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Abstract— This paper proposes stochastic simulated annealing (SSA) for solving optimal phasor measurement unit
(PMU) placement in the power system for state estimation. The placement of PMU is used to detect bad data. The
critical measurement free system can detect any single measurement bad data. Critical measurement identification is
included as a penalty function. The topologically observable concept is used to check observability. Total cost of SSA is
less than hybrid genetic algorithm and simulated annealing (HGS) especially in the large systems.
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system bus are coding for PMU placement. The
1. INTRODUCTION topologically observable concept is used to check
observability. This observability concept is easily
observed that all buses are connected by a single

d L All bh : ._connected graph. Results are shown both only system
and control. All phasor measurement units (PMUS) inghqeraple  and  observable  considering  critical

power system might be synchronized either by setell measurement free.

or fiber optic systems. PMU can measure bus voltage

magnitude, bu_s voltag.e phase a}ngle and real and\ma 2 FUNDAMENTAL OF PMU PLACEMENT

current flow in the incident lines [1]. Conventidna

power system state estimation uses power flow andPMU placement is generally required to make théesys
injection measurements connected via remote tetminaobservable. Moreover, the reliable measuremenesyst
unit (RTU) to control centre. Then, nonlinear state is required such as bad data. Critical measurefmesis
estimator in energy management system (EMS) isnecessary for bad data detection in any measurement
processed. If PMU is used, linear power systeme stat
estimation can be used [2, 3].

So far, a few PMU is placed to enable bad data
detection [1]. In power system with conventional The linear model for real power and bus phase argfle
measurement, bad data is detected by additional PMUconventional state estimation are expressed invartig
Power system state estimation with bad data deteddi  form
satisfied for the measurement system without alitic
measurement. Critical measurement is identified by z, =Hy0+e, 1)
Peters-Wilkinson method [1]. However, several md&ho
are introduced for critical measurement identifmat4, where
5]. In [4], critical measurement is easily iderddi by
residual analysis. In [6], the entire measuremgstesn z, real power measurement vector of real power flow
for state estimation is connected via several PNiuUs and injection measurements
bad data detection is not considered. In [4], bathd
detection is considered for optimal measurement
placement. Remote terminal unit (RTU) with Hps measurement Jacobian matrix for real power
conventional measurement is placed by genetic measurements versus all bus voltage angles
algorithm (GA). Residual analysis is used to idgritie
critical measurement.

In this paper, optimal PMU placement is proposed fo
state estimation. Critical measurement identifaratby PMU can measure both voltage phasor of its own bus
residual analysis is included in the cost funcidr8SA  and current phasors on incident branches. Thiscaypi
and hybrid GA and SA (HGS) [9]. The “0” and “1” at measuring configuration is shown in Figure 1.

In Figure 1, a PMU is installed at bus B, thus & bu
voltage phasor and three current phasors are neshsur
Each incident branch, the current phasor measurtemen
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The rapid growth of computer and communication
technology is challenging to power system monitprin

Measurement Jacobian with PMU for Observability
Analysis

bus phase angle vector

€ real power measurement error vector.

61



T. Kerdchuen and W. Ongsakul / GMSARN International Journal 2 (2008) 61 - 66

Fig. 1. Phasor measurements by a PMU
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Fig. 2. Transmission line model

The expressiong; and D; are

C; =ViY; cos@, +6; V)Y, cosg; +6;

]

Dj =ViY Sin0 +65)+VY; sing; +6; )-VY; sin@ +6; )(3)

FVY, cost+6, (2)

The system states are estimated if the measurement
system is observable. Since the observability is
independent to the branch parameter, all branch
impedances are assumed as j1.0 p.u., and all hages
are assumed as 1.0 p.u. Based on (4) to (7) and the
assumption of impedances and voltages, thus the rea
part of current phasor can be written as

r%‘l(lij):d_dj

Therefore, the linear model measurement Jacobian
H.sin (1) when PMU installed at buis can be written

asH,;

g 9 o

gl. 10 0
Ho=1,[. 1 -1 0
ll.. 1 0 -1

The above measurement Jacobian assumes the

installed PMU at bud and two incident branches. The
topological observability is easily introduced toadyze.

If all buses are connected by current flow measergm
the system is observable. Similarly, the systesaid to

The power system state vector is given aspe topologically observable if rank of,, is equal
x=[V, V,..V, g, 52..5n]T . Thus, the entries of toN-1,whereN isthe number of system buses. In this
measurement Jacobiah corresponding to the real and topologically observable consideration, the rajv of

reactive parts of current phasors are:

Sy = YaC0S@ +6, )Y, cosg +6,

oc,
W:Yij cos@, +6; )

]

00

G _ V.Y, sin@d, +6,)

ao‘J 1 I 1]

o, .
W—Yg sin(g, +6,)-Y; sin@, +6,)

oh; .
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oC, : .
— = VYssin@ +6,)+VY; sing, +6, )

oD
—L=VIY, cos@ +6, )+V,Y, cosg +6

(4)

)

(6)

(7)

H,; should be deleted, since all connected buses are
emerged only via current flow measurement.

Critical Measurement | dentification

The WLS estimator will minimize the indeXx),
defined as follows.

J(X) = (z=Hx)"W(z —Hx) (8)

Matrix W is a diagonal matrix whose elements are
measurement weight factors. If bad data or grossr er
occurs in a measurement and makes unable to estimat
the system state, measurement is defined as aatriti
measurementc(n). Thus, in case of single measurement
can be lost from the power system that means power
system is absence of critical measurement. Therdfer
absence of critical measurement in power systerd, ba
data in any single measurement pair is detected. In
filtering process, the state estim&te which mini-

mizesJ(X) in (8) can be obtained from:

a—‘]: H'W(z-HX)=0
()4
X=G'H"z (9)
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whereG =H'H is gain matrix. The residual vector
defined as the difference betweem and the
corresponding filtered quantitigs= HX. In a dataset

received for processing, tie measurement is declared
critical if:

r(i) = z(i) - 2() = 0
E@,i)=0

(10)

oe(i) = (11)

Using of (9) and (10), the residuals in terms ehetnts
of matrixE as follows:

r=z-2=z-Hx=z-H(G"'H"z2)
(12)
=(1-HG H "y =Ez

whereE =1 -HG "H"and z is unity vector (This
simplification is based on the fact thamn property
established from equation (10) to (12) is indepetlge

of measurement values). Therefore, thecomponent of
residual vector is calculated by:

r(i) =ZE(i,k) (13)
k=1

For eachz(i) of measurement set, if(i) andg(,i) are

zero, then declargi) as critical measurement [4].

3. PMU PLACEMENT PROBLEM
FORMULATION

The objective function of optimal PMU placementtas
minimize the cost of those PMUs placement in thegqro

(17) are used whenPd observability concept used.
Similarly, the system is topologically observable i
constraint (17) is satisfied.

Cost evaluation of solution is following to (14)ttwi
penalties. Penalties include observability, andiceti
measurement. However, the minimal penalty part
requirement is observability.

Min  Cost (Npyy )= Npyy + Penalties (18)
Penalties = Penaltyl + Penalty 2
Penaltyl =[N -1-rank(H )| (N) (19)

Penalty2 = (No. ofcm)(N )

First penalty is appeared if system is unobservakie
penalty2 is occurred if the system is with critical
measurement.

4. SSA IMPLEMENTATION

This SSA is derived from adaptive SA with very fast
annealing [8]. The important components for optimal
PMU placement solving are solution coding and new
solution generating.

Solution Coding

Random solution bits of solution coding represent
position of PMUs in a power system. For example, th
10-bus system with 12 branches is typical shown in
Figure 3.

0100110010

system. The number of PMUs is directly dependent onFig. 3. Typical random bits solution of 10-bus sysim for

the costs of PMU. Thus, the objective is to minienihe
total number of PMUs as follows

) Nemy
Min Cost (Npyy )= Y. PMU, (14)
i=1
subjects to the observability constraints
zero_ pivot =1 (15)
or
rank(G,5) =N-1 (16)
or
rank(H,5) =N -1 a7
whereN is the total number of PMUs, aRMU; is

PMU
the i" PMU of entire system. MatrixG,; and H, 5 in
(16) and (17) are related with the terms of curfeow

measurement of PMU installation. Constraint (15) is

used when triangular factorization or numerical hoelt
is used for observability analysis. In (13), zeroop
encounters during factorization. Constraints (18d a

SSA initialization.

In Figure 3, PMUs are installed at buses 2, 5, & @n
These solution bits are used to form measurement

JacobiarH ;. Then, cost function in (18) is evaluated.

New Solution Generating

Initial solution is perturbed to generate new golut
Perturbing method of SSA uses bit flipping and bit
exchanging. Fifty percent probability is appliedvieeen

bit flipping and bit exchanging. Position for biipping
and positions for bit exchanging are randomly gatest.
Perturbing method is shown in Figure 4.

0101100010

010011001
A ()
Flipped Bit Exchanged Bits
@) (b)

Fig. 4. Typical new solution creating (a) bit flippng (b) bit
exchanging.
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SSA Process Table 1. Numerical PMU placement in several systems
SSA process for solving optimal PMU placement is Number of PMUs
shown as follows: System Observable Observable withoutm
Step 1 The solution is randomly initializeKint) , HGS| SA HGS SA
also initial temperaturé =50 and temperature 10-bus 4 4 6 6
lengthT, = N. IEEE 14-bus 4 4 8
Step 2 Solution evaluation of initial solution IEEE 30-bus 10 10 18 18
(Costint ) using (18), set old solution IEEE 57-bus 20 19 29 28
s e e X w10 e a3 465 | e

Step 3 Set iteratiork =1, set maximum evaluation
stepmaxstep = 400 and the same result

counterS=0
Step 4 If k < maxstep andS <100, set sub-
iterationk, =1. Otherwise go to Step 5.
Step 4.1: Ik, < T, . Otherwise go to Step 4.2
Step 4.1.1: the new solutioXrfew) is
created by th&old perturbing
Step 4.1.2Xnew cost evaluation

Step 4.1.3: iXnew cost< Xold cost,Xold =
Xnew andXb = Xnew . Else B12 B13 B14

|f e(>(0Id cost-Xnew cost)T > ra.nd , XOld =
Xnew. OtherwiseXold = Xold.

Step 4.1.4: S&¢ =k +1 and return to Step
4.1

Step 4.2: update temperatire T,e™*" [8],

wherec = 2g{709msSR)b) [ g
guenching factor, 0.5, arits is
number of solution bits

Step 4.3: IBold = Xb,S=S+1.

OtherwiseS=0.
Step 4.4: SeBold = Xb . (b)
Step 4.5: Sek =k +1, return to Step 4. Fig. 5. Typical optimal PMU placement withcm free for (a)

. 10-bus system (b) IEEE 14-bus system
Step 5 The best solution iXb

This solution updating Step 4.1.3 makes the ditersi |, Taple 1, the number of PMU for making the
of solution, and the new direction of search st  opservable system is less than that for making the
addressed by new solution generating. Temperaturgpservable system with critical measurement frem. F
length is defined by the number of solution bits. critical measurement free, any single flow current
However if we need to reduce the computing time, measurement of PMU can be lost while the systestilis
temperature length can be decreased. observable. Therefore, the number of PMUs is higher

considering only observable system condition.
5. NUMERICAL RESULTS

The total number of PMUs and their locations whethe 6. CONCLUSION

with observable or observable with critical measuzat Optimal PMU is placed in power system for power

free are given in Table 1. To compare, HGS [9]ls0a gystem state estimation. Critical measurement feee
used to solve optimal PMU place_me.nt. HGS is based 0 jncluded for bad data in any single measurement
GA that uses SA acceptance criterion for chromosomeyetection ability. SA with stochastic new solution

selection. Population size, crossover and mutationgenerating is introduced as SSA. SSA result has
probabilities are determined by expe_riments. Nuoatri  indicated that the number of PMUs and placemesssit
results by SSA and HGS are shown in Table 1. Ai&0 t 416 [ower than HGS, leading to investment costragi

typical PMU placements are shown in Figure 5.
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