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Abstract—Detection and identification of individual phase out-
ages remains a challenging problem due to insufficient metering
in three-phase unbalanced power networks. This problem was
tackled for the transmission systems in our previous work. In
this paper, this work is extended to detect phase outages in
three-phase unbalanced systems using only the sparse estimation
method. In addition, further improvements are introduced to
increase the estimation accuracy for the virtual power injections
at the terminal buses of disconnected lines, once the disconnected
line is identified by sparse estimation methods. Simulation results
are provided to experimentally validate the increased accuracy
in detecting phase outages while decreasing the computational
time by using the proposed approach.

Index Terms—Sparse Estimation, Line Outage, Phase Outage,
LASSO, Outage Detection, Distribution System Line Outage,
Ordinary Least Square

I. INTRODUCTION

Monitoring the real-time system state and network model
by the system operators is crucial for them to take timely
preventive actions under extreme conditions. The commonly
used monitoring application remains to be the state estimator.
However, almost all state estimators implicitly assume a per-
fectly known network model and attribute any discrepancies
to measurement errors. Thus, in case of an unreported outage
of an individual phase or the entire line, estimated state will
be significantly biased impacting all other applications that
rely on state estimator’s results. Therefore, having a stand-
alone tool for detecting the line outages will help to increase
the overall system reliability. Historical examples such as the
2003 Northeast blackout [1] when the state estimator failed to
provide proper system states during unreported line outages
constitute the main motivation for this work. Relying on the
state estimator results without the correct network model may
result in partial or full network blackout as described in [2],
[3].

In recent years, various alternative solutions are proposed
for detecting line outages taking advantage of existing PMU
measurements [4]—[8]. These methods are studied in our
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preliminary work and it is observed that LASSO based sparse
estimation works successfully for a high percentage of simu-
lated line outage cases [9].

In this paper, the success rate of the proposed method is fur-
ther improved by an orthogonal transformation. Furthermore,
a final ordinary least squares estimator is used to obtain more
accurate virtual current estimates of individual phases after the
disconnected line is identified by LASSO estimator in three-
phase networks.

The two significant contributions of the paper are:

o Improved line outage detection performance while using
the same number of PMU measurements,

o Reduced computational burden without impacting accu-
racy.

II. REVIEW OF EQUIVALENT LINE OUTAGE MODEL

Here, the equivalent line outage model will be briefly
reviewed. The well-known DC power flow model is commonly
used in the literature since it provides a reasonably accurate
linear approximation between real power injections and volt-
age phase angle [6]-[8], [10]. It yields the linear formulation
relating the changes in bus phase angles A# to the changes in
real power injections AP as described in [11]:

BAO = AP 6]
where,

if k#j— Brj=—5—
e B=«( if k:j%Bkk:Zj:Lj;ék%

0 otherwise
xy; 1s the branch reactance value between bus k and bus
Js
A0 is the vector of phase angle differences between post
outage theta and pre outage conditions,
AP is the vector of bus injection changes between post
and pre outage conditions.

Considering a single line outage, B and Af will alter to
represent the change in the network model, assuming that
loads and generation remain constant throughout the outage
event. These changes can be mimicked by introducing the
virtual power injections at the terminal buses of disconnected
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Fig. 1: Pre and Post contingency flow on branch k-m.

line without physically removing the line from the system, i.e
without modifying the B matrix [12]. This line outage model
is illustrated in Fig. 1.

In Fig. 1, red arrows indicates the virtual power injections
at the terminal buses of disconnected line, which have same
magnitude but opposite sign. In addition to that, the magnitude
of these injections will be equal to the real power flow through
the branch so that the effective flow will be canceled and yield
net zero power flow through the branch. As a result, post-
contingency state for line outage event is mimicked by only
altering the terminal power injections as:

A-Pk = 7APm = p~km (2)

where,

o APy is the virtual real power injection at bus k,

o AP, is the virtual real power injection at bus m,

e Drm 18 the virtual real power flow along the disconnected
branch.

III. LINE OUTAGE DETECTION IN THREE PHASE
NETWORK

In our previous work, the equivalent model of the line
outage is used to detect line outages in transmission systems
[9]. However, to handle phase outages in three-phase systems,
the network model is transformed from phase domain to modal
(sequence) domain as below.

First, PMU measurements are obtained for the pre and post
outage operating conditions. Then, both the measurements as
well as the bus admittance matrix are transformed into their
modal (sequence) domain.

Next, the disconnected line is identified by using the method
detailed in our preliminary work using only the positive
sequence network.

In the final stage, the “zero, positive, and negative” sequence
virtual current injections are estimated using the LASSO
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method based on the location of the outaged line found in
the second step. Then, virtual currents of each phase for
disconnected line are calculated by simply transforming these
virtual sequence currents back to the phase domain. Thus, in
addition to the location of the outage, the phases corresponding
to the outage are also identified.

A. Transforming Measurements into Sequence Domain

At all PMU buses, voltage phasor measurements are gath-
ered for the pre-outage and-post outage conditions. Then, the
currently available bus admittance matrix and the collected
measurements are transformed into symmetrical components
by the transformation [13] below:

Vo Va
Vi| =T+ |V, 3)
Va | Ve
Io ] 1,
L| =T % |, )
I | I

Y2 =Tl «Yabex T )

where,

e 0,1,2 represent the “zero, positive, and negative” se-
quence networks respectively,

e a,b,c represent the “Phase A, Phase B, and Phase C”
respectively,

o T is the transformation matrix given by:

1 1 1
T=1|1 a®> a (6)
1 a a2

where, a = 1/120.

B. Detection and Identification of the Line Outage

Once the voltage phasors are transformed from phase do-
main to sequence domain for both the pre and post outage
scans, the method described in [9] is used only for the positive
sequence components. This step is mainly used for locating the
line outage rather than identifying which phases are affected.

C. Calculating Virtual Three Phase Current Injections

In the final step of line outage detection in three phase net-
works, instead of using the DC power flow model, the virtual
current injections are calculated using QR decomposition of
the network’s admittance matrix Y relating bus voltages to net
current injections as follows:

Yordered * A‘/ordered = AIordered (7)
Qo’r‘dered * Rordered * AVvordered = AIoa"dea"ed (8)
Qee Qei Ree Rei AI/ee o AIee

|:Q7Je Qi) *l 0 Ral™|AVii| T |AL ©)
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where,

o subscript ¢ refers to buses with PMUs and,

o subscript e refers to buses without PMUs,

o AV is the voltage differences between post and pre
outage event,

o AJ is the virtual current injection vector,

The LASSO method can now be used to solve the sparse
unknown vector AI, which represents the changes in the
net current injections (notation is simplified by removing the
“ordered” subscript) as follows:

1
Al = HEIHEHAV’ — M« AI|5 4+ MN|AT),  (12)

where,

° AV/:R“*AV;?,
e M= [QF Qr.

€l (2
Considering that (12) consists of a complex number and
Matlab’s LASSO algorithm can not process complex numbers,
(12) is transformed into strictly real problem using the real and
imaginary parts of the equations [14]:

AV)

Lirav
Al lI[] -l

S EALB+AIALL (3)

where,

o Subscript re represents the real part of the matrix,
o Subscript ¢m represents the imaginary part of the matrix.

In order to estimate the virtual current injections for indi-
vidual phases, first QR transformation shown in (8) is carried
out separately for “zero, positive, and negative” components
replacing Y by Y, AV by AVyeq, and Al by Al as
follows:

Yseq,ie

[Y;eq,ee Y;eq,ei:| %* |:Avvseq,e:| _ |:AIseq,e

14
Yseq,ii AVseq,i AIseq,i:| ( )

Once (13) is formed for “zero, positive and negative”
sequences separately, LASSO is performed to find virtual
current injections. To identify virtual current injections, the
locations of the real part and imaginary part corresponding to
the solution is checked with the actual outage location found
in the second step and if any of these locations do not match
with the actual outage location, the corresponding column is
removed from the matrix M in (13). This process is repeated
until both the real part and the imaginary part locations match
with the actual outage.

Finally, using the transformation matrix 77, the estimated
sequence currents are converted back to phase domain. Thus,
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the virtual current injections in each phase of the terminal
buses of the disconnected branch are calculated.

IV. THE FINAL IMPROVEMENT VIA ORDINARY LEAST
SQUARES ESTIMATION

Although most of the time accuracy of the sparse estimation
method is quite satisfactory, there may be situations where
iteratively estimated virtual current injections using LASSO
may not be sufficiently accurate due to the co-linearity of the
coefficient matrix columns. Therefore, estimation of the virtual
current injections can be formulated as a standard least squares
estimation problem once the location of the disconnected line
is already identified. Estimation can be carried out for each
sequence component as follows:

outage
outage outage busl,seq o /
[Qbusl,seq busQ,seq] * [Aloutage - AVseq (15)
bus2,seq
where,

o Subscript seq refers to “zero, positive, and negative”

sequences,
outage outage T T
o Qbusl’seq and Qbuszseq denotes the reduced [Q;; Q;

matrix for the corresponding sequence, whose columns
correspond to the terminal buses of the disconnected
branch and whose rows correspond to the buses with
PMU measurements,

outage outage .
. Albusl,seq and AIbusz’seq, are the entrles.of the 2 x 1
unknown current vector for the corresponding sequence,

at the terminal buses of the disconnected branch,
. A ! Rii,seq * A‘/ii,seqa

seq —
The estimation problem of (15) can be solved using a
standard Ordinary Least Squares (OLS) algorithm [15]:

B=(xTx)"1xTy (16)
where:
outage
_ AIbuslieq]
- outage
AIbusQ,gseq
y=AVi,

X = [Qpuaieeg Qrustecq)

By solving (16) for zero, positive and negative” sequences,
virtual current injections are calculated more accurately in a
single iteration. Then, these current injections are transformed
back to the phase domain using the transformation matrix 7" in
(6) to determine the virtual current injections at each individual
phase.

V. SIMULATION RESULTS

To compare the performances of the proposed method and
the sparse estimation method in finding virtual current injec-
tions, 127-bus three-phase unbalanced distribution system is
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created as in Fig. 2. The system shown in Fig 2 consists of 134
three phase branches and the "R/X” ratios of these branches
vary between 0.4 to 17”. Once the distribution system with a
high ”R/X” ratio is created, each method is tested on a 127-bus
three-phase unbalanced distribution system assuming that a
small number of PMU measurements are available. Moreover,
each PMU is assumed to measure the voltage phasor at the
bus and the current phasor along one of the incident branches
to that bus. These current phasors enable calculation of the
voltage phasors at the remote end of the respective branches.
These PMU locations are colored in red in Fig. 2.

127 Bus Distribution System

Fig. 2: 127-bus Three-phase Distribution System Diagram.

Once PMUs are located across the three phase distribution
system, cases in Table I are created and tested with using the
sparse estimation method and the proposed method.

Initially, the location of the line outage is determined using
only the positive sequence network and the measurements as
described in the second step of the strategy. The results, of
detected line outage locations for the cases in Table I are given
in Table II. In Table II, ”P;t and AP” represent the virtual
real power flow along the disconnected branch calculated using
the Power Transfer Distribution Factors (PTDF) and the virtual
power flow calculated using the proposed method, respectively.

Once the location of the outage is determined, in the
second stage, “’zero, positive, and negative” sequence currents
are calculated using the sparse estimation method and the
proposed method based on the found location in Table II.
Then, to determine the detailed phase outages, these sequence
currents are transformed back into the phase domain. The
results of the virtual current injections of each phase at the
terminal buses of disconnected line are given in Table III.

Considering the results in Table III, solely using LASSO
estimation method is shown to fail to identify the true phase
outages for the highlighted cases. Use of the proposed OLS
estimation helps to accurately identify the virtual current injec-
tions of each phase for the disconnected branch. In addition,
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TABLE I: Simulation cases for the three phase distribution

system.

Case Number gi‘s:;n;;zcst_?& I]:::) Disconnected Phase
1 87-109 A, B, C
2 87-109 A, C
3 87-109 B, C
4 87-109 A, B
5 19-67 A, B, C
6 19-67 A, C
7 19-67 B, C
8 19-67 A, B
9 71-72 A, B, C
10 71-72 A, C
11 71-72 B, C
12 71-72 A, B
13 44-94 A, B, C
14 44-94 A, C
15 44-94 B, C
16 44-94 A, B
17 25-47 A, B, C
18 25-47 A, B
19 25-47 A, C
20 25-47 B, C

TABLE II: The results of the found locations for the line
outages in Table I.

Outage Line
Branch / Phase / Ps;

Detected Outage

Iteration No. / Branch / AP

87-109 / A, B, C /224

1/87-10/2.23

87-109 / A, B /224

1/87-10/ 1.84

87-109 / A, C /224

1/87-10/ 1.61

87-109 / B, C /2.24

1/87-10/1.79

19-67 / A, B, C/9.48

1/19-67 /792

19-67 / A, B/ 9.48

1/19-67/6.57

19-67 / A, C/9.48

1/19-67/6.51

19-67 / B, C /9.48

1/ 19-67 1 6.71

71-72 / A, B, C/ 33.08

1/71-72 / 42.85

71-72 / A, B / 33.08

1/71-72 7/ 32.11

71-72 / A, C / 33.08

1/71-72 /1 32.16

71-72 / B, C / 33.08

1/71-72 / 32.30

44-94 / A, B, C/ 194

1/44-94 /242

44-94 / A, B/ 1.94

1/44-94/1.74

44-94 / A, C /194

1/44-94/1.74

44-94 / B, C/ 1.94

1/44-94/1.99

25-47/ A, B, C/-52.97

1/25-47 / -45.33

2547/ A, B /-52.97

1/25-47/-34.23

2547/ A, C/-52.97

1/25-47/-34.28

25-47 /B, C/-52.97

1/25-47 / -34.54

since sparse estimation iterations are avoided, the proposed

approach will be computationally more efficient.




TABLE III: Magnitude of the virtual current injections of each phase for the disconnected branch.

Outage Line Sparse Estimation Method Proposed Method

Phase A (p.u) | Phase B (p.u) | Phase C (p.u) | Time (ms) | Phase A (p.u) | Phase B (p.u) | Phase C (p.u) | Time (ms)
87-109 / A, B, C | 1.7972 2.0295 1.6095 ~118 1.7962 2.0317 1.6081 ~8
87-109 / A, B 1.9598 1.8864 0 ~118 1.9622 1.8911 0 ~8
87-109 / A, C 1.6004 0 1.8451 ~118 1.6030 0 1.8495 ~8
87-109 / B, C 0 2.1849 1.5338 ~118 0 2.1908 1.5396 ~8
19-67 / A, B, C | 4.0548 4.4252 4.0360 ~125 4.0538 4.4245 4.0351 ~8
19-67 / A, B 3.9662 4.8718 0 ~125 3.9653 4.8712 0 ~8
19-67 /1 A, C 4.6479 0 3.8161 ~125 4.6470 0 3.8154 ~8
19-67 / B, C 2.8142 4.1046 3.4257 ~125 0 4.3013 4.5354 ~8
71-72 1 A, B, C | 40.1950 40.1171 40.2364 ~221 41.0264 41.6133 41.1074 ~8
71-72 1 A, B 33.8520 34.8423 23.5645 ~221 40.1279 38.6688 0 ~8
71-72 / A, C 33.5436 22.7711 36.1345 ~221 38.0969 0 40.1691 ~8
71-72 /B, C 0 39.3532 37.1193 ~221 0 40.7144 38.2415 ~8
4494 /1 A, B, C | 1.9897 2.7437 2.2898 ~59 1.9697 2.7558 2.2866 ~8
44-94 /1 A, B 2.1501 2.4516 0 ~59 2.1368 24721 0 ~8
44-94 | A, C 1.6969 0 2.4704 ~59 1.70550 0 2.4857 ~8
44-94 / B, C 0 2.8296 2.1028 ~59 0 2.8423 2.1057 ~8
25-47/ A, B, C |29.2387 29.7093 29.3713 ~100 29.2387 29.7141 29.3677 ~8
25471 A, B 27.0325 29.577 0 ~100 27.0343 29.5770 0 ~8
25471 A, C 29.1038 0 27.0884 ~100 29.0927 0 27.1688 ~8
2547/ B, C 0 27.5821 29.3302 ~100 0 27.6372 29.3412 ~8
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