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AbstractðTransmission network expansion planning (TNEP) 

is a challenging issue especially in new restructured electricity 

markets environment. TNEP can be incorporated with reactive 

power planning. In this paper a meta-heuristic technique for 

solving the TNERPP problems in regulated power systems using 

the AC model is presented. The problem is solved by genetic 

algorithm. For each topology proposed by genetic algorithm an 

indicator is employed to identify the weak buses for new reactive 

power sources allocation using performance index method. The 

contingency analysis is used to predict which contingency make 

system violations and rank the contingencies according to their 

relative severity. With the allocation of reactive power sources at 

the load buses, the circuit capacity increases and the cost of 

installation could be decreased. In this paper, location for the 

reactive power sources are identified by the performance index 

method which is necessary before solving the reactive power 

planning using genetic algorithm. The method is tested on a 

standard IEEE test system.  

 

Index Termsð Contingency analysis, performance index, 

reactive power planning, reactive power sources, Transmission 

network expansion planning, weak buses. 

I.  INTRODUCTION 

As the electricity consumption grows rapidly, new 

transmission lines are necessary to provide alternative paths for 

power transfer from power plants to load centers enabling 

continuous supply. Owing to the large-scale nature of a 

transmission system and its complexities, TNEP has always 

been a complex non-convex optimization problem. TNEP is 

usually divided into the following – long term (up to 20 years), 

medium-term (up to 10 years) and short-term (up to 5 years) 

[1]. 

Generally in TNEP, a steady-state analysis is usually 

performed using simplified models, such as a linearized power 

flow model [2], DC model or transportation model [3]. 

Recently an accurate AC network modeling has been proposed 

[4]. Transportation model, hybrid model, linear disjunctive 

models and DC models have been used to achieve the primary 

topology in the first stage [5]. In a subsequent stage, the 

expanded network will be checked for the other operational 

constraints. A DC model TNEP problem can be solved both by 
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classical optimization methods and meta-heuristic techniques 

such as simulated annealing [6], genetic algorithm [7], tabu 

search [8] and a greedy randomized adaptive search procedure 

[9]. It should be noted that the use of a DC model in TNEP has 

following disadvantages- 

 

¶ The difficulty of taking into account the power losses in 

the initial phase of planning 

¶ It is frequently necessary to reinforce an expansion plan 

obtained via a DC model satisfying operational SC 

conditions 

In short-term planning, the steady state studies use an AC 

model in order to accurately assess the real power losses and to 

facilitate reliability as well as security. 

Developing a TNEP model considering operating conditions 

seems to be desired for better power system utilization. In this 

regard, reactive power sources are desired for- 

¶ Increasing power transfer 

¶ Improving power factor  

¶ Reducing real power losses  

¶ Maintaining voltage profile in a permissible range. 

 

Thus, TNEP and reactive power planning (RPP) are crucial 

issues especially in modern power systems [10]. The objective 

of the simultaneously transmission expansion and reactive 

power planning is to determine ‘where’, ‘how many’ and 

‘when’ new devices such as transmission lines and reactive 

power sources must be added to an existing network in order to 

make its performance for a predefined horizon of planning at 

minimum total cost [11]. 

 

II.  MATHEMATICAL MODEL FOR TNERPP 

 

The mathematical model for the TNERPP problem is a 

mixed-integer nonlinear programming problem that identifies 

the optimal solution between production cost, transmission 

investments and load curtailment cost. The optimal power flow 

calculation determines how generators and transmission 

network should be operated to satisfy the operational 

constraints of the network. The objective function of the 

TNERPP is the summation of the costs of new lines and VAR 

sources investment, real power generation as well as load 

curtailment cost.  

The objective function is- 

Minimize T=I+G+L                 (1) 
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Where, 

 I = Investment Cost that is summation of line investment and 

Var sources investment cost 

= ),( uqfncT +               (2) 

Where, 

c             circuit cost   

n      added lines  

q      MVAR size of VAR sources 

u          binary vector that indicates whether to install reactive 

power sources at load buses or not                    

f (q,u)     cost function of reactive power (VAR) sources 

 

G = Real power generation cost 

   =ä
=
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L = Cost of load curtailment  

 

where, 

PGi   real power generations of generator on bus i 

αi , βi ,ci constant coefficient of power generation  

n    no.  Of generators (from eq. 3) 

 

 

Subject to 

0),,( =-+- CDG PPPnVP q           (4) 

0),,( =-++- qQQQnVQ CDGq        (5) 

GGG PPP ¢¢                  (6) 

GGG QQQ ¢¢                  (7) 

qqq ¢¢                    (8) 

VVV ¢¢                   (9) 

SSfrom¢                    (10) 

SSto ¢                     (11) 

nn¢¢0                    (12) 

Dc PP ¢¢0                   (13) 

Dc QQ ¢¢0                  (14) 

where, 

PG   existing real power generation 

QG   existing reactive power generation  

PD   real power demand 

QD   reactive power demand 

V    voltage magnitude 

Sfrom   apparent power flow (MVA) limit, from side 

Sto     apparent power flow (MVA) limit, to side 

S     apparent power flow (MVA)  

PC    real load curtailment 

QC    reactive load curtailment 

GP        Maximum real power generation limit  

GQ    Maximum reactive power generation limit 

V  Maximum voltage magnitudes 

GP    Minimum real power generation limit 

GQ    Minimum reactive power generation limit  

V     Minimum voltage magnitudes 
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where, 

lk WÍ  Represents load buses 

Ωl    Set of all load buses 

c0k    Installation cost for a VAR source at bus k 

c1k   unit cost for a VAR source at bus k 

qk    MVAR size of VAR source installed at bus k 

uk Binary variable that indicated whether to install 

reactive power source at bus k or not   

 

Eqn. (4) and (5) are real and reactive power balance 

equation resp., eqn. (6) and (7) are real and reactive power 

generation limit resp., eqn. (8) is var source installation limit, 

eqn. (9) gives bus voltage limit, eqn. (10) and (11) are apparent 

power flow limit of lines from side and to side resp., eqn. (12) 

is capacity constraints of newly added circuits. 

 The elements of vectors P(V,θ,n) and Q(V,θ,n) are 

determined by following equations- 
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Where, 
BNji Í,  represents buses and 

BN is the set of all 

busses, ij represents the circuit between buses i and j and 

jiij qqq -= is the difference in phase angle between buses i 

and j. The elements of the bus admittance matrix (G and B) are: 
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Here, 
sh

ijijij bbg ,,  are the conductance susceptance and 

shunt susceptance of the transmission line or transformer ij (if 

ij is a transformer 
sh

ijb = 0), resp. and 
sh

ib is the shunt 

susceptance at bus i, while the proposed model does not 

consider the phase shifters.  

Elements (ij) of vectors Sfrom  and Sto of eqn. (10) and (11) 

are given by the following relationship- 

 

22 )()( from

ij

frem

ij

frem

ij QPS +=           (20) 
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)sincos(2
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 The mathematical model can be solved by optimization 

method in the transmission network expansion and reactive 

power planning to minimize the cost of production and 

investment of the new transmission lines and reactive power 

sources [12]. 

 

III.  CONTINGENCY ANALYSIS 

 

Contingency analysis is one of the most important task 

encountered by the planning and operation engineers of bulk 

power system. Its purpose is to analyze the power system in 

order to identify the overloads and problems that can occur due 

to a contingency. Contingency analysis is abnormal condition 

in electrical network. It puts a whole system or a part of the 

system under stress. It occurs due to sudden opening of a 

transmission lines, generator tripping, sudden change in 

generation, sudden change in load value. 

Steady-state power system insecurity such as transmission 

lines being overloaded causes transmission elements cascade 

outages which may lead to complete blackout. The contingency 

analysis is used to predict which contingencies make system 

violations and rank the contingencies according to their 

relative severity. Contingency analysis is useful both in the 

network design stages and for network expansion works to 

detect network weaknesses. The weaknesses can be 

strengthened by transmission capacity increase and this can be 

done by allocating the reactive power sources on the particular 

weak bus which is to be strengthened. 

The AC load flow analysis used to perform contingency 

analysis can be termed AC contingency analysis routine. 

 

A.  Contingency Ranking 

In practice, electric power engineers use their judgment and 

past experience for selecting and investigating severe 

contingencies. In some instants, this approach may not identify 

all the critical contingencies especially in large systems. 

Therefore, the development of a contingency ranking 

algorithm which rank contingencies based upon their relative 

severity is desirable. The contingencies can be ranked based 

upon their effects on line loading or bus voltages. 

A variety of algorithm are developed which can be classified 

into two groups. One is performance index based method 

which utilizes a wide system scalar performance index to 

quantify the severity of each case by calculating their PI values 

and ranking them accordingly [12]. The other is the screening 

method which is based on approximate power flow solutions to 

eliminate those non-critical contingencies. With the 

advancement of artificial intelligence, expert systems and fuzzy 

theory are proposed to estimate the severity of various 

contingencies. Also artificial neural networks approaches based 

on PI have been proposed for contingency selection. In this 

paper contingencies are ranked using a PI based method. 

The ranking method used in this paper is a fast and accurate 

method to rank the contingencies according to their severity on 

the power system. The ranking technique utilizes a wide 

system scalar PI to quantify the severity of each contingency 

with actually calculating the post contingency line flows and 

bus voltages using full AC load flow analysis. Contingencies 

are ranked in the order of their performance index values and 

processed starting with the most severe contingency at the top 

of the list proceeding down the ranking to the less severe ones. 

Outages are then ranked on the basis of their corresponding 

performance indices. In this paper the contingencies are ranked 

on the basis of line loading.                                                                                                                                                                                                                       

 

B.  Determination of Weak Buses- 

Real Power Flow Performance Index Method 

Real power flow performance index corresponding to line 

real power flow violations. It is formulated by following 

equation and gives measure of line MW overloads. 

 

nL
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m

m

P

P
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=  

where, 

PL    real power flow 

Plim   rated capacity 

n    exponent 

NL   no. of lines 

wm real non-negative weighting coefficient which may 

be used to reflect the importance of lines 

 

PI will be small when all the lines are within their limits and 

reach a high value when there are overloads. Thus, PI provides 

a good measure of severity of the line overloads for given state 

of the power system. In this paper, value of exponent has been 

taken as n=2 to avoid masking effect and wm=1, see [14]. 

 

IV.  RESULT OF CONTINGENCY RANKING USING PI METHOD 

 

In order to find optimal location of reactive power sources, 

6-bus garver system is simulated. The Garver system has 6 

buses and 15 branch candidates, the total demand is 760 MW, 

152 Mvar. 6-bus garver system is shown in Fig.1.  

MATLAB software has been used for simulation. 
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Fig.1: 6-bus garver system 

 

AC power flow is performed by using Newton Raphson 

Method in MATLAB. For the calculation of PI, real power 

flow PL  after removal of lines one-by-one is taken from the 

MATLAB. 

Contingency analysis is performed on selected buses are 

identified and are ranked in order of their severity.  Table 1 

shows the maximum loading parameters for each removal of 

line one-by-one. The data is taken from [15].  

 

 
 

Fig.2: real power flow removal of line 1-2 

 

 
 

Fig.2: real power flow after removal of line 1-4 

 

 
 

Fig. 4: real power flow after removal of line 1-5 

 

 
 

Fig.5: real power flow after removal of line 2-3 

 

 
 

Fig.6: real power flow after removal of line 2-4 

 

 
Fig.7: real power flow after removal of line 3-5 
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Fig.8: Calculation of PI after removal of line 1-2, 1-4, 1-5 

 

 
 

Fig.9: Calculation of PI after removal of line 2-3, 2-4, 3-5  

 

Real power flow for the calculation of PI is taken from 

MATLAB and shown in Figs. from 2 to 7.  Calculation of PI is 

shown in Fig. 8 and Fig.9. 

 

 Table 1: Shows maximum loading parameter for each 

removal of lines one-by-one 

Sr. no. Removal 

of line 

From bus To bus  Maximum 

loading 

parameter 

1 1 1 2 338.8887 

2 2 1 4 7.3432 

3 3 1 5 15.5638 

4 4 2 3 35.7800 

5 5 2 4 26.608 

6 6 3 5 5.2982 

 

 

Here, 6 lines are selected for on-line ranking. This 

contingency ranking is based on the line outage in system. Line 

outage which resulted in voltage instability is ranked the 

highest value. Table 2 shows the contingency ranking which 

gives the severity on the system. 

 Table 2: Contingency ranking for 6-bus garver system 

Ranking of 

severe line 

Line 

no. 

From 

bus  

To 

bus 

Maximum 

loading 

parameter 

1 1 1 2 338.8887 

2 4 2 3 35.7900 

3 5 2 4 26.608 

4 3 1 5 15.5638 

5 2 1 4 7.3432 

6 6 3 5 5.2982 

 

From Table 2 it is cleared that line number 1 connected 

between buses 1 to 2 is most severe line among all lines. So we 

can select bus 2 for allocation of reactive power sources as bus 

1 is generator bus and bus 2 is load bus. Next, line 4 connected 

between buses 2 and 3 is severe but we cannot select this 

because bus 3 is generator bus and bus 2 is already selected. 

Similarly, we select buses 4 and 5 for the allocation of reactive 

power sources. 

In this paper, optimal location for the allocation of reactive 

power sources on the load buses is presented. Further, for the 

purpose of reactive power planning, capacity of the Var sources 

are considered.  

The bus data and branch data used in this paper are given in 

appendix. 

 

V.  CONCLUSION 

 

In this paper, the severity of the weak bus has been found 

using performance index method. The proposed algorithm has 

been applied to 6-bus garver system. For 6-bus system, line 

no.1 connected between bus 1 and bus 2 is most severe line. 

Table 2 shows the contingency ranking and buses on which 

reactive power sources can be allotted. Result of Performance 

index method gives load buses 2, 4 and 5 for the allotment of 

reactive power sources and the result is compared with result 

shown in literature [13].  This identification will help in 

further transmission network expansion and reactive power 

planning.  

 

 

VI.  APPENDIX 

 

Bus Data: 
Bu

s 

Type PD, 

MW 

QD, 

Mvar 

PG
max

, 

MW 

PG
min

, 

MW 

QG
max

, 

Mvar 

QG
min

, 

Mvar 

1 Vθ 80 16 160 0 48 -10 

2 PQ 240 48 - - - - 

3 PV 40 8 370 0 101 -10 

4 PQ 160 32 - - - - 

5 PQ 240 48 - - - - 

6 PV 0 0 610 0 183 -10 
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Branch Data: 
Bus 

from 

Bu

s to 

rij, pu xij, 

pu 

bij
sh

, 

pu 

Sij
max

, 

pu 

Cij, 

US$ 

nij
0 

nij
m

ax 

1 2 0.040 0.40 0 120 40 1 5 

1 3 0.038 0.38 0 120 38 0 5 

1 4 0.060 0.60 0 100 60 1 5 

1 5 0.020 0.20 0 120 20 1 5 

1 6 0.068 0.68 0 90 68 0 5 

2 3 0.020 0.20 0 120 20 1 5 

2 4 0.040 0.40 0 120 40 1 5 

2 5 0.031 0.31 0 120 31 0 5 

2 6 0.030 0.30 0 120 30 0 5 

3 4 0.059 0.59 0 120 59 0 5 

3 5 0.020 0.20 0 120 20 1 5 

3 6 0.048 0.48 0 120 48 0 5 

4 5 0.063 0.63 0 95 63 0 5 

4 6 0.030 0.30 0 120 30 0 5 

5 6 0.061 0.61 0 98 61 0 5 
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