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ABSTRACT

In this paper, a new method based on branch placement for the optimal positioning of Phasor Measurement Units
(PMUs) in power systems is proposed. In this method, the PMUs are in type of single-channel and are installed at the
beginning of the branches. Therefore, they are able to measure the bus voltages. Also, the installation of the PMUs on
the branches increases the security of observability in comparison to the bus placement method at the time of line or
PMU outages. In this paper, the Genetic Algorithm (GA) method is used to solve the optimization problem. The
proposed method is applied to IEEE 30-bus and 24-bus case study networks. In addition, the method is tested on a real

400 kV network in Iran.
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1. INTRODUCTION

The emergence of Phasor Measurement Units
(PMUs) has created a great revolution in the
operation of power systems. The main gpplication of
the PMUs includes red time monitoring and
contralling of power sysems. One of the mogt
important components of modern  energy
management sysemsisthe process of estimeating the
dates of the power sysem based on red time
measurements[1].

The date esimation technology was created in
1960. This technology was based on non-
synchronized messurement quantities [2]. To
edimate the dates of a sysem, a large number of
nonlinear  equations should be  solved
synchronicdly  [3]. However, the provided
technology was not able to accurately assessthe
dynamic atus of power systern dueto low-rate and
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low-speed measurements [4]. One of the gppropriate
solutions for the red time monitoring of power
systemsisthe use of PMUs. The voltage and current
waveforms of widdy disgpersed PMUs ae
synchronized with respect to a globd positioning
sysem (GPS) dock [5].

Dueto the high cost of PMUS, it isnot possibleto
ingdl them a dl buses therefore, one of the
important problems for a given network is to
minimize the number of PMUs while maintaining
the network observability [6,7].

Various methods have been proposed for the
optima placement of PMUs on the buses to
minimize the cost and increase the totad network
observability [8]. The Genetic Algorithm (GA) has
been used to solve the PMU placement problems
[9. In [1011], the Binay Paticde Swam
Optimizetion (BPSO) dgorithm and in [12,13]
binary linear programming were used. In [14],
optimad PMU placement is performed using the
branch placement method. But in the objective
function of [14], the inddlaion cost is not
consdered. As regards, the number of PMUs via
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branch placement method has been condant sze

(#) which N isnumber of system buses.

The PMUs which have alimited channd capacity
and just measure sending end voltage and sending
end current are cdled branch PMUs [15]. Although
the presented methods solve the placement problem
with high precision, they have a low vighility
security a thetime of line or PMU outages.

In this paper, a new method is presented to find
the optima placement of the PMUs based on the
branch placement. Therefore, the PMUs areingdled
on branches near the buses, ingtead of being placed
on the buses. The proposed method is s0 flexible
that can keep the observability of the network in the
case of probable line or PMU outage. The important
advantages of the proposed method are asfollows:

1) Incressing the security of the observability of
power system.
2) Reducing the PMU inddlation cods associated
with the proposed method againgt the methods of
bus placement.

In this paper, the optima placement problem is
dso slved with Hamony Search (HS),
Imperidistic Competition (1C), Smulated Anneding
(SA), and GA. The reaults of SA versus the results
of HS, IC and GA agorithms are not optima. The
resultsof the HS, IC and GA dgorithmsaresmilar.

2. OBSERVABILITY PROBLEM
Power systlem observability means the caculation of

the network varigbles to estimate the states of the
sysem [1]. The current phasors of the branches
connected the buses and the voltage phasor are often
conddered as network vaiables. In generd, the
observability is divided into two categories, the
numerica and the topologicd [2]. In the numericd
category, the mathematical modd is used for the
power system and its measurement. The topologica
category is based on the following principles[16]:

1. If the voltage of a bus and the currents of the
branches connected to thet bus are visble the
voltage of the bus a the other Sde of the
branches can be caculated.

2. If aPMU is ingdled on a bus, the voltage
phasor of the bus is known. Also, the branches
connected to the bus have obvious currents.
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3. If the voltages of the buses a both ends of a
branch are known, the branch current is
obtained by "KVL" rule.

4. If thecurrents of al branchesleading to the zero
injection bus ae known except one the
unknown current phasor can be caculated by
"KCL" rule.

In this paper, the topologica methods are used to
andyze the obsarvability of the power system in
which the PMUs ae ingdled on the branches
instead of being ingtaled on the buses. The second
and third principles of observability are therefore
amended asfollows.

e The current phasor of the branchesin which the
PMUs ingdled is known. Also, the bus voltage
connected to the mentioned branch isknown.

e |f the branch current is known, the voltages of
the buses at both ends of the branch are obtained
by "KVL" rule.

PMU-basad obsarvability means that the system
is obsarvable with the minimum number of the
PMUs and is able to send the information rdated to
the network status moment to moment to the control
center. In this paper, the observability security index
isgiven asfollows:
E=— Q)

where, N isthe number of the busesin sysem, ris
equivaent to the number of the buses which is il
obsarvable while one PMU or one branch lineis out
of savice This factor is cdled measurement
increase factor. To increase the obsarvability, E
should be dloseto its maximum vaue.

3. THE PROPOSED METHOD FOR PMU
PLACEMENT

The placement of the PMUs on the buses has been
performed using the inteligent agorithms [1-6]. In
these methods, the PMUs are ingdled on the buses
which are previoudy sdected in the sysem. These
units measure the bus voltages and the currents of dl
branches that connect to these buses. In the proposed
method, the PMUs are indaled on the branches. In
this method, the PMU messures the current of the
branch in which is ingdled and the bus voltage
connected to the regarded branch.
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Congder a power sysem including | lines. The
placement objective function is as follows
min YL C. X;

B=AX

s.t. B>1 2

where, | is the number of sysem branches; X; isthe
binary varidble which is 0 or 1; if Xiz1 a PMU is
installed on the i branch, and if Xi-0 no PMU is
instaled on the i branch. C; is the cost of PMU
ingalation on the branch i; A isthe matrix of branch

connectionsto the busesthat is defined asfollows:
_:{1 if branch j is incident to bus i
"0 otherwise

B is the obsarvability matrix of the system. (B > 1)
is condraint of optima placement problem; the
number of observahility should be greater or equa
toone (>1).

Also, 1=[111...1]".

To describe the proposed method, a 5-bus sample
network of Fig.1isused.

Bl B2 B3 B4

L1

Fig.

1.Sample 5-bus system

The matrix of connection to the bus for the
network isasfollows,

11010

A=101100

10000
} (3)

00101

l0 001 1J
Solving the optimization problem of the sample

network using 2, one of the probable responses will
be asfollows

X=[101100]" 4)

The ingdlation cog of the PMUSs varies based
on the number of the channds. One of the
advantages of this method is that since dl of the
ingdled PMUs are single channd type, the PMU
and the inddldion cods are less than the
conventiona methods. To show how the number of
the channds dfects the PMU codt, Table 1 is
provided from [15].

Table 1.PMU cost with respect to the channels

Number of channels Cost of PMU($)
1 1500
2 2000
3 2500
4 3000
5 3500
6 4000
7 4500
8 5000

In this paper, the placement is peformed by
incarporating the costs of PMUs with respect to the
number of the channds into the objective function.
Therefore, to obtain better results, anovel objective
functionis proposed asfollows:

min OF = ¥} CX;. —k T2 Y, [ay,] ()

where, k is a congtant coefficient. [ay,] represents
the dement of matrix B at row p and column g. In
Eq. (5), thefirgt part of the OF showsthe cost of the
ingaled PMUs and the second part of the OF shows
the number of the system observability according to
thecongraints(s.t. B >1).

4. GENETIC ALGORITHM
GA is one of the earlier variants of
Evolutionary Algorithms (EAs) developed by
Holland in 1975 [17]. The global solutions can
be found for both linear and nonlinear
formulations. The optimal solution searching
process is independent of the form of the
objective function, and will not be trapped in
the rapid descending direction introduced by
local minima. In other words, the solution of a
complex problem can be started with weak
initial estimations and then can be corrected in
evolutionary process of fitness. GA generally
includes three fundamental genetic operators of
reproduction, crossover, and mutation. These
operators conduct the chromosomes toward
better fitness. In this paper, the binary GA is
used to solve the optimization problem.
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Fig. 2. Single-line diagram of network 400 kV in Iran

5. SIMULATION RESULT

A. Case studies:
The proposed method is gpplied to the IEEE 24-bus
and 30-bus systems described in [18]. Also to show
the performance of the proposed method, Iran 400
kV sydem is congdered as the test sysem. The
genetic dgorithm is used for optimization in these
smulations. In Table 2, the number of the branches
of the test sysems is given. Figure 2 shows the
sngle-linediagram of 400 kV network of Iran [18].
In this paper, according to the average cost of dl
the PMUs and system observability, the k congant
of (5) should be 1150 for both of branch placement
and bus placement.

Table 2.The branches of test systems

Network Number of branches
24 buses |EEE 34
30 buses |IEEE 41
400 kV of lran 103

B. Simulation results

Simulation processis provided in three steps:

Step 1: In the firgt gep, the smulation is performed
basad on the conventionad methods (bus placement
methods). The methods are applied to the three case
dudies and the PMUs inddlation cods ae
caculated based on the number of channds. Intable
3, the first column shows the case study; the second
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column shows the number of the PMUs resulting
from the optimization problem; the third and the
fourth columns dso illugtrate the location of the
PMUsand ther total cogt, respectively.

According to Table 3, for example, a PMU s
ingaled on the bus number 18 in the 400 kV
network of Iran. With respect to Fig. 2, thisPMU as
6 channd s because there are 6 lines connected to the
bus number 18; and according to Table 1, its codt is
equa to 4000$. As another example, the PMU is
ingaled on bus number 33 which has 8 channds,
therefore, its cogt is 5000$. According to Table 3,
the cogt of the PMU placement in the 400 kV
network of Iraniscaculated asfollows

Thebuses 1, 5, and 70 have two channdls so each
of them costs 2000$. The buses 13, 36, 40, 48, 51,
5, and 59 have three channds and each cods
2500%. The buses 8, 14, 24, 25, 56, and 64 have four
channels and each costs 3000$. Similarly, the cost of
each PMU on the buses 18, 30, and 62 is 4000 $,
and the cogt associated with PMU of the bus number
33is5000%. Therefore, thetotd cost for the network
of Iranis58500%.

Step 2: In this gep, the branch placement method is
investigated through the case studies. The obtained
results are shown in Tables 4-6. All of the inddled
PMUs are single channd. Therefore, the cost of each
ingtalled PMU is 1500$ according to Table 1. The

second column of Tables 4-6 shows the number of
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theingaled PMUs. Regarding the fact that the costs
of dl PMUs are the same (1500 $), the total cost of
the inddled PMUs are cdculated in the fourth
column of the Tables 4-6.

In the third column of Tables 4-6, the positions of
indaled PMUs are given. The branches are shown
in this column by the sending and the receiving bus
numbers. It is noted that the PMUs are ingtdled next
to the sending bus of the branch. For example, in 5"
row of Table 4, a PMU should be ingdled on the
branch between buses 7 and 8. It is noted that the
PMU should locate next to the sending bus (bus 7).

Table 3.The number and location of PMUs based on bus
placement method

Number of .
Network PMUs Location of PMUs  |Cost($)
24 buses 7 23810,1621,23 | 19000
30buses | 10 |3,5,8,10,11,12,19,24,25,30| 24500
1,5,8,13,14,18,24,25,30,33
400KVoof| o |36 40,48 51,54,56,59,62,6 58500
Iran 4,70

Table 4. The number and location of PMUs according to
the branch placement method for a 24-bus system

Network | Number of | Location of PMUs | Cost($)
PMUs
sending | receiving
busNo. | busNo.
1 3
2 6
4 9
5 10
24 buses 12 7 8 18000
12 23
14 16
17 18
19 20
21 22
24 15

Step 3: In this Sep, the results of associated with the
step 1 and sep 2 are compared. The step 1 is based
on the bus PMU placement method wheress the
second step is based on the proposed branch PMU
placement method. A brief picture of the smulations
results is presented in Table 7. As shown in this
Table, the branch placement method has less
ingdlation cost as compared to the bus placement
method. For example, the cost reduction in 24-bus,
30-bus, and Iran network case sudies is about 5.3%,
8.3%, and 5.1%, respectively.
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Table 5. The number and location of PMUs according to
the branch placement method for a 30-bus system

Number
Network of Location of PMUs | Cost($)
PMUs
From o
bus No. bus
No.
2 1
4 3
5 7
6 8
9 11
30 buses 10 20
|IEEE 15 12 13 22500
14 15
16 17
18 19
21 22
23 24
25 26
27 28
29 30

Here, the vishility security index is caculated.
Therefore, the possihility of the conditionssuch asa
line outage and a PMU outage is conddered (Table
8). The 2™ column of Table 8 shows various states
of PMU and line outages in bus placement method.
In 5" column, these states are presented for branch
placement method. Then factor r is cdculated. This
factor indicates the number of buses which are Hill
observable when one PMU or branch is diminated.
The vaue of r in columns 3 and 6 of the Table 8 is
obtained in different possble conditions. Findly,
observahility security index (E) is obtained using
(). The cdculated index E is presented in columns
4 and 7 of Table8for the three case Sudies.

For a better comparison between obsarvability
security in the proposed method and conventiond
method, the meean observability security index
asociated with the 24-bus and 30-bus, and Iran 400
kV networksis presented in Fig. 3. This chart shows
that the observability security index associated with
the branch placement method in dl dates is higher
than those caculated for the bus placement method.
The obtained results show that the branch placement
method is much better than the bus placement
method in terms of cost and visibility security.

Also, the proposed method is compared to the
method presented in [14]. Although the method of
[14] is based on the branch placement method, the



K. Mazlumi, M. Mohammad Gholiha, R. Abbasi, F. Mazlumi: Presenting a New Method Based on ...

economica condraints have not been incorporated
in the objective function. To study the effects of this
ignorance, the objective function of [14] isapplied to
IEEE 24-bus, 30-bus sysems and Iran 400 kV
system and the results are presented in Table 9.

The results of Table 9 show that in the systems
with afew buses (e.g. 24-bus and 30-bus) the results
of the two methods are the same. The advantage of
the proposed goproach is evident in the networks
with alarge number of buses.

Table 6. The number and location of PMUs according to
the branch placement method for Iran 400kV system

Network | Number of | Location of PMUs | Cost($)
PMUs
From To bus

bus No. No.
1 2
3 4
5 6
8 7
9 10
12 13
14 11
15 16
18 17
19 26
22 23
24 21
25 20
27 28
30 29
31 53
33 32

i(f’?r';\n’ 37 33 45 | 55500

34 35
36 37
38 39
42 40
47 41
43 44
46 51
48 49
50 52
54 55
56 57
59 58
60 61
62 63
64 65
66 67
68 69
70 71
72 56

5. CONCLUSIONS
In this paper, the optima placement of PMUs is
performed by a new method based on the branch
placement of the PMUs. The proposed method
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makes network totaly observable by determining
the optimd location of the PMUs Since the
proposed method adopts single channd PMUS, the
ingdlaion cos is reduced while the network
obsarvability is maintained. The PMU placement
on the red 400 kV network of Iran is dso
performed after being gpplied to the IEEE standard
networks. Study of the obtained results shows that
branch placement method ocould increase
observability security index in different possble
conditions of outages.

Table 7. Comparison of the installation costs of two
placement methods

Method Branch
Bus placement
placement
Network C0$($) Cost ($)
24 buses 19000 18000
30 buses 24500 22500
400 kV of Iran 58500 55500
98 97
96 95
94 93
92 91
90
90 89
88
86
84
24 buses 30 buses Iran network

m Bus placement Branch placement

Fig. 3. Chart of mean observability security index
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Table 8. Observahility security index for the studied

networks when aPMU or alineis eliminated

Table 9. Comparison between the proposed method and

the method presented in [14]

38

8

Method Bus placement Branch placement The Method of [14] The Proposed
Method Method
PMU E= PMU E=
and r rIN | andline | r | r/IN
line outage Number Number
Network | outage of PMU Cost 3 of PMU Cost $
- Network
PMU | 21 | 087 | PMUin | 22 | 091
on bus line 4-9 24buses | 12 | 18000 12| 18000
PMU | 20 | 0.83 | PMUin | 22 | 091
16 19-20
PMU | 22 | 091 | PMUIn | 22 | 091 400 kV of
24 buses on bus line Iran 39 58500 37 55500
23 14-16
Line | 22 | 091 | Line21- | 22 | 0.91
1-2 2
Line | 23 | 096 | Line4-9 | 22 | 0.91
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