——

!

>

b

y — Ui
-

. —

T—

Journal of
Applied Sciences

ISSN 1812-5654

ANSI»nez7
SCience an open access publisher
alert http://ansinet.com




Tournal of Applied Sciences 11 (15): 2734-2743, 2011
ISSN 1812-5654 / DOL 10.3923/jas.2011.2734.2743
© 2011 Asian Network for Scientific Information

A New Method for Determining Voltage Sag Source Locations by using
Multivariable Regression Coefficients
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Abstract: This study presents a new method for locating voltage sag sources in power distribution networks.
The proposed method estimates the voltages at the unmonitored buses by using the regression coefficients.
First some bus voltages were monitored using power quality recorders in the power distribution system. Then,
the voltage deviation index and the standard deviation index, represent the deviation of bus voltages before
and after a disturbance were utilized to determimne the voltage sag source location. To validate the proposed
method, the IEEE 9 bus test system was used. The test results showed that the proposed method was accurate
in determining the location of voltage sag sources in the test system.
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INTRODUCTION

Voltage sag 1s one of the most important power
quality problems faced by power utilities (Bashi, 2005). It
is defined as a decrease in the Root Mean Square (RMS)
voltage magnitude between 0.1 to 0.9 per unit (pu) for
duration of 0.5 cycle to 1 min Voltage sags are usually
caused by short circuit, large motor starting and load
switching ( Zakaria et al., 2008). These disturbances went
unnoticed in the past but presently, due to the
mtroduction of digital systems in most of the domestic
and mdustrial loads, high quality power supply 1s needed
at all times (Hosseinpour ez al., 2008). Many power quality
studies in the past concentrate on momtoring,
detecting and mitigating disturbances (Chang et al., 2008,
Salem et al., 2007). However, recent studies emphasize on
identification of voltage sag sources to take action on the
party responsible for the cause of voltage sags. By
locating the source of voltage sag, disturbance
responsibilities can be accurately determined and
mitigation solutions can be designed to improve system
performance (Hosseinpour ef al., 2009).

From the literature, several voltage sag source
location methods have been developed for determimng
the source of voltage sag from a single monitoring bus
giving a directional result which is upstream or
downstream. In the method proposed by Parsons et al.
(2000), voltage and current waveforms are sampled at a
particular node to identify voltage sag source. From the
recorded pre sag and during sag values, the integral of the

disturbance power was obtained to identify the voltage
sag source location. If the final disturbance energy is
positive the sag source 1s said to be located downstream
from the monitor location. If the final disturbance energy
is negative, the source of the sag is located upstream. In
the concept presented by Li et al. (2003), the system
trajectory slope 13 used to trace the sag source location.
This method requires additional curve fitting tools to
determine the trajectory of the system. Another
method based on the real current component (1 cosB)
was developed for woltage sag source location
(Hamzah et al., 2004). The method requires calculation of
power factor angle using both recorded current and
voltage waveforms. Tayjasanant ef af. (2005) mtroduced
a voltage sag source location method that uses the
positive sequence voltage and current and the sign of a
calculated resistance. A method based on distance relay
concept was also developed for voltage sag source
location (Pradhan and Routray, 2005). Barrera Nunez ef al.
(2008) proposed the use of two concepts for voltage sag
source location in which the first concept is based on the
phase change sequence current to estimate the origin of
voltage sag while the second concept 13 based on the
selection of the best multt way principal component
analysis model for modifying the origin of voltage sag.
All the above mentioned methods identify voltage
sag source location based on a single point monitoring.
The single point monitoring method 1s only practical for
a customer facility entrance in determining whether the
voltage sag source is downstream, that is the source is at
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the customer premises or upstream of the monitoring
location. However, voltage sag can spread over long
distances from the source location and affect customers
m large areas and therefore these methods are not
applicable for identifying network wide voltage sag
source locations which usually occur in a practical power
system (Hamzah ef of., 2009). In addition, single point
monitoring methods may not be directly applicable for
identifying multiple voltage sag source locations in a
power system because it requires large number of
recorders to accurately track the sag source location.
Therefore, a system approach using multiple power
quality monitors is required to locate network wide
sources of voltage sags without having to install
monitors at every bus in a power distribution network
(Seon ef ai., 2008).

Existing methods for identifying network wide
voltage sag source locations consider the use of a
deviation index of each branch current and deviation
mndex of voltage bus by means of matrix coefficients
(Chang et al., 2008; Latheef et al., 2008). Based on the
sensitivity of the system fault current level, the current
deviation index 1s developed for identifying the location
of voltage sag sources (Chang et af., 2008). However, the
current deviation index method requires an exhaustive trial
and error search for finding the voltage sag source
locations. In a more recent sag source location method,
the voltage deviation index based on system coefficient
matrix is used to estimate the unmonitored bus voltages
and observe the recorded bus voltages at the PQ
momtoring locations (Latheef et al., 2008). Based on the
available bus voltage measurements and relationship
established from the coefficient matrix, a mean square
error 1s estimated. Hence, after estimating the unmonitored
bus voltages, the location of voltage sags is identified by
using the voltage deviation index. The bus with maximum
voltage deviation is considered as the voltage sag source
location. However, this method has a limitation in which
1t requires the use of network impedance matrix which 1s
usually time consuming to construct especially for large
sized power systems. Both the sag source location
methods using the current deviation and voltage
deviation mdices (Chang ef af., 2008, Latheef et al., 2008),
have their himitations and therefore a more accurate and
efficient sag source location method is required. In this
paper, a new method for identifying voltage sag source
locations m a power system 1s proposed based on the
multivariable regression model. Initially, all the observed
or monitored bus voltages are recorded and then the
regression coefficients are calculated. The unmonitored
bus voltages are estimated by using the multivarable
regression model and the voltage sag source locations are

tracked from the maximum voltage deviation value and the
lowest standard deviation value. The IEEE 9 bus test
system is used for verifying the effectiveness of the
proposed method in locating sources of voltage sags.

MATERIALS AND METHODS

Regression type problems were first considered in the
18th century for navigation purposes. Later, with the
advent of high speed computing, regression analysis
developed rapidly and the scope of analysis has
expanded from logistic regression analysis to position
regression. Regression analysis has several possible
applications including prediction of future observations,
assessment of the effect of relationship and general
description of data structure. Generally, regression
analysis is used for explaining or modelling the
relationship between a single variable called as the output
or dependent variable and one or more predictor or
independent variables (Hines and Montgomery, 1990).
When there is one independent variable it is called as a
simple regression but when there are more than one
independent variable it is called as multiple regression or
sometime multivariable regression.

The multivariable regression model is one of the
statistical techniques used 1n applied sciences. Multiple
regression finds a set of partial regression coefficients, B
such that the dependent variable, Y can be approximated
by a linear combination of the “k’ independent variables,
x. A predicted value, denoted by Y dependent variable is
obtained as:

Y=B,+Bx +Bx,+..+Bx, +& (1)

where, B, (0,1,2,.., k) are unknown parameters of
regression coefficients and £ 1s a random error.

For ‘n’ number observations, Eq. 1 can be written in
matrix form as:

Y=X*Bte (2)
Where:
Yvl 1 Xll X12 - Xlk BI] %
Y. 1 x X X B £
Y= 2 ,X - 21 22 2k . B= 1 E= 2
Y, 1 x, X, . X5 B, g,

Here, Y is a (nx1) vector for observation, X is a (nxp)
matrix corresponding to p number of independent
variable, B is a (p=1) vector of regression coefficients and
¢ 1s a (nx1) vector for random errors.
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The best estimation of B can be considered as that
which minimizes the sum of the squared ermrors. To
minimize the vector of least squares estimate, have:

L:isf:és:(Y—XB)'(Y—XB) (3)

i=1
Expanding Eq. 3:
L=YY-BXY-YXB+BXXB=YY-2BXY+BXXB “)

Differentiating Eq. 4 with respect to B and setting to
zero, the minimum square estimate has to obey the
following condition:

%h — 2X'Y +2XXb=0 (3)

where, X'Xb is a function of minimum square normal with
solution that gives the value of mimmum square estimate,
b which is written as:

b=(XX)'XY (6)
The estimated regression model now becomes:

k
T =, + Y bx,,i=12,..n (7)
=1

The difference between the observed (Y,) and
estimated (¥) variables 1s the error that 13 given by Hines
and Montgomery (1990).

E=Y-Y &)
VOLTAGE SAG SOURCE LOCATION METHOD

For estimating the unmonitored bus voltages using
the Multivariable Regression (MVR) coefficients, it is
assumed that a number of power quality monitoring
devices are installed at specified buses in the system.
After specifying the number of PQ monitoring devices,
the Regression Coefficients (RC) at all the buses are
calculated using Eq. 7. These RC values are obtamned and
are used to estimate the voltages at the ummonitored
buses. The location of voltage sag source is then
identified based on the maximum VD value and the
mimmum SD value.

The voltage deviation: When voltage sags are presented
in a power system, the bus voltage waveform will deviate

from their normal steady state voltage waveform. So, if a
fault occurs in the bus, then the bus has the most voltage
deviation. This VD 15 given by:

AV=V, —V,, &)

where, AV is the voltage deviation, Vss is the steady state
bus voltage and Vsag is the voltage sag value.

The standard deviation: The SD of a data set 1s a measure
of how spread out the data is. By definition, the SD is the
average distance from the mean of the data set to a point
and it is calculated by using the following equation.

n

2 -V (10)
SD =8 =4
(n-1)

where, n 1s the number of data set, V, 1s the estimated
voltage set from the MVR and vis the mean estimated
voltage.

The regression coefficient and voltage sag source
location procedure: The RC is a constant that represents
the rate of change of one variable as a function of
changes in the other. Tt is the slope of a regression line
(Hines and Montgomery, 1990). Consider the estimated
bus voltage which is given by:

k
Vi=by+ Y bV, =12, ki=kk+L..n (1)
=1

]

where, V, is the estimated voltage, V,, is the measured
voltage, b; is the regression coefficient, by is the intercept
point of the regression line and the y axis, k is the number
of PQ devices and n is the number of buses in a power
system.

Based on the MVR meodel, some buses are installed
with PQ devices while at the remaining buses, the voltage
magnitudes are estimated by using Eq. 7. Therefore, it is
necessary to first calculate the RC before estimating the
unmenitored bus voltages. The steady state and faulted
voltages are then used to calculate the RC based on
Eq. 6. If a fault occurs at a bus, then by using the MVR
model, the voltages at the unmonitored buses can be
estimated. Figure 1 shows the procedures mvolved in
determining the location of voltage sag source in terms of
a flowchart. The procedures are described as follows:

s Step 1: Record the voltages at the momnitored buses
during a fault and read bus number forT=1 and

k=1
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Step 1: Record the voltage of PQ
device in duration fault and n, i =1
andk =1

Step 3: Estimate the unmonitored

bus voltage by using Eq. 7 i=itl

for bus i

Step 5: Calculate all the VD of
bus k by using Eq. 9

Step 7:
Save

number =1
and value| CNO>
of bus k T
K=k+1
A
@

Step 8: Calculate the SD of step 7
buy using Eq. 10 and select
thr SD value minimum

A\ 4

Step 9: Bus number of the SD
value minimum is the location of
voltage sag

Fig. 1: Flowchart of the voltage sag source location

Step 2:

Step 3:
Step 4:

Step 5:
Step 6:

Step 7:

Step 8:

Step 9:

Is 1 equal to bus number 2, 3, 4 or 57 If yes, then
increment 1 to i and return to step 2, else go to
step 3

Estimate the unmonitored bus voltages using
Eq. 7 forbus i

Is 1 equal to n? If yes, then go to step 5, else
increase 1 to 1 and return to step 2

Calculate the VD at bus k using Eq. 9

Check for the maximum value of VD at bus k. If
the VD value is maximum then continue to step
7, else check k = n. If k equal n, then go to step
8 else increment 1 to k, T=1 and return to step 2
Save the bus number and the VD value of bus k
and then check k = n. If k equal n, then continue
to step 8 else increase 1tok, =1 and return
to step 2

Calculate the SD by using Eq. 10 and select the
mimmum value of SD

The bus number with minimum SD value is
considered as the location of voltage sag

RESULTS

To demonstrate the effectiveness of the MVR model
in  estimating the ummomnitored bus voltages for
determining the voltage sag source locations, the TEEE 9
bus test system 1s considered as shown mn Fig. 2. For the
TEEE 9 bus test system, bus 1 is the slack bus, bus 2 and
bus 3 are the two voltage controlled buses and the
remaining buses are the 6 load buses. The Power Quality
(PQ) recorders are installed at bus 2, 3, 4 and 5. Power flow
and short circuit simulations were performed using the
Digsilent power factory software and calculations for RC,
VD and SD were done using the Matlab software.

In the simulations, six switching load tests, single line
to ground fault (LG) of phase A, two phase to ground
fault (LLG) of phases B and C and three phase fault (LLL)
at all buses are considered to simulate the voltage sag
conditions. The fault impedance considered ranges from
0.01 to 1. Fault simulation were carried out to determine
the RC values given in Eq. 6. At every load switching or
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B8
PQ L8 —
Recorder

B7

PQ
Recorder 2

Tr.2
L5 L6
3 B5 B6
A
‘ ...................
B4
Recorder 3/ emeemmrenn--
< Tr. 1
@
Fig. 2: One line diagram of the IEEE 9 bus test system
Table 1: Various disurbances created to estimate the unmonitored bus voltages
Disturbance type at bus 4 Test 1 Test 2 Test 3 Test 4 Test 5

40% load increase

Fault impedance R;=10.7
Fault impedance Ry =0.7
Fault impedance R, =0.7

Load switching 20% load increase

LG Fault impedance Ry=1
LLG Fault impedance Ry=1
LLL Fault impedance Ry;=1

60% load increase

Fault impedance R;=0.5
Fault impedance R~ 0.5
Fault impedance R;=0.5

100% load increase

Fault impedance R;=0.1
Faultimpedance R =0.1
Fault impedance R;=0.1

80% load increase

Fault impedance R;=0.3
Fault impedance Ry = 0.3
Fault impedance Ry=10.3

short circuit test and using the RC values, the estimated
voltages at the unmonitored buses are determined by
using the relationship between the estimated and the
measured voltages which is given by:

Vi=bgy+by Vy+by Vo + by Vi+D Vs

Vﬁ :bﬂﬁ +blﬁv2 +b26\fy3 +b36V4 +b4ﬁv5
Vi=bg b Vo +by, ¥ +by Vo4 b Vs
VF =bD9 + leVE + bEF\G +b39v4 + b4gv5

The unmonitored bus voltages at bus 1, 6, 7 and 9 are
estimated from the various disturbances simulated as
described in Table 1. These estimated bus voltages and
then compared with the actual voltage values as shown in
Table 2 for the various disturbances described i Table 1.
The error values indicated in Table 2 are the differences
between the actual and estimated voltage values at bus 1,
6, 7 and 9 when faults occur at bus 4. For example, if the
three phase short circuit occurs at bus 4, then the error

values shown in Table 2 for bus 7 for five tests shown in
Table 1 are 0.0009, 0.0011, 0.0011, 0.0009 and -0.0002
respectively. These error values are considered small,
approximately 0.001 and therefore the results prove that
the effectiveness of the MVR model m estimating the
unmoemnitored bus voltages.

Considering the voltage outputs of LG faults at bus
1,4,6,7 and 9, the VD at all the buses are calculated as
shown m Table 3 using RC matrices Bl to B9. To
determine the sag source location, consider the maximum
VD values at each bus obtained by Bl to B2.1t is noted
that the maximum VD values as underlined, appear not
only at the faulted bus and but also the bus connected
to the faulted bus. That means, maximum VD values
gives a close estimation of voltage sag source. For
example, if the LG fault occurs at bus 9, Table 3
shows that the maximum VD values at buses 1, 8 and 9 are
1.789, 1.596 and 0.674, respectively. This means that
maximum VD values alone is not sufficient to find the
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Fault type Bus Value Test 1 Test 2 Test 3 Test 4 Test 5
Load Switching 1 Actual 0.9788 0.9234 0.8748 0.8321 0.7940
Estimate 0.9683 0.9241 0.8740 0.8353 0.7827
Error 0.0105 -0.0007 0.0008 -0.0033 0.0112
6 Actial 0.8764 0.7852 0.6961 0.6079 0.5211
Estimate 0.8780 0.7864 0.6965 0.6073 0.5194
Error -0.0016 -0.0011 -0.0004 0.0006 0.0017
7 Actual 0.9424 0.8736 0.8036 0.7334 0.6664
Estimate 0.9360 0.8704 0.8029 0.7343 0.6686
Error 0.0064 0.0032 0.0007 -0.0009 -0.0022
9 Actial 0.9441 0.8775 0.8101 0.7424 0.6766
Estimate 0.9419 0.8762 0.8094 0.7423 0.6781
Error 0.0023 0.0013 0.0007 0.0001 -0.0015
The single phase to ground (LG) 1 Actual 0.7151 0.7120 0.7116 0.7127 0.7177
Estimate 0.7194 0.7143 0.7125 0.7131 0.7186
FError -0.0043 -0.0024 -0.0008 -0.0004 -0.0010
6 Actual 0.4670 0.4285 0.3879 0.3671 0.3251
Estimate 0.4660 0.4279 0.3877 0.3671 0.3256
Error 0.0010 0.0007 0.0003 0.0000 -0.0005
7 Actual 0.7301 0.7153 0.7009 0.6941 0.6813
Estimate 0.7316 0.7162 0.7009 0.6935 0.6802
Error -0.0015 -0.0009 0.0001 0.0006 0.0011
9 Actial 0.7233 0.7066 0.6900 0.6819 0.6668
Estimate 0.7244 0.7071 0.6897 0.6811 0.6649
Error -0.0010 -0.0006 0.0003 0.0009 0.0018
The two phase to ground (LLG) 1 Actual 0.8557 0.8409 0.8232 0.8133 0.7916
Estimate 0.8520 0.8374 0.8204 0.8112 0.7917
Error 0.0037 0.0035 0.0028 0.0022 0.0000
6 Actial 0.4565 0.4311 0.4024 0.3865 0.3518
Estimate 0.4568 0.4312 0.4023 0.3863 0.3513
Error -0.0003 -0.0001 0.0001 0.0002 0.0004
7 Actual 0.7324 0.7227 0.7121 0.7066 0.6951
Estimate 0.7349 0.7240 0.7123 0.7061 0.6934
Error -0.0024 -0.0014 -0.0001 0.0005 0.0017
9 Actial 0.7211 0.7101 0.6981 0.6918 0.6785
Estimate 0.7250 0.7127 0.6992 0.6920 0.6768
Error -0.0038 -0.0026 -0.0010 -0.0002 0.0017
The three phase (LLL) 1 Actual 0.7006 0.6848 0.6696 0.6622 0.6486
Estimate 0.6948 0.6788 0.6645 0.6583 0.6486
Error 0.0059 0.0060 0.0051 0.0040 0.0000
6 Actial 0.4030 0.3692 0.3347 0.3174 0.2837
Estimate 0.4034 0.3696 0.3350 0.3177 0.2838
Error -0.0004 -0.0004 -0.0003 -0.0002 -0.0001
7 Actial 0.6826 0.6703 0.6588 0.6535 0.6439
Estimate 0.6817 0.6692 0.6577 0.6525 0.6441
Error 0.0009 0.0011 0.0011 0.0009 -0.0002
9 Actial 0.6734 0.6591 0.6454 0.6390 0.6272
Estimate 0.6742 0.6596 0.6456 0.6390 0.6274
Error -0.0008 -0.0005 -0.0001 0.0000 -0.0002
Table 3: VD at all buses when LG faults occur at bus 1,4, 6, 7and 9
RC Bus Bl B2 B3 B4 B3 Bé B7 B8 B9
The VI)- the LG in bus 1
1 0.515 0.178 0.015 0.333 -0.137 0.026 0.346 -0.005 -0.038
2 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129
3 0.164 0.164 0.164 0.164 0.164 0.164 0.164 0.164 0.164
4 0.295 0.295 0.295 0.295 0.295 0.295 0.295 0.295 0.295
5 0.335 0.335 0.335 0.335 0.335 0.335 0.335 0.335 0.335
6 0.312 0.296 0.533 0.332 0.309 -2.596 0.282 0.364 0.517
7 0.184 0.358 0.463 0.223 0.335 0.303 -0.034 0.328 0.442
8 0.188 0.331 0.699 0.218 0.352 0.338 0.321 -0.496 0.666
9 0.202 0.311 0.966 0.221 0.377 0.365 0.319 0.453 1.039
The VI)- the LG in bus 4
1 0421 0.517 0.343 0.321 -0.222 0,052 0.823 -0.112 0.864
2 0.144 0.144 0.144 0.144 0.144 0.144 0.144 0.144 0.144
3 0.186 0.186 0.186 0.186 0.186 0.186 0.186 0.186 0.186
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RC Bus Rl B2 R3 B4 B3 B6 B7 B8 B

4 0.550 0.550 0.550 0.550 0.550 0.550 0.550 0.550 0.550
5 0.492 0.492 0.492 0492 0.492 0.492 0.492 0.492 0.492
6 0.512 0.492 0.852 0.500 0.528 -0.453 0.485 0.593 0.897
7 0.217 0.563 0.615 0.266 0.549 0411 -1.088 0.031 0.507
8 0.234 0.370 0.967 0.266 0.552 0.47% 0.227 -3.908 0.982
9 0.271 0.377 1.414 0.280 0.561 0.588 0.513 0.494 1117
The VI)- the LG in bus 6

1 1.019 0.252 0.183 0.873 -0.508 0.130 0.471 0.030 0.488
2 0.065 0.0635 0.065 0.065 0.065 0.065 0.065 0.0635 0.065
3 0.216 0.216 0.216 0218 0.216 0.216 0218 0.216 0218
4 0.264 0.264 0.264 0.264 0.264 0.264 0.264 0.264 0.264
5 0.223 0.223 0.223 0.223 0.223 0.223 0.223 0.223 0.223
6 0.256 0.247 0.334 0.259 0.366 0.848 0.227 0.291 0.418
7 0.075 0.030 0.209 -0.021 0.392 0.150 -(0.389 -0.037 0.218
8 0.113 0.104 0.293 -0.006 0.500 0.189 0.105 -0.832 0.443
9 0.180 0.218 0.547 0.020 0.636 0.253 0.222 0.257 0.423
The VI- the LG in bus 7

1 -0.493 0.068 -0.029 -0.643 0.606 -0421 0.094 0.015 -0.543
2 0416 0.416 0416 0416 0416 0416 0.416 0.416 0.416
3 0.235 0.235 0.235 0.235 0.235 0.235 0.235 0.235 0.235
4 0.216 0.216 0.216 0.216 0.216 0.216 0.216 0.216 0.216
5 0.356 0.356 0.356 0356 0.356 0.356 0.356 0.356 0.356
6 0.243 0.257 0.345 0.285 0.140 -1.707 0.252 0.312 0.368
7 0.681 0.575 0.552 0.600 0.203 0.618 0.617 0.748 0.598
8 0.589 0.499 0.620 0562 0.084 0.583 0.522 -0.107 0.627
9 0.464 0.354 0.572 0.521 -0.052 0.573 0.346 0.549 1.264
The VD- the LG in bus 9

1 1.78% 0.402 0.084 1.832 -0.947 0.575 0.542 0.160 0.099
2 0.177 0.177 0.177 0177 0.177 0.177 0.177 0.177 0.177
3 0.488 0.488 0.488 0.488 0.488 0.488 0.488 0.488 0.488
4 0.225 0.225 0.225 0.225 0.225 0.225 0.225 0.225 0.225
5 0.248 0.248 0.248 0.248 0.248 0.248 0.248 0.248 0.248
6 0.360 0.218 0.354 0313 0.489 -2.585 0.191 0.307 0.394
7 -0.301 0.197 0.335 -0.123 0.548 0.104 0.233 0.190 0.330
8 -0.189 0.142 0.458 -0.097 0.803 0.162 0.262 1.596 0.504
9 -0.020 0.150 0.629 -0.051 1.123 0.190 0.164 0.430 0.674

Table 4: The VD and the 8D values when the disturbance of load switching, .G, LLG and LLL faults occur at bus 1,4,6,7 and 9

Disturbance at bus 1

Disturbance at bus 4

Disturbance at bus 6

Disturbance at bus 7 Disturbance at bus 9

RC bus Bl BS B9 B1 B4 B6 B9 Bl B6 B% B7 B9 Bl B8 B9
Switching load

The voltage deviation

1 0.795 0.182 0363 0.184 -0.051 0511 0.552 0132 0431 0.098 -0.202 L150 0124 0.089
2 0.378 0.378 0.183 0.183 0183 0.183 0151 0151 0151 0299 0.299 0.188 0.188 0.188
3 0.465 0465 0194  0.194 0194 0194 0237 0237 0237 0202 0.202 0357  0.357 0.357
4 0.678 0.678 0339 0339 0339 0339 025 025 0256 0153 0.153 0152 0152 0.152
5 0.753 0.753 0316 0316 0316 0316 0232 0232 0232 0226 0.226 0171 0171 0.171
6 0.747 1.198 0319 0314 0455 0.528 0261 0414 039 0175 0.231 0229 0204 0.238
7 0.520 0.973 0195 0229 0323 0352 0167 0198 0255 0372 0.368 -0.118  0.169 0.239
8 0.530 1.516 019  0.224 0352 0.597 0184 0229 0436 0319 0.377 -0.060  0.989 0.315
9 0.565 2272 0207 0.228 0418 0.685 0.218 0281 0454 0236 0.695 0.030 0.2% 0.410
SD 0.145 0.651 0075 0.061 0153 0177 0119 0.082 0112 0.087 0.236 0374 0.271 0.104
Single phase to ground (LG) fault

The voltage deviation

1 0.515 -0.038 0.321 0.864 1.019 0130 0.094 -0.543 1789 0.160 0.099
2 0.129 0.129 0.144 0.144 0.065 0.065 0.416 0.416 0177 0177 0.177
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Disturbance at bus 1

Disturbance at bus 4

Disturbance at bus 6

Disturbance at bus 7

Disturbance at bus 9

RC bus Bl BS B9 B1 B4 B6 B9 Bl B6 B% B7 B9 Bl B8 B9

3 0.164 0.164 0.186 0.186 0216 0216 0.235 0.235 0488 0.488 0.488
4 0.295 0.295 0.550 0.550 0.264 0264 0.216 0.216 0.225 0.225 0.225
5 0.335 0.335 0.492 0.492 0223 0223 0.356 0.356 0.248 0.248 0.248
6 0312 0.517 0.500 0.897 0.256 0.848 0.252 0.368 0360  0.307 0.394
7 0.184 0.442 0.266 0.507 0.075 0150 0.617 0.598 -0.301  0.190 0.330
8 0.188 0.666 0.266 0982 0113 0189 0.522 0.627 -0.189  1.596 0.504
9 0.202 1.039 0.280 1.117 0180 0.253 0.346 1.264 -0.020  0.430 0.674
SD 0.120 0.322 0.146 0346 0291 0229 0.162 0.473 0.610  0.454 0.183
Two phase to ground (LLG) fault

The voltage deviation

1 0.786 -0.230 0.282 0.188 -0.101 1.219 0.929 0230 0.067 -0.650 1.534 0.138 0.059
2 0.131 0.131  0.131 0.120 0120 0120 0165 0165 0.364 0.364 0164 0164 0.164
3 0.173 0.173  0.173 0.145 0145 0.145 0316 0316 0.193 0.193 0432 0432 0.432
4 0.636 0.636 0.636 0.605 0605 0605 0361 0361 0.219 0.219 0224 0224 0.224
5 0.662 0.662 0.662 0.499 0499 0499 0301 0301 0.366 0.366 0251 0251 0.251
6 0.618 0.591 1.131 0.509 0929 0960 0353 0.926 0.255 0.393 0346 0303 0.395
7 0.293 0.604  0.795 0.262 0407 0460 0.186 0220 0.651 0.615 -0.232  0.211 0.337
8 0.298 0.397  1.366 0.264 0480 0994 0220 0270 0.541 0.664 -0.136  1.371 0.508
9 0.320 0.593  1.987 0.279 0617 0.974 0285 0352 0.349 1.368 0.009  0.424 0.707
SD 0.240 0.316 0.612 0.175 0312 0393 0229 0226 0.179 0.528 0.515  0.382 0.196
Three phase (LLLL) fault

The voltage deviation

1 0.647 0.457 0.345 1.039 1.001 0188 0.103 -0.577 2260 0.207 0.101
2 0.187 0.187 0.207 0.207 0l1s4 0lo64 0.554 0.554 0252 0252 0.252
3 0.235 0.235 0.248 0.248 0317 0317 0.298 0.298 0.630  0.630 0.630
4 0.634 0.634 0.623 0.623 0454 0454 0.235 0.235 0243 0.243 0.243
5 0.643 0.643 0.554 0.554 0368 0368 0.399 0.399 0277 0277 0277
6 0.623 1.101 0.562 1.006 0422 0.887 0.280 0.384 0412 0343 0.427
7 0.330 0.759 0.315 0.572 0207 0261 0.709 0.684 -0.369  0.237 0.382
8 0.336 1.310 0.315 1.099 0242 0327 0.597 0.679 -0.234  2.084 0.560
9 0.359 1.820 0.330 1.224 0308 0436 0.393 1.383 -0.031  0.504 0.753
SD 0.190 0.531 0.150 0.375 0249 0215 0.193 0.515 0.770  0.599 0.211

exact location of voltage sag source. Here bus 1, 8 and 9
are possible locations of the fault.

For identifying accurate voltage sag source location,
the SD index is calculated using Hq. 10. Table 4 shows the
VD and SD values for the cases of switching load, single
line to ground fault, double line-to-ground fault and three
phase (LLL) fault cccurring at bus 1,4,6, 7 and 9. From the
SD values shown in Table 4, it can be seen that mimmum
SD values as indicated by the underlined numbers appear
at the fault locations which are actually the voltage sag
sources. For instant, m the case of load switching, if
the switching disturbance occur at bus 4 then the
VD valuein 1, 4, 6 and 9 calculated using RC matrix Bl, B4,
Be& and B9 has maximum at the corresponding row of
the bus. The SD values of the estimated VD values
using the same RC matrices are 0.075, 0.061, 0.153 and
0.177 respectively. Among these, the minimum SD
value is 0.061 and it corresponds to VD values obtained

with RC matrix B4. Therefore, bus 4 1s the actual
location of voltage sag source.

DISCUSSION

From the results illustrated in Section 4, it is clearly
seen that the proposed method can accurately pinpoint
the voltage sag source location. Tt uses multivariable
regression coefficients, voltage deviation and the
standard deviation indices for the purpose. When
compared to branch current deviation index method
proposed by Chang ef al. (2008), 1t can only identify a
possible areas of voltage sag unlike the exact point of the
proposed in this paper. Moreover, the new
method did not use system impedance matrix as in
(Latheef ef al, 2008). Instead the proposed method
utilized the regression coefficients to estimate the bus

sag  as
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voltage deviation index. Besides, the use of only voltage
deviation index to determine the voltage sag source
suggested by Latheef er al. (2008) will not provide
accurate results because not only the faulted bus shows
the maximum voltage deviation as seen in Table 3 and 4
but it may also appear on nearest buses to the fault.
Therefore, as suggested n this paper mimimum standard
deviation need to be obtained among the buses having
the maximum voltage deviation.

Furthermore, the proposed method is not suitable to
compare with single point sag source location
methods such as Parsons et al. (2000), Li et al. (2003) and
Hamzah et al. (2004), since they serve just like direction
finders where the results only shows either upstream or
downstream from the monitoring point. The single point
methods are much more inaccurate compared to multipoint
monitoring based methods such as the one proposed in
this work. In addition, the MVR method presented in this
work has the advantages over all other methods because
1t 1identifies the voltage sag source location accuracy and
uses only strong statistic mathematical techmques.
Finally, it is to be notes that all the conventional methods
are in support with the results highlighted in this study.
The main difference m the results of the proposed
methods 1s the sigmficant improvement in locating the sag
source from very general sag source direction detection
to exact point of sag location.

CONCLUSION

A new method for locating voltage sag sources in
power systems is proposed. It 1s based on statistical
methods namely, multiple regression coefficients, voltage
and standard deviation index. The regression coefficients
are used to determine the unmonitored bus voltages.
Then using the maximum voltage deviation and mimmum
standard deviation index, the voltage sag source locations
are identified. To validate the proposed method the TEER
9 bus test system is utilized. The test results prove the
accuracy of the proposed voltage sag source location

method.
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