit current. Moreover, if a different
device for the converter’s protection is installed in the DFIG,
which would allow the power converter to stay active over
the whole duration of the short-circuit, the converter would
manage to have control over the fault current through the
whole short-circuit period even in the case of severe short-
circuits. This device is installed in most of the modern DFIGs
and it is called chopper [15], [16].

In the latter two cases, when a DFIG manages to continue
to control its short-circuit current, it should be modeled same
as the Type 4 DG, explained below [15], [16].

In the work presented in this paper, the intensity of the
short-circuit is measured from the voltage at the DFIG’s point
of common coupling (PCC) at the moment of short-circuit.
The assumption is that the crowbar would react in case that
the value of the voltage at the DFIG’s PCC drops under the
predefined threshold value [15]. If the value of this voltage
remains over the threshold, the power converter would stay
active and would manage to control the short-circuit current.
Moreover, if chopper is installed for the power converter’s
protection, the short-circuit current supplied by DFIG will be
controlled also.

Type 4 DG has the same model, no matter what is the
original energy source [2], [13]—[16]. A fault current is limited
to 1—1.5 time of the rated current in order to protect the power
converter [13]—[16]. Controllers inside the power converter
are in most cases designed to provide positive sequence
symmetrical currents, even in cases of unsymmetrical short-
circuits [15], [16]. Therefore, the IBDG model for the SCC
purposes is an controlled current source with the positive
sequence current [13]—[16]. The controlled current source
model is a particular challenge for traditional SCC procedures
[1], [2], because these procedures are not designed to cope
with generators that are modeled with other than a traditional
voltage source behind impedance model. The method proposed
in this paper deals with such models with a high effectiveness.

The assumption in this work is that power converters are
designed to limit short-circuit currents to the IBDGs’ rated
currents, with the equal phase angles as the ones of the pre-
fault currents [16]. Nonetheless, alike the DFIGs, different
manufacturers can use distinct short-circuit current limitations
and also distinct phase angles settings. However, if the manu-
facturer provides data about the control strategy implemented
in its IBDG, any value for the fault current of the IBDG could

A 1-1.5pu.

Fig.3. IBDG model for the SCC purposes.
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be integrated in the SCC presented in this work. In Fig. 3 the
IBDG model is shown.

C. LVRT Requirements

DGs should make a contribution to distribution system
support in not only normal operation but also in the faulted
conditions. To comply with that notion, DGs should stay
connected to the system in an event of fault and contribute
a support to the distribution system if possible. As Types
3 and 4 DGs have controlled current responses, these DG
types can stay connected to the system throughout the duration
of the fault. The competence to undergo a fault or other
disturbances, which cause the voltage change at the PCC,
without being disconnected from the system, is called the
LVRT capability [20]. Most of the countries have strictly de-
fined grid codes with the LVRT requirements for transmission
systems. However some of the modern distribution codes, such
as German [21] and Irish [22], have the LVRT requirements for
distribution systems also. Other countries will most probably
start introducing the LVRT requirements to distribution codes
as well. In Fig.4 the Irish LVRT requirements regarding
modern DGs (Types 3 and 4 DGs) are presented. If voltage
of any phase at the DG’s PCC drops to a value above the
borderline (bold line in Fig. 4), the DG must remain connected
to the system. From Fig. 4 it is obvious that even if the voltage
drops to 15% of the rated voltage, DG must remain connected
for the first 625 ms. If the voltage drops below the borderline,
DG can be disconnected. Other codes have slightly different
threshold values, but the principle is the same.

%
90 7 S—
SE
S
154 ——
3 0 .-
T T T
150 625 . 3000
Time (ms)
Fig.4. Irish LVRT requirements for modern DGs [21].

Based on the discussion about DFIG’s modeling and the
LVRT requirements for DFIGs and IBDGs, in Fig. 5 the algo-
rithm is proposed for deciding which model should be used
for DFIGs, and if DFIGs and IBDGs should stay connected
to the system throughout the duration of the fault.

D. Distribution System Model-segments

The complete SCC procedure presented in this work is
executed in the sequence domain. Thus, the three-phase system
with short-circuit is scaled-down to three single-phase systems,
in positive, negative and zero sequences. As the system before
the short-circuit is assumed to be balanced in the symmetrical
state, the three sequence circuits are decoupled at all places
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aside from the faulted bus (bus k). In accordance with the
distribution system element models presented in previous sub-
sections, the sequence circuits could be formed by I' segments,
presented in Fig. 6. In Fig. 6, with L and [ are marked sending
and receiving nodes, respectively; with 2; and g, are marked
series and shunt parameters of these segments, respectively,
while with fl and flo are marked their currents; UL and Ul
are the voltages of the sending and receiving nodes of these
segments, P, is the load, fl p is its current, DG, is the mark
for DG, while I pai is the DG’s current. G denotes the ground.

III. FOUR KEY DECOMPOSITIONS OF THE STATE OF THE
SYSTEM WITH SHORT-CIRCUIT

In this paper, SCC is executed through four decompositions
of the state of the system with short-circuit [7], [8], [17]
(Fig.7). The DC state is not discussed in this work. As the
state of the system before the short-circuit (pre-fault state)
is known, SCC is scaled-down to the computation of the A-
circuit. The state of the system with short-circuit is computed
by the superposition of the A-circuit state and the known state
of the system before the short-circuit [7]. The state of the
system before the short-circuit is known either from the load
flow simulation [6] or from the real-time state estimation [19].

It is important to consider that the short-circuit currents
injected by all DGs consist of superposition of their pre-
fault currents and their A-circuit currents. The (sub-transient,
transient or steady-state) impedances of DGs remained in the
A-circuit model, and hence their currents in the A-circuit are
calculated by considering these impedances. Just the short-
circuit currents injected by IBDGs are obtained completely
from the state of the system before the short-circuit, because
the assumption is that the power converters are set to supply
the rated currents through the entire short-circuit period.
Nonetheless, in the case that the power converter is set to
inject the current that has a greater value than the pre-fault
current, the difference between these two currents would need
to be added in corresponding buses of the A-circuit. However,
this is beyond the scope of this paper.

In this paper, four usual short-circuits are studied: single line
to ground (SLG), double line to ground (2LG), double line
(2L) and three line (to ground) (3LG). The A-circuit short-
circuit currents in the sequence domain, at the fault location
(bus k), are computed with the well-known formulae, as shown
in Table II, in accordance with [7], [9].

TABLE II
FORMULAE FOR COMPUTATION OF FAULT CURRENTS AT THE
SHORT-CIRCUIT LOCATION

SLG (phase a) 2LG (phases b, ¢) 2L (phases b,c) 3LG
jIcA+ _ qka _ _ A(th_'ffg)f]k(} _ hfkaA %
Zk +Zk +Z2 Zk Zk +Zk Z2+Zk Zg Zk' +Zk Zlc
jl?7 - f{ka A __ —?Eka _ _ Afka; 0
Zk +Zk +ZIE] Zk, Zk, +Zk, Zl?,+Zk Zg Zk, +Zk
N o sOnr
jkAO Uka (Z, +Z5)Uka 0 0

ST 2220 2V2-42V20.2—20
Lyl 2y Ly dy +Zyg 2yt iy 2y
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IBDG data: rated voltage at the PCC (U));

DFIG data: converter’s protection used,
DFIG parameters, rated voltage at the PCC (U)).
Threshold value for voltage at the PCC (TH.

LVRT data: LVRT thresholds for DFIGs
and IBDGs (TH,

crowba:);

LVRT)

Results

Y

Crowbar
The protection used v
for DFIG

Chopper y

Are there LVRT
requirements ?

Immediate
disconnection of
DFIG and IBDG

V} Yes

A

Use Type 4 model for
DFIG; perform IBFS

Use Type 2 model for
DFIG; perform IBFS

UT > THcrowbar UT < THcrowbar
Use Type 4 model;
perform IBFS

v

END

.
«

L e
]

Fig.5. Algorithm for determination of DFIG’s model and the LVRT requirements.

Z +. Z; s Z,g are Thévenin impedances seen from the bus
with short-circuit, in the positive, negative and zero sequences,
respectively. Upaq is the (known) phase of voltage at the bus
with short-circuit, in the state of the system before the short-

circuit.

G

Fig.6. T segment.

Short-circuit state

First decomposition

AC state | | DC state

Second decomposition

v \

A-circuit state | | Pre-fault state
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Fig.7.
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Fig.8. The 12-bus distribution system.
IV. THE A-CIRCUIT STATE COMPUTATION-THE IBFS
PROCEDURE

The computation of the faulted system state is scaled-down
to the computation of the A-circuit state. The A-circuit state
is computed with the IBFS procedure. The traditional method
for the loop compensation has an inner iterative procedure
inside the main (also iterative) procedure [3], [20]. In the work
presented in this paper, this inner procedure is avoided. In the
IBFS procedure presented in this paper, the actual mismatches
of breakpoint voltages obtained in every iteration using (2), are
used for the calculation of the next iteration of the breakpoint
currents using (3) and (4). The proposed IBFS procedure
for computation of the whole A-circuit state is as shown in
(1H)—(6):

Backward sweep:

:les + (jﬁs‘) + ylo(UAg + Z IAS h+1
JjEa;

s=+,—,0. (1)

(flAs)h+1

l=n+p,...,3,2,1;

Forward sweep:
N h+1 . h+1 A\ Pl
S
3 ’I’L+p, 5=+, _70' (2)

Breakpoint currents correction:

(DAY = V5 (@)t = ()]
. o1
Ve = (ZT) . s=4, - 0. 3)
(IR = (2" + (A2, s=+,—-0. 4
The short-circuit currents are known from Table II:
. 0 L#k
As __ o _ _
h _{J,CAS;AO,ZI@ , S +, —,0. (5

h corresponds to the number of the actual iterations; A
in the superscript corresponds to the A-circuit; n refers to
the number of buses in the distribution system of interest;
prefers to the number of loops; 2] and §; are the series
and shunt parameters of the /th I segment in the sequence
domain; oy is the set of " segments which are successors of
segment /; Uf‘s and UZAS are the sequence domain voltages;
flAS is the current of [th I' segment; jﬁs is the breakpoint
current in the case that the node [ is the breakpoint node;
les are grouped in the vector jCAS; AjCAS are corrections
of breakpoint currents [20]; (U2%)"*! and (U£5)"+1 are

the (h+ 1)th approximations of vectors of the first and
second breakpoint nodes and their dimensions are px1.
(UPs)h 1 — (U£5)M+1 s the vector of breakpoints voltage
mismatches; Y3 and Z5 are Norton and Thévenin matrices
seen from the breakpoints, in the sequence domain, and their
dimensions are (p x p) [5], [23]. (jCAS)h is the vector of
actual approximations of breakpoint currents in the sequence
domain, (AJ2%)" refers to the vector of corrections of the hth
approximations of breakpoint currents in the sequence domain;
(JA5)h+1 refers to the vector of (h+ 1)th approximations of
breakpoint currents in the sequence domain, and their dimen-
sions are px 1. Voltages of the supply point in the A-circuit
are zero: UlAS =0, s = 4+, —,0. Initial approximations of
voltages of all buses and initial approximations of breakpoint
currents in the A-circuit are zero.

The calculation procedure is terminated after it converges
according to (6):

(UlAs)h+1 _ (UlAs)h < ey,

=23, ..., n+p. (6)

V. COMPUTATION RESULTS AND THEIR DISCUSSION

The number of three-phase buses in the distribution systems
tested by the IBFS procedure is in the range from 12 to 5000.
First, the test results are shown for a 12-bus distribution system
depicted in Fig. 8. The supply point of the system is the bus
1. It has the stated three-phase symmetrical voltage (phase
voltage equal to: U; = (21/+/3) KV). All lines are with
equal parameters, shown in Table III. The maximal current
of these lines is: Ijnax = 400 A. As the positive and negative
parameters have reciprocally identical values, the negative
sequence parameters have not been presented in Table III
All four DG types are connected to the system. DG1, DG2,
DG3 and DG4 (Fig. 8) correspond to Type 1, Type 2, Type 3
and Type 4 DGs, respectively. DG parameters are same as in
[2]. DGI1, DG2, DG3 and DG4 supply the same power in the
pre-fault conditions. Every DG injects six percent of the total
required power,which means that the total power injected by
four DGs is nearly twenty five percent of the total load. All
loads are of equal powers.

In order to validate the applicability and effectiveness of the
proposed method, the IBFS is compared with the EVS [1].
Because EVS is not designed to deal with DFIGs and IBDGs,
this example is performed with DG3 and DG4 detached from
the test system. Moreover, as the EVS does not take into
account loads, their influence has also been neglected in the
IBFS for this example. Therefore, the proposed IBFS method



STREZOSKI AND PRICA: SHORT-CIRCUIT ANALYSIS IN LARGE-SCALE DISTRIBUTION SYSTEMS WITH - - - 249

is reduced to match the EVS completely. In Table IV the
computation results of this example are presented. The results
are presented for the case that the bus 4 is the faulted bus
(SC1), for the magnitudes of the following currents: Igjack
(supplied by the HV/MV substation), Ipg; (supplied by DG1),
Ings (supplied by DG2) and g,y (the short-circuit current
at the faulted bus). Results are shown for two marginal cases
(the lowest and the highest short-circuit currents): SLG (phase
a) and 3LG.

TABLE IIT
SECTION PARAMETERS OF THE TEST SYSTEM

Ry X4 B4 Ro Xo Bo
(Q/mile)  (2/mile)  (us/mile)  (2/mile)  (Q/mile)  (us/mile)
0.26 0.23 1.88 0.77 0.67 0.63
TABLE 1V

COMPARISON OF COMPUTATION RESULTS OBTAINED BY
ABRIDGED IBFS AND EVS METHODS FOR SCC

IBFS (A) EVS (A) Difference (%)
Igack (SLG) 4348.73 4418.87 1.6
Tiiack (3LG) 7651.19 7648.33 0.04
Ipci (SLG) 224.83 182.05 18.7
Ing1 (LG) 462.16 407.65 11.9
Ing2 (SLG) 276.48 235.22 14.8
Ipgs (LG) 604.32 562.77 6.9
Ittt (SLG) 4850.04 4846.14 0.1
Ttautt (3SLG) 8717.67 8618.75 12

It is suggested in [17], [18] that neglecting loads leads to
errors when calculating currents on the feeder head (where
the protection equipment is usually installed). According to
[17], the highest error is noticed for the SLG. Therefore,
current Ig,cx is further compared when calculated by IBFS
with loads taken into account and EVS (where loads are
neglected). SLG is simulated at bus 8 (SC2). The neglecting
of loads in EVS is partially compensated by multiplying the
pre-fault voltage at the fault location by coefficients with
values from 1.05 to 1.10. Similar coefficients are used for the
DG’s pre-fault currents. According to [17], with an increase
in distance between short-circuit and the supply point, the
percentage of error made by neglecting loads increases as well.
Fig. 9 presents percentage differences (D1 (%)) in magnitudes
of current Iy, is calculated by both methods, for different
distances from the supply point to the fault location. Distance
is marked with L. To simulate faults near to the supply point
as well as those that are far from the supply point, the distance
L was increased from 5km to 25 km, in four equal steps.

Afterwards, the proposed method was tested on the distri-
bution system from Fig. 8 but with all four DGs attached to
the system. The influence of loads was also considered for
this example. Faults were simulated in buses 4 (SC1) and 8
(SC2). Four standard faults were tested: 3LG, 2L (phases b and
¢), 2LG (phases b and c¢), and SLG (phase a). Computation

results are presented in Table V and Table VI, for SC1 and
SC2, respectively.

%

30

25

20
A

5 15 =
10 /
5 [
0
0 5 10 15 20 25 30

L (km)
Fig.9. Differences of the feeder head current calculated with loads taken

into account (IBFS) and loads neglected (EVS).

TABLE V
COMPUTATION RESULTS FOR SC1

Ipc1(A) Ipg2(A) Ipas(A) Ipcga(A) Igack(A)  Irau(A)

3LG 475 621 609 156 7763 9664

2L 399 556 539 156 6685 8416

2LG 404 559 523 156 6877 8614

SLG 223 274 258 156 4246 5227
TABLE VI

COMPUTATION RESULTS FOR SC2

Ipg1(A) Ipg2(A) Ipgs(A) Ipga(A) Isack(A)  Trauit(A)

3LG 499 524 118 156 4405 5702

2L 419 468 118 156 3771 4932
2LG 424 471 118 156 3855 5024
SLG 226 238 118 156 2371 3109

In the case of SC1, the short-circuit is near to DG3. There-
fore SCI is dangerous enough to cause the activation of the
crowbar. It is also severe regarding LVRT threshold (which is
assumed 15 % of the rated voltage, in accordance with the Irish
Distribution Code). Thus, it needs to be disconnected from the
system. Therefore, after the disconnection, DG3’s fault current
contribution will be zero. Nonetheless, the short-circuit SC2
is located remote from DG3, and therefore the voltage at the
DG’s PCC remains over the crowbar’s and LVRT’s threshold
values. Hence, converter maintains its control over the fault
current and DG3 should stay connected to the grid. It is
important to consider that in accordance with the algorithm
proposed in this work (Fig.5), in the case of SC2, two IBFS
procedures need to be executed.

Lastly, the proposed IBFS method was performed on four
large-scale distribution systems (A, B, C and D). The number
of buses in these test systems is in range from 500 to 5000,
the number of loops from O to 10, while the number of
DGs is in range from 4 to 30. The computation times (in
milliseconds) required for SCC of these test systems by the
IBFS method, are presented in Table VII. Computation time
includes the time needed for execution of a single load flow
computation of the system’s state before the short-circuit, and
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time required for computation of four metal short-circuits,
along with computation of the entire state of the system
with short-circuit. Load Flow is computed by the same IBFS
method [6], with loads and DGs modeled as constant powers.

All tests have been performed on a PC, Intel i3—2330 M,
4 GB RAM. All computation procedures have been coded in
FORTRAN 2008.

TABLE VII
EXECUTION TIMES REQUIRED FOR SCCS OF FOUR
DISTRIBUTION SYSTEMS WITH LARGE NUMBER OF BUSES

Test Number of Number of Number of Execution
system buses loops DG time (ms)
A 500 0 4 6.12
B 1250 4 10 19.06
C 2500 6 20 39.73
D 5000 10 30 74.92

The following facts can be concluded from the research
presented in this work:

1) It is obvious from Table IV that when the influence of
loads is not taken into account in the IBFS, the computation
results for the fault current at the short-circuit location are
almost mutually equal when computed by IBFS and EVS.
The similar is valid for results for the current injected by the
HV/MV substation, for which the differences do not exceed
2 %. Nonetheless, rather high differences (up to 19 %) are
observed for currents injected by Type 1 and Type 2 DGs. It
is a consequence of the EVS’s neglecting of the DGs’ currents
of the state of the system before the short-circuit. Therefore,
besides the fact that EVS is not meant to deal with DFIGs
and IBDGs, this method introduces rather high errors in the
computation results for currents injected by synchronous and
induction DGs. This error is avoided in the proposed IBFS
method.

2) Fig.9 shows that by neglecting loads, EVS creates a
rather high error in calculating the feeder head current. The
error is close to 20 % if the short-circuit happened 25 km from
the supply point. This error could seriously affect the settings
and coordination of the distribution system’s protection equip-
ment. As the IBFS takes the influence of loads into account,
this error is omitted in the IBFS.

3) From the results presented in Tables V and VI it can
be concluded that the up stream grid (transmission system)
compounds the highest short-circuit current, whereas the least
short-circuit current contribution is from the IBDG (Type
4 DG). In regard to DGs, the highest short-circuit current
contributions are from types 1 and 2 DGs (and Type 3 DG,
in a case that the crowbar reacted). This matches well with
the recent literature [2], [14]—[16]. However, rather interesting
results are obtained for the short-circuit current contribution
of the DFIG (Type 3 DG). The results for the DFIG’s short-
circuit current could be significantly different depending on if
the crowbar reacted. In the case that crowbar reacted, DFIG’s
short-circuit current was almost six times higher than in the
case that crowbar has not reacted. Thus, the short-circuit
current contribution of the DFIG should be modeled extremely
carefully. The classical assumption from traditional SCCs, that
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crowbar will always react [2] could introduce unacceptable
errors in cases of the faults located remote from the DFIG.
This computation error could cause the disconnection of the
DFIG because of the false assumption of much larger current,
and in that way directly affect the LVRT requirements for
DFIG to stay connected and support the system. Therefore,
the block-diagram presented in Fig. 5 could be highly practical
for this purpose.

4) Lastly, results from Table VII show that the proposed
IBFS method solves a huge distribution system which consists
of 5000 buses, 10 loops and 30 different DGs in 74.92
milliseconds. This result shows that the IBFS method is
particularly effective for SCCs of modern, large-scale weakly-
meshed distribution systems, with a high penetration of DGs.

VI. CONCLUDING REMARKS

In the work presented in this paper, an extremely robust
and efficient SCC method (IBFS) suitable for active, large-
scale weakly-meshed distribution systems is proposed. The
IBFS method deals with loops with the highest efficiency,
by avoiding the traditional iterative procedure for the loop
compensation inside the main procedure. Additionally, the
short-circuit current contribution of the modern DGs is taken
into account with a high efficiency.

The LVRT requirements are considered and incorporated
in the proposed procedure. This is highly important as in
recent years, increasing number of countries is introducing the
LVRT requirements to their distribution codes, and therefore
all modern DGs must comply with them. Hence, SCC proce-
dure for modern distribution system must consider the LVRT
requirements.

The accuracy and robustness of the proposed IBFS method
make it highly effective for the construction of many other
DMS calculations, such as: settings and coordination of the
relay protection, checking of the distribution system equipment
overstressing, selection of protection equipment, etc.

Lastly, a particularly low calculation time for the SCCs of
large-scale distribution systems makes the IBFS suitable in
many segments of the distribution system management.
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