People’s Democratic Republic of Algeria
Ministry of Higher Education and Scientific research
M’hamed Bougara University, Boumerdes
Institute of Electrical and Electronic Engineering,

Laboratory of Signals and Systems (LSS)

Signals & Systems (( ))
Laboratory
s

— S 1 L4
URmeIe e Bonnen s I I \  [Instituteof Electrical and Electronic Engineering
L nl."c"'l-ﬁ‘]‘} ‘-}J B"}LIH-IL"] db:’ ----------- -[T1111I-E1H1f}' i}f B*}l]lllel{leh‘ -------------

A 00 o itk YSTE

ISSN : 2543-3792

Title: Fault Detection in Wide Area Monitoring Systems via PMU Optimal
Placement

Authors: Abdelmadjid RECIOUI, Mohamed TAZIBT and Hakim BENHENNI

Affiliations:
Signals and Systems Laboratory, IGEE, UMBB University, 35000; Boumerdes,
Algeria,

Page range: 149- 161

IMPORTANT NOTICE

This article is a publication of the Algerian journal of Signals and Systems and is protected by the
copyright agreement signed by the authors prior to its publication. This copy is sent to the author
for non-commercial research and education use, including for instruction at the author’s institution,
sharing with colleagues and providing to institution administration. Other uses, namely
reproduction and distribution, selling copies, or posting to personal, institutional or third party
websites are not allowed.

Volume : 2 Issue: 3 (September 2017)

Laboratory of Signals and Systems

Address : IGEE (Ex-INELEC), Boumerdes University, Avenue de I'indépendance, 35000,
Boumerdes, Algeria

Phone/Fax : 024 79 57 66

Email : Iss@univ-boumerdes.dz ; ajsyssig@gmail.com

©LSS/2017



ALGERIAN JOURNAL OF SIGNALS AND SYSTEMS (AJSS)

Fault Detection in Wide Area Monitoring Systems
via PMU Optimal Placement

Abdelmadijid RECIOUI, Mohamed TAZIBT and Hakim BENHENNI

Laboratory of Signals and Systems, Institute of electrical and electronic engineering, University
M’hamed Bougara of Boumerdes, Avenue de I'indépendance, 35000, Boumerdes, Algeria.
a_recioui@univ-boumerdes.dz

Abstract: The Phasor measurement units (PMUs) have become more and more attractive in power
engineering as they can provide synchronized measurements of real-time voltage and currents phasors. The
objective of this work is twofold: first, the optimal placement of PMUs is done in the standardized IEEE
systems. Next, fault location is determined based on the measurements collected from these PMUs. The
simulations are carried out using MATLAB SIMULINK. The results show that it is possible to exploit the PMU
measurement data to locate and hence cure the faults in the power system.

Keywo rds: Smart grids, Phasor measurement units, PMU placement, fault location.
1. INTRODUCTION

Wide Area Measurement System (WAMS) based on synchronized phasor measurement
technology has been gaining increasingly interests due to its great value in power system dynamic
monitoring, potential applications in system modeling and validation and system wide protection
and control [1]. Phasor Measurement units (PMUs) can offer accurate node voltage and current
phasors referring to the same time-space coordinate. They can enhance many applications such
as state estimation and bad data detection [2], stability control [3], remedial action schemes [4],
and disturbance monitoring [5]. As the voltage and current phasors are measured, the equations of
state estimation problem become linear and the solution can be obtained straightforwardly [6].

It is neither reasonable nor practical to install a PMU at each bus of a wide-area power
network. As a result, the problem of optimal PMU placement (OPP) concerns where and how many
PMUs should be implemented to a power system to achieve full observability at minimum number
of PMUs [7-9]. Using the data provided by PMUs installed in some appropriate bus nodes of a
power network, one can construct a new type of measuring system to improve the observability
and the precision of the power system state estimator. The observability depends on the type, the
number and the geographic distribution of measurements [10].

Several works have been done to efficiently place phasor measurement units (PMUS) in
terms of both measurement accuracy and cost effectiveness. The problem has been addressed in
[11-13]. Phadke et al. [11] explored the possibility of providing al. the nodes of the system with
PMU's for state estimation purpose. The problem which has been defined in [13] is to determine
the placement of the minimal set of PMU’s which makes the system observable. Attention has
been also drawn to the use of evolutionary heuristic algorithms in optimal PMU placement. In [14] a
modified bisecting search and simulated annealing method based on topological observability have
been used. In [15], a genetic algorithm is used to find the optimal PMU locations. In [16] and [17],
the authors use integer programming to find the minimum number and locations of PMUs. In [18]
and [19] the authors propose an exhaustive search based methodology to determine the minimum
number and optimal locations of PMUs for complete observability of the power system. The particle
swarm optimization (PSO) technique has been used successfully in a number of power system
applications [20-21].

In this work, interest goes to the implementation through simulation of the results already
obtained in previous works [8-9]. The complete system is implemented with the PMUs placed at
their optimal locations. The measurement data obtained through simulation are compared to the
healthy case to find where the fault has occurred and to correct this fault so that it does not
propagate in the remaining parts of the system.
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2. PMU OPTIMAL PLACEMENT

2.1. PMU placement for state estimation
The PMUs receive signals from GPS satellites and provide synchronized measurements from
different locations to the desired destination known as the phasor data concentrator (PDC) [22]. In
this work, the PDC is represented as the graphical user interface GUI. The measurement data can
be used for wide area monitoring; real time dynamics and stability monitoring; dynamic system
ratings, and improvements in state estimation, protection, and control [23].
When a PMU is placed at a bus, it can measure the voltage phasor at that bus, as well as at the
buses at the other end of all the incident lines, using the current phasor and the known line
parameters. It is assumed that the PMU has a sufficient number of channels to measure the
current phasors through all the branches incident to the corresponding bus, It is to be noted here
that the errors in the voltage and current measurements by the PMU and the transmission line
parameters induce uncertainties in the estimated voltage phasor at the other end of the line [23].
The current measurement capability of PMUs was examined so as to estimate the voltage phasors
at some buses by using Kirchhoff's current law (KCL) (when applicable) [24]. In the case of a
power injection measurement at a bus, if the voltage phasors of all but one connected bus are
known, the remaining one can be estimated by using KCL. However, it is clear that the
measurement errors propagate further due to the use of KCL. In this chapter, the use of current
measurements by the PMUs to estimate voltage phasors is therefore proposed to be limited only to
the relative buses [23].
The location of the PMUs makes the system observable as a normal operating condition, as well as
for the outage of a single transmission line. A topological observability analysis is carried out to
identify the unobservable branch flows in the system. The terminal buses of the branches with
unobservable flows are taken as the candidate locations for placing the PMUs [25].

2.2. System description
The idea of using phasor measurements unit for system monitoring applications is not new. Earlier
work done introduces the use of PMUs for such applications. This work is later extended to the
investigation of optimal location of PMUs where each PMU is assumed to provide voltage and
current phasors at its associated bus and all incident branches. It is therefore possible to fully
monitor the system by using relatively small number of PMUs much less than the number of buses
in the system. The whole process starts with the sensors that are connected to the indicated
busses (2, 6 and 9) and (3, 5, 10, 12, 18, 23, 27) for 14 bus and 30 bus systems respectively. That
optimal placement for the PMUs was treated using non-linear constraints [22]. Then depending on
the type of PMUs which provide two types of measurements: bus voltage phasors and branch
current phasors; in this report .A dedicated low-latency PDC has been presented as a Graphical
User Interface [26].

2.3. Bus systems

Two standardized IEEE bus systems are considered: the 14 and 30 bus systems. For the 14-bus
system, PMUs are installed in network system to measure the voltage and current samples
from various location points. For IEEE 14 bus, previous work found that one needs to place the
PMUs in 2-6-9, respectively [22]. As PMUs are interlinked to Global positioning system, samples
from both PMUs and GPS are analyzed using MATLAB/ SIMULINK [27].

Validation of results of the 14 bus system

As it has been found in past works [8-9], there must be three PMUs to be placed at buses 2, 6
and 9, respectively. Bus 7 is the only zero injection bus. The PMU at bus 2 can not only measure
the voltage of bus 2, but also the current of branches 2-1, 2-3, 2-4 and 2-5. Using Ohm'’s law, the
voltage at buses 1, 3, 4 and 5 can be obtained from the branch currents and the voltage at bus 2.
Having determined voltage at buses 1, 2, 3, 4, and 5, the current of branches 1-5, 3-4 and 4-5 can
be calculated.

By following the same logic, PMU at bus 6 can measure the voltage at bus 6 and the current of
branches 6-5, 6-11, 6-12 and 6-13, thus allowing the calculation of the voltage at buses 5, 11, 12,
13 and the current of branch 12-13.

PMU at bus 9 can measure the voltage at bus 9 and the current of branches 9-4, 9-7, 9-10, 9-14
and allow the calculation of the voltage at buses 4, 7, 10, 14, and the current of branches 4-7. As
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voltage of buses 10, 11, 13, 14 are known, current of branches 10-11 and 13-14 can now also be
calculated.

Using the known current of branches 4-7 and 9-7, and the zero injection at bus 7, the current of
branch 7-8 can be derived using the Kirchhoff's Current Law. The only remaining unknown voltage
at bus 8 can now be calculated by using the voltage at bus 7 and the current of branch 7-8. Thus
the entire system becomes observable by placing only three PMUs at buses 2, 6, 9 and by
considering the zero injection at bus 7.

dad

" | L 1 1 ) - | I - | A L |
e L

Fig. 1 IEEE 14 buses with PMUs

The PMUs collect phasors data from busses 2,6 and 9 then sends to the PDC. The simulation of
the system show results as it must be represented in PDC (GUI in our case) Figure 2 represents a
control center as a GUI; it was designed by a MATLAB script language. This shows the results of
the measurements in the IEEE 14 bus network; where PMUs collect phasor data of indicated
busses.

The ability of PMU is to measure the voltage phasor of a bus at which it is placed and the current
phasors of all lines connected to that bus. It means PMU can make the installed bus and its
neighbouring buses observable. The values ate others buses are calculated by applying KCL.
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Figure 3 shows the variation of the Voltage V with respect to time for all 14 nodes. We can see that
the systent is healthy and stabtéeand we can deduct™résr its stability that n@°fadlt is occurring in the

systemviThe#alues are in a rarige étween 0.4 pu and 1.8+pus V4 046332
P1 -2.2179 P2 -6.3879 P3 15.4911 P4 47761
= = B =
Node 5 Node 6 Node 7 Node 8
V5 0.4613 V6 0.77374 s 0.75835 A% 0.54096
B 4.1982 P6 -6.9648 BEr 6.6439 P8 20.2029
= - ] =
Node 9 Node 10 Node 11 Node 12
Vo 0.75326 V10 0.75326 Vi1 1.3903 V12 1.3763
P9 93265 P10 00018923 P11 33391 P12 2251
=] = 5] =)
Node 13 Node 14
V13  1.308 V14 0.74318
P13 -3.8045 P14 -1.706
F== ] | ]

[

Fig. 2. The graphical user interface for IEEE 14 buses
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Fig. 3 The corresponding voltages (voltage in PU versus time in 1 second) for IEEE 14 buses respectively.

For the IEEE 30-bus system, a similar work is done as for the 14-bus system in
MATLAB/SIMULINK as shown in fig. 4. Taking into consideration a system with zero injections and
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the Non-linear constraints algorithm to determine the optimal placement, PMUs are placed in the 3,
5, 10, 12, 18, 23 and 27 in IEEE 30 buses [8-9].

Analysis and results of the system

There are seven PMUs placed at buses 3, 5, 10, 12, 18, 23 and 27. Bus 6, 9, 11, 25, 28 are the
zero injection buses [22]. The PMU at bus can not only measure the voltage of bus 3 but also the
current of branches 3-1, 3-4, Using Ohm'’s law, the voltage at buses 1 and 4 can be obtained from
the branch currents and the voltage at bus 3. Having determined voltage at buses 1, 3 and 4, the
current of branches 1-2 and 2-4 can be calculated. By following the same logic steps for the PMUs
at 10, 12, 18, 23 and 27. Thus the entire system becomes observable by placing only seven PMUs.
A MATLAB script is written to display bus voltages in per units and angles in degrees as shown in
fig. 5.

Figure 6 shows the variation of the Voltage V with respect to time for all 30 nodes. The PDC
represented in GUI makes the state of the system network observable. The voltage magnitude and
phase angle at each bus is displayed with stable values. The evaluated system is said to be
healthy.

Fimn G

]

Fig. 4 IEEE 30-bus system Simulink model
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Node 1 Node 2 Node 3 Node 4 Node & Node 6
V1 0401930 V2 042830 V3 07245 V4 06513 V5 04362 V6 0.3369
P1 790219 P2 24721 P3 672835 P4 135881 P5 1469622 P6 -85.5057
[} | ] | |
Node 7 Node & Node 9 Node 10 Node 11 Node 12
VI 062719 V8 043004 V9 0550215 V10 06392 V11 054048 V12 06735
PT 143989 P8 17.5008 P 872143 P10 134248 P11 88,8694 P12 -52.3129
u | = | |
Node 13 Node 14 Node 15 Node 16 Node 17 Node 18
V13 (044684 V14 (35662 V15 040364 V16 04701 VAT 10533 V18 04344
P13 872117 P14 317988 P15 364236 P16 309556 P17 -76.6247 P18 1079559
| | = | =]
Node 19 Node 20 Node 21 Node 22 Node 23 Node 24
V19 07297 V20 109265 V21 06009 V22 0351605 V23 070318 V24 04377
P19 29.043 P20 530744 P21 436554 P22 116575 P23 1497874 P24 316511
| | | | ]
Node 25 Node 26 Node 27 Node 28 Node 29 Node 30
V25 12018 V26 0.35696 V27 10704 V28 067645 V29 070406 V30 07394
P25 579145 P26 532287 P27 1477104 P28 -89.9098 P29 672086 P30 547237
| | | [ | ]
Fig. 5 The graphical user interface for IEEE 30-bus system
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Fig. 6 The corresponding voltages (voltage in PU versus time in 1 second) for IEEE 30 buses respectively
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3. FAULT DETECTION USING PMUs

In this section, different types of faults are to be induced each time in different location placement.
The synchronized fault voltages are monitored by neighboring PMUs installed at indicated busses.
These detects the measurements abnormalities either a voltage drop in bus or a current spike
between two busses. Based on the calculated fault node injection, fault nodes can be deduced or
fault locations in transmission lines can be calculated.

3.1. Faults in IEEE 14 bus system

Fault in a bus carrying a PMU

A line to ground fault is placed in bus 2; a bus carrying PMU.

<

Block Parameters: Three-Phase Fault & |

Three-Phase Fault (mask) (link)

Implements a fault (short-circuit) between any phase and the
ground. When the external switching time mode is selected, a
Simulink logical signal is used to control the fault operation.

Synchrancus
Compensator

Parameters

- jjw;w

Initial status: 0

Fault between:

[¥] Phase A [¥] Phase B [¥] Phase C [Z] Ground

Switching times (s): [ 0.03 0.05] [ External

Fault resistance Ron (Ohm): 100

Ground resistance Rg (Ohm): | 100

Snubber resistance Rs (Ohm): 100

bl a2

Snubber capacitance Cs (F): inf

Measurements [None b

o

[ OK H Cancel H Help l Apply

P
T

Fig. 7 Simulink model for a fault in bus 2

By creating a three phase balanced fault in bus 2 the PDC (GUI in our case) displays what is
presented in the fig. 8.

Node 1
Vi

B
Node 5
V5
P5
Node 9
V9
P9
Node 13
V13

P13
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Fig. 8 IEEE 14 buses fault detected on bus 2 in interface
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The program written in MATLAB script reacts when difference in voltages occurs for healthy
system and unhealthy system, then it detects the fault in the defected bus 2.

Fig. 9 is a graph representation of the fault happening during time period [0.3; 0.5] in bus 2, the
changes of voltages are remarkable comparing with the GUI in chapter 3. During this fault the
graph of voltages V in each bus is changed because of the current spike. Voltage changes occur in
the all interconnected busses.

According to the graph the voltages decreases when the fault occurs, the changes happened in
bus 2 (the faulty bus) and the buses interconnected with it , bus 1,3,4,5 and 8. We can see that the
system is unhealthy and unstable and we can deduce that the system is faulty. So, the system will
be unstable.

1 1 1 1
|
05 05 051 05
| =, . s
| | |
0 0 0 0
0 02 04 068 08 0 02 04 08 08 A 0 02 04 06 08 0 02 04 06 08
1 1 1 1
| \
05 05 06 05—
— _ ‘ ! |
|
0 0 0 0
0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 1 0 02 04 06 08
1 1
15 s 15
|
| | 1
05| 0.5 I‘ 1}
051 o,5j
0 0 0
0 02 04 06 08 0 02 04 06 08 A 0 02 04 06 08 0 02 04 06 08
15 1
;
‘I‘ [
| 05
051
0 0
0 02 04 06 08 0 02 04 06 08 A

Fig. 9 voltage graph (voltage in PU versus time in 1 second) IEEE 14 buses respectively

Fault in a bus without PMU

Now a line to ground fault is induced in the transmission line between bus 11 and bus 12, those
two busses do not carry PMU. By creating a line to ground fault between bus 11 and bus 12, the
results are displayed in the figure 10.

Even there is no PMU placed in buses 11 and 12, the fault is detected in GUI due to the
collected data from the related PMU, so the optimal placement of PMU makes the whole system
observable and the fault is detectable.

Figure 11 shows the change of voltage that occurs when this type of fault happens, the graph
points that the interconnected busses are affected by the fault happened in the transmission line
between bus 11 and bus 12.
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Node 1 Node 2 Node 3 Node 4
V1 0.38085 V2 077892 V3 043762 V4 039869
P1 -26722 P2 -6.4076 P3 17.4715 P4 48168
= — = =
Node 5 Node 6 Node 7 Node 8
Va 0.40202 V6 0.77331 i 0.75645 V8 0.47925
P5 5935 P8 -1.0433 (I 54859 P8 18.92
= [ [ ] /
Node 9 Node 10 Node 11 Node 12
V9 0.75298 V10 0.75697 V11 1.6091 V12 15865
P9 02265 P10 0.7868 P11 27234 P12 1.1604
i ] [ — 1
rNode 13 Node 14
V13 18327 V14 07678
P13 -29543 P14 22572
] |

Fig. 10 Voltage ( in PU) versus time in 1 second- IEEE 14 buses fault detected between buses 11 and 12
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Fig. 11 Voltage ( in PU) versus time in 1 second- IEEE 14 bus system
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3.2. Faults in IEEE 30-bus system
Fault in a bus carrying PMU

We applied The same work that we have done for IEEE 14 buses in IEEE 30 buses , first the fault
locates in bus 3 the bus carried PMU.

The PMU detects the fault and indicates in Graphical User Interface which is used as a control
center to facilitate the observability of the system for the workers as shown in Figure 12.

[*a] Block Parameters: Three-Phase Fault [ = |
Three-Phase Fault {mask) {ink) -
Use this block to program a fault (short-circuit) between |
A A [ n [ any phase and the ground. You can define the fault timing
e S @ o ] directly from the dialog box or apply an external logical signal.
= m If you check the 'External control' box , the external control
BUS3 input will appear.
=X o &) Parameters
[ [ [ i
[¥] Phase A Fault
Phase B Fault
[7] Phase C Fault
Fault resistances Ron {ohms) : |5
0.001
A ] Ground Fault
& B\ [ External control of fault timing :
o d o L slc b Transition status [1,0,1...):
y m o
Three-Phase Faull [10]
PMU at 3 o
= m (5] = fis] e Transition times (s):
5 B & & 3 3
e e [ 1/50 5/80]
4T Snubbers resistance Rp {ohms) :
led
Snubbers Capacitance Cp (Farad)
inf -
[ Ok ] | Cancel | [ Help Appl
Fig. 12 Simulink model for a fault in bus 3
Node 1 Node 2 Node 3 Node 4 Node 5 Node 6
V1 0401930 V2 042830 V3 06445 V4 0.52406 V5 04362 V6 0.3369
P1 79.9479 P2 27314 P3  -57.0845 P4 16.5881 PS5 -146.9402 P6  -84.1297
-
Node 7 Node 8 Node 9 Node 10 Node 11 Node 12
VT 062719 V8 043004 V9 0550215 V10 06392 V11 054048 V12 06735
P7 19.9889 P8 17.5008 P9 872143 P10 -135.048 P11 -88.8504 P12 524349
= | = |
Node 13 Node 14 Node 15 Node 16 Node 17 Node 18
V13 044684 V14 0.35662 V15 040364 V16 04701 V1T 10533 V18 04344
P13 88.0817 P14 31.7988 P15 36.0336 P16 319215 P17 -76.4347 P18 1245359
s = m
Node 19 Node 20 Node 21 Node 22 Node 23 Node 24
V19 0.7297 V20 1.09265 V21 0.6009 V22 0.351605 V23 070318 V24 04377
P19 29.883 P20 -53.2714 P21 43.6554 P22 723375 P23 137.7314 P24 31.0311
| |
Node 25 Node 26 Node 27 Node 28 Node 29 Node 30
V25 12018 V26 035696 Ver 1.0704 Va8 067645 V29 0.70406 V30 07394
P25 58.1435 P26 536057 P27 1477104 P28 -89.7018 P29 673496 P30 543047

Fig. 13 IEEE 30-bus system fault detected for bus 3 in interface.
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There is a decrease of voltages in the nodes interconnected with the faulty bus (three balanced
fault).

1 1 1 1 1 1

05[,—‘ 05 05|l 05 | 05 05

0 0 0 0 0 0
0 0.5 1 0 05 1 0 0.5 1 0 05 1 0 0.5 1 0 05 1
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1
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0 0 0 0 0 0
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05 0.5
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0 0.5 1 0 05 1 0 05 1 0 0.5 1 i] 05 1 0 05 1

Fig. 14 (voltage in PU versus time in 1 second) IEEE 30 buses respectively
Fault in a bus without PMU
The fault is created between buses 22 and 24 in Simulink.

Node 1 Node 2 Node 3 Node 4 Node 5 Node 6
V1 0401930 V2 042830 V3 07245 V4 000016951 V5 00011783 V6 03369
P 79:4719 P2 22821 P3 .67.5835 P4 13,6081 P5  -146.8822 P6 -85.3157
= | | | i) |
Node 7 Node & Node 9 Node 10 Node 11 Node 12
V7 062719 V8 043004 V9 0550215 V10 05192 V11 054048 V12 06735
P7 14.8989 P& 17.5008 P9 872143 P10 134605 P11 887494 P12 -52.5429
= | [ | = =
Node 13 Node 14 Node 15 Node 16 Node 17 Node 18
V13 044684 V14 035662 V15 040364 V16 04701 V17 1.0533 V18 04344
P13 87.2717 P14 31.7988 P15 38.4236 P16 30.9556 P17 -76.6247 P18 -107.9559
= - - | =] [
Node 19 Node 20 Node 21 Node 22 Node 23 Node 24
V19 07297 V20 1.09265 V21 04309 V22 0.471605 V23 0.53318 V24 05477
P19 29043 P20 -53.0744 P21 432374 P22 -71.9571 P23 1496274 P24 313511
= | [ | i -
Node 25 Node 26 Node 27 Node 28 Node 29 Node 30
V25 13518 V26 0.35696 V27 1.0704 V28 067645 V29 0.70406 V30 07394
P25 572655 P26 53.3887 P27 -147.7104 P28 -89.9098 P29 672086 P30 547237
= | | = [ |

Fig. 15 IEEE 30 buses fault detected between buses 22 and 24 in interface
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The figure below shows the variation of the Voltage V with respect to time for all 30 nodes. We
can see that the system is unhealthy and unstable and we can deduct from that that a fault is
occurring in the system. So, the system will be unstable. There are also changes in voltages.
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Fig. 16 Voltage (in PU) versus time in 1 second for IEEE 30 buses

CONCLUSION

In this work, the use of PMUs to detect and locate faults in a power system has been investigated.
The purpose is to locate and isolate the faulty part of the system so that to prevent the propagation
of the fault to the remaining parts of the power system and find a solution to the problem. The idea
was to compare the measurement data using the PMUs under the faulty conditions to those
recorded for the healthy system. The technique adopted here resembles the neural network
training and the simulation results have shown the successfulness of the adopted approach.

An extension of the work would be to use renewable energy sources to correct the detected faults
and heal the system and restore it to its healthy state. A final product would be a self healing
system that automatically detects, locates and corrects the fault.
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