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A Combinatorial Approach for Transmission
Expansion & Reactive Power Planning

M. Rahmani and M. Rashidinejad

Abstract--A metaheuristic technique for solving short-term
transmission network expansion planning and reactive power
planning in regulated power system using the AC model is
presented. The problem is solved using Real Genetic Algorithm
(RGA). Fitness function is calculated using cost of each
configuration as well as an AC optimal power flow in which the
minimum reactive generation of new VAR sources and active
power losses are as objectives. New VAR sources are defined for
each topology through an L indicator. This indicator tries to find
week buses for reactive allocation. In this way the circuit
capacity increases and the cost of installation can be decreased.
The results of the test systems show the capability of the method.

Index Terms-- L indicator, Reactive Power Planning, Real
Genetic Algorithm, Transmission Expansion Planning, VAR
sources, weak Buses.

I. NOMENCLATURE
¢ circuit costs vector
n  added circuit vector
N diagonal matrices containing vector n
N’ diagonal matrices containing the existing circuits

Ke converted real power to cost

D system operating time

P

Loss

f(Qe)

Qs MVAr size of VAR sources vector

total real power loss

cost function of VAR sources

V, investment on new transmission line

V, total cost of active power losses and VAR sources

vector of maximum number of circuits that can be added
phase angle vector

existing real power generation vector
existing reactive power generation vector
real power demand vector

0, reactive power demand vector

voltage magnitude vector

G vector of maximum limit of generation of real power
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0, vector of maximum limit of generation of reactive power

V  vector of maximum limit of voltage

P vector of minimum limit of generation of real power

QG vector of minimum limit of generation reactive power

V  vector of minimum limit of voltage

S from

S apparent power flow vector "to" bus

apparent power flow vector "from" the bus

S Maximum apparent power flow vector
K load bus

€} set of all load buses

C,« installation cost of VAR source at bus K.

C, unit cost of VAR source at bus K

Qgx  MVAr size of VAR source at bus k

Yij magnitude of the admittance of the line connected
between bus I and bus

¢|j angle of the admittance of the line connected between
bus I and bus |

V. magnitude of voltage at bus i

6 angle of voltage at bus I

N, set of all buses

6, difference in phase angle between buses | and |

g;; conductance of the transmission line or transformer ij

b. susceptance of the transmission line or transformer ]

shunt susceptance of the transmission line or transformer

shunt susceptance at bus i
VL | L voltage and current vectors at the load buses

VG , ¢ Vvoltage and current vectors at the generator buses

H  hybrid representation of transmission system

Z,, ,F,Kg ,Yss sub-matrices of the hybrid matrix H.

L voltage stability limit indicator
V,; an equivalent generator comprising the contribution from

all generators.



S joorr contributions of the other loads in the system to the

index evaluated at the node j.

N individuals in the population

P position of each individual in the population.
P.P,
0. G,

A, 2, A, randomly generated numbers

two parents

two offspring

a, lower band of B,
D, upper band of P,

I uniform random number between zero and one
t number of current generation

T  maximum number of generation
C a parameter determining the degree of non-uniformity

h(f (Y)) strictly monotonically decreasing function

W,, W, , W, tuning weights

dv voltage deviation from Voltage limits

d ¢ Dbower generation deviation from power generation limits

d s branch flow deviation from branch flow limits

II. INTRODUCTION

he objective of the power system transmission expansion

and reactive power planning problem is to determine
‘where’, ‘how many’ and ‘when’ new devices, Transmission
lines, reactive power sources, transformer, must be added to a
network in order to make its operation viable for a pre-defined
horizon of planning, at a minimum cost The system network
of the base year, the candidate circuits, the power generation
and power demand of the planning horizon and investment
constraints are the basic data for the problem.
In the traditional approach, the long-term transmission
network planning problem is solved first, using simplified
system models. The transportation model, the hybrid model,
the linear disjunctive model, DC model [1], among others,
have been used in this first phase and the problem is solved
both by classical optimization techniques [2—5] and by meta-
heuristics, such as simulated annealing [6], genetic algorithms
[7], tabu search [8], GRASP [9]. In a subsequent stage, the
expansion plan obtained is checked for other operational
constraints (reactive power planning) where the AC load flow
and stability analysis are the basic tools.
The use of the (complete) AC model of the transmission
network in the first phase is incipient and there are practically
a few technical literatures on the subject[10]. The use of the
DC model has the following disadvantages, among others: (1)
the transmission expansion planning problem must be
separated from the reactive power allocation problem; (2) it is
frequently necessary to reinforce an expansion plan obtained
using the DC model, when an operation with the AC model is
considered; and (3) the difficulty of taking into account the
power losses in the initial phase of the planning.

In this paper, an AC integrated transmission network
expansion planning (real and reactive power planning) is used.

The use of this model has advantages, such as (1) efficiently
allocating reactive power sources during the planning and
consequently decreasing the cost of installation of new lines
(2) using an integrated mathematical model that allows
transmission network expansion planning problems and the
optimal allocation of reactive power (simultaneously, in a
unique stage), dispensing the use of simplified models such as
the DC model; (3) incorporating the determination of the
transmission system’s precise real losses in a trivial way and
as a sub-product of the optimization process; (4) incorporating
other nonlinear operation characteristic devices in the TNEP
problem, for example, the FACTS controllers; and (5) the
possibility of carrying out other types of studies, after solving
the AC integrated TNEP problem, for example: voltage
stability, nodal analysis, transient stability analysis and so on.
In this work, a Real Genetic Algorithm (RGA) can be used to
solve the planning problem using the AC model transmission
system. The Genetic Algorithm (GA) technique is suitable for
multi-objective optimization problems resulting into good
solutions whilst maintaining low computational costs. Similar
to other metaheuristics solutions, the GAs are more efficient
in terms of computational time and may find a better solution
than the other classical optimization methods such as: Benders
decomposition (BD) and Branch and Bound (BB)
methods[11]. GA was initially formulated by Holland (1975)
[12]. It is based on the principle of natural selection and the
theory of evolution in which adaptable individuals have a
better chance to survive. RGA is used for identifying potential
lines for installation. For each combination of the lines
(individuals) an indicator is used to identify week buses, for
allocating reactive power sources, while the lines and reactive
power sources embedded into initial network an AC OPF is
solved the Objective of this problem is minimum active power
losses and minimum reactive power sources. Another Index is
used for identifying potential lines, in terms of cost and the
amount of satisfaction of constraints, this index is used for
fitness evaluation of each individual in RGA.

III. THE MATHEMATICAL MODELING

The mathematical model for transmission expansion
planning and reactive power planning problem can be
formulated as:

minv, =¢'n (1)

minv, =K_P, D +f (Q;) )

S.t.
PV .,0,n)-P;, +P, =0 3)
QV .,0,n)-Qq _QGO+QD:0 4
P, <P, <Pg (5)
Q. <Q; <Qq ©)
Q."<Q," <Qq’ ™
V <V <V (8)



(N+NS™ <(N+N*S (9
(N +N)S® <(N +N °)S (10)
o<n<n (11

N integer and @ unbounded
Where ¢ and N represent the circuit cost vector that can be
added to the network and the added circuit vector,

respectively. N and N° are diagonal matrices containing
vector N and the existing circuits in the base configuration,

respectively. K_ is the converted real power to cost, D is the

e
system operating time. P_ is the total power loss to be
minimized and can be defined as follows:

R :Z[\/iz +Vj2 —2VV, cos@, —6,)X; cosp;  (12)

V, and 6, are the magnitude and angle of voltage at bus i,

and Yij and @y are the magnitude and angle of the
admittance of the line from bus i to bus j.

f (Qg ) is the installation cost of new reactive power sources
that can be defined as follows:

f (QG): Z (COk +C]kQGk)

ke,

(13)

Where: Qg is the Vector of all new VAR sources. K € Q)
represents load buses while € is the set of all load buses,

Cox and C, are the installation costs and unit costs for a

VAR source at bus K respectively. Qg is the MVATr size of
a VAR source installed at bus K .

V, is the investment due to the addition of circuits to the

networks, V, is the total cost of active power losses and new

reactive power sources. N is the vector containing the

maximum number of circuits that can be added. & is the
0 i
phase angle vector. Py and Qg are the existing real and

reactive power generation vectors. PD and QD are the real

and reactive power demand vectors; V is the voltage

. 5 ~0 A~ va
magnitude vector; Py, Qg , Qg and V  are the vectors of

maximum limits of generation of real power, reactive power
of existing and new sources and voltage magnitudes,

. 0
respectively; Pg ,QG , QG and V are the vectors of

minimum limits of generation of real power, reactive power of
existing and new sources and voltage magnitudes,
respectively; 105 and 95% of the nominal value are used for
the maximum and minimum voltage magnitude limits,

respectively; S from , S“ and S are the apparent power flow
vectors (MVA) in the branches in both terminals and their
limits.

The limits for real power is represented by 5, for reactive
power of new and existing sources by (6) and (7)
respectively; and for the voltage magnitudes by (8). The limits

(MVA) of the flows are represented by (9) and (10). The
constraints in the capacities of the added circuits are
represented by (11). Equations (3) and (4) represent the
conventional equations of AC power flow considering N, the
number of circuits (lines and transformers), as variables. The

PV,0,n) and Q(V,0,n)

calculated by (14) and (15), respectively.

elements of vectors are

PV .,0,n)=V, > V,[G, (n)cosd, + B, (n)sing;] (14)

jeNg

QV.6,n)=V, >V [G,(n)sind, —B; (N)cosd,] (15)

jeNg
Where 1, j € N represent buses and N is the set of all
buses, 1] represents the circuit between buses i and j.
0; =6, — 0, represents the difference in phase angle

between buses | and | . The bus admittance matrix elements

(G and B)are

G G;(n)=—(n;0; +ni(j)gi(j))
= 16
G;(n)= Z(nijgij +ni(}gi(j)) (16)
jey
Bij (n)= _(nijbij + ni(J?bi(j))
B=1{ By(n)=b"+> [n,(b,+b") (17)
jegy
+ni(j) (bi(j) + (bijs'h )]

Where V, represents the set of all buses directly connected to

us 1; Q.., b. and b are the conductance, susceptance an
bus i; gy, b and b" are the conduct pt d
shunt susceptance of the transmission line or transformer ij
if i is a transformer b = 0), respectively, and b™ is the
£ i transf bi" = 0), respectively, and b" is th

shunt susceptance at bus i . Note that in (16 and 17), the
possibility of a different transmission line or transformer
being added in parallel with an existing one (in the base case)
is considered, although the equivalent circuit parameters may
be different. It should be noted that off-nominal transformer
taps are not considered and in this case both transmission lines
and transformers have similar equivalent circuits. The present
model does not consider the phase shifters. Elements (1] ) of

vectors S from and S of (9) and (10) are given by:
Siﬁrom — \/(Pijfrom )2 +(Qigrom )2
P™" =V *g; -V V,(g; cosb; +b; sin,)
Qi;mm = _Viz(bi?h +bij )

-V\V, (g, sing; —b; cos ;)

Sy =P +@Qyf)




to _ 2 0 . .
P’ =V,g; -VV,(g; cosb, bij sin ;)
h
Qitj0 :—Vj (bs +by)
+V V(g sing; +bij cos6;)
The investment N, the number of circuits added in branch ij s

is the most important decision variable and a feasible
operation solution of the electric power system depends on its
value. The remaining variables only represent the operating
state of a feasible solution. For a feasible investment proposal,
defined through specified values of N, one can have several
feasible operation states.

IV. WEAK BUS IDENTIFICATION

An indicator L is used for identifying weak buses [13]. The
indicator uses information of the normal load flow, the
advantages of the method lies in the simplicity of numerical
calculation. Since the nature of calculation is non-iterative, the
computation time is short. The indicator L is a quantitative
measure for the estimation of the distance of the actual state of
the system to the stability limit. The local indicators L permit
the determination of those nodes from which a collapse may
originate. Weak busses can be identified through this Index.
For calculating L the transmission system is represented using
a hybrid representation, by the following set of equations:

Vi —H I _ z, Fg I (18)
I Vs Koo Yos J[Ve

V., | are the voltage and current vectors at the load buses
VG R |G are the voltage and current vectors at the generator

buses ZLL,FLG,KGL,YGG are the sub-matrices of the

hybrid matrix H.

The H matrix can be evaluated from the Y bus matrix by a
partial inversion, where the voltages at the load buses are
exchanged against their currents. This representation can then
be used to define a voltage stability indicator at the load bus,

namely L j which is given by,

L, =[1+—=L (19)
V.
j
Where
Voj =26 FiVi (20)
The term Vo, is representative of an equivalent generator

comprising the contribution from all generators.
The index L j can also be derived and expressed in terms

of the power terms as the following.

S .
L, = # @n
itV
Where
Sj+=sj +Sjcorr

*indicates the complex conjugate of the vector

Zij S, @)
Jcorr |eLoadsZ* V :
i#]

(23)

1
JJ + Z
The S jeorr

contributions of the other loads in the system to the index
evaluated at the node j.

complex power term component represents the

V. REAL GENETIC ALGORITHM

Mathematically, GA can be considered as a technique for
optimization combinatorial large and complex problems with
high probability of finding the global optimum among many
local optimal solutions. RGA has the following special

characteristics:
e It does not require any binary coding and decoding
stages;

e [Itis faster and more accurate than binary GA;
The proposed method comprises of five stages i) problem
codification, ii) selection, iii) recombination, iv) Mutation, and
vi) fitness evaluation, each explained in the following
sections.
A. Problem codification
One of the most important factors in representing a candidate
solution in the proposed method is codification. A proper
codification may prevent complications in the implementation
of the RGA algorithm. The individual is a solution proposal
for the planning problem, or better, is the topology made up of
all the lines added to the system corresponding to an
investment proposal. In the AC TNEP, the individual of the
RGA is represented by a vector size. Each vector is
constructed the number of new lines that are proposed to be
added to respective branches . Each member can vary its value
from zero to the maximum number of lines. Thus, in the
codification shown in Fig. 1, branch 2—6 has two new lines;
branch 3-5 has one new line, etc.

1-2 1-4 |35 |2-6 |46

0 0 1 2 1
Fig. 1. Codification proposal

The method proposed in this paper does not demand that
the characteristics of the lines between two buses be equal,
they can work with various types of circuits between two
buses. In this case, the lines are selected similar to the
pervious form of line. The number of individuals in the RGA
population, for the transmission network expansion problem,
depends on the dimension of the system. Similar to ordinary
GA, RGA operators are: selection, recombination and
mutation. These terms are explained in the following sections.
B. Selection
The chromosome selection procedure is based on a random
process where one of the selection operators is known as the
roulette-wheel. Individual chromosomes are mapped to the
adjacent segments of a line. The length of each segment on
this line corresponds to the levels of fitness (i.e. fitness values)
of each individual. As part of the trial process a random



number is generated and the individual chromosome position
on the line that corresponds to the random number is selected.
This technique is analogous to a roulette wheel where each
slice is proportional in size to the fitness value. For
chromosome selection we use ranking process. In the
selection ranking process, the population is sorted in
accordance with their corresponding fitness values. The
fitness levels assigned to each individual chromosome only
depends on its ranking position and not on the actual fitness
value. It is assumed that the number of individuals in the
population is N, while P is the position of each individual
in the population.

Equation 24 can be used to calculate the rank of each
individual. In this equation, minimum and maximum values of
P are respectively 1 and N . SPis a random number
between 1 and 2 [14].

Rank(P)=1-SP + 2P -DP-D ';1 (1P -

(24)

C. Recombination

At the recombination stage next generation is created. This
process makes it different from typical binary Genetic
Algorithm approach. There are three kinds of recombination
criteria [14] adopted in this process, denoted by following
equations.

O, =AP +(1-1)P,
0,=4AP,+(1-4)R
O, =4R+(1-24)PR,
Oz :ﬂ“zpz +(1_ﬂ“2)Pl
O, =AP +(1-1)P,
0,=AP,+(1-4)R
Where P,

1 »

Aef0,1}

A, A, €[-0.25,1.25]

1 €[-0.25,1.25]
P, are the two parents, O,, 02 are their two

offspring and /11 , ﬂz are two randomly generated numbers. A

typical individual chromosome with two genes, in which two
parents can merge based on three forms that are shown in Fig.
2 (a, b and c).

The recombination process shown in Fig. 2 (a) generates the
offspring that is located on the corners of the hypercube
defined by the parents. The line recombination shown in Fig.
2 (b) can generate any offspring by the parents on the
specified line. Fig. 2 (c) shows the intermediate recombination
capable of producing any point within the hypercube that is
slightly larger than the one defined by the parents. The line
recombination is similar to intermediate recombination, except
that only one A value is used for all variables [14, 15].

D. Mutation

The reason for the mutation stage in the process is to
introduce artificial diversification in the population and to
avoid premature convergence to a local optimum. Arithmetic
mutation operators are dynamic or non-uniform mutations that
have been successfully used in a number of studies [16].

In order to achieve a high degree of precision in the proposed
method a dynamic mutation is designed for fine-tuning the
mutations. This is to provide a degree of control of those

mutations. For example, in the mutation process, if gene B, is

selected from parent P, then there is an equal chance that the
resulting gene to be either of the following choices:

t
Oy =P = 1(Pc = a )1 - )°
(25)
t
Ok =P + r(bK - P _T_)C
Line of Possible
offspring
= O o )
o ®
Variable 2 > Variable 2 >
(2) (b)
] Possible offspring

O Parents

72Iqerep

H Area of Possible
{4 offspring

»
»

Variable 2
(©

Fig. 2. Different Schemes of Recombination
E. Fitness Evaluation
The main objective in TNEP is to minimize the cost of
installation new lines in such that all the constraints are
satisfied we make our fitness evaluation upon this sentences
ie.

Fitness =-( W v, +W d, +w,d; +w.d) (26)

Where W ,,W,,W, and W, are constant and can be set by
decision maker, V,, is the total cost of new lines and dv, dG

and dS are the sum of deviations from voltage bounds, power

generation bounds and branches flow bounds respectively.
RGA tries to maximize the fitness function. When the fitness
value is equal to zero ,maximum value, it means that cost of

installation is zero (V, = 0) and deviation from constraint is

zero in another word all the variable are inside their bounds

(dy =0;d; =0;d, =0)

VI. IMPLEMENTATION

The overall procedure of using RGA in Transmission
expansion planning considering reactive power allocation is
shown in Fig. 3, the steps to find optimum solution for TNEP
is as following:

1. Initialize first generation at random

Each individual is chosen at random. As in Fig. 1 shows the
data of an individual is the number and location of new lines.
For the first Generation about 100 individual is chosen at
random.

2. Feasibility checking



Each chromosome is checked in terms of cost. Those
individuals that their investments are too high will be pruned.
3. the data of each individual, consisting number and location
of new lines, read out and the new network is constructed.

4. AC power flow is solved for constructed network and L
indicator is determined for each load bus, buses are ranked in
terms of weakness, the more weak buses are chosen for
allocating reactive power sources, the numbers of buses that
can be assumed to install reactive power sources is depend on
decision maker.

Initialize first generation at random

¢<

Check Feasibility of Generation

i

Read Candidate Line Location and embed
them in initial network

v

Solve power flow for identifying weak buses
and embed reactive power sources in weak
hnses

v

| Solve AC Optimal power Flow |

v

| Evaluate Fitness function |

v

Selection Recombination Mutation and
Mutation
Population replacement

Fig. 3. Flowchart of the TNEP considering reactive power allocation with
RGA

5. AC Optimal Power flow with real power and reactive
power sources as an objective is solved for each individual. In
this step the problem that is solved is as follows:

minv, =K_P D +f (Q;)
s.t.

PV.0)-P;, +P, =0
Q(V >0)_QG _QGO+QD:O
P, <P, <Ps
Q. <Q; <Q.
0 0o_~ ©
Q.'<Q" <Q.
V <V <V
Sfrom Sg

S <S
€ Unbounded

When new lines embedded in the initial network there is no
need to separate existing lines and new lines in formulation so
In this formulation there is no integer variable and we just
need to solve an AC OPF. Since the cost of new reactive
power sources is one of the objectives of OPF new and
existing reactive power sources must be separated in
formulation. In the objective function reactive power sources
and active power losses competes each other.

6. The results of OPF is used to calculate d,,d; andd,,

and their combination with the cost of installation lines makes
the fitness function.

7. When OPF solved for the entire individual and fitness of
each is calculated, the Selection, Recombination and Mutation
of RGA carried out and New Generation of individual is
constructed. When all the individuals are the same and there is
no new individual and the process can be stopped, another
stop criterion is the number of generation. In the implemented
software the first criteria is used.

8. Depend on the convergence of RGA, stop criteria, the
process will be stop or continued into step 2.

Since in the genetic algorithm new generation might consists
of previous individuals, for speeding up the process a pool of
all individual constructed, and for calculation the fitness
function for repetitive individuals we do not carry out all
calculation and just simply pull out the fitness value from the
pool. It is clear for the new individuals all calculation carried
out and finally their data and fitness function will insert to the
pool.

VII. ILLUSTRATIVE TEST

The algorithm was implemented in MATLAB. For the
illustrative test, the Modified Garver 6-bus system was used.
This system has six buses and 15 branches candidates, the
total demand of 760 MW, 152 MVAr and maximum 5 lines
can be added to each branch. The Garver system data is given
in [10]. The main objective of the test was to show that active
and reactive power planning can be carry out simultaneously.
Four different tests have been carried out. Two different base
cases have been used: Base case 1 — with the base topology
proposed by Garver and Base case 2 — without the base
topology proposed by Garver . For each case two tests are
carry out, TNEP without reactive allocation and then TNEP
with reactive power allocation.To implement RGA for
optimum TNEP, a population with the size of 100 individual
individuals is used, while mutation and mutation rates are 76
% and 3 % respectively the selection process would be
terminated when there is no new individual in the population.
In test 3 and 4 we consider that VAR fixed cost of installation

is C, =100$ and VAR variable cost is 0.3 $ / kvar also
k.Dissetto 1.

Test-1 Modified Garver system without reactive power
allocation with Base case 1:

The algorithm is converged after 10 Generation, the planning
process resulted in Line investment of US$140000 and the
following lines are added: n, , =2;n, ;, =1;n, , =2

Active and reactive power losses are 12.292 MW and 122.92



Fig. 4 shows the complete results of the test.

Test-2 Modified Garver system with reactive power allocation
with Base case 1:

For this test the final solution is found after 11 generation the
planning process resulted in line investment of US$110000
and the following lines are added: n,,=Ln, =1,n, ;=2

Active and reactive power losses are 13.925MW and
139.25Mvar and a total 43.7 reactive power source must be
installed at bus 2 and bus 4. These buses are weak buses and
can be defined by L indicator. Table I shows load buses in
ascending order of L indicator. Fig. 5 shows the result of the
test.

160.00 MW

240.00 MW 48.00 MVAR

48.00 MVAR

0.994<-5.468 1.041<0.00

5 1 —
96.43 MW 50.87 MW 51.45 MW 80.0 MW
34.62 MVAR 16.03 MVAR  21.80 MVAR 160 MVAR
94.56 MW
312.04 MW /
15.98 MVAR
101.00 MVAR. 16.87 MW 11.68 MW
6.28 MVAR 3.02 MVAR
3 1.061<4.687
16.75 MW
40.00 MW 5.09 MVAR
8.00 MVAR 77.98 MW
11.63 MVAR
79.19 MW
23.76 MVAR 240.00 MW
48.00 MVAR
2 1.012<-3.535
7294 MW 368 MVAR
15.42 MVAR \ :
0.61 MW 0.61 MW
-0.43 MVAR \Of MVAR
74.57 MW
31.70 MVAR
1.014<-3.681
6 1.100<7.557 N
—> —> 160.00 MW
300.25 MW 75.56 MW 73.90 MW 32.00MVAR
12592 MVAR  31:25 MVAR 14.68 MVAR

Fig. 4. Garver system without reactive power allocation with Base case 1

TABLEI
L INDICATOR FOR SYSTEM IN TEST-2
Bus 5 4 2
L Indicator 0.2882 1.3064 1.5058

Test-3 Modified Graver system without reactive power
allocation with Base case 2:

This test is implemented considering no line is constructed.
Only Generator and load buses are defined. The algorithm is
converged after 12 Generation, the planning process resulted
in line investment of US$200000 and the following lines are
added: ns=Ln,,=Ln, ,=2;n,,=2;n, , =2 Active
and reactive power losses are 12.635MW and 126.35Mvar
Fig. 6 shows the complete results of the test.

Test-4 Modified Garver system with reactive power allocation
with Base case2:

The final test is carried out considering no line is constructed
and no new reactive power sources is installed just generator
and loads are defined, we assume one of the buses can be
allocated for reactive power installation, RGA converge after
13 generation with us$190000 Line investment as following:

ns=Ln,_,=2n,=Ln,_,=2;n, =2 . The total
active and reactive power losses are: 13.306MW and
133.06Mvar. in comparison with the test-2 one line is added

between bus 2-3 and one is omitted between 2-6 and with
Installation of a total 18.59 Mvar at bus 2, 10000us$ in
transmission lines 1is saved. The results of this test are shown
in Fig. 7. Table II shows the weak bus indicator for each bus.

TABLEII
L INDICATOR FOR SYSTEM IN TEST-4
bus 4 5 2
L Indicator 0.3161 0.4033 1.5884

The optimal solution for the last four examples proposed in
[10]. For all examples the solution quality is approved, in
example 1 the active power losses is decreased, in example 3
the line investment decreased from 260000$ to 250000%, in
example 2 and 4 the amount of VAR sources is decreased.
Table III shows the total cost including line cost, VAR cost
and Power losses cost for each test. Comparing Test-1 with
test-2 and test 3 with test 4 we can found that when VAR
source allocation is carryout during planning process the total
cost will be decreased significantly.

160.00 MW
240.00 MW 48.00 MVAR
48.00 MVAR
1.031<0.000
5 0.978<-4.893 1 _r
- - 80.0 MW
99.56 MW 44.95MW 45.45MW 160 MVAR
34.6IMVAR 19.38MVAR 2438 MVAR
345.93 MW / 97.53MW
101.00 MVAR 143IMVAR éss.ZiAhff\XR / .82 MW
: 1.IIMVAR
1.046<5.930

25.4TMW
40.00 MW 3.86MVAR
8.00 MVAR
106.82 MW
23.78MVAR 28.14 MVAR
240.00 MW
104.63MW 48.00 MVAR
1.89 MVAR
1.00<-5.582 8.78MW
0.66MVA
12.53 MW
3.5IMVAR
12.60M
100.25MW
97.38MW 4.18 MVAR 15.6 MVAR
39.36MVAR / L0.60MVAR

O

1.021<-2.847

6 1.100<9.64

—> —> 160.00 MW
268.00MW 83.87MW 81.91MW 32.00MVAR
98.5IMVAR 29.57TMVAR 9.96 MVAR

Fig. 5. Modified Garver system with reactive power allocation with Base
casel

VIII. CONCLUSIONS

A mathematical model and a metaheuristic technique for
solving the TNEP problem and reactive power planning using
an AC model for the transmission system are presented in this
paper. The main contribution of this paper is to show that
active and reactive power planning can be carry out
simultaneously. A real Genetic Algorithm was used to solve
the problem. For each individual, combination of new lines,
An L indicator is used base on the power flow to help the
allocation of reactive power sources. Fitness function is
calculated from the investment of new lines, in combination
with the results of AC OPF. AC OPF tries to minimize
reactive power losses and the amount of new reactive power
sources. A set of tests and a general analysis of the results are



presented. Results with the Garver system shows
performance of the proposed model.

the

TABLE Il
TOTAL INVESTMENT
costs Test 1 Test2 Test3 Test4
Power Losses | 12292 13925 12635 13306
Line 140000 110000 | 200000 | 190000
Varsource | ........ 13310 | ......... 5656
Total 152292 137235 | 212635 | 208962
160.00 MW
240.00 MW
48.00 MVAR 47.21 MVAR
1.100<0.000
5 1.038<-7.738 1 %
-— P —
81.85 MW / 78.78 MW 80.00 MW ?gbor\?ld\\/)\//m
26.94 MVAR 19.02MVAR  31.21 MVAR
80.61 MW
306.29 MW 14.49 MVAR
101.00
MVAR
3 1.092<0.287

40.00 MW
8.00 MVAR
100.56 MW
102,58 MW 18.92 MVAR
39.12 MVAR 240.00 MW
48.00 MVAR
2 1.018<-9.934
72.94 MW
15.42 MVAR
74.57 MW
31.70 MVAR
1.003<-11.707
6 1.100<0.603 4 -|-|—T
— —>
20635 MW 81.99 MW 80.00 MW BN
35.85 MVAR 16.00 MVAR .

130.15SMVAR

case 2

Fig. 6. Modified Graver system without reactive power allocation with Base

240.00 MW 160.00 MW

+—— -

8221 MW 78.56 MW 80.00 MW ?2601\124\\/111
30.13 MVAR 1763 MVAR  32.00 MVAR

364.65 MW / 80.72 MW

101.00 MVAR 15.18 MVAR

3 1.013<0.325
40.00 MW
8.00 MVAR \ 78.61 MW
3.39 MVAR

79.91MW \ 18.59 MVAR

16.37 240.00 MW

rATAD 48 00 MVAR

2 0.977<-8.778

82.78 MW

22.62 MVAR /
85.10 MW
4576 MVAI/

4 1.003<-8.098

6 1.100<4.212
160.00 MW
81.99 MW 80.00 MW :
249.07 MW 32.00MVAR
11747 MVAR 3585 MVAR 16.00 MVAR

48.00 MVAR 48.00 MVAR
1.017<0.000
5 0.950<-9.151 1

Fig. 7. Modified Garver system with reactive power allocation with Base

case2.
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