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Abstract— This paper presents a novel approach to optimal placement of Phasor Measurement Units (PMUs) for state estimation. At first, 
an optimal measurement set is determined to achieve full network observability using heuristic approach during normal conditions. An 
Artificial Bee Colony algorithm is used as an optimization tool to obtain the minimal number of PMUs and their corresponding locations 
while satisfying associated constraint. The integer based artificial bee colony optimization method and heuristic method are tested on IEEE 
14-bus, 30-bus, 57-bus and 118-bus systems. 

Index Terms— Artificial Bee Colony approach (ABC approach), Heuristic approach, Phasor measurement Unit, Observability, State estimation,  
Measurement redundancy.   

——————————      —————————— 

1 INTRODUCTION                                                                     
he wide area monitoring, protecction and control of a 
power system are achievable with the available synchro-
nized measurement technology (SMT).The most signifi-

cant advantage of this technology are that: (1)the dispersed 
power system measurement  are synchronized through global 
positioning system(GPS) clock[1];(2)bus voltage phasor angle 
can be measured directly;(3) the state estimation speed and 
accuracy have been improved. The phasor measurement 
unit(PMU) is an instrument which is developed based on volt-
age and current phaor of the incident branches linked with the 
PMU connected node.  
     PMU placement strategy depends on its purpose of use. For 
observability optimally located minimum number of PMU is 
required for every system. Careful study of the result of dif-
ferent existing methods reveals that in every system there a 
pattern of strategically important bus location.The proposed 
method searches the pattern of important bus locations by 
eliminating unnecessary combinations; this reduces the com-
putational burden of this approach. The pattern is searched 
with help of some heurisric.The pattern is searched computa-
tional burden of this approach.The pattern is searched with 
the help of some heuristics. The heuristic, based on simple 
network connectivity information are (i) starting PMU installa-
tion bus, (ii) the additional bus observability index, (iii) maxi-
mum non zero injection bus connectivity, 

 
 

(iv) ”distance criterion” etc. Proposed method systematically 
selects the bus for PMU placement for every stage using this 
heuristics. When power system becomes completely observa-
ble by a set of PMU, the algorithm stops further processing. 
Optimality of the set of PMU locations for complete observa-
bility of power system. The proposed heuristics based search 
method consider zero injection measurement as virtual meas-
urement in determining optimal set of PMUs needed to make 
any system observable. Reult based on simulation of a number 
of test power systems indicate that the proposed method is 
simple, effective and efficient as compared to the existing 
methods available in the literature.  
     This paper is structured as follows; in section 2.1 the prob-
lem formulation of PMU placement and redundancy are de-
scribed. In Section 2.2 The problem formulation of PMU 
placement based on ABC approach.In Section 3 Case studies 
were discussed for the optimum location of PMU considering 
and without considering ZIB for both heuristic approach and 
ABC approach.for IEEE 14-bus,30-bus,57-bus and 118-bus sys-
tems.   

2 PROBLEM FORMULATION 
2.1 Heuristic Based Observability 
For an n-bus system OPPP can be formulated as follows: 

 
 
 
 
 
    (1) 
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Where X is the binary decision variable vector for PMU 
placement, whose entries are defined as 

 
 
 
 

b is an unit vector of length n,i.e.b=[111….]T .wi is the cost of 
PMU installed at ith bus.F(X) is the observability constraint 
vactor function ,whose entries are nonzero if the correspond-
ing individual buses are observable w.r.t a given measurement 
set and zero otherwise. If wi is constant, the OPPP is repre-
sented as follows 

 
 
 
 
              (2) 
 

Constraint vector function ensures full network observabil-
ity.A solution i.e. set of minimum xi is to be found out which 
will satiafy (2).The constraint vector function is formed using 
the binary connectivity matrix (A) of power system.The binary 
connectivity matrix (A) represents the bus connectivity infpr-
mation of a power system.The elements of matrix A for bus m 
and bus n is defined as 

 
 
 
 
 
 
 

The constraint vector function for any particular test sytem is 
in (3), (4) .if any xi appearing in fj in F non zero the system will 
be completely observable. 

          (3) 

 
            (4) 
 

2.1.1 Algorithm for Heuristic approach 
     For observability optimally located minimum number of 
PMU is required, in the result of the exhaustive approach and 
other existing method, it is found that most of the bu locations 
are common in different optimal solution for any particular 
power sytem.these are the strategically important bus location 
for that system. In every power system there is a pattern of 
strategically important bus locations. once this pattern is iden-
tified, the PMU placement becomes an easy job. in the pro-
posed approach the pattern is being investigated and obtained 
using the following heuristics. 
1)Starting Bus for Installation:Buses connected to radial bus are 
selected a starting bus for PMU placement.Reasons for this are 
clearly metioned in [7] such as i)A PMU along with one addi-
tional bus with which it is connected.ii)A PMU placed at the 
bus connected to radial bus will make more than one bus ob-
servable along with the radial bus.But in such case a ZIB con-
nected to radial bus is not selected becauseit is a free meas-

urement and applying KCL at ZIB along with its other con-
nected observable buses the radial bus can be made IOB. 
2) Additional Bus Observability Index (ABOI): It indicates the 
number of additional buses that will become observable if a 
PMU is installed at any particular Bus. It includes the installed 
bus also, unless it is already observable .The bus having max-
imum value of ABOI is selected for PMU placement bus.The 
reason is that the deployment of PMU at any bus should make 
maximum number of bus observable 
3) Critrion(α i>0)  :α i=maxm  (ABOI) –number of PMU bus con-
nected to ith bus.in case few bus have some ABOI the bus with 
minimum PMU bus connection  is selected as PMU placement 
bus.It will help in pruning operation. 
4) Maximum number of Load or generation bus connectivity bus: 
This indicates the number of load or generation bus (a non –
zero injection bus) connected to each bus including the bus 
itself (if it I a load or generation bus).This is evaluated as 
number of bus connectivity of any bus minus the number of 
zero injection bu connected to that bus.The reason is that the 
ZIB are observable, KCL provides the voltage phaor of ZIB. 
5) Distance criterion: Let bus K, L and M are already PMU In-
stalled bu.for any competitive ith bus find ‘SUMDIST’ USING 
(6).bus corresponding to maximum value of ‘SUMDIST’ is the 
choice of PMU bus. This will help in finding most distant bus 
for selecting PMU bus and this will avoid getting trapped in 
local minimum.  

 
  (5) 
 
 

 
      If a bus is observed twice by a PMU then redundancy val-
ue of that bus is increased by one.For example,the the optimal 
PMU location for the network observability of IEEE 14 bus 
system is listed in table1.The  three PMU sets satisfy the ob-
servability criteria,but the measurement redundancy value 
will be varied.The number of bus traced more than once are 
4,2 and 2 by the optimal PMU set 1,2 and 3 respectively. 

 2.2 Artificial Bee Coloney Algorithm for Optimal 
Placement of Phasor Measurement Units 
2.2.1 ILLUSTRATIONS 
(a) System with no conventional measurements and/or meas-
urements. 
     In this case the flow measurement and the zero injection are 
ignored.In order to form the constraint set,binary connectivity 

TABLE 1 
  OPTIMAL PMU PLACEMENT AND MEASUREMENT REDUNDANCY 

FOR IEEE 14 BUS SYSTEM 
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matrix A whose entries are defined below. Matrix A can be 
directly formed from the bus admittance matrix by transform-
ing its entries into binary form. 

 
 (6) 
 
 
 
 
 

The constraints for this case is formulated as 
      (7) 
 

The 
 
               (8) 
 
 
 
               (9) 
 

     The opearator + serves logical OR ,and the use of 1 in R.H.S 
ensures atleast one of the variable appearing in the sum will 
be non zero which means one of atleast 1,2 and 5 numbered 
buses of eqn (10) should be provided with a PMU to make 
bus1 observable. 
(b) System with atleast one flow measurements or zero injec-
tions: 
      This case considers the situation where some flow meas-
urements may be present. Existence of flow measurements 
will lead to the modification of constraints for buses accord-
ingly. Modification follows the observation tha having a flow 
measurement along a given branch allows the calculation of 
one of the terminal bus voltage phasors when the other one is 
known. Hence the constraint associated with the terminal bus-
es of the measured branch can be merged into a single con-
straint.In the case of the example system, the constraint for 
buses 5 & 6 are merged into a joint constraint as there is flow 
measurement in branch between 5 & 6. 

 
 
 
     
         (10) 

             (11) 

 
  

(C) System with flow measurements and zero injections. 
     This case considers the most general situation where both 
injection and flow measurements may be present, but not 
enough to make the entire system observable. Injection meas-
urements whether they are zero injections or not, are treated 
the same way. Consider again the 14 bus system shown in fig 
(1), where bus 7 is a zero injection bus. It is easy to see that if 
the phasor voltages at any three out of the four buses 4, 7, 8 
and 9 are known, then the fourth one can be calculated using 
Kirchoff’s Current Law at bus 7 where the net injection current 
is known. 

 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     This is accomplished as shown below. To treat the zero in-
jection bus 7 in the IEEE 14-bus system, constraints associate 
with its neighboring buses 4, 8, and 9 will be modified as fol-
lows 

 
 
              (12) 
 
 
 

     The operator ‘.’ in the above equations serves as the logical 
“AND” operation. The expressions for fi can be further simpli-
fied by using the following properties of the Boolean logical 
AND (.) and OR (+) operators. 
     By substituting andff 8,7 9f in expression for 

4f can be written as 
 

          (13) 
     Applying similar simplification to other expressions, other 
constraints can be redefined as 

   
         (14)  
 
 

2.2.2. Artificial Bee Colony algorithm for optimal placement  
of PMU 
1. Generate n random solutions with in boundaries of the sys-
tem 
   a. X=Boolean (rand (No of solutions, size of solutions)) 
2. Check that random solutions satisfy the inequality con-
straints of buses ie 
   a.  1).()( ≥= XAXf  
   b. where A is binary impedance matrix,X is the solution. 
3. Calculate the objective function and fitness of each solution 
4. Store the best fit as Xbest solution 
5. A mutant solution is formed using a randomly selected 
neighbor 
   a. If (rand>0.5) 
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   b.Xkmutant=Xk (i) OR Xj (i) 
c. Else 
   d. Xkmutant=Xk (i) AND Xj (i) 
   e. where j is the randomly selected neighbor and i is a ran-
dom parameter. 
 6. Check the constraints 1).()( ≥= XAXf .If the constraints 
are satisfied proceed to step 7, else move to step5 
 7. Replace Xkmutant by Xk,if the mutant has higher fitness or 
lowest cost of PMU. 
 8. Repeat the above prodedure for all solutions. 
 9. Onlooker bee phase(Simple ABC) 
10. Probability of each solution is calculated 
   a. Probability (i) =a*fitness (i)/max (fitness) +b 
   b. where {a+b=1} 
11. The solution Xbest is selected if its probability is greater 
than a random number. 
     If (rand<probibiltty (i)) 
           Solution is accepted for mutation 
  Else 
           Solution is discarded for mutation. 
12. Again the best Xbest is determined 
13. Replace a X by random X if its trial counter exceed thresh-
old (Scout bee phase) 
14. Repeat the above for max no of iterations. 
15. The Xbest & f (xbest) are the best solution and Global min-
imum of the objective function. 

3 CASE STUDIES AND DISCUSSION ON SIMULATION 
RESULTS 

     The proposed two stage algorithm determines the mini-
mum number of strategic bus locations where PMU must be 
placed for complete observability. First stage of the algorithm 
determines the important bus locations for allocating PMUs. 
The second stage is pruning stage checks the possible ways to 
further reduce any PMUs .mum number of strategic bus loca-
tions where PMU must be placed for complete observability. 
The integer based artificial bee colony optimization method is 
tested on IEEE 14-bus,30-bus,57-bus and 118-bus systems. The 
optimum locations for both heuristic and Artificial Bee colo-
ney approach were compared for IEEE standard test systems. 
Tables given below show the optimum location of PMU con-
sidering and without considering ZIB for both heuristic ap-
proach and ABC approach.for IEEE 14-bus, 30-bus, 57-bus and 
118-bus systems. 
 
 
 
 
 
 
 
  

 

 
 
 
 

 

TABLE 2 
OPTIMAL PMU PLACEMENT RESULTS FOR NORMAL OPERATING 

CONDITION WITHOUT CONSIDERING ZIB 

 

TABLE 3 
OPTIMAL PLACEMENT RESULTS FOR NORMAL OPERATING CON-

DITION WITH CONSIDERING ZIB 
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4 CONCLUSION 
     A new methodology for optimal placement of PMU is pre-
sented in this paper. The new iterative method makes the tests 
systems topological observable by placing a set of minimum 
PMUs. The three stage algorithm is simple, fast and easy to 
implement. The results of this heuristic method are compared 
with Artificial Bee Colony approach. The present method ob-
tains optimal solution using simple network connectivity in-
formation. The overall optimal solution obtained is sufficient 
to take care of system observability under normal operating 
condition. Measurement redundancy is also checked. Simula-
tion results for different networks show the effectiveness of 
the proposed method in obtaining the minimum number of 
PMU required for complete observability of power sys-
tems.Drawback of heuristic is execution time and it is mitigat-
ed using Artificial Bee Colony approach. 
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