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A Fortescue Approach for Real-Time Short Circuit
Computation in Multiphase Distribution Networks
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Abstract—This paper discusses the need for short circuit anal-
ysis in real-time applications of modern distribution networks
and presents a short circuit tool that builds on recent advances
in Fortescue-based current injection power flow. The proposed
short circuit computation (SCC) method is fundamentally based
on the symmetrical components transformation of three-phase,
two-phase, and one-phase systems. Unlike the classical symmet-
rical components SCC method that postulates a structurally
symmetrical three-phase pre-fault network with balanced loading,
the proposed method accounts for multiphase networks that are
comprised of three-phase, two-phase, and one-phase network
parts; given a pre-fault power flow solution, it requires a maximum
of three current injection iterations to compute the short circuit
current flow in the entire network. Numerical results show that the
Fortescue SCC approach with multiphase lines exhibits significant
computational performance improvement on large-scale networks
as compared to classical SCC in phase coordinates.

Index Terms—Distribution networks, fault analysis, Fortescue
transformation, symmetrical components.

I. INTRODUCTION

HE analysis of faulted transmission power systems is
classically carried out using the theory of symmetrical
components [ 1]. Symmetrical components is an elegant method
which was published by Fortescue in 1918 [2], and its main
advantage is well know: when a three-phase network is sym-
metrical, the corresponding sequence networks are uncoupled
thus leading to reduced computational effort. Additionally, the
generator and transformer modeling in terms of symmetrical
components is relatively simple, and the power component data
is usually available in terms of sequence values. Short circuit
computation (SCC) is a real-time application in modern distri-
bution networks [3], [4]; it is employed for the identification
of fault locations and for performing checks on the protection
system, possibly involving an update of relay settings, prior to
implementing feeder reconfiguration.
The classical application of symmetrical components to SCC
is based on the premise that the normal pre-fault network is sym-
metrical and with balanced loads; while this assumption is ac-
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ceptable at the transmission level, it does not hold in many dis-
tribution system feeders where the number of phases is less than
three. In a two-part paper published in 1968 [5], [6], Laughton
introduced the method of phase coordinates to deal with the pe-
culiarities of distribution system representation and fault anal-
ysis. For SCC, Laughton discussed two approaches. The first
approach is the distributed-source method; it is referred to as
such because the various sources and power components re-
tain their identity during fault computation, which resorts to
standard linear algebra methods for solving systems of linear
equations. The second approach is based on source superposi-
tion; this method operates by first determining the fault current
using a Thévenin (or Norton) network representation, and then
computing the bus voltages by superposition of the pre-fault
voltages on the voltage drops due to the fault currents acting
alone. There have been several more recent and notable con-
tributions that also make use of fault analysis in phase coordi-
nates, for instance, the canonical model in [7] and Kersting's
approach [8]-[10]; both of these methods employ source su-
perposition, which has emerged as the more popular alterna-
tive in comparison with the distributed-source methods partic-
ularly due to computational advantages. The Generalized Dis-
tribution Analysis System [4], also based on superposition, is
oriented towards applications in distribution system operation
by employing the unity current injection method for computing
both the Thévenin impedance matrix and the post-fault voltage
vector. Nevertheless, the distributed-source method was also in-
vestigated in [11], where it was argued that the effect of mod-
eling metallic (zero impedance) faults using small resistances
could result in calculation errors; the accurate solution is along
the lines originally proposed in [6] and involves solving the
normal system of equations subject to a number of boundary
constraints, which is also equivalent to modifying the nodal ad-
mittance matrix to obtain a number of reduced equations for
solution without constraints. Another technique [12] involves
the use of a continuation method with the three-phase current
injection power flow [13]; in this case, the continuation param-
eter is the fault impedance which is decreased in steps to reach
the desired value while ensuring convergence of the power flow
solution. The continuation method is however likely to be com-
putationally prohibitive for real-time fault analysis.

In an effort to further improve computational performance,
fault analysis programs were built around the backward-forward
sweep (BFS) solver as opposed to power flow that uses the net-
work nodal admittance matrix. The BFS solver is ideally suited
for radial distribution networks, in which case it is known to
be more efficient than the current injection method. An efficient
three-phase power flow implementation of BFS was introduced
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in [14]; it makes use of a multi-port compensation technique
to handle PV nodes and meshed distribution networks. Refer-
ence [3] extended the compensation technique in [14] to ad-
ditionally include fault representations. Alternative approaches
for fault analysis, which are similar to forward-backward sweep
techniques, have been proposed in [15]-[17]. Fault computa-
tion makes use of the widely accepted three-phase line section
in which the neutral wire is eliminated using Kron reduction [8],
based on the practical assumption that the grounding impedance
is small. However, the surveyed SCC approaches are also ap-
plicable to four-wire distribution networks, as demonstrated for
instance in [18].

Contrary to common perception, this paper shows that there
is a computational performance advantage when using the sym-
metrical components approach for fault analysis of multiphase
distribution networks. This is of importance given the real-time
nature of the SCC application. [19] has recently shown that
single-phase and two-phase distribution feeders can be repre-
sented in an equivalent three-phase radial and symmetrical dis-
tribution system having uncoupled sequence networks, but this
entails an approximation error for two-phase line segments. This
paper demonstrates that SCC of multiphase distribution net-
works, which are possibly meshed, can be accurately performed
using symmetrical components; the multiphase network is com-
prised of three-phase, two-phase, and one-phase network parts,
which is representative of typical distribution networks. The
proposed SCC is built around a Fortescue implementation of the
current injection method applied to multiphase distribution net-
works, where it was demonstrated that there is significant com-
putational improvement relative to performing computations in
phase coordinates [20]. The major computational burden in the
proposed Fortescue SCC is attributed to one LU factorization of
the Forescue nodal admittance matrix and a number of forward/
backward solutions equal to the number of phases in the faulted
node, which can be one, two, or three; the factorization remains
valid as long as the pre-fault network conditions are unchanged.
The SCC computation produces all node voltages, branch cur-
rents, and fault currents at the short circuit location. This paper
presents contributions beyond the implicit Z-bus power flow
in Fortescue coordinates [20]: 1) a general model for any fault
type in multiphase distribution networks using Fortescue coor-
dinates, 2) a general procedure for SCC in multiphase distribu-
tion networks using Fortescue coordinates, involving the use of
a generalized Fortescue Thévenin equivalent.

The rest of this paper is organized as follows. Section II mo-
tivates the need for real-time SCC in modern distribution
networks, particularly for the computation of the circuit breaker
maximal and minimal currents. The computational engine
behind the SCC approach is the Fortescue equivalent nodal
admittance matrix approach to power flow solution [20], which
is reviewed in Section III. Section IV introduces the Fortescue
SCC in multiphase networks, and Section V presents the
boundary conditions for short circuit modeling of multiphase
nodes; a demonstration example of the procedure is given in
Section VI. Numerical results in Section VII serve to establish
the validity of the Fortescue SCC by comparing with the
classical canonical approach in phase coordinates [4], [7];
additionally, Section VII reports computational performance
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Fig. 1. Fault on the left side of the circuit breaker.
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comparisons on large-scale SCC instances. The paper is con-
cluded in Section VIIIL.

II. MOTIVATION: SHORT CIRCUIT CALCULATION SCREENING

In the real-time operation of distribution networks, SCC is
carried out at multiple fault locations. Each location, repre-
senting a node in the network area, is considered separately. The
standard short circuit types which are available for real-time
SCC screening are: 1) single line-to-ground (SLG) fault, 2)
line-to-line (LL) fault, 3) double line-to-ground (2LG) fault,
4) three-phase (3-ph) fault without ground connection, and 5)
three-phase to ground (3-ph-G) fault. The results for 3-ph and
3-ph-G faults will be identical only in the case of a structurally
symmetrical network with balanced loading, which is not a
typical model in practical distribution systems. SCC screening
is normally carried out automatically, either on a cyclical basis
or following a request for topology change; it is used to check
for violations of circuit breaker/fuse breaking capability, to
check the adequacy of the relay sensitivity, and to check the
levels of earth fault currents. These three checks are discussed
in the sections below.

A. Checking of the Circuit Breaker/Fuse Breaking Capability

Each circuit breaker (CB) or fuse in the network is checked
for the maximum current that can flow through it under the worst
case fault condition; this condition is referred to as the maximal
current mode. A fault is therefore simulated at each CB (or fuse)
location to check if the corresponding CB breaking capacity is
violated. The 3-ph-G fault is often the most severe, however
an exception is the SLG fault at the Y-grounded side of a A-Y
transformer bank [1]; the appropriate fault type has to be chosen
at each CB location. Consider for illustration a fault simulated
to the left (Fig. 1) or to the right (Fig. 2) of a CB. The current
flowing through the fault is the same in both figures because
the CB ideally has zero impedance; this implies that the short
circuit computation has to be carried out only once. However,
the actual line current flowing through the breaker can generally
be different depending on whether the fault is on the left of the
CB where the CB current is supplied by Network 2, or on its
right where the CB current is from Network 1. The critical CB
current is therefore the maximum of the two values identified in
Figs. 1 and 2. When the CB is in a radial part of the network,
i.e., supplied from only one side, the critical CB current will be
the same as the short circuit current at the CB location. In any
case, whenever the CB current is greater than the CB breaking
capacity, the CB is flagged as violated. If the CB current is close
to but slightly less than the breaking capacity, then the CB is
flagged as suspicious.
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Fig. 2. Fault on the right side of the circuit breaker.
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Fig. 3. Protection areas and end nodes in protection area 2.

B. Checking of the Relay Sensitivity

Unlike the maximal current mode, checking of the relay sen-
sitivity involves computing the minimum short circuit current
through the breaker and comparing it with the relay setting. In
this computation, which is referred to as the minimal current
mode, the CB is flagged as violated if the minimum short cir-
cuit current through it is less than the relay setting value. For
a particular CB, the critical nodes in the minimal current mode
are the ones that are covered by the CB and at which a fault can
potentially produce the minimum current through this CB. For
example, in Fig. 3, the leaf nodes EN1 through EN7 are the crit-
ical buses for CB2; the fault types for minimal current mode are
commonly chosen as LL for ungrounded networks (fed from the
transformer A -side) and as SLG or 2LG for grounded networks.

C. Checking of the Ground Fault Current

Safety regulations limit the maximum ground fault current at
a fault location. The ground current is compared to a pre-speci-
fied limit, which itself depends on the busbar voltage level and
the network grounding type. If the current limit is exceeded,
then the node at which the fault is simulated is flagged as vio-
lated with respect to the earth current limit. Checking the ground
fault current at the different nodes spans the following fault
types: SLG, 2LG, and 3-ph-G.

III. FORTESCUE EQUIVALENT NODAL ADMITTANCE MATRIX

Recent research has shown a practical advantage of applying
the symmetrical components method to the power flow solu-
tion of multiphase distribution systems that contain three-phase,
two-phase, and one-phase network parts [20], [21]. In particular,
[20] shows performance improvement of the Current Injection
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(CI) method when computations are carried out in Fortescue co-
ordinates as opposed to phase coordinates. Consider for illustra-
tion a symmetrical three-phase line having the ordinary primi-
tive admittance matrix:

Y Y Y
Yo = Y, Y, Y, (1
Yo Y Y,

where the underlined quantities take complex values. It is well
known that (1) can be transformed into the Fortescue domain of
order 3 (F3), resulting in a diagonal matrix [1]:

F. h

Y, :Ipzszphg.—%gg
y,*+2%, O 0

= ° y-y, O )
0 0y -y,
where
1 1 1 .
I%’;S =1 a2 as | ; 25’313 — (I%ZLS)A; a = 3213,
as a3

G3)
Similar equations are applicable to a symmetrical two-phase
line in the Fortescue domain of order 2 (F») [20]:

Yy Yy
Yon, = { v —y’"} (4)
P h .ty 0
ZF2 :Tph2zph2T£_>2 — |:_5 O_m y (5)

1 Qas pha

ay =&/t = 1. (6)

T = 1 )i =

For a one-phase line, the ordinary primitive admittance matrix
representations in phase and Fortescue coordinates are identical:

Xphl =Y, (7)
h

Y =T Yo, TR =, (8)

TN =" = 1; T = (T2") 1 =1 ©9)

The formation of the network nodal admittance (Y ,,,.) ma-
trix can be easily performed firstly by computing the primi-
tive Y, 4. matrices for each of the network components, and
secondly by overlapping them together [22]. For example, the
primitive Y, 4. matrix corresponding to the symmetrical two-

phase line in the Fortescue domain (5) is the 4x4 matrix:

I _ ZFz 7XF_)
Xnade - |: 7XF2 ZFg . (10)
Now assume that the formation of the network Y matrix re-

=_node
quires overlapping the primitive Y,, ;. matrix of the two-phase
line given by (10) between two nodes i and j of the partial net-
work Y, ;. matrix formed so far. If both nodes i and j are of the
two-phase type, then the network overlapping [22] is straight-
forward. However, if node i is of the three-phase type and node j
is of the two phase-type, then a special transformation is needed
to convert (10) into a 5x 5 matrix before network overlapping

could be carried out. Reference [20] refers to nodes that connect
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circuit elements with different numbers of phases as phase tran-
sition nodes (PTNs), and presents generalized primitive Y, ;.
matrices in the Fortescue domain for laterals that are commonly
drawn from three-phase feeders: 1) three-phase to two-phase
lateral, which is the case discussed above, 2) three-phase to
single-phase lateral, and 3) two-phase to single-phase lateral.
With the technique in [20] for handling PTNs, the nodal net-
work equations in the Fortescue domain can be written as

r I 0 R 0 - —Kf— _Kf_
Y5 Y5, Y5 Yiv ||V Iy
vi Y4 vE Yiv | |vE| | IF
LYN: Yo v vyl LvEl Lig ]
(11)

In (11), IF denotes the Fortescue injection current at node i;
its size is 3x 1, 2x 1, or 1 x 1 depending on whether the node is
three-phase (F3), two-phase (Fz), or single-phase (F}):

79

=2 0
N A B B P
I? ’

L4

—1

A similar interpretation applies to the Fortescue voltage at node
i Kf . The first row in (11) sets the voltage at the slack node
(number 1) to a pre-specified value; I{; is typically a 3x 3 iden-
tity matrix for a three-phase slack node and Kf = Zf ¥ =
[0; V,;0]T, where V_ is the positive sequence slack voltage.
Rows 2 to N in the Fortescue nodal admittance matrix (11) are
obtained by network overlapping. With the loads specified in
terms of their complex power, the power flow problem can be
solved starting from (11) by using the CI method [20].

In fault simulations however, voltage levels fall well below
the nominal range and loads switch to constant impedance
models [1], [4]. Starting from the complex power consumption,
the three-phase, two-phase, and one-phase loads are converted
to admittances at nominal voltage (or the voltage from the
distribution system power flow results) and then transformed
into the Fortescue domain—similar to the development in (2),
(5), and (8). The loads therefore become circuit elements that
are included in the Fortescue nodal admittance matrix on the
left hand side of (11), and all load current injections on the right
hand side of (11) are set to zero. With the constant impedance
load model, the CI method converges in one iteration.

IV. FORTESCUE SHORT CIRCUIT COMPUTATION

The short circuit computation is associated with a structural
network change at the faulted node &. The structural change rep-
resents either a balanced or an unbalanced condition at node k;
the conditions can be captured by the boundary equations ex-
pressed in terms of phase coordinates using (13) for a three-
phase faulted node, (14) for a two-phase faulted node, and (15)
for a one-phase faulted node:

CrapIi" + CysgVE'® =0; phy = abe (13)
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anglﬁhz + C’V2¢Z,’;h2 =0;phy € {ab,bc,ca} (14)
Crip I + Cy1 VI = 0:phy € {a,b, c}. (15)

The matrices (C'134, Cvag, Craps Cvags Crig, Cvig) that
define the boundary conditions are listed in Section V for stan-
dard fault types. Equations (13)—(15) are easily expressed in
terms of Fortescue coordinates as follows:

[Qfsd,f}’ﬂ I+ |:CV3¢III)FZS] Ve =0 (16)
[Q12¢T§‘:2:| 152 + [CV2¢T§:2} KfQ =0 17)
(CLoTi | 1E + [ovigTin [ Vi =0, ()

The Fortescue voltages and currents at the faulted node
can be computed by combining the boundary conditions in
the Fortescue domain (16)—(18) with the Thévenin equivalent
model at this point. If the Fortescue voltages at all nodes of
the faulted network are desired, they can be obtained by su-
perimposing on the pre-fault voltages the voltage changes that
are attributed to the injection of the Fortescue fault currents
at the faulted node; as shown below, this computation can
be efficiently done using network linearity, i.e., by simply
scaling the solution vectors already obtained in the Thévenin
impedance calculation. Then the Fortescue currents in any
branch can be computed from the branch model [20] and the
obtained Fortescue node voltages, followed by the use of the
synthesis equations to give the branch phase currents at that
location. The procedure for SCC is as follows:

Step 1) Read the network data and the load data. Convert the
the multiphase loads into their constant impedance
models at nominal voltage and form the load and
branch models in the Fortescue domain [20]; this
translates into setting all the injection currents 1. f
which represent load on the right-hand side of (11)
to zero. Factorize the coefficient matrix on the left
hand side of (11) using LU decomposition: vt =
Y 7Y {;[23]. The network nodes are ordered so as to
minimize fill-in in the LU factors.

Step 2) Solve the nodal network equations in the Fortescue
domain (11) using forward/backward substitution
[23] to obtain the Fortescue pre-fault voltage vector,
also referred to as the Thévenin voltage vector Vi, .
If k is the index of the node to be faulted, then the
Fortescue pre-fault voltages at this node are denoted
by the Thévenin node voltage vector: VX3 for a
three-phase node, V.22, for a two-phase node, and
VAL for a one-phase node.

Step 3) Calculate the Fortescue Thévenin impedance ma-
trix at the faulted node by deactivating all sources
and injecting a unity current, one at a time, at each
of the phases of the Fortescue node. The Thévenin
impedance matrix computation requires performing
a number of forward/backward substitutions equal
to the number of phases of the faulted node.
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Fig. 4. SLG fault at phase a of a three-phase node.
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Fig. 5. LL fault between phases a-b of a three-phase node.
* Three-phase fault node &
RATEATIVATE 0 0 0]
2y 2y 23| |10
fog Z%g lecf Z’fé‘ =10 1 0 (19)
Zik Zix Lk 0 0 1
: L0 0 0]
7 Anion =\ Zae Zoe T
Zik Zikk Zik
(20)
* Two-phase fault node k&
(23 Z%T [0 0]
F~x-F kk Zkk _
YIYE |7zl = 1o 1 @y
[0 0]
700 01
=z = {—kg vl Y]
“ZTh—k leck Zik
* One-phase fault node k&
YEYE[Z8 o 29 2T =10 - 1 e 0]
(23)
= Z1h = Zin- (249

Step 4) Calculate the Fortescue fault currents and voltages
from the boundary conditions and the Thévenin
equivalent representation.
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* Three-phase fault node &

F - - - - -
Zrhy v JTLAT (V] o
[CrssTh° CvsTR 1LV L 0
* Two-phase fault node k&
- R 171 7Fe T Fi Fe
ZTz;szh Iysn .\ lk}; — Kg—hfk ) (26)
| CrapTh* CvagTg? | V2] [ 0]
* One-phase fault node k£
- F - - F - - F -
ZT}l*kh ]' A lk; — KT:;Lfk i (27)
.Q11¢T£1 ' CV1¢T1€1 LY U

Step 5) Calculate the Fortescue voltages at an arbitrary node
i, while the fault is at node k. Node i can be of the
three-phase (p = 0,1, 2), two-phase (p = 0,1) or
one-phase (p = 0) type. The change in node volt-
ages due to the fault current injections is computed
using the Fortescue transfer impedances found in
Step 3.

* Three-phase fault node &

2

Zf - Zg"h,i - ZZ%ILZa pE {07 17 2} (28)
q=0
* Two-phase fault node k&
1
vE=vh, =Y zZ0l pe{0,1,25. (29
q=0
* One-phase fault node k&
V= Vi~ 251, p e {0,1,2). (30)

Given the branch model [20], the computation
of the branch currents immediately follows in
Fortescue and phase coordinates.

V. FAULT BOUNDARY CONDITIONS

This section describes the formation of the matrices (C;4 o>
Cvsg, Q12¢s Cvag, Q11¢, Cv14) that define the fault boundary
conditions (13), (14), and (15). The use of the impedances Z
and Z, in defining these conditions follows the terminology in
[1]. For illustration, Figs. 4-10 show diagrams for (4) an SLG
fault at phase a of a three-phase node, (5) an LL fault between
phases a-b of a three-phase node, (6) a 2LG fault between phases
a-b of a three-phase node, (7) a 3-ph-G fault, (8) an SLG fault
at phase x of a two-phase node (zy € {ab, be, ca}), (9) an LL
fault in a two-phase node, and (10) a 2LG fault in a two-phase
node.

A. Three-Phase Node Faults: phs = abc

1) Single Line-to-Ground (SLG) Fault:
* SLG fault at phase a (see Fig. 4)

~Z; 0 0 10 0
Cisp=| 0 1 0|;Cuzs=1[0 0 0 31)
0 01 00 0
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3® node - k

a I a * SLG fault at phase b
b f [1 0 0] [0 0 0]
| 0 0 1] |0 0 0]
* SLG fault at phase ¢
(1 0 o0 [0 0 0]
Q13¢ = 0 1 0 3 Cvg¢ = 0 0
10 0 —Z; ] [0 0 1]
2) Line-to-Line (LL) Fault:
» LL Fault between phases a-b (see Fig. 5)
3 node - k£ - - - -
a 1 a 0 0 1 0 0 0
b Y b Crap=1 1 1 0;Cyzp={0 0 0F.
> 1 c —Zy 00 1 -1 0
Ltz [ |L L ) ] ) ]
T Zf[l]l‘k qu l'k Zf[:] l'k * LL Fault between phases b-c¢
vy 1 0 0] [0 0 0]
10 —Z, 0] 10 1 —1]
=
* LL Fault between phases c-a
Fig. 7. 3-ph-G fault. 01 0 © 0 0 0
Crsp= 1|1 0 1 iCvsp=10 0 0
2@ node - k -
X T X 10 0 —Z; ] -1 0 1]
Y ) Y 3) Double Line-to-Ground (2LG) Fault:
T * 2LG Fault between phases a-b (see Fig. 6)
23.[] Lr [ 0 0 1
X 4 1k
Zk Zky f Q13¢ = _(Zf + Z ) _Zg 0 l
= 0 0 0
Fig. 8. SLG fault at phase @ of a two-phase node. CV3¢ = é (1) g
X 2@ node - k ¥ » 2LG Fault between phases b-c
y ? y (1 0 0
T Q13¢ = O 7(Zf + Zg) 7Zg )
prpy I I/ 0 ~Z, (25 +2,)
Ye Yk 00 0]
Cyzg =10 1 07.
|10 0 1J
= Zf * 2LG Fault between phases c-a
Fig. 9. LL fault in a two-phase node. [ 0 1 0
X 2® node - k ¥ :*(ZerZg) 0 —Z,
A 0 0 0
Cvg¢ =10 0 1
|1 0 0

y
T Zs
vow

Fig. 10. 2LG fault in a two-phase node.
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4) Three-Phase (3-ph) Fault Without Ground Connection:

1 1

Q[3¢ = _Zf Zf
0 —Z

[0 0 0

Cysg= |1 -1 0
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5) Three-Phase to Ground (3-ph-G) Fault (see Fig. 7):

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 30, NO. 6, NOVEMBER 2015

An LL Fault between phases a-b is simulated at bus 3 for the
example in Fig. 11. For this example, the step-by-step procedure

oo = _(Z_f ; Zy ) —( Z_%-g Z.) :%9 -| . in Section IV is available as an electronic companion [24] which
=I3¢ — =9 f 7 9 P =g P J ’ can be executed in the MATLAB environment; the details of this
L - Fy &9 _(—f T4y ) implementation are described below.
100 Step 1) This step requires forming the Fortescue nodal ad-
Cvsg= |0 1 0 (41) mittance matrix. Towards this end, the primitive
001 Y, .4 matrix corresponding to each of the three
lines in Fig. 11 are formed:
B. Two-Phase Node Faults: pho = xy € {ab, be, ca} * Three-phase (abc) line 1-2:
1) Single Line-to-Ground (SLG) Fault: o ”
* SLG Fault at phase z (see Fig. 8) yE = Yii Yy 50
a . L Lim2 = |yis  yhh (50)
_| ¢ L _|0 0 F F-2 ' _FQ’2 h
Cre=| gz, o V2= |1 0] 42y =Yl =T Y, T
[0.180—0.493; 0 0
* SLG Fault at phase y _ 0 0.4411.445j 0
B 0 ] (0 0] L 0 0 0.441—1.4455
Coe=lo -z~ o 1) @ s1)
v —yh = v 52
2) Line-to-Line (LL) Fault (see Fig. 9): L2 =2l L (52)
oo 1 1] o o o 4 * Two-phase (ab) line 2-3, with a PTN connecting
=I2¢ — ~Z; 0]’ V2 = (1 1 (44) the Fi3(43) and F» Fortescue domains [20]:
3) Double Line-to-G. d (2LG) Fault Fig. 10):
) Double Line-to-Ground (2LG) Fault (see Fig. 10) NS S,
o [(gf+zg) ~Z, } =2 38
Lr13¢ = - _ ? - 3x: :
Z, (Zf+2Z,) Y, = YFjji P ;}f (53)
1 0 132 L33
' 01 2%3 2x2
Yoy = TRYShT,
C. One-Phase Node Fault: phy = x € {a,b,c} 1 {1 1 1 ]T v {1 1 1 }
1) Single Line-to-Ground (SLG) Fault: 311 a3 da3] (1 4} as
0.182—-0.214; —0.047—-0.1325  0.138+0.025j
Cry=—2; Cyip =1 (46) = | 0.138+0.025;5 0.319-0.270; —0.027—-0.279j
—0.047-0.1325  0.255+0.1167 0.319-0.270j
54
VI. DEMONSTRATION EXAMPLE Fy4— Fs Fayrab rpab ey
. . Yy 7 = TpYs 5T,
Consider the 4-node multiphase network shown in T
Fig. 11 having three lines; buses 1 and 2 are three-phase  — 1 {1 1 12] (_Xph ) [1 1 }
(abc) nodes, bus 3 is a two-phase (ab) node, and bus 4 is a 311 ag a3 S
single-phase (¢) node. Consequently the line connecting bus —0.182 + 0.214; 0
1 to bus 2 is three-phase, the line between bus 2 and bus 3 = | —0.138 — 0.0255 —0.149 + 0.375j (55)
comprises only phases a and b, whereas the the line connecting 0.047+0.1325 —0.399 4+ 0.059j
bus 2 to bus 3 consists only of phase c. Equations (47), (48), y 2+ Fs _ pFhyab pab
. . . ; L35 ab £ 324
and (49) respectively show the ordinary primitive admittance 171 1 111
matrices for the three-phase, two-phase, and single-phase lines = = [1 1] (—Y,n,) [ 12 ]
(in S); for simplicity, the lines are modeled without shunt 2 B 43 43
charging effects: _ {—0.2734—0.3213’ 0.0714+0.1995  —0.207—0.0385
[ 0.354-1.128] —0.087-0.317j —0.087+0.317; 0 —0.599 4 0.0885  —0.223+0.562;
Yop, = | -0.087+0.317j 0.354-1.128j —0.087+0.317; (56)
| —0.087+0.317j —0.087+0.317j 0.354—1.128; viy = TRYsh TR
@n  _1f1 119, [1 1
v [ 0.411 — 0.377§ —0.137 + 0.056; (48) T 201 —1|TPhe |l 1
—pha | —0.137 + 0.0565 0.411 —0.377; 0.273 — 0.321; 0
Y , =1[0.368 —0.3785]. 49 0 0.548 — 0.433j5 | - (57)

1
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» Single-phase (c) line 2—4, with a PTN connecting
the Fy(.) and F Fortescue domains [20]:

|' Ziz(c) X5:34<_F1-|
F 3x3 3x1
Y. 3 — X X 58
£2-4 Xf12<— F3 th ( )
—— —~—
1x3 1x1
Yoy =THYS,TS,
1 . T .
:g[l a3 az] Y, [1 ay 03]
0.123—0.1265 0.0484-0.1695 —0.17—0.0435

= |-0.17-0.0435 0.123-0.1265 0.048+0.169j
0.048+0.1695 —0.17-0.0435 0.123-0.1265
(59)
YR n = rhys 15
1 . T
=1 d ag]" (-Y,u,)[1]
[—0,123 + 0.126j-|
= | 0.170 4 0.043;j (60)
[—0.048 — 0.169jJ
YLy TR =Ty, T
= [H(*thl)[l as Q%]
= [70.368—1—0.378]' —0.143-0.515 0.51+0.13j}
(61)
Yy, =THY,, Th
= [1]Y5,[1]
= [0.368 — 0.3785]. (62)

The Fortescue equivalent nodal admittance
matrix (in S) is then obtained using node

overlapping:
yF
I3x3 0 0 0
Y YR vt Yy vye oy n
= 0 Z3F,22<_ F3 X?g 0
G o i

(63)

* Step 2: To calculate the pre-fault or Thévenin
voltage vector at bus 3, (64) is solved with the
coefficient matrix given by (63):

T
YFVE, = [V 01x3 012 0151 (64)

where the slack (injection) voltage is given as a
symmetric three phase line-to-neutral vector:

VB =10 4160 0] V. (65)
After solving (64) for th, the Fortescue
Thévenin voltage at node 3 can be extracted:

2080¢ —760°

K§2h—3 = Zgh(7 : 8) = |:3602.7€j300

} V.  (66)
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» Step 3: The Fortescue Thévenin impedance ma-
trix at node 3 is obtained by solving:

Y 20 = Ithrns (67)
where
Ogx2
Iflli‘h,rhs = | Iax2 (68)
O1x2

and I is a two-by-two identity matrix. After
solving (67) for Z%, the Fortescue Thévenin
impedance matrix (in £2) at node 3 can be ex-
tracted:

25 =25,(7:8,1:2)

[ 2.036+3.209; 0
= 0 1.316+1.521; ] - ©)

The Fortescue Thévenin equivalent at node 3 is
shown schematically in Fig. 12.

* Step 4: Substituting (36) with Z; = 0 in (26) and
solving gives

L5 = _1791.360j19~140:| A (70)
Vs = mgozjw] A% 1)
or in phase cc;ordinates

10, = [0 } A )
Vi, = 3323122] v 73)

+ Step 5: The Fortescue transfer impedance (in £2)
for node 4 is

2y psg—a = Z5p(9,1:2) = [0.307+0.7705  0]. (74)
The Fortescue pre-fault voltage at node 4:
Vin-a= Vg = Vi (9) = 416072 V. (75)
Using (29) gives
K(}ault74 = K%h74 - Zf;zansf—4£?zzzult—3
=4160¢7120° V. (76)

This is an expected result since phase ¢ at node 4
was not affected by the LL fault at node 3.

VII. NUMERICAL RESULTS

The Fortescue SCC approach was tested on three standard test
feeders (IEEE 13-node, IEEE 34-node, IEEE 123-node) in addi-
tion to four practical test networks having 1505, 2986, 8500, and
14200 nodes; it was compared with an implementation of the
classical canonical SCC method in phase coordinates [7], where
the unity current injection method was used in computing the
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Three - phase line
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Bus2 (abc)

Single - phase line
(©)
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Fig. 11. 4-node multiphase network.

Zhs3 ©)
1 { }
T Zl

0 1 =Th-3
—VTh-3 KT h-3

Fault
model

Fig. 12. Fortescue Thévenin equivalent at node 3.

Thévenin impedance matrix and the post-fault voltage vector
[4]. Distributed loads were modeled by two spot loads at each
end of the line following the approach in [14]. Tests were con-
ducted for SLG, 2L, 2LG, 3-ph, and 3-ph-G faults; the SCC ap-
proaches operating in Fortescue and phase coordinates gave vir-
tually identical results when viewed in the same domain, thus
confirming the correctness of the implementations. The main
advantage of the Fortescue approach is in the computational
speed-up, which is particularly important for real-time applica-
tions as discussed in Section II. Table I presents performance
test results on four large networks, showing that the Fortescue
approach requires between 34% and 56% of the execution time
in phase coordinates. The speed-up is affected by the propor-
tion of branches that are connected to PTNs; in fact the largest
speed-up is for Net. IV, which is a European urban distribution
network with few laterals having less than three phases. The ex-
ecution time in this table includes one LU factorization step, one
forward/backward substitution for computing the pre-fault volt-
ages, and two forward/backward substitutions for the Thévenin
equivalent matrix calculation (faults are simulated on two-phase
nodes). All implementations were programmed in C++ using an
in-house developed sparse matrix library, and the computations
were carried out on a high-performance PC (Intel 17-2600 K,
8 GB RAM). The computational time of SCC is mainly con-
sumed in the LU decomposition of the nodal admittance matrix
and the forward/backward substitutions; the implementation of
these tasks in both Foresecue and phase coordinates makes use
of an industrial grade software developed for the implicit Z-bus
power flow [20]. The improved computational performance on
practical distribution networks is attributed to the higher degree
of decoupling in the Fortescue nodal admittance matrix as com-
pared to the phase coordinates nodal admittance matrix.
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TABLE 1
PERFORMANCE TEST RESULTS (2LG FAULTS)

Test No. Branches  Execution  Execution Calcul-
network of with time in time in ation
buses  PTNs [%] phase Fortescue time

(unsy- coord. coord.  reduction

mmetry)  Tpp [ms] Tr [ms]  Tr/Tpn

Net. I 1505 19 87.05 48.75 0.56
Net. II 2986 20 172.14 94.67 0.55
Net. 111 8500 9 375.97 169.19 0.45
Net. IV 14200 <1 939.06 319.28 0.34

VIII. CONCLUSION

Distribution system applications in smart networks require
real-time computations to support automation. Functions that
are influenced by distribution protection, such as feeder recon-
figuration, demand real-time fault analysis which is oriented to-
wards network operation rather than planning; this makes com-
puting time a major concern in real-time SCC. This paper pro-
poses a multiphase SCC approach that operates in Fortescue
coordinates, and builds on recent developments in Fortescue-
based distribution system power flow. The proposed approach
shows significant computational improvement over the classical
phase coordinates method.
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