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Topological Locating of Power Quality Event Source

Dong-Jun Won' and Seung-I1 Moon*

Abstract - This paper proposes a topological locating algorithm to determine the location of the
power quality event source. This algorithm makes use of the information on the topology of the
monitored network and on the direction of PQ events. As a result, the bus incidence matrix is modified
using monitor location and the direction matrix is constructed. With this information, the algorithm
determines the suspected locations of the PQ events. To reduce suspicious areas, it utilizes event cause
and related equipment. In case of line fault event, it calculates the distance from the monitor to the
location of event source. The overall algorithm is applied to the IEEE test feeder and accurately

identifies the event source location.
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1. Introduction

In the past, power quality (PQ) had been recognized as
the ability of utilities to provide electric power without
interruption. Due to the increase in critical loads and
electronic devices, the issue of power quality has become
an important concern to customers as well as utilities and
facilities. It is these growing concerns about PQ problems
that make the PQ monitoring system so essential nowadays
[1].

Most power quality monitoring systems are adopting the
power quality diagnosis function as their premium service.
The PQ diagnosis function can provide the cause and effect
of individual PQ problems, allowing customers to solve
their PQ problems more easily. Among various diagnosis
functions, event source locating is fairly significant
because it can determine who is responsible for the event
and how the event can be solved.

A few papers have dealt with the method to find the
location of the PQ event [2-5]. Because these methods
usually utilize the information acquired at one monitoring
point, they have some limitations in identifying the exact
location of the PQ event source. These methods can only
determine the relative position of the PQ event source at
the monitoring point, that is, the upper-side event or down-
side event. These methods should be extended to analyze
the information at multiple monitoring points together [6,
7] in order to determine the accurate location of the PQ
event.

Therefore, this paper presents a systematic algorithm to
locate the PQ event source. Using the power system tree
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structure, the relation between system topology and
monitor location is expressed in a matrix form. Relative
location of the PQ event is also determined and expressed
in a matrix form. The suspicious area is identified using
these two matrices and reduced further using event cause
and fault distance. The proposed algorithm is clearly
illustrated and verified using an example system. Finally,
this algorithm is applied to an IEEE test feeder in order to
validate its effectiveness.

2. Locating of Event Source using System Topology
2.1 Tree Representation

In power system analysis, the graph theory and
incidence matrices have been frequently used for computer
simulation [8]. Especially, tree structure [9] is an effective
methodology for the representation of a radial distribution
system. Therefore, the tree structure is adopted in this
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Fig. 1 Rooted tree representation of example system (a)
One-line diagram of example system for rooted tree
(b) Rooted tree representation and parent-child
relationship
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paper to develop an event source locating algorithm in a
radial distribution system. The components in the power
system become the nodes of a rooted tree and are
numbered in Fig. 1.

In Fig. 1(a), L; becomes the root of the tree. For L; is
connected with L, L; and Ls in Fig. 1(a), the node L, is
connected with the node L), L; and Ls in Fig. 1(b). Other
nodes are connected with one another in this way. In the
rooted tree, there is a parent-child relationship between
nodes. For example, L, is the parent of L,, L; and L. Lj is
the parent of L, and Ls. L, and L; are the children of L;. In
this way, L; ~ L;, become the descendants of Ls. These
relationships will be used later to construct a modified
incidence matrix.

2.2 Up/Down Area Definition

If a monitor is installed in a power system, the monitor
can identify the relative location of the event source [4, 5].
In other words, the monitor can determine whether the
event has come from the UP area or the DOWN area. The
relative location of the event source is classified into UP
area and DOWN area. From an electrical viewpoint, the
power always flows from source to load through the power
quality monitor in a radial distribution system. Therefore,
the DOWN area can be defined as the area to which the
power flows from the monitoring point. The UP area is the
other area that is not included in DOWN area, that is, the
area from which the power flows to the monitoring point
and their regional area.

2.3 Coverage Matrix

Once the monitors are located within a power system,
the UP/DOWN area according to the monitor location is
uniquely determined. This means that the bus incidence
matrix can be modified considering the monitor locations.
If the monitor location replaces the bus locations in the bus
incidence matrix, the modified incidence matrix can be
obtained, which is called ‘coverage matrix’.

Coverage malrix informs us of the relation between the
monitor and the component. It indicates whether the
component is in the UP or DOWN area of a monitor. In
other words, it reveals the coverage of the monitors. The
coverage matrix is L x M matrix. L represents the number
of lines and M represents the number of monitors. The
elements of the coverage matrix are determined as follows.

In Fig. 2, a total of 5 monitors are located in the example
system. The resulting coverage matrix is (1). In (1), for M,
is installed at L,, a;; is +1. Other elements which are the
descendants of L, are all set to +1, that is, a,;~ a;,; are all
+1. For M, is installed at L, and L, has no descendants,
only ay, is +1. For M; is installed at L;, as; is +1. Because

L, and L; are the descendants of L;, a,; and as; are also +1.
Similarly, other elements of the matrix are determined.

{+1 if i, component is in DOWN area of j, monitor
i

-1 if'i, component is in UP area of j, monitor

L, : Line
M, : Monitor

‘ Power Quality Event

Ly Es Ly

c\m M, M, M, M, M,

L [+1 -1 -1 -1 -1
L, +1 +1 -1 -1 -1
L, +1 -1 +1 -1 -1
L, |+1 -1 +1 -1 -1 M
Ly j+1 -1 +1 -1 -1
Coveragematrix = [ |+1 -1 -1 -1 -1
L, |[+1 -1 -1 +1 -1
L |[+1 -1 -1 -1 -1
L, +1 -1 -1 -1 +1
L, |+1 -1 -1 -1 -1
L, |+1 -1 -1 -1 -1
L, |[+1 -1 -1 -1 -1

2.4 Direction Matrix

If the event direction is identified in power quality
monitors, the results should be stored in matrix form for
use in computing the algorithm. The ‘direction matrix’ is
introduced for this purpose in this section. The direction
matrix includes information about the directions of an
event at the monitoring points. This information is
generated at the monitors when a power quality event
happens as mentioned before. The dimension of the
direction matrix is M x1. The elements of the direction
matrix are as follows.

+1 if monitor i detects DOWN event
a. =
" |-1 if monitor i detects UP event

For example, 4 events are assumed to occur in the
example system shown in Fig. 2. If each event takes place
respectively at L;, L,, L;; and L, each monitor will
determine the directions of these events. The results are
shown in Table 1.
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Table 1 Results of event direction identification

Event
Result

Event at
L;

Event at
L;

Event at
Ly

Event at
Ly

Direction
(M/MyMy/M,
/Ms)

DN/UP/U
P/DN/UP

DN/UP/D
N/UP/UP

DN/UP/U
P/UP/UP

DN/UP/U
P/UP/UP

Then, the direction matrix that corresponds to Table 1
will be Mp;, Mp,, Mp; and Mp, in (2). The direction matrix
will have further application in calculating the candidate
matrix. This will be discussed in the following chapter.

+1

-1

My ={-1

+1

-1

2.5 Candidate

+

My, =1+1
-1
-1

Matrix

1 +1
-1

My, =

-1
s == Mp,={-1
-1
-1

+1
-1l @
-1
-1

Multiplication of coverage matrix and direction matrix

source cannot be identified uniquely. In this case, the exact
location exists among such branches. Further investigation
using component locating or fault distance calculation is
needed.

3. Component Locating
3.1 Relating Event Causes with Equipments

If multiple components are selected in the candidate
matrix, the suspicious areas should be reduced to obtain a
more accurate location. Because the event cause has a
close relation with the equipment that causes the event, the
suspicious area can be reduced by inspecting the event
cause. Table 2 shows the event causes and related
equipments which cause them.

Table 2 Event Causes And Related Equipments

makes the candidate matrix.

M, = M, €)

1 .
Moo
where,

Mc: candidate matrix (L x1)
M,y coverage matrix (Lx M)
Mp: direction matrix (M x1)
M: total number of monitor
L: total number of component

‘Candidate matrix’ is a normalized Lx1 matrix. It
represents the suspicious area where an event source may
exist. If a row element of this matrix is equal to unity, then
the component corresponding to this row can be a possible
candidate of the event source location. If such a row is
unique as shown in M, in (4), the corresponding branch is
the accurate location of the event source. If there are
multiple rows equal to unity, the location of the event

[0.6] 0.6 [1.07] .07
0.2 0.2 0.6 0.6
0.2 1.0 0.6 0.6
0.2 L0 0.6 0.6 )
0.2 1.0 0.6 0.6

0.6
M, = (1)_(? M, = 02 My = :)_(; M, = i
0.6 0.6 L0 1.0
0.2 0.2 0.6 0.6
0.6 0.6 1.0 1.0
0.6 0.6 1.0 1.0
0.6 0.6 | 1.0 ] 1.0 |

Causes Equipment
Distribution line
Line fault (Main feeder, lateral
Voltage .
A line)
variation -
Induction motor .
event . Induction motor
starting
Transformer saturation | Transformer
6 pulse converter
o 6 pulse converter
.| switching
Harmonic
12 pulse converter
event . 12 pulse converter
switching
Other nonlinear loads | Transformer, etc

3.2 Reduction of Suspicious Areas

The event source location can be identified by matching
the event cause and equipment in suspicious areas. For
example, if the event cause is harmonics and there is only
one converter in the suspicious area, then the converter is
thought of as the event source. Especially, in the case of a
voltage variation event due to induction motor starting, the
rating of the motor is also utilized to distinguish the
location of an event source from multiple induction motors.
The induction motor that has the most similar rating with
the calculated rating will be thought of as the event source.
If the suspicious area consists of only distribution lines, it
is impossible to reduce the suspicious area further. At this
time, the necessity for fault distance calculation arises. The
following section describes the details of fault distance
calculation.

4. Fault Distance Calculation

If the cause of event is voltage variation and there are
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multiple lines in the suspicious area, then the fault distance
calculation is needed. Fig. 3 shows the equivalent circuit to
calculate the fault distance in case of a single line to
ground fault.

Ve=ViL6: Zo=(rf+ jx) 1

H——— A~ AA—M {
IE=T/0° .
Vi=vos6) 'n=nc% 78 = (vt 1 jxb)1
H———— AM—™. |
a_ypape D=18200 0 . i
ve=vosor =IO gy oy
HE——— AN — AN—M 4
r a
| La=15,26] |
I | Z,~R,
H |
i |
t P . A4 =

Fig. 3 Equivalent circuit to calculate fault distance

. 5 b e
In this figure, V¢,V ,V¢ and [2,]’,1¢ are the
voltages and currents measured at the monitor. 7Z¢,Z j’; .7 ;

are line impedances from monitor to fault location and / is
corresponding  distance. e+ Xy rfb + jx; s rp g
are the line impedances per unit length. Z, is fault
impedance to ground at the fault location. Because fault
impedance is generally thought to have only a resistive
component, it can also be approximated to R,. Following
the loop in Fig. 3, (5) is obtained by KVL (Kirchhoff’s
Voltage Law).

o« _Vu 5
Zj=r-2, ®)

Because (5) consists of a complex variable, it can be
divided into real part equation and imaginary part equation.
(6) and (7) are the equations obtained by separating the real
and imaginary part of (5).

re o1 =00 cosor -07) - R, (6)
Iy

X0l = Vit singo -6 (7
Iy

In (7), all the variables are already known except the
fault distance / Therefore, the fault distance can be
obtained from (7). After the calculation of fault distance,
the fault impedance R, can be computed from (6) using the
fault distance /.

_ Vit sin(@7 ~67) ®)

a

Iy -x;

l

R, =2t cosggr g7y - o Vi S0 Z67) ®
a [H .xa
M Mor

Similar to the case of a single line to ground fault, a
three line to ground fault requires the same equation. (8)
and (9) are extended to three phase in case of a three line to
ground fault. The fault distance and fault impedance are the
averages of those of each phase.

AR (10)
3
R =R;+R§+R; (11)
¢ 3
5. Case Study

5.1 Test System

In this chapter, the overall event source identification
algorithm is applied to an IEEE 13 node test feeder. The
IEEE 13 node test feeder is one of the radial distribution
feeders that are developed for computer simulation by the
IEEE Distribution System Analysis Subcommittee [10].
Fig. 4 shows the test system developed using
PSCAD/EMTDC™. A total of 5 monitors are installed in
the test case system and each event location is indicated in
Fig. 4.

Lo jfi o

Event 3 ol = Lo AN
o . xm. :

o ‘S ) L
o o N 20 "
‘ ® . N Ty
L14 " "

7
i
i

IR P A B )
”! w Event 2 () Ly § Euag @
Bl § Lo m%-'ﬂ&:@ i K @ F .Ff;

Fig. 4 IEEE 13 node test feeder modified for case study
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5.2 Event Description

For the case study, 3 different events are assumed to
happen in the test case system. Each event is chosen to
validate the event source identification algorithm most
effectively. Table 3 describes each event.

Table 3 Case descriptions used in case study

escription .
Case Nawe Cause Location
Case 1 One line to ground fault L, 250 f1)
Case 2 Induction motor starting Ly,
Case 3 Harmonic distortion due to L,
6 pulse converter

In case 1, one line to ground fault occurs at L, to verify
the overall algorithm of the event source identification
including the fault distance calculation. In case 2, the
induction motor starts at L,, to verify the component
locating algorithm in an induction motor event. In case 3, a
6 pulse converter operates and injects harmonics into the
system.

5.3 Results and Analysis

Case 1: One line to ground fault at L, (250 ft)

As shown in Fig. 5, voltage sag happens and large fault
current flows. The event cause is determined as the line
fault and the direction is identified as the DOWN side of
M; and M,. The suspicious area is determined as (L,, L;, L,
Ls). Because the components that correspond to the line
fault are L, and L; the fault distance calculation is
performed for these two lines. As shown in Table 4, the
fault location has been accurately decided and the error is
below 1% of the actual value.

Because of the increase of steady state power in all
phases, the event cause becomes induction motor starting
and the direction is DOWN at AM,. However, because the
power does not increase in M;, the direction becomes UP at
M;. The suspicious area is determined as (Lj;; Ly Ly,

Voltage and Current Power and THD
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e el

07 K o \/\)] +0.36 e
217l +0.18

) ) J t 1 L A N | . 5 L
=357 119 128 137 146 158 LAT 12 128 138 147 156
Current THD
P - £ 126 Fund 152 THD_2b
aail hAMd L
w2781 [ ! “ar
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y AN
086 +2F
2681 Iy s
IRANRRFANANS i o o
483 The 128 T4 Tss MAT) 12 T35 138 147 156
Time (sec) Time {sec)

Fig. 5 Monitored parameters at M, (DOWN_LF)

Table 4 Estimated fault distance and decision

Value Actual | Estimated | Error (%) | Decision
Result
Distance 250/t | 2503351t 0.134
L
Fault 0.0173 0.0174 0.578 2
impedance ohm ohm

WC’ase 2: Induction motor starting at L,
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Fig. 6 Monitored parameters at My (DOWN_IM)
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Fig. 7 Monitored parameters at M; (UP)

L;;, Ly, Ly;, Lyy). Because the components that correspond
to the event cause are Ly, and L,; by component locating,
the motor rating is utilized in such a case. When the
estimated load increase at M, is 0.6875 MVA, the event
location is determined as L ;.

Table 5 Estimated load increase and decision

component . .
Rating Calculated Ly Ly; Decision
Rati 0.6875 08 | 03 B

anng MVA MVA | M4 2
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Case 3: Harmonic distortion due to 6 pulse converter

switching at L,
Voltage

Current
la
B Ead oy Elad

ek /“\/\J EAVAVAY!

- L L L L a
I 611 . 621 1 632 i 642 1.653 4% 1611 1.621 1632 1.642 1.853
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o
s LogrEibd .

e /\ A E-VAVAYAY

-24f

I T N VIR ¥ R K 53 85 TeTi 1827 1832 183 1653
le
E-ica

J\/ \uﬂ i

n L —
e T e Tei 1é 53 e TN en 1w iear TThss
Time {sec) Time (sec)

Fig. 8 Monitored parameters at M, (DOWN_HD)

The largest harmonic contents are 5, 7, 11"™ and 17" at
all monitors. Therefore, the event cause is determined as 6
pulse converter switching. The suspicious area is
determined as (L;3, L1y, Lo, L2y, Ly, Los, Ly,). Because the
component which corresponds to the event cause is only
L, the event location becomes L.

6. Conclusion

This paper has presented a topological locating
algorithm to determine the location of the PQ event source.
The coverage matrix and the direction matrix have been
developed and the candidate matrix has been calculated
using these two matrices. The suspicious area for the event
source has been determined from the candidate matrix.
Component locating, which utilizes event cause and related
equipment, has reduced the suspicious area. The fault
distance also helps to identify the event location more
accurately. The overall event source locating algorithm has
been applied to an IEEE 13 node test feeder and it has
produced fairly accurate results as supposed.
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