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Optimal Placement of PMU Using Improved Tabu
Search for Complete Observability of Power System and
Out of Step Prediction
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Abstract

This paper proposes an optimization method for optimal placement of phasor measurement units (PMUs) for complete
observability of power system. The proposed method is based on numerical observability and artificial intelligence. The
artificial intelligence algorithm used is the Improved Tabu Search (ITS) algorithm. The ITS is used to find the optimal
placement for the PMU to keep the system complete observable. Also, the paper describes a predictive Out-Of-Step (QQS)
algorithm based on the observation of the voltage phase difference between substations, The proposed optimal placement of
PMUs and the OOS algorithms are tested using the IEEE 6 bus, IEEE 14 bus systems and the Egyptian 500 kV network. The
test systems are simulated using the PSCAD software program. The placement algorithm and the QOS prediction algorithm
are carried out using MATLAB script programs.
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1. Introduction

The phasor measurement units (PMUs) are measuring
devices synchronized via signals from global positioning
system (GPS) satellite transmission [1]. They are
employed to measure the positive sequence of voltage and
current phasors. By synchronized sampling of
microprocessor-based systems, phasor calculations can be
placed on a common reference. The magnitudes and
angles of these phasors comprise the state of the power
system and they are used in compiete observability and

transient stability analysis. The observability of a system
can be assessed by considering the topology of the
network and the types and locations of the measurements.
Transient instability becomes more and more complicated
as the power systems grow in more scale and complexity.
0OS studies become more essential to prevent large scale
black-cut in power systems.

In recent years, there has been a significant research
activity on the problem of finding the minimum number
of PMUs and their optimal locations. In [2], a bisecting
search method was implemented to find the minimum
number of PMUs to make the system observable. In {3},
the authors used a simulated annealing technique to find
the optimal PMU locations. In [4], a genetic algorithm
was used to find the optimal PMU locations. The
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minimum number of PMUs needed to make the system
observable was found by using a bus-ranking
methodology. In [5] and [6] the authors used integer
programming to determine the minimum number of
PMUs. The authors in (7] used the condition number of
the normalized measurement matrix as a criterion for
selecting candidate solutions, along with binary integer
programmning to select the PMU locations,

Various methods for the QOS detection have been
developed and were in use in protection systems, such as
tracking trajectory of the impedance vector measured at
the generaior terminals [8], rate of change of apparent
resistance augmentation [9] or Liapunov theory [10).

The present paper first proposes an optimal search
approach based on an improved tabu search (ITS) to
determine the optimal locations of PMUs for complete
system observability. Then the paper introduces a
predictive OOS algorithm based on measuring the phase
difference between several generators from voltage data
collected at substation buses.

2. System Observability Analysis

The observability of a system can be assessed by
considering the topology of the network and the types and
locations of the measurements. The meter placement
algorithm presented in this paper is based on the
observability analysis method introduced earlier in {[1] &
{12]. This method will be briefly reviewed first.

2.1 Linear Size and Page Layput

Consider an N-bus system provided with m-
measurements of voltage and current phasors contained in
vector z. The vector z is linearly related to the N-
dimensional state vector x containing N-nodal voltage
phasors, resulting in n=2N - | state variables [11]. This
yields the linear model

s=Hx+e 1)

Where H is the (m * N) design matrix and ¢ is an (m * 1)
additive measurement error vector.

By splitting the vector z into the (m, * 1) voltage and
{m; * 1) current subvectors, zy and z;,respectively. Also by
splitting the vector x into the (N * 1) measured and
(Nc * 1) nonmeasured sub-vectors, Fy and Vg,
respectively, relationship (1) becomes
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Where 1 is the identity matrix and ¥p, and ¥j- are sub-
matrices whose entries are series and shunt admittances of
the network branches,

When the shunt clements are neglected, then the design
matrix H reduces to

1 0
= [ ; r ] 3)
MpYodip MpYaadc

where My is the (m; x b) measurement-to-branch
incidence matrix associated with the current phasor
measurements. ¥g; is the (b x &) diagonal matrix of the
branch admittances. A,y and Agp are the (Ny x 5
measured and (Ne x b) calculated node-to-branch
incidence sub-matrices, respectively.

2.2 The Observability Check

‘The decoupled gain matrix for the real power
measurements can be formed as [12):

G=H"H 4

Note that, since the slack bus is also included in the
formulation, the rank of H (and &) will be at most (N-1),
even for a fully observable system. This leads to the
triangular factorization of a singular and symmetric gain
malrix.

The symmeiric matrix & can be decomposed into its
factors ZDLT where the diagonal factor D, may have one
or more zeros on its diagonal. If it have more than one
zero on its diagonal then the system is unobservable.

3. Tabu Search Algorithm

Tabu search (TS) algorithm is a powerful
optimization procedure that has been successfully applied
to a number of combinatorial optimization problems. It is
an optimization method developed by F.Glover [13]-[14]
specifically for combinational optimization problem. It
guides the search for the optimal solution making the use
of memory systems which exploit its past history and
leads to the best solution. Fundamental concept of simple
TS involves individual, population and generation. If v, is
the trial vector up to iteration &, dv is a move, then
Ve =y tAy is the trial vector at iteration k+1. The set of
all possible moves out of a current solution is called the
set of candidate moves. One could operate with a subset
of it.

3.1 Tabu Restrictions
There are certain conditions imposed on moves, which

make some of them forbidden. These forbidden moves are
known as tabu, A tabu list will be formed to record these



Mansoura Engineering Journal, (MEJ), Vol. 36, No. 3, September 2011. E. 18

The QOS prediction algorithm is carried out using M-files
MATLAB programs.

6.1 Calculations of Predicted Value for Phase
Difference

In [16], authors used the phase difference values for the
present time and previous time to predict the future phase
difference value. This method will be described using
Fig.2.
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Fig.2 Mcthod of Predicting Phase Difference

The predicted phase difference 6* for time Ty in the
future is derived from the eight pieces of data indicated in
Fig.2. These are the phase differences at time Ty before
the present time and in addition three values for this time
minus increments of time Ty (8., 8m.1, 82, 8m.3) and the
phase differences at the current time n and in addition
three values for this time minus increments of Ty (8,, 6,1,

LD

843, On.y)- Equations (7) through (11) are used to perform
the calculation,

5.=51+7‘-d|+"'dl-l (7)

where,

dI=8I - all-l y d-l=8l-l - 60-2 v d-—l = al-l = 5-3 (s)
dm=6m'5-l ] dll-l=8m-l.8-2 ] dln-l = 5-:-2 = 5-4 (9)
A= (ddy ;~dpd, ) (dy1dps — duydos) (10)
n=(d, dy - du.1d)/(do1daz ~ Ay (doa) ay

Values of 200 us and 100 ps were selected for Ty and Ty,
respectively, in order to predict accurately.

6.2 Threshold Value (Scritical)

When the predicted phase difference value 6* obtained by
eq.(7) exceeds the setting value (8,54, it is judged that
the generator is unstable. 8.4 i5 the threshold value used
to judge stability. The value for 8. i is determined by
testing the system under varying conditions. The selected
value must guarantee operation when the system is
unstable and must prevent operation when the system is
stable [16].

7. Qui-Of-Step Prediction Test Results

The previously ' explained prediction algorithm was
applied to the phase difference between different
generator buses of the test systems and the slack bus as
recorded by simulating the systems on the PSCAD
software. The sampling time was 100 psec. The following
are some results of the proposed algorithm.
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Fig.3 The PSCAD mode! of the IEEE 6-bus system
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7.1 IEEE 6-Bus System

The PSCAD mode! of the IEEE 6-bus system is shown in
Fig.3.

For a three-line-to-ground (3LG) fault at bus 4 the
recorded phase difference between Gen2 and Gen.l
(slack bus generator) is shown in Fig.4.

For a three-line-to-ground (3LG) fault at bus 4 the
recorded phase difference between Gen.2 and Gen.]
(slack bus generator) is shown in Fig.d4. The predicted
phase difference and both recorded and predicted phase
difference together are shown in Fig.5 and Figs,
respectively.

As shown in Fig6, the predicted and recorded phase
difference angles are almost the same, which prove the
accuracy of the prediction algorithm used.
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Fig.4 The recorded phase difference between Gen.2 and Gen. |
for a 3LG fault at bus 4
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Fig.6 The recorded snd predicted phase difference between
Gen.2 and Gen.1 for a 3LG fault at bus 4

For the same fault at bus 4 the recorded phase difference
between Gen.3 and Gen.1 (slack bus generator) is shown
in Fig.7. The predicted phase difference and both
recorded and predicted phase difference together are
shown in Fig.8 and Fig.9, respectively.
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Fig.7 The recorded phase difference between Gen.3 and Gen.1
for 8 3LG fault at bus 4

As shown in Fig.9, the predicted and recorded phase
difference angles are almost the same, which further
prove the accuracy of the prediction algorithm used.
Through several tests of the system during faults of
different types and different locations, the minimum
threshold value (8..sa)) Of both generators was found to
be 75 deg.
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Fig.% The recorded and predicted phase difference between
Gen.3 and Gen.1 for a 3LG fault at bus 4

Referring to Fig4 and Fig.7, under the same fault
condition, Gen.2 will be out of step and Gen.3 will remain
stable, where the phase difference angle of Gen.2
exceeded its critical value while that of Gen.3 did not
exceed that value.
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7.2 1EEE 14-Bus System

The PSCAD model of the IEEE 14-bus system is shown
in Fig.10. For a three-line-to-ground (3LG) fault at bus 2
the recorded phase difference between Gen.2 and Gen.]
(slack bus generator) is shown in Fig.11, As shown in
Fig.l11, Gen2 will be out of step where its phase
difference angle exceeded its critical value.

The predicted phase difference and both recorded and
predicted phase differcnce together are shown in Fig.12
and Fig.13, respectively, As shown in Fig.13, the
predicted and recorded phase difference angles are almost
the same.

Through several tests of the system during faults of
different types and different locations, the minimum
threshold value (8;..) of generator 2 was found to be 60
deg.
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Fig.10 The PSCAD model of the IEEE 14-bus system
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Fig.11 The recorded phase difference between Gen.2 and Gen.1
for a 3LG fault at bus 2
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Fig.13 The recorded and predicted phase difference between
Gen.2 and Gen.1 for a 3LG fault at bus 2
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7.3 Egyptian 500 kY Network

The PSCAD mode! of the Egyptian 500 kV network is
shown in Fig.14. As a sample of test results, the phase
difference angles at Gen.3 during 3LG fault at bus 7 will
be presented.

For a three-line-to-ground (3LG) fault at bus 7 the
recorded phase difference between Gen.3 and Gen.l
{slack bus generator} is shown in Fig.15.
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Fig.14 The PSCAD model of the Egyptian 500 kV network

The predicted phase difference and both recorded and
predicted phase difference together are shown in Fig.16
and Fig.17, respectively.

Through several tests of the system during faults of
different types and different locations, the minimum
threshold value (Seicat} Of all generators was found to be
50 deg.

As shown in Fig.15, for a 3LG fault at bus 7, Gen.3 will
be out of step where its phase difference angle exceeded
the critical value.
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for a 3LG fault at bus 7
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Fig.16 The predicted phase difference between Gen.3 and Gen. !
for a 3LG fault at bus 7
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Fig.17 The recorded and predicted phase differcnce between
Gen.3 and Gen. 1 for a 3LG fault at bus 7

8. Conclusion

This paper proposed an optimization method for
optimal placement of PMUs for complete observability of
power system. The proposed method is based on
numerical observation and artificial intelligence, The
artificial intelligence algorithm used is the ITS algorithm,
which is used to find the optimat placement for the PMU
to keep the system complete observable. In addition, the
paper described a predictive OOS algorithm based on the
observation of the voltage phase difference between
substations. The proposed optimal placement of PMUs
and the OOS algorithms were tested using the 1EEE 6 bus,
IEEE 14 bus systems and the Egyptian 500 kV network.
The test systems were simulated using the PSCAD
software program. The placement algorithm and the OOS
prediction algorithm were carried out using MATLAB
script programs. It was shown by test results the
effectiveness of both the PMUs placement and the
prediction algerithms introduced.
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