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Abstract———In this paper, a robust method for quantifying 
the impact of short-circuit faults on microgrids is proposed. Mi‐
crogrids can operate in both islanded (grid-forming) and grid-
connected (grid-following) modes, and the ownership and re‐
sponsibility for the microgrid operation can vary significantly 
from distribution system operators (DSOs) to third-party mi‐
crogrid operators. This necessitates the development of a robust 
short-circuit calculation (SCC) method that can provide accu‐
rate results for all the possible microgrid topologies, operational 
modes, and ownership models. Unlike previously developed 
SCC methods for microgrids, the SCC method proposed in this 
paper provides highly accurate results for all possible microgrid 
topologies: islanded microgrid, grid-connected microgrid, and 
utility microgrid as a part of a larger distribution grid. In addi‐
tion, the proposed SCC method solves the short-circuit faults of 
any complexity, with the same simplicity. The proposed SCC 
method is tested on a complete model of a real-life microgrid 
on the Case Western Reserve University campus, operating in 
both islanded and grid-connected modes. The computational re‐
sults show the advantages of the proposed SCC method in com‐
parison to the previous ones for microgrids, regarding the ro‐
bustness (ability to solve complex short-circuit faults with an ar‐
bitrary number of faulted buses and phases that affect a mi‐
crogrid of any topology), as well as the accuracy of the results.

Index Terms——Distributed energy resource, short-circuit fault, 
microgrid, short-circuit calculation.

I. INTRODUCTION 

THE objective of this paper is to develop a robust and 
accurate short-circuit calculation (SCC) method applied 

to microgrids, which may be affected by any types of com‐
plex short-circuit faults, regardless of their operational state, 
topology, and ownership. A complex short circuit, in the con‐
text of this paper, is defined as any type of single or simulta‐
neous short circuit, solid short circuit, or short circuit 
through impedances, with an arbitrary number of faulted bus‐
es and phases [1]. The SCC plays a pivotal role in power 
system analysis and numerous other power applications, in‐

cluding: ① protection setting, coordination, and sensitivity 
analysis of relays; ② the arc-flash analysis; ③ the calcula‐
tion of inrush currents and the selection of power system 
equipment; and ④ the fault location, isolation, and supply 
restoration (FLISR). Thus, it is essential to have a robust 
and accurate SCC method for every level of electric power 
systems, including transmission and distribution grids as 
well as rapidly emerging microgrids.

SCC methods are well-established for transmission grids 
and have been successfully applied in the last several de‐
cades [2]-[4]. As transmission grids are heavily meshed and 
the number of nodes is not as large as in distribution grids, 
the transmission grid modeling and calculations are bus-ori‐
ented and performed using the system nodal admittance ma‐
trix and its implicit inverse (using factorization) [2]-[4]. For 
distribution grids, which are characterized by the radial struc‐
ture, large numbers of nodes, and frequent topology changes, 
a new class of SCC methods has been developed [5] - [9]. 
These methods are branch-oriented and do not require build‐
ing and factorizing the system nodal admittance matrix. 
However, with significant improvements in computational ca‐
pability over the last decade and the realization that the 
main issue with bus-oriented SCC methods lies in the re‐
quired computational effort to build and factorize the imped‐
ance matrix, the applications of bus-oriented SCC methods 
to distribution grids are gaining attention in the last several 
years [10]-[12].

For microgrids, which are the focus of this paper, it is es‐
sential to consider several important and unique features of 
the topology and structure. First, microgrids can operate in 
distinct modes, and the fault currents inside the microgrid 
may differ significantly depending on the operational mode 
[13]-[18]. In the grid-connected mode, the highest fault cur‐
rent originates from the utility grid connected to the mi‐
crogrid, while distributed energy resources (DERs) inside the 
microgrid contribute to no more than 20% of the total fault 
current [13]. Conversely, in the islanded mode, the entire 
fault current is supplied by DERs inside the microgrid, and 
consequently, the total fault current is several times lower 
than that in the grid-connected mode [13]-[16]. Further, mi‐
crogrids can be owned, managed, and controlled by different 
stakeholders [19]. When a microgrid is part of the utility 
grid and a distribution system operator (DSO) is responsible 
for its operation, which is called utility microgrid, most of 
the calculations are performed on the entire grid model incor‐
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porating the microgrid as part of the larger distribution grid. 
In this case, an SCC method should be able to efficiently cal‐
culate the fault current flow in the entire distribution grid. 
When a microgrid is owned and operated by a third-party en‐
tity and operates in the grid-connected mode, only the mi‐
crogrid is modeled, and the contribution of utility grid to the 
fault current is represented with its Thevenin equivalents 
[13] - [15]. Thus, in SCCs, only the contribution of utility 
grid to the fault current inside the microgrid is considered, 
whereas the rest of the utility grid is not modeled. When a 
microgrid operates in an islanded mode, regardless of its 
ownership, only the microgrid is modeled, and the utility 
grid has no impact on the operation of microgrid [16]-[18]. 
SCC method should be applicable to: ① a grid-connected 
microgrid; ② a utility microgrid that is part of a larger distri‐
bution grid; or ③ an islanded microgrid that operates inde‐
pendent of the utility gird, and must be capable of efficiently 
coping with all these cases and providing accurate results for 
any possible complex short-circuit fault that may occur in‐
side the microgrid.

II. LITERATURE REVIEW AND PROBLEM STATEMENT 

This section presents a comprehensive overview of the 
current state-of-the-art in SCC methods across various parts 
of a power system. This analysis, coupled with identified 
gaps in existing literature, forms the basis for defining the 
motivation, objectives, and key contributions of this paper.

SCC methods for distribution grids are predominantly 
branch-oriented [5]-[9] and do not require building and fac‐
torizing the nodal admittance matrix of distribution grid, 
thereby making the real-life computation efficient. A hybrid 
compensation method (HCM) is used for SCC in [5] and 
[6]. This procedure uses a compensation technique for solv‐
ing the short-circuit currents, loop currents, and currents in‐
jected by synchronous machines. A backward/forward sweep 
(BFS) calculation procedure is then applied to calculate the 
complete network state. For every short-circuit fault to be an‐
alyzed, the HCM needs to predefine the specific fault condi‐
tions by deriving particularly complex equations, which may 
hinder its implementation in industrial software tools be‐
cause of the computational burden. BFS methods are de‐
signed for distribution grids but they require a stiff slack-bus 
(network root) to work properly, which may result in compu‐
tational issues in the context of islanded microgrids, as dis‐
cussed in [13]. Additionally, the HCM assumes that synchro‐
nous machines are the only active elements in the power sys‐
tem. This is not the case for microgrids, where most DERs, 
e.g., solar photovoltaics (PVs), wind turbines (WTs), and en‐
ergy storage (ES), are electronically connected and cannot 
be modeled as traditional synchronous machines. Thus, fun‐
damentally different modeling and integration approaches 
are required [20]-[22]. In [7] and [8], an SCC method in the 
phasor domain is proposed based on bus-current-injections 
to branch-current (BIBC) and branch-current to bus-voltage 
(BCBV) matrices. However, this method is burdened with 
the same shortcomings as the aforementioned ones. In [1] 
and [9], the improved backward/forward sweep (IBFS) meth‐

od in the sequence domain is proposed for the SCC of distri‐
bution grids with all types of DERs. In [9], all types of 
DERs are integrated into the SCC through the novel concept 
of the generalized D-circuit. The method in [9] only deals 
with standard types of solid short-circuit faults, whereas the 
method in [1] can be applied to any type of complex short-
circuit faults, without predefining boundary conditions for 
each of different fault types. However, like the HCM, the 
IBFS method in both [1] and [9] may have difficulty in per‐
forming SCCs for islanded microgrids without a specified 
network root [13]. As previously discussed, the impedance 
matrix based SCC methods for distribution grid are receiv‐
ing increased attention as the available computational power 
increases [10]-[12]. However, the efficient impedance matrix 
based methods also require predefining specific fault condi‐
tions for each of different fault types, and thus they may not 
be sufficiently robust for industrial SCC tools.

The state-of-the-art SCC methods for microgrids are much 
less developed than those for transmission and distribution 
grids as previously described. In [14], a fault occurring in a 
grid-connected microgrid is analyzed, using the real-time dig‐
ital simulator (RTDS). The RTDS performs its calculations 
in the time domain, and thus it is not suitable for online cal‐
culations, where the SCC results are required in a range of 
milliseconds and multiple SCCs need to be sequentially ana‐
lyzed (e.g., for adaptive relay protection or FLISR) [23]. Al‐
so, it is limited to standard and solid short-circuit faults and 
is unable to compute complex short-circuit faults. In [15], an 
SCC method for grid-connected microgrids is analyzed using 
the power system analysis toolbox (PSAT). However, the 
SCC method used in the PSAT is designed for distribution 
grids, which is limited to solid short-circuit faults, and may 
not be applicable for islanded microgrids. In [16] and [17], 
the electro-magnetic transient program (EMTP) is utilized, 
having the same limitations as the one in [14] due to its reli‐
ance on a time-domain simulation. In [18], an SCC method 
for islanded microgrids is proposed, but it requires predefin‐
ing fault conditions for each of different fault types and has 
not been tested for grid-connected microgrids. The SCC 
method proposed in [23] is designed specifically for droop-
controlled and islanded microgrids and not aimed for grid-
connected nor utility microgrids. To the best of our knowl‐
edge, this method is the only one that does not require the 
existence of a slack bus. However, it introduces a virtual 
slack bus, which has to be modeled and the voltage varia‐
tion of which has to be considered. Moreover, similar to pre‐
vious methods, [23] also requires predefining the fault condi‐
tions for each of different fault types.

To the best of our knowledge, the only two SCC methods 
developed to date that do not require predefining the fault 
conditions for each of different fault types are in [1] and [4]. 
However, the SCC method in [4] is developed for traditional 
transmission grids, where the only active elements are syn‐
chronous machines, and the traditional superposition theo‐
rem is used to decompose the faulted state into the pre-fault 
and traditional (passive) Δ-circuit states. As shown in [9], 
the passive Δ-circuit cannot be used for modeling grids that 
contain electronically-coupled DERs, such as emerging mi‐
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crogrids. The SCC method proposed in [1] does not have the 
aforementioned limitation as it is based on the generalized Δ-
circuit concept that allows the integration of electronically-
coupled DERs into the SCC, but as discussed above, the 
SCC method in [1] is based on the IBFS method and is of 
limited use for islanded microgrids without a specified net‐
work root.

The motivation for this paper is the lack of robust meth‐
ods capable of performing SCCs in faulted microgrids, re‐
gardless of their operational mode, topology, and ownership, 
without the need to predefine boundary conditions for short-
circuit faults of any complexity. The main objectives are as 
follows.

1) Improve the modeling of complex short-circuit faults 
from [1] to facilitate the application to microgrids affected 
by any type of complex short-circuit fault.

2) Develop an admittance matrix based SCC method that 
can be applied to microgrids in the grid-connected and is‐
landed modes, as well as those integrated into larger distribu‐
tion grids.

3) Integrate accurate models for DERs, including tradition‐
al and electronically-coupled DERs, into the proposed SCC 
method for microgrids.

Following these objectives, a robust and efficient SCC 
method for faulted microgrids is developed in this paper. 
The contributions of the proposed SCC method are as fol‐
lows.

1) The proposed SCC method can be applied to faulted 
microgrids, regardless of their operational mode, ownership, 
or topology.

2) The proposed SCC method does not require a network 
root, and thus overcomes the issues of traditional SCC meth‐
ods when a microgrid is operating in the islanded mode.

3) The proposed SCC method solves all types of complex 
short-circuit faults without requiring a complicated deriva‐
tion of boundary conditions for each of different fault types, 
and thus it can be readily integrated into industrial software 
tools for performing SCCs.

4) The proposed SCC method is computationally efficient 
and suitable for online calculations in real-life systems and 
can also be implemented in advanced applications such as 
adaptive relay protection and FLISR.

The proposed SCC method is tested on a model of a real-
life microgrid on the Case Western Reserve University 
(CWRU) campus, with different short-circuit faults simulat‐
ed in various nodes. Both islanded and grid-connected 
modes are considered. To further study the applicability of 
the proposed SCC method, it is also tested on a utility mi‐
crogrid as a part of a larger distribution grid. The computa‐
tional results of these experiments are provided and clearly 
demonstrate the advantages of the proposed SCC method in 
comparison to previous ones.

The remainder of this paper is organized as follows. In 
Section III, different microgrid topologies are discussed and 
DER modeling for SCC purposes is presented. In Section 
IV, the complex short-circuit faults are discussed and their 
mathematical models are derived. In Section V, a microgrid 
affected by complex short-circuit faults is discussed and 

modeled. The proposed SCC method is presented in Section 
VI, while the numerical results are presented and discussed 
in Section VII. This paper is concluded in Section VIII.

III. MICROGRID TOPOLOGY AND DER MODELING 

According to the definition by the US Department of Ener‐
gy, a microgrid is “A group of interconnected loads and 
DERs with clearly defined electrical boundaries that acts as 
a single controllable entity with respect to the grid and can 
connect and disconnect from the grid to enable it to operate 
in both grid-connected or islanded modes” [24].

A. Microgrid Topology

A microgrid should be able to operate as an autonomous 
system, i.e., in islanded mode without connection to the utili‐
ty grid, as well as in the grid-connected mode, where the 
utility grid maintains the stability of the entire system. The 
characteristics of the fault current flows are very different in 
these two operational modes [13]. Furthermore, depending 
on the ownership and operational responsibility for the mi‐
crogrid, the utility grid connected to the microgrid may need 
to be fully modeled or its Thevenin equivalent may be a suf‐
ficient model in a grid-connected mode. If a microgrid is 
owned and operated by a third party that is not a part of the 
utility grid to which the microgrid is connected, the impact 
of the utility grid on the fault current flow inside the mi‐
crogrid is modeled with its Thevenin equivalent [13]-[15]. If 
a microgrid is owned and operated by a DSO, who is respon‐
sible for maintaining stability and reliability of the entire 
grid including the utility microgrid as a part of a larger dis‐
tribution grid, the entire grid should be properly modeled 
and the fault current flow through the entire grid is of impor‐
tance [25]. Thus, there are three distinct cases that need to 
be considered in developing a robust SCC method aimed for 
microgrids.

1) Case 1: islanded microgrid.
2) Case 2: grid-connected microgrid, owned and con‐

trolled by a third-party operator.
3) Case 3: utility microgrid, owned and operated by a 

DSO.
The three cases are depicted in Fig. 1, where the mi‐

crogrid on the CWRU campus is shown, and DG is short for 
diesel genset. Additional details and parameter values are 
presented in Section VI [26]. The load from the original mi‐
crogrid has been modified in this paper, in order to be ser‐
viceable by the available generation, as explained in Section 
VI. In Fig. 1(a), cases 1 and 2 are distinguished depending 
on the switch status of the main circuit breaker (MCB).

Finally, if it is a utility microgrid as part of a larger distri‐
bution grid (case 3), the matrix consists of the entire grid in‐
cluding the microgrid. The equation that connects the voltag‐
es and injected currents through the admittance matrix of the 
modeled (micro)grid is expressed as:

ŶÛ = ĴINJ
(1)

where Ŷ is the admittance matrix; Û is the vector of nodal 
voltages; and ĴINJ is the vector of injected currents.
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B. DER Modeling

For the SCC, DERs can be divided into those directly con‐
nect to the grid (traditional synchronous and induction ma‐
chines) and those that are electronically-coupled inverter-
based DERs (IBDERs) including PVs, WTs, ES, etc. [1], 
[9], [20]-[22]. Synchronous and induction machines directly 
connected to the grid are modeled with ideal voltage sources 
behind sub-transient, transient, or steady-state impedances. 
This model can accurately represent the fault response of 
traditional machines, which completely depends on the 
physical characteristics of the machines [1]-[8]. Integrating 
this model into traditional SCC methods is straightforward. 
The faulted state is decomposed into the pre-fault and the 
Δ-circuit states. The ideal voltage sources are nulled in the 
Δ-circuit and their impact is recognized from the pre-fault 
state, and the impedances of the machines are included in 
the admittance matrix of Δ-circuit model [1] - [8]. Thus, the 
Δ-circuit is passive everywhere except at the fault location, 
which facilitates the computations. When IBDERs are con‐
sidered, they cannot be integrated into the SCC using a tradi‐
tional (passive) Δ-circuit concept [9], [20] - [22]. This is be‐
cause their short-circuit currents are not dictated by their 
physical characteristics, but rather by the control strategies 
implemented on the inverters through which IBDERs are 
connected to the grid. The fault currents of IBDERs are con‐
trolled and limited and their values are different from their 
pre-fault values, so it is not possible to accurately represent 
the faulted state by decomposing it into the pre-fault state 

and the Δ-circuit state. In [9], a generalized Δ-circuit con‐
cept is proposed that allows the inclusion of IBDERs by in‐
jecting so-called excess currents into the generalized Δ-cir‐
cuit in every node where an IBDER is connected.

The excess current of IBDER Î D+
IBDERl is calculated as:

Î D+
IBDERl = Î f

IBDERl - Î pf
IBDERl    lÎ αIBDER

(2)

where l and αIBDER are the index and set of nodes where IB‐
DERs are connected to the grid, respectively; Î f

IBDERl is the 
fault current of IBDER; and Î pf

IBDERl is the pre-fault current ob‐
tained from power flow or state estimation.

To calculate Î f
IBDERl, the modeling procedure from [20] is 

used in this paper. Briefly, the modeling procedure consists 
of a pre-iteration step, in which the fault voltages at the 
nodes where IBDERs are connected to the grid are estimat‐
ed. Based on these voltages as well as the low-voltage ride 
through (LVRT) and reactive current injection (RCI) require‐
ments for the IBDERs, as determined by the control strate‐
gies implemented in the inverters of IBDERs, the required 
reactive component for the fault current of IBDER is calcu‐
lated. Finally, based on the known fault current limit of the 
inverter, the active component for the fault current of IB‐
DER is calculated. It should be noted that this modeling pro‐
cedure does not depend on detailed information from the 
manufacturer. Thus, it can be used when the information 
from the manufacturer is unavailable or only partially avail‐
able. If the control strategy of IBDER implies virtual imped‐
ance current limiters, the modeling will be slightly different. 
Briefly, the positive-sequence component is modeled by a 
virtual impedance and a voltage source, whereas the nega‐
tive- and zero-sequence components are modeled with two 
virtual impedances. The first step is transforming positive-se‐
quence Thevenin equivalent of IBDER into Norton equiva‐
lent, which has an ideal current source and a parallel imped‐
ance. The current from the ideal source is considered as the 
excess current at the node where the IBDER is connected, 
whereas positive- , negative- , and zero-sequence impedances 
are included in the admittance matrix of Δ-circuit model.

IV. COMPLEX SHORT-CIRCUIT FAULTS 

Any type of a complex short-circuit fault can be accurate‐
ly modeled with one or several fault modules associated 
with the pre-fault model of microgrid [1], [9].

A. Fault Module

As illustrated in Fig. 2(a), a fault module is comprised of 
the following components.

1) Five nodes: phase nodes a, b, and c, neutral node n, 
and a ground node G. Nodes a, b, and c are the connection 
points between the fault module and the microgrid.

2) Four branches with impedances Ẑja Ẑjb Ẑjc and Ẑjn, 
where j is the index of fault module, and six ideal voltage 
sources with the pre-fault phase voltages of bus k Û pf

ka  Û
pf
kb  

and Û pf
kc . On each branch, the two ideal voltage sources have 

the same magnitudes but opposite polarity.
The state of a fault module Mj is represented through a 

set of seven elements:

WT ES PV

(a)

(b)

Microgrid

DG DG

MCB

DG

MCB

DG

WT ES PV

Load

Fig. 1.　Structure of cases 1-3. (a) Cases 1 and 2. (b) Case 3.
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Mj = { }ẐjaẐjbẐjcẐjn(Û pf
ka - Û pf

ka ) (Û pf
kb - Û pf

kb ) (Û pf
kc - Û pf

kc )
(3)

The arbitrarily-selected complex short-circuit faults can be 
described by a set of N1 appropriately selected fault modules 
as:

M = { }Mj j = 12N1 (4)

B. Incidence Matrix

To model the connection between the fault modules and a 
microgrid, a 3N×3N1 incidence matrix T is introduced.  The 
matrix T is of block type, with the 3×3 block Tkj defined as:

Tkj =
ì
í
î

I     fault module j is associated with faulted bus k

0    fault module j is not associated with faulted bus k

(5)

where j = 12N1; k = 12N N is the number of buses 
in the modeled microgrid; and I and 0 are the 3 × 3 identity 
and zero matrices, respectively.

V. FAULTED MICROGRID 

The model of faulted microgrid consists of all its elements 
(including traditional machines as well as IBDERs), with the 
associated fault modules described in Section III. In this pa‐
per, the faulted microgrid is analyzed by decomposing its 
state to the pre-fault state and generalized Δ-circuit state [9]. 
Because the pre-fault state is known, calculating the faulted 
state is reduced to calculating the generalized Δ-circuit state.

In the pre-fault state, all ideal voltage sources of the tradi‐
tional machines and the voltage sources of the fault modules 
with positive polarity oriented toward the faulted buses are 
retained. They are nulled in the generalized Δ-circuit. The 
ideal current sources of IBDERs with their pre-fault currents 
are also retained.

In the generalized Δ-circuit, the active elements are the 
ideal voltage sources of the fault modules oriented from the 
faulted buses to the ground, as shown in Fig. 2(b), and the 
ideal current sources of IBDERs with the values of their ex‐
cess currents. The fault module of the generalized Δ-circuit 
M D

j  is represented as:

M D
j = { }ẐjaẐjbẐjcẐjn-Û pf

ka -Û pf
kb -Û pf

kc (6)

A. Mathematical Model of Generalized Δ-circuit of Fault 
Module

If the fault module j is associated with bus k (Fig. 2(b)), 
the state of its generalized Δ-circuit consists of two vectors 
and one scalar, i. e., Û D

k =[Û D
kaÛ

D
kbÛ

D
kc ]T Ĵ D

j =[Ĵ D
ja  Ĵ

D
jb  Ĵ

D
jc ]T, 

and v̂D
j .

The mathematical model of the generalized Δ-circuit for 
the fault module j associated with bus k in the phase domain 
can be derived as [1], [4]:

ì
í
î

ïï

ïï

ÂU
j Û D

k + ÂJ
j Ĵ D

j + Âv
j v̂

D
j = Â0

j

Ĉ J
j Ĵ D

j + Ĉ v
j v̂D

j = 0
    j = 12N1 (7)

The parameters in (7) are defined as:

[ ]ÂU
j

3 ´ 3
= diag [ ÂU

ja    Â
U
jb    Â

U
jc ]      ÂU

ji =
ì
í
î

0    Ẑji®¥
1    otherwise

(8)

[ ]ÂJ
j

3 ´ 3
= diag [ ÂJ

ja    Â
J
jb    Â

J
jc ]      ÂJ

ji =
ì
í
î

1      Ẑji®¥

Ẑji    otherwise
(9)

[ ]Âv
j

3 ´ 1
= [ Âv

ja    Â
v
jb    Â

v
jc ]

T

     Âv
ji =

ì
í
î

0       Ẑji®¥
-1    otherwise

(10)

[ ]Â0
j

3 ´ 1
= [ Â0

ja    Â
0
jb    Â

0
jc ]

T

     Â0
ji =

ì
í
î

0          Ẑji®¥

-Û 0
ki    otherwise

(11)

[ ]Ĉ J
j

1 ´ 3
= [Ĉ J

ja    Ĉ
J
jb    Ĉ

J
jc ]      Ĉ J

ji =
ì
í
î

1       Ẑjn®¥

Ẑjn    otherwise
(12)

Ĉ v
j =

ì
í
î

0    Ẑjn®¥
1    otherwise

(13)

where the subscript i corresponds to the three phases a, b, 
and c.

The mathematical model for the generalized Δ-circuit of 
the fault module in the sequence domain can be easily de‐
rived based on the model in (7), by multiplying the corre‐
sponding vectors and matrices with the transformation matri‐
ces Ŝ and Ŝ-1:

ì
í
î

ïïïï

ïïïï

( ÂU
j Ŝ-1 ) ( ŜÛ D

k ) + ( ÂJ
j Ŝ-1 ) ( ŜĴ D

j ) + Âv
j v̂

D
j = Â0

j

( )Ĉ J
j Ŝ-1 ( )ŜĴ D

j + Ĉ v
j v̂D

j = 0
   j = 12N1

(14)

The transformation matrix Ŝ is defined as:

Ŝ =
1
3

é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

ú1 â â2

1 â2 â
1 1 1

    â = e
-j

2π
3 (15)

Now, (14) can be written as:
ì

í

î

ïïïï

ïïïï

-Â
U

j -Û
D

k + -Â
J

j -Ĵ
D

j + Âv
j v̂

D
j = Â0

j

-Ĉ
J

j -Ĵ
D

j + Ĉ v
j v̂D

j = 0
    j = 12N1                (16)

where the symbol “-” corresponds to the element in the se‐
quence domain.

B. Mathematical Model of Generalized Δ-circuit

The generalized D-circuit of the faulted microgrid can be 
modeled as:
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Ẑjn  

G

n

 

a  

 
+  
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Ẑjc
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Fig. 2.　Fault module and its Δ-circuit. (a) Fault module. (b) Δ-circuit.
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-Ĵ
D

INJ = -Ŷ-Û
D

K +T -Ĵ
D

F
(17)

where -Ŷ is the admittance matrix of microgrid in the se‐

quence domain; -Ĵ
D

INJ and -Û
D

K are the 3N ´ 1 vectors corre‐
sponding to the injected sequence currents and sequence volt‐
ages of all buses in the generalized Δ-circuit, respectively; 

-Ĵ
D

F is the 3N1 ´ 1 vector corresponding to currents of all fault 
modules; and T is the 3N×3N1 incidence matrix.

VI. PROPOSED SCC METHOD 

As explained in Section II-B, due to the presence of IB‐
DERs in the microgrid and the dependence of their fault cur‐
rents on estimated voltages at their connection points at the 
moment of the fault occurrence, the proposed SCC method 
consists of two steps: ① pre-iteration step, in which the 
fault voltages at the connection points of all IBDERs are es‐
timated; and ② calculation of the faulted state of microgrid. 
For both steps, the same SCC procedure is used, but with IB‐
DERs modeled differently in each step, as explained in the 
following.

By combining (16) and (17), the mathematical model of 
the generalized Δ-circuit of the faulted microgrid is repre‐
sented as (18) or in a more compact form as (19).
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F̂ -X̂
D
= F̂ 0 (19)

The block of matrix -Â
U
 is defined as:

-Â
U

jk =
ì
í
î

ïï

ïï
-Â

U

j     fault module  j  is associated with faulted bus k

0       fault module j is not associated with faulted bus k
(20)

The diagonal matrix -Â
J
 is defined as:

-Â
J
= diag é

ë-
Â

J

k
ù
û

    kÎ αfault (21)

where αfault is the set of indices of faulted buses.

The matrices Âv and -Ĉ
J
 are defined as:
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(22)

The diagonal matrix Ĉ v is defined as:

Ĉ v = diag [ ]Ĉ v
1    Ĉ v

2        Ĉ v
N1

(23)

The vector V̂ D is defined as:

V̂ D = [ v̂D
1    v̂D

2        v̂D
N1
]T

(24)

The vector Â0 is defined as:

Â0 = é
ë
êêêê ù

û
úúúú( )Â0

1

T

    ( )Â0
2

T

        ( )Â0
N1

T T

(25)

A. The First Step of SCC Procedure

In the first step, the aim is to estimate the voltages at the 
connection points of IBDERs at the moment of the fault oc‐
currence, and it is assumed that all IBDERs inject their pre-
fault currents. After the decomposition of the faulted state of 
microgrid to a pre-fault state and a generalized Δ-circuit 
state, the values of all IBDER currents in the generalized 
Δ-circuit state are null. Thus, the vector -Ĵ INJ in (18) is the 

zero vector, and the entire vector F̂ 0 is known.

The vector of unknown variables -X̂
D
 in (19), which in‐

cludes the short-circuit currents at the fault locations and the 
voltages of the faulted buses in the generalized D-circuit, is 
calculated as:

-X̂
D
= F̂-1 F̂ 0 (26)

Note that in (26), the factorization of the matrix F̂ is used.

Once the vector -X̂
D
 is known, all the voltages in the fault‐

ed microgrid including the voltages at the connection points 
of IBDERs are calculated by superposition of the voltages in 
the generalized D-circuit state and the known pre-fault state. 
Finally, with the voltages at the connection points of IB‐
DERs known, the excess currents of IBDERs are calculated 
following the procedure in [20].

B. The Second Step of SCC Procedure

When the excess currents of all IBDERs are known, the 
vector -Ĵ INJ is populated with their respective values at the 
connection points of IBDERs. The remaining elements in the 
vector -Ĵ INJ are null. In this step, the vector -Ĵ INJ is not a zero 

vector, but its values are known, and therefore vector F̂ 0 is 
known as well.

The vector of unknown variables -X̂
D
 is calculated in (26) 

and contains values of all the voltages in the generalized 
Δ-circuit. The faulted state of microgrid is then calculated 
by superposition of the calculated generalized Δ-circuit state 
and the known pre-fault state. This concludes the SCC proce‐
dure and all the necessary variables for the faulted microgrid 
that have been calculated. The proposed SCC method is able 
to accurately calculate the state within both balanced (three-
phase) and unbalanced (multi-phase) microgrids with com‐
plex faults. The flowchart of the proposed SCC method is 
presented in Fig. 3.

VII. NUMERICAL RESULTS 

The proposed SCC method is initially tested on a fully 
modeled microgrid on the CWRU campus, as shown in Fig. 
4 [26]. The microgrid consists of 28 three-phase buses, 
where bus 0 represents the point of common coupling (PCC) 
of microgrid to the utility grid. There are three different volt‐
age levels within the microgrid: 11.2 kV, 0.48 kV, and 0.207 
kV. The short-circuit power of utility grid is 1000 MVA with 
an X/R ratio of 22. The microgrid contains two DGs, each 
with rated power of 200 kVA, connected to buses 3 and 8, 
respectively. There are 3 IBDERs connected to buses 13, 14, 
and 21, respectively. Their nature and technology are ex‐
plained in Fig. 4. 
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The rated power of WT is 60 kVA, and the rated power 
of ES and PV is 40 kVA. The impedances of lines 1, 2, 9, 

10, 11, and 12 are the same and equal to (0.1608 + j0.0886)Ω/
km. Lines 1, 2, 9, and 10 are 45.72 m, and lines 11 and 12 
are 60.96 m. Lines 13, 14, 21, 22, 23, 24, 25, 26, and 27 
have the same impedances equal to (0.1968 + j0.0984)Ω/km 
and all of them are 121.92 m.

The parameters for transformers TG, T1, and T2 are given 
in Table I. Further, a load of 40 kW (L1) is connected to bus 
10 and several loads of 60 kW (L2-L7) are connected to bus‐
es 22-27, respectively. All elements are three-phase balanced.

To validate the accuracy of the proposed SCC method, the 
microgrid on CWRU campus is modeled using in-house de‐
veloped software solution, coded in FORTRAN 2015, as 
well as a state-of-the-art hardware-in-the-loop (HIL) setup 
with connected (physical) inverter controller, implemented at 
the Smart Grid Laboratory, at the Faculty of Technical Sci‐
ences, University of Novi Sad [27]. The inverter controller 
connected to the HIL device has implemented the same 
LVRT and RCI control strategies as modeled in the IBDER 
in the FORTRAN code, and it is connected to bus 21 of the 
testbed microgrid. The inverter controller and the HIL device 
are depicted in Fig. 5.

Five standard solid short-circuit faults, i. e., single-line-to-
ground (SLG), two-line-to-ground (2LG), two-line (2L), 
three-line-to-ground (3LG), and three-line (3L) faults, are 
simulated at bus 11. Table II shows the currents on lines 1-
27 I1-I27 under 3LG fault with the proposed SCC method 
when the microgrid is in the grid-connected mode. To fur‐
ther validate the accuracy of the proposed SCC method, the 
same fault is implemented in the HIL setup, and the results 
are presented in Figs. 6 and 7. Due to the space limitations, 
only the results for a 3LG fault are presented here.

Constitute the following matrices and vectors:

Constitute the following matrices and vectors:  

Calculate the vector of unknown variables:  

End

Calculate pre-fault state

Consider that all IBDERs inject their pre-fault currents
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ˆ ˆ ˆF, F0, and XΔ

Calculate the vector of unknown variables:   ˆˆˆ XΔ=F�1F0
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 and a generalized Δ-circuit state 

Fig. 3.　Flowchart of proposed SCC method.

TABLE I
PARAMETERS FOR TRANSFORMERS TG, T1, AND T2

Transformer

TG

T1

T2

Connection 
type

Y/Y

Y/Y

Y/Y

Transformer 
ratio

11.2 kV/
0.48 kV

11.2 kV/
0.48 kV

0.48 kV/
0.207 kV

Impedance 
voltage Uz (%)

5.75

5.75

5.75

Rated 
capacity

2.0

0.5

0.5

X/R

6

6

3

Inverter controller

HIL device

Fig. 5.　Inverter controller and HIL device.
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Fig. 4.　Topology of microgrid on CWRU.
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Fig. 6.　Root mean square (RMS) values of currents on lines 1-27 under 3LG fault in HIL setup when microgrid is in grid-connected mode.

TABLE II
CURRENTS ON LINES 1-27 UNDER 3LG FAULT WITH PROPOSED SCC METHOD WHEN MICROGRID IS IN GRID-CONNECTED MODE

Fault current

I1

I2

I3

I4

I5

I6

I7

I8

I9

I10

I11

I12

I13

I14

I15

I16

I17

I18

I19

I20

I21

I22

I23

I24

I25

I26

I27

Phase a

Magnitude (A)

10.23

338.29

10.46

1.86

2.05

341.35

2.81

10.45

43.36

47.72

7964.93

65.52

108.98

72.45

69.14

69.14

   0

   0

68.74

68.74

72.07

160.32

160.32

   0

   0

159.41

159.41

Angle (°)

179.54

-67.07

178.54

-175.31

-0.43

-65.90

-4.55

178.43

-175.31

-0.43

-65.90

-4.55

179.92

-179.91

-1.49

-1.49

0

0

-2.20

-2.20

179.94

-1.49

-1.49

0

0

-2.20

-2.20

Phase b

Magnitude (A)

10.23

338.29

10.46

1.86

2.05

341.35

2.81

10.45

43.36

47.72

7964.93

65.52

108.98

72.45

69.14

69.14

0

0

68.74

68.74

72.07

160.32

160.32

0

0

159.41

159.41

Angle (°)

59.54

172.93

58.53

64.69

-120.43

174.10

-124.55

58.42

64.69

-120.43

174.10

-124.55

59.92

60.08

-121.49

-121.49

0

0

-122.20

-122.20

59.94

-121.49

-121.49

0

0

-122.20

-122.20

Phase c

Magnitude (A)

10.23

338.29

10.46

1.86

2.05

341.35

2.81

10.45

43.36

47.72

7964.93

65.52

108.98

72.45

69.14

69.14

0

0

68.74

68.74

72.07

160.32

160.32

0

0

159.41

159.41

Angle (°)

-60.46

52.93

-61.46

-55.31

-121.52

54.10

115.46

-61.57

-55.31

119.57

54.10

-115.45

-60.08

-59.91

118.51

118.51

0

0

117.80

117.80

-60.06

118.51

118.51

0

0

117.80

117.80
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The RMS values in Fig. 6 are derived by analyzing sig‐
nals from Fig. 7 in time period between time cursor 1 and 
time cursor 2. In the right-hand side of each sublot in Fig. 7, 
there are annotations for lines of the corresponding colors. 
Taking “Three-phase Meter27. IA” as an example, it means 
the current of phase a on line 27. Grid Fault1. Three-phase 
Meter1. IA represents the short-circuit current of phase a at 
the fault location. 

The microgrid is then switched to islanded mode, and the 
same fault is applied to bus 11. During the simulations, the 
islanded microgrid is in the droop-controlled operating 
mode. The results in the HIL setup are given in Figs. 8 and 
9 and the results with the proposed SCC method are present‐
ed in Table III. The explanation for Figs. 6 and 7 also ap‐
plies to Figs. 8 and 9.

The CPU time needed for SCC execution is 0.225 s in re‐
al-life example that implies the microgrid connected to the 
186-bus feeder. The location of fault does not affect the 
CPU time needed.

Furthermore, the proposed SCC method is applied to the 
9-bus microgrid from [23], as shown in Fig. 10, for compari‐

son with one of the state-of-the-art methods. The 9-bus mi‐
crogrid is an islanded microgrid [23]. The comparison of re‐
sults obtained by method in [23] and proposed SCC method 
are given in Table IV, where only the results for SLG and 
3LG faults are presented due to space limitations.
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Fig. 7.　Time-domain currents on lines 1-27 under 3LG fault in HIL setup when microgrid is in grid-connected mode

Fig. 8.　RMS values of currents on lines 1-27 under 3LG fault in HIL setup when microgrid is in islanded mode.
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Ultimately, the results obtained by the proposed SCC 
method under the following two conditions of complex short-

circuit faults in the microgrid on CWRU campus are present‐

ed in Table V and Table VI, respectively. Due to space limi‐

tations, only the currents for four representative lines are pre‐

sented.

Condition 1: simultaneous LL-G fault (phases bc) at bus 5 
and L-G fault (phase a) at bus 10. The microgrid is in the 
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Fig. 9.　Time-domain currents on lines 1-27 under 3LG fault in HIL setup when microgrid is in islanded mode.

TABLE III
CURRENTS ON LINES 1-27 UNDER 3LG FAULT WITH PROPOSED SCC METHOD WHEN MICROGRID IS IN ISLANDED MODE

Fault current

I1

I2

I3

I4

I5

I6

I7

I8

I9

I10

I11

I12

I13

I14

I15

I16

I17

I18

I19

I20

I21

I22

I23

I24

I25

I26

I27

Phase a

Magnitude (A)

42.12

42.12

35.42

10.88

0.72

78.01

1.65

35.22

248.64

11.10

1815.09

35.52

229.23

68.51

21.12

21.12

0

0

17.88

17.88

52.95

46.95

46.95

0

0

40.72

40.72

Angle (°)

115.21

-76.46

111.30

-88.86

-24.95

-71.50

-85.05

111.29

-88.86

-24.96

-71.50

-85.05

-93.19

-93.98

-50.32

-50.32

0

0

-52.36

-52.36

-96.24

-50.32

-50.32

0

0

-52.36

-52.36

Phase b

Magnitude (A)

42.12

42.12

35.42

10.88

0.72

78.01

1.65

35.22

248.64

11.10

1815.09

35.52

229.23

68.51

21.12

21.12

0

0

17.88

17.88

52.95

46.95

46.95

0

0

40.72

40.72

Angle (°)

-4.79

163.54

-8.70

151.14

-144.95

168.50

154.95

-8.71

151.14

-144.96

168.50

154.95

146.81

146.02

-170.32

-170.32

0

0

-172.36

-172.36

143.76

-170.32

-170.32

0

0

-172.36

-172.36

Phase c

Magnitude (A)

42.12

42.12

35.42

10.88

0.72

78.01

1.65

35.22

248.64

11.10

1815.09

35.52

229.23

68.51

21.12

21.12

0

0

17.88

17.88

52.95

46.95

46.95

0

0

40.72

40.72

Angle (°)

-124.79

43.54

-128.70

31.14

95.05

48.50

34.95

-128.70

31.14

95.04

48.50

34.95

26.81

26.02

69.69

69.69

0

0

67.64

67.64

23.76

69.68

69.68

0

0

67.64

67.64
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grid-connected mode.

Condition 2: simultaneous L-G fault (phase a) with fault 
impedance 0.01 Ω at bus 10 and L-G fault (phase b) at bus 
10. The microgrid is in the grid-connected mode.

From the aforementioned results, the following conclusion 
can be obtained.

1) It can be observed from Table II and Figs. 6 and 7 that 
the proposed SCC method can efficiently solve the fault cur‐
rent of grid-connected microgrids and it provides highly ac‐
curate results. The slight differences (less than 1%) between 
the proposed SCC method and the HIL setup are attributed 
to different modeling of loads. The HIL calculates fault cur‐
rents in the time domain and then derives the RMS values, 

whereas the proposed SCC method is completely executed 
in the complex domain as it is intended for industrial use 
and needs to be time-saving. The principal motive for bench‐
marking the proposed SCC method against HIL setup is to 
validate its accuracy. HIL is renowned for its high-fidelity 
and precise responses, making it an ideal testbed. As demon‐
strated, the proposed SCC method could yield exceptionally 
accurate results, closely aligning with those obtained via 
HIL setup. Additionally, it could complete the calculation 
within milliseconds, much more efficient than HIL setup, 
which take minutes for smaller microgrids and potentially 
hours for larger ones to deliver results. Thus, the proposed 
SCC method effectively meets both critical criteria for indus‐
trial computational methods: accuracy and rapid response. 
This alignment with the key requirements underscores the 
significance and applicability of the proposed SCC method 
in industrial settings.

2) It can be observed from Table III and Figs. 8 and 9 
that the proposed SCC method solves the fault currents of is‐
landed microgrids with the same efficiency and robustness, 
and it overcomes the limitations of BFS methods for island‐
ed microgrids without a stiff slack-bus (network root). 
Again, there are also slight differences between the proposed 
method and the HIL setup (less than 1%).

TABLE V
SCC RESULTS FOR COMPLEX SHORT-CIRCUIT FAULTS UNDER CONDITION 1

Fault current

I1

I2

I5

I10

Phase a

Magnitude (A)

359.94

1.84

364.27

8499.56

Angle (°)

-70.70

-170.95

-68.87

-68.87

Phase b

Magnitude (A)

442.24

1.67

444.34

0

Angle (°)

157.93

62.85

159.48

0

Phase c

Magnitude (A)

442.17

1.77

444.34

0

Angle (°)

37.92

-59.05

39.49

0

TABLE VI
SCC RESULTS FOR SHORT-CIRCUIT FAULTS UNDER CONDITION 2

Fault current

I1

I2

I5

I10

Phase a

Magnitude (A)

310.31

1.71

317.73

7413.61

Angle (°)

-56.22

-176.19

-54.44

-54.44

Phase b

Magnitude (A)

359.40

1.90

364.26

8499.44

Angle (°)

169.32

62.27

171.13

171.13

Phase c

Magnitude (A)

9.95

1.59

2.06

48.02

Angle (°)

-59.68

-34.81

119.71

119.71

Load
 

Load
 

Load
 

Bus 9 Bus 8 Bus 7 

Bus 4 Bus 1 

Bus 5

Bus 6
 

Bus 2 

Bus 3
 

DG1 

DG2 

DG3 

Fig. 10.　Structure of 9-bus microgrid.

TABLE IV
COMPARISON RESULTS OBTAINED BY METHOD IN [23] AND PROPOSED SCC METHOD

Location

Bus 8

DG1

DG2

DG3

Method

[23]

Proposed

[23]

Proposed

[23]

Proposed

[23]

Proposed

Fault current under SLG (A)

Phase a

527.0

531.2

182.7

179.5

187.5

186.6

182.7

179.5

Phase b

0

0

21.5

21.3

24.6

24.1

21.5

21.3

Phase c

0

0

22.3

22.1

22.8

22.4

22.3

22.1

Fault current under 3LG (A)

Phase a

539.0

545.2

186.1

185.3

195.2

193.5

186.1

185.3

Phase b

539.0

545.2

186.1

185.3

195.2

193.5

186.1

185.3

Phase c

539.0

545.2

186.1

185.3

195.2

193.5

186.1

185.3

The maximum difference (%)

1.15

0.93

2.03

0.93
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3) It is obvious from Table IV that the results from the 
state-of-the-art method [23] and the proposed SCC method 
are almost identical (the difference is less than 2.03%). It 
means that the proposed SCC method is equally efficient for 
microgrid in islanded mode as the method from [23]. More‐
over, the proposed SCC method offers a notable benefit in 
that it is equally accurate for grid-connected and utility mi‐
crogrids, which are not within the scope of [23]. Another sig‐
nificant aspect of the proposed SCC method is the progress 
made in managing negative and zero sequences in IBDER 
fault currents. In other methods that use generalized Δ-cir‐
cuit, such as [1] and [9], only instantaneous saturation limit 
strategy and latched limit strategy are taken into account, 
which means that only positive-sequence injections of IB‐
DER are considered. Till now, there is no evidence that the 
methods based on the generalized Δ-circuit concept are capa‐
ble of taking into account all DER models, regardless of 
their control strategies including virtual impedance current 
limiters. In Table IV, the fault contributions of IBDERs are 
not balanced under the SLG (unbalanced fault). This is dic‐
tated by the control strategy and the proposed SCC method 
is capable of accounting for that.

4) The results from Tables V and VI show that the pro‐
posed SCC method is fully capable of solving arbitraryly-se‐
lected complex short-circuit faults with the same simplicity, 
which is an essential feature for industrial software tools, 
such as advanced distribution management systems (AD‐
MSs), distributed energy resource management systems 
(DERMSs), and microgrid management systems (MMSs). 
These tools need to provide DSOs, grid engineers, and mi‐
crogrid controllers with robust computations that are able to 
cope with all types of complex faults that may occur in the 
field. Thus, it is of utmost importance to have a robust SCC 
method that can solve any type of complex short-circuit 
faults, accurately set and coordinate the protection equip‐
ment in the microgrid, and properly locate the faulted bus to 
react in a timely manner to clear the fault. For this purpose, 
the proposed SCC method can be particularly useful without 
requiring predefinition of boundary conditions for each of 
different fault types. This ability differentiates the proposed 
SCC method from other SCC methods.

Finally, as presented on a real-life example of a 186-bus 
feeder with a connected microgrid, besides islanded and grid-
connected microgrids owned and operated by third-party ag‐
gregators, the proposed SCC method is able to efficiently 
calculate faulted microgrids as parts of utility grids and thus, 
it offers DSOs a reliable and efficient tool for implementa‐
tion in advanced applications such as adaptive relay protec‐
tion and FLISR.

VIII. CONCLUSION

In this paper, a robust and highly accurate SCC method 
for microgrids is proposed, regardless of their operational 
state, topology, and ownership, affected by any kind of com‐
plex short-circuit faults.

The proposed SCC method is efficient for microgrids in 
both islanded and grid-connected modes as well as utility mi‐
crogrids as part of a larger distribution grid, with the same 

simplicity. As the proposed SCC method is based on the ad‐
mittance matrix of the faulted system, it does not need a 
stiff slack bus (network root), and thus overcomes the limita‐
tions of BFS methods.

Further, the proposed SCC method solves all types of 
complex short-circuit faults with the same simplicity, with‐
out the need to predefine fault conditions for each of differ‐
ent fault types. This differentiates the proposed method from 
other SCC methods for microgrids.

Finally, the robustness and efficiency of the proposed 
SCC method make it particularly useful for advanced appli‐
cations in industrial software tools for grid management, 
such as ADMS, DERMS, and MMS [28]-[30].
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