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Abstract:The main objective of optimal power flow is to find the proper operating point for the power system. In this

paper, the optimal power flow by considering system security cost (OPFSC) and the small signal stability constraint is

presented. For this purpose, the total profit of the system by considering the system constraints is optimized. The total

profit of the system is equal to the combination of profit from the active power consumption, active power generation cost,

and system security cost. System security cost includes the cost of load shedding, which is computed for all contingencies

that may occur in the system. One of the system constraints is the small signal stability constraint. The small signal

stability constraint causes increasing of the small signal stability margin of the system. In this paper, a hybrid genetic

algorithm and PSO (HGAPSO)-based method for performing OPFSC is presented. The proposed method is then tested

on the WSCC 9-bus system. The results of the proposed method are compared with the primal-dual interior point

(PDIP) method. The total profit of the system obtained from HGAPSO is better than the results of PDIP and system

constraints are not completely satisfied in the results obtained from PDIP.

Key words: Optimal power flow, small signal stability, power system security, hybrid genetic algorithm, particle swarm

optimization

1. Introduction

In a power system, the generation must be enough for supplying the loads of the system and the system

constraints must be satisfied. The system constraints should also be able to be satisfied after the occurrence

of a contingency and the system must be stable against small disturbances. For this purpose, control variables

of the system such as generator active power should be adjusted. Optimal power flow (OPF) can be used for

adjusting the control variables of the system.

Several methods for performing OPF are reported in the literature. Linear programming [1,2], nonlinear

programming [3–8], and the interior point method [9–11] were presented for performing OPF. These optimization

methods start to search for an optimum solution from one point in the search space and continue searching

from one point to another point. If the initial starting point is not suitable, these methods may diverge.

The GA [12–15], PSO [16–18], ant colony [19], gravitational search algorithm [20], and artificial bee

colony [21,22] methods were presented in some studies. These methods start to search for an optimum solution

with a set of points that are scattered in the search space. Therefore, the probability of finding a false optimum

point is less than in point-to-point optimization methods. These methods are easier than numerical calculation

methods. The small signal stability constraint was not considered in above papers.
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In [23,24], the primal-dual interior point (PDIP) method was presented for performing OPF by considering

system security cost and the small signal stability constraint. This method is complex and does not completely

satisfy the system constraints.

In this paper, a hybrid genetic algorithm and PSO (HGAPSO)-based method for OPF by considering

system security cost (OPFSC) by considering the small signal stability constraint and maximizing the total

profit of the system is proposed. The small signal stability constraint causes an increase in the stability of the

system against small disturbances.

This paper is organized as follow: in Section 2 small signal stability calculations are detailed. In Section

3 the HGAPSO algorithm is described. In Section 4 the OPFSC problem is detailed. The proposed algorithm

is described in Section 5. In Section 6 characteristics of the test system are presented. Simulation results are

presented in Section 7. In Section 8 results of the proposed method are compared with the PDIP method.

Conclusions of this paper are presented in Section 9.

2. Small signal stability

The power system is modeled as the set of differential and algebraic equations in small signal stability calcula-

tions.
ẋ = f(xy) (1)

= g(xy) (2)

Here, f is the differential equations, x is the state variables, g is the algebraic equations, and y is the algebraic

variables. The differential and algebraic equations of the system must be linearized around the steady-state

operating point.  ∆ẋ

0

 =

 fx fy

gx gy

 ∆x

∆y

 (3)

The state matrix is computed as follows.

As = fx − fyg
−1
y gx (4)

We can compute the right-most system eigenvalue (system critical eigenvalue) from the state matrix [25]. If the

real part of the right-most system eigenvalue is negative, the system is stable against the small disturbances.

The smaller the real parts of system eigenvalues, the more stable the system is.

3. Hybrid GA and PSO (HGAPSO)

HGAPSO is combination of the GA and PSO. PSO is used instead of mutation in the GA. The PSO algorithm

changes the position of population members by Eqs. (5) and (6). A flowchart of minimizing the objective

function by HGAPSO is shown in Figure 1.

Xn
j = Xn−1

j + velnj (5)

velnj = wn×veln−1
j + c×R⊗(Xn−1

Gbest −Xn−1
j ) (6)

Here, wn is the inertia of the nth generation, which is changed from 0.9 to 0.4; Xn
j is the position of the j th

member of the nth generation; Xn−1
Gbest is the best member of the (n – 1 )th generation; c is a constant, which

is considered as 2; and R is a random vector, the components of which are between 0 and 1.
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Figure 1. Flowchart of minimizing fitness function by HGAPSO

4. Description of OPFSC problem and constraints

In order to perform OPF by considering the system security cost, the total profit (TP) of the system should be

maximized. Total profit of the system is computed as:

TP = P 0 ∗ PR
0
+

M∑
m=1

Pm ∗ PRm , (7)

where P 0 is:

P 0 = 1−
M∑

m=1

Pm. (8)

M is the number of contingencies that may occur in the system, P 0 is the probability of no occurring contingency

in the system, Pm is the probability of the mth occurring contingency in the system, PR0 shows the profit of

the system in the precontingency state, and PRm shows the profit of the system in the mth postcontingency

state.

The profit of the system in precontingency state is computed as follows.

PR0 =
∑
i∈B0

G

LPj(P
0
Lj
) −

∑
i∈B0

G

Gci(P
0
Gi
) (9)

Gci(P
0
Gi
) = aGi ∗ (P 0

Gi
)
2
+ bGi ∗ (P 0

Gi
) + cGi i ∈ B0

G (10)
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LPj

(
P 0
Lj

)
= aLj ∗

(
P 0
Lj

)2

+ bLj ∗
(
P 0
Lj

)
+ cLj j ∈ B0

L (11)

Here, Gci(P
0
Gi
) is the generator cost curve of bus i , LPj(P

0
Lj
) is the consumer profit curve of bus j, B0

G is the

set of indices of buses that have generators in the precontingency state and B0
L is the set of indices of buses that

have loads in the precontingency state, P 0
Gi

is the active power of bus i generator in the precontingency state,

and P 0
Lj

is the active power of bus j load in the precontingency state. aGi , bGi , and cGi are the constant

coefficients of the generator cost curve of bus i and aLj , bLj , and cLj are the constant coefficients of the

consumer profit curve of bus j .

The profit of the system in the postcontingency state is computed as follows.∑
j∈Bm

L

∑
i∈Bm

G

∑
j∈Bm

L

PRm = LPj(P
m
Lj
)−Gci(P

m
Gi
)− Lcj (P

0
Lj
, Pm

Lj
) for m = 1, ...,M (12)

Lcj (P
0
Lj
, Pm

Lj
) = bcj ∗ (P 0

Lj
− Pm

Lj
) j ∈ Bm

L for m = 1, ...,M (13)

Here, Pm
Gi

is the active power of bus i generator in the mth postcontingency state, Pm
Lj

is the active power of

the bus j load in the mth postcontingency state, Lcj (P
0
Lj
, Pm

Lj
) is the cost of load shedding in bus j , Bm

L is

the set of indices of buses that have loads in the mth postcontingency state, and bcj is the constant coefficient

of the cost of load shedding in bus j .

4.1. Constraints

The constraints consist of equality and inequality constraints. Equality constraints consist of load flow equations

and reactive power limits of loads. Inequality constraints consist of active power limits of generators, reactive

power limits of generators, active power limits of loads, voltage limits of buses, transmission power limits of

lines, and the small signal stability constraint. OPFSC variables consist of voltage of buses, active and reactive

power of generators and loads, and system eigenvalues, which are obtained from optimization, load flow, and

small signal stability calculations. These variables must be in the permitted range. Constraints of the OPFSC

are as follows.

4.1.1. Load flow equations

Load flow equations should be satisfied in precontingency and postcontingency states of the system. Thus, we

have the following.∑
k∈Bm

T

Pm
Gi

− Pm
Li

= V m
Bi
V m
Bk

Y m
ik cos (θ

m
i − θmk − αm

ik) i ∈ Bm
T for m = 0, ...,M (14)

∑
k∈Bm

T

Qm
Gi

−Qm
Li

= V m
Bi
V m
Bk

Y m
ik sin(θ

m
i − θmk − αm

ik), i ∈ Bm
T for m = 0, ...,M (15)

Here, V m
Bi
∠θmi is the voltage of bus i , Bm

T is the set of indices of buses, Qm
Li

is the reactive power of the bus

i generator, Y m
ii ∠αm

ii is the sum of admittances connected to bus i , and Y m
ik ∠αm

ik is the negative value of the

sum of admittances connected between bus i and k (i ̸= k).
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4.1.2. Active power limits of generators

The active power of each generator must be in the allowed range in the precontingency state of the system.

This limit is as follows.

P 0
GMini

≤ P
0

Gi
≤ P 0

GMaxi
i ∈ B0

G (16)

Here, P 0
GMaxi

and P 0
GMini

are the maximum and minimum allowed values for the active power of the bus i

generator in the precontingency state, respectively.

The active power of each generator can be changed in the allowable range in the postcontingency state

of the system. Thus, we have the following.

Pm
GMini

≤ Pm
Gi
≤ Pm

GMaxi
i ∈ Bm

G for m = 1, ...,M (17)

Pm
GMaxi

= min(P 0
Gi

+∆UPPGi , P
0
GMaxi

) i ∈ Bm
G for m = 1, ...,M (18)

Pm
GMini

= max
(
P 0
Gi

−∆DownPGi , P
0
GMini

)
i ∈ Bm

G for m = 1, ...,M (19)

Here, ∆UPPGi is the maximum permitted value for increasing the active power of the bus i generator in the

postcontingency state, and ∆DownPGi is the maximum permitted value for decreasing the active power of the

bus i generator in the postcontingency state.

4.1.3. Reactive power limits of generators

The reactive power of each generator is variant and must be in the permitted range in precontingency and

postcontingency states of the system.

QGMini ≤ Qm
Gi

≤ QGMaxi i ∈ Bm
G for m = 0, ...,M (20)

Here, QGMaxi shows the maximum permitted value for the reactive power of the bus i generator, and QGMini

shows the minimum permitted value for the reactive power of the bus i generator.

4.1.4. Active power limits of loads

The active power of each load must be in the permitted range in the precontingency state of the system.

P 0
LMinj

≤ P
0

Lj
≤ P 0

LMaxj
j ∈ B0

L (21)

Here, P 0
LMaxj

is the maximum permitted value for the active power of the bus j load in the precontingency

state, and P 0
LMinj

is the minimum permitted value for the active power of the bus j load in the precontingency

state.

Active power of each load must be in the allowable range in the postcontingency state of the system.

Pm
LMinj

≤ Pm

Lj
≤ Pm

LMaxj
j ∈ Bm

L for m = 1, ...,M (22)

Pm
LMaxj

= P 0

Lj
j ∈ Bm

L for m = 1, ...,M (23)

Pm
LMinj

= P 0
LMinj

j ∈ Bm
L for m = 1, ...,M (24)
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4.1.5. Reactive power limits of loads

Reactive power of each load is a function of active power of that load in precontingency and postcontingency

states of the system. This function is as follows:

Qm
Lj

= Pm
Lj

∗

√
1− pf2

j

pf j

j ∈ Bm
L for m = 0, ...,M, (25)

where pf j shows the power factor of the bus j load.

4.1.6. Voltage limits of buses

The voltage magnitude of each bus must be in the allowable range in precontingency and postcontingency states

of the system. This range is defined as follows:

VBMink
≤ V m

Bk
≤ VBMaxk

k ∈ Bm
T for m = 0, ...,M, (26)

where V m
Bk

shows the voltage magnitude of bus k , VBMink
shows the minimum permitted value for the voltage

magnitude of bus k , and VBMaxk
shows the maximum permitted value for the voltage magnitude of bus k .

4.1.7. Transmission power limits of lines

The transmission power of each line must be equal to or smaller than the maximum allowable value in

precontingency and postcontingency states of the system.

Sm
Lt

≤ SLMaxt t ∈ Lm
T for m = 0, ...,M (27)

Here, Sm
Lt

shows the transmission power of line t , Lm
T shows the set of indices of lines, and SLMaxt shows the

maximum permitted value for the transmission power of line t .

4.1.8. Small signal stability constraint

The real part of the right-most eigenvalue of the system must be equal to or smaller than the maximum permitted

value in precontingency and postcontingency states of the system.

pmRright
≤ pRMax m = 0, ...,M (28)

Here, pmRright
shows the real part of the right-most system eigenvalue, and pRMax shows the maximum permitted

value for the real part of the right-most system eigenvalue.

5. Proposed OPFSC method

In this paper OPFSC is performed by HGAPSO. For this purpose, a fitness function should be defined for the

variables of the OPFSC problem. The control variables of the OPFSC problem are defined as:

X = [P 0
G0 P

0
L0V

0
B , P

1
G0 P

1
L0V

1
B , . . . PM

G0 P
M
L0V

M
B ] , (29)

where P 0
G0 is a vector that contains the initial values of generator active power in the precontingency state (G

symbolizes the initial values of generators’ active power), P 0
L0 is a vector that contains the initial values of load
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active power in the precontingency state (L symbolizes the initial values of loads’ active power), and V 0
B is a

vector that contains the voltage magnitude of buses that have generators in the precontingency state.

The noncontrol variables consist of nongenerator buses’ voltage, reactive power of generators, transmission

power of lines, and system eigenvalues, which are obtained from load flow and small signal stability calculations.

The fitness value of vector X is computed by the following eight steps:

Step 1: set m = 0.

Step 2: if the loads’ and generators’ active powers exceed their constraints, change them.

Pm
G1i =


Pm
G0i

Pm
GMini

≤ Pm
G0i

≤ Pm
GMaxi

Pm
GMaxi

Pm
G0i

> Pm
GMaxi

Pm
GMini

Pm
G0i

< Pm
GMini

for i ∈ Bm
G (30)

Pm
L1j =


Pm
L0j

Pm
LMinj

≤ Pm

L0j
≤ Pm

LMaxj

Pm
LMaxj

Pm
L0j

> Pm
LMaxj

Pm
LMinj

Pm
L0j

< Pm
LMinj

for j ∈ Bm
L (31)

Step 3: if
∑

j∈Bm
L

∑
i∈Bm

G

∑
j∈Bm

L

(Pm
LMinj

≤ Pm
G1i

≤ Pm
LMaxj

)

Pm
G2 = Pm

G1 (32)

Pm
L2 = Pm

L1 (33)

elseif
∑

i∈Bm
G

∑
j∈Bm

L

(Pm
G1i

> Pm
LMaxj

)

∑
i∈Bm

G

∑
i∈Bm

G

∑
j∈Bm

L

Pm
G2i = Pm

G1i −
(Pm

G1i
− Pm

GMini
)

(Pm
G1i

− Pm
GMini

)
∗ (Pm

G1i − Pm
LMaxj

) for i ∈ Bm
G (34)

Pm
L2 = Pm

L1 (35)

elseif
∑

i∈Bm
G

∑
j∈Bm

L

(Pm
G1i

< Pm
LMinj

)

∑
i∈Bm

G

∑
j∈Bm

L

∑
i∈Bm

G

Pm
G2i = Pm

G1i +
(Pm

GMaxi
− Pm

G1i
)

(Pm
GMaxi

− Pm

G1i
)
∗ (Pm

LMinj
− Pm

G1i) for i ∈ Bm
G (36)

Pm
L2 = Pm

L1 (37)

Step 4: if
∑

j∈Bm
L

∑
i∈Bm

G

(Pm
L2j

= Pm
G2i

)

Pm
G = Pm

G2 (38)

Pm
L = Pm

L2 (39)
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elseif
∑

j∈Bm
L

∑
i∈Bm

G

(Pm
L2j

> Pm
G2i

)

Pm
G = Pm

G2 (40)

∑
j∈Bm

L

∑
j∈Bm

L

∑
i∈Bm

G

Pm
Lj

= Pm
L2j −

(Pm
L2j

− Pm
LMinj

)

(Pm
L2j

− Pm
LMinj

)
∗
(
Pm
L2j − Pm

G2i

)
for j ∈ Bm

L (41)

elseif
∑

j∈Bm
L

∑
i∈Bm

G

(Pm
L2j

< Pm
G2i

)

Pm
G = Pm

G2 (42)

∑
j∈Bm

L

∑
i∈Bm

G

∑
j∈Bm

L

Pm
Lj

= Pm
L2j +

(Pm
LMaxj

− Pm
L2j

)

(Pm
LMaxj

− Pm
L2j

)
∗
(
Pm
G2i − Pm

L2j

)
for j ∈ Bm

L (43)

Step 5: if m = 0, perform load flow and small signal stability calculations for the precontingency state;

otherwise, perform load flow and small signal stability calculations for the mth postcontingency state.

Step 6: compute the value of exceeding constraints by a penalty function (Eq. (44)).

PFm = KPG ∗∆limitP
m
Gslack

+KQG ∗
∑

i∈Bm
G

∆limitQ
m
Gi

+KV ∗
∑

k∈Bm
T

∆limitV
m
Bk

+KS ∗
∑

t∈Bm
T

∆limitS
m
Lt

+Kp ∗∆limitp
m
Rright

(44)

∆limitP
m
Gslack

=


0 Pm

GMinslack
≤ Pm

Gslack
≤ Pm

GMaxslack

Pm
Gslack

− Pm
GMaxslack

Pm
Gslack

> Pm
GMaxslack

Pm
GMinslack

− Pm
Gslack

Pm
Gslack

< Pm
GMinslack

(45)

∆limitQ
m
Gi

=


0 QGMini ≤ Qm

Gi
≤ QGMaxi

Qm
Gi

−QGMaxi Qm
Gi

> QGMaxi

QGMini − Qm
Gi

Qm
Gi

< QGMini

for i ∈ Bm
G (46)

∆limitV
m
Bk

=


0 VBMink

≤ V m
Bk

≤ VBMaxk

V m
Bk

− VBMaxk
V m
Bk

> VBMaxk

VBMink
− V m

Bk
V m
Bk

< VBMink

for k ∈ Bm
T (47)

∆limitS
m
Lt

=


0 Sm

Lt
≤ SLMaxt

Sm
Lt

− SLMaxt Sm
Lt

> SLMaxt

for t ∈ Lm
T As = fx − fyg

−1
y gx (48)

∆limitp
m
Rright

=


0 pmRright

≤ pRMax

pmRright
− pRMax pmRright

> pRMax
(49)
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Here, ∆limitP
m
Gslack

shows the value of exceeding the permitted range of slack generator active power, ∆limitQ
m
Gi

shows the value of exceeding the permitted range of generator reactive power, ∆limitV
m
Bk

shows the value of

exceeding the permitted range of bus voltage, ∆limitS
m
Lt

shows the value of exceeding the permitted range of

the transmission power of lines, and ∆limitp
m
Rright

shows the value of exceeding the maximum permitted value

for the real part of the right-most system eigenvalue. KPG shows the penalty factor of exceeding the permitted

range of slack generator active power, KQG shows the penalty factor of exceeding the permitted range of

generator reactive power, KV shows the penalty factor of exceeding the permitted range of bus voltage, KS

shows the penalty factor of exceeding the permitted range of the transmission power of lines, and Kp shows the

penalty factor of exceeding the maximum permitted value for the real part of the right-most system eigenvalue.

Step 7: if m = 0, compute the profit of the system (PR0) by Eq. (9), else compute the profit of the

system (PRm) by Eq. (12).

Step 8: if m ≤ M , set m = m+ 1 and go to step 2, else compute the fitness value of vector X by Eq.

(50).

Fitness value (X) = PF − TP (50)

M∑
m=0

PF = PFm (51)

M∑
m=0

TP = Pm ∗ PRm (52)

6. Test system

The WSCC 9-bus system shown in Figure 2 is used as a test system in this paper. Some properties of

the test system were presented in [23,26]. Six contingencies are defined in the WSCC 9-bus system. These

contingencies consist of outages of lines 4-6, 4-5, 5-7, 6-9, 7-8, and 8-9. The probability of each contingency is

0.01 (Pm = 0.01 , m = 1, 2, ..., 6). Generator data, generator cost curve coefficients, voltage limits of buses, line

and transformer data, load and generator constraint data, consumer profit curve coefficients, and load shedding

cost coefficients are shown in Tables 1–7, respectively. Sbase is 100MVA (Sbase= 100MVA).

7. Simulation results

In order to investigate the accuracy and performance of the proposed method, a test WSCC 9-bus system is

considered. The proposed method is tested on the WSCC 9-bus system for different conditions of the small

signal stability constraint. The maximum permitted value for the real part of the right-most system eigenvalue

is considered as 0, –0.15, –0.2, and –0.25. HGAPSO is coded by using the MATLAB Optimization Toolbox [27].

Population size, crossover fraction, and the maximum number of generations are considered as 60, 0.8, and 20,

respectively.
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Figure 2. WSCC 9-bus system.

Table 1. Generator data.

Parameter

Gen 1 Gen 2 Gen 3
Generator
KA 20 20 20
TA (s) 0.2 0.2 0.2
KE 1.0 1.0 1.0
TE (s) 0.314 0.314 0.314
KF 0.063 0.063 0.063
TF (s) 0.35 0.35 0.35
Xd (p.u.) 0.146 0.8958 1.3125

X
′

d (p.u.) 0.0608 0.1198 0.1813
Xq (p.u.) 0.0969 0.8645 1.2547

X
′

q (p.u.) 0.0969 0.1969 0.25

T
′

do(s) 8.96 6.0 5.89

T
′

qo(s) 0.31 0.535 0.6

H (s) 23.64 6.4 3.01
D 0.0 0.0 0.0
SEi(Efdi) = 0.0039e1.555Efdi

Table 2. Generator cost curve coefficients.

Bus no. aG ($/MW 2h) bG ($/MWh) cG($/h)
1 8.20e-4 12.712 0.00
2 8.76e-4 12.001 0.00
3 6.46e-4 12.290 0.00
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Table 3. Voltage limits of buses.

Bus no.

l 2 3 4 5 6 7 8 9
Parameter
VBMin (p.u.) 0.950 0.955 0.955 0.955 0.955 0.955 0.955 0.950 0.955
V BMax (p.u.) 1.04 1.045 1.045 1.09 1.09 1.09 1.09 1.09 1.09

Table 4. Line and transformer data.

Bus no. Bus no. R (P.U.) X (P.U.) Y (P.U.) SLMAX (MVA)
1 4 0.0000 0.0576 0.000 450
2 7 0.0000 0.0625 0.000 320
3 9 0.0000 0.0586 0.000 335
4 5 0.0100 0.0850 0.176 390
4 6 0.0170 0.0920 0.158 325
5 7 0.0320 0.1610 0.306 375
6 9 0.0390 0.1700 0.358 375
7 8 0.0085 0.0720 0.149 375
9 8 0.1190 0.1008 0.209 375

Table 5. Load and generator constraint data.

Bus no.

l 2 3 4 5 6 7 8 9
Parameter
PGMax (MW ) 250 270 285 - - - - - -
PGMin (MW ) 25 25 35 - - - - - -
∆UPPG (MW ) 50 35 35 - - - - - -
∆DownPG (MW ) 50 35 35 - - - - - -
QGMax (MVAR) 100 100 100 - - - - - -
QGMin (MVAR) –50 –50 –50 - - - - - -
PLMax (MW ) - - - - 125 90 - 100 -
PLMin (MW ) - - - - 0 0 - 0 -
pf - - - - 0.928 0.948 - 0.943 -

Table 6. Consumer profit curve coefficients.

Bus no. aL($/MW 2h) bL($/MWh) cL($/h)
5 –0.1047 38.665 0.00
6 –0.0231 16.844 0.00
8 –0.0431 21.630 0.00

Table 7. Load shedding cost coefficients.

Bus no. bc($/MWh)
5 100
6 100
8 100
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7.1. The proposed method’s results

7.1.1. The proposed method’s results with pRMax= 0

The minimum values of the fitness function in different generations of HGAPSO are shown in Figure 3. The

minimum value of the fitness function at the end of the generations is –2291.95. The results obtained from the

proposed method are presented in Table 8. Total profit of system is equal to 2291.95 ($/h).

The real part of the most critical eigenvalue of the system is –0.152, created after removing line 6-9 and

smaller than 0. System constraints are completely satisfied in the results obtained from the proposed method.

7.1.2. The proposed method’s results with pRMax= −015

The minimum values of the fitness function in different generations of HGAPSO are shown in Figure 4. The

minimum value of the fitness function at the end of the generations is –2287.89. The results obtained from

HGAPSO are presented in Table 9. Total profit of system is equal to 2287.89 ($/h).
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Figure 3. The minimum values of fitness function ob-

tained from the proposed method (pRMax = 0).

Figure 4. The minimum values of fitness function ob-

tained from the proposed method(pRMax = −0.15).

The real part of the most critical eigenvalue of the system is –0.159, created after removing line 6-9

and smaller than –0.15. System constraints are completely satisfied in the results obtained from the proposed

method.

7.1.3. The proposed method’s results with pRMax= −02

The minimum values of the fitness function in different generations of HGAPSO are shown in Figure 5. The

minimum value of the fitness function at the end of the generations is –2281.13. The results obtained from the

proposed method are presented in Table 10. Total profit of system is equal to 2281.13 ($/h).

The real part of the most critical eigenvalue of the system is –0.201, created after removing line 4-6

and smaller than –0.2. System constraints are completely satisfied in the results obtained from the proposed

method.
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7.1.4. The proposed method’s results with pRMax= −025

The minimum values of the fitness function in different generations of HGAPSO are shown in Figure 6. The

minimum value of the fitness function at the end of the generations is –2274.94. The results obtained from

HGAPSO are presented in Table 11. Total profit of system is equal to 2274.94 ($/h).

0 2 4 6 8 10 12 14 16 18 20
–2300

–2250

–2200

–2150

–2100

–2050

–2000

–1950

–1900

Generation

F
it

n
e
s
s
 v

a
lu

e

Best: –2281.1344 Mean: –2277.4967

Best fitness

Mean fitness

0 2 4 6 8 10 12 14 16 18 20
–2300

–2250

–2200

–2150

–2100

–2050

–2000

–1950

–1900

–1850

Generation

F
it

n
e
s
s
 v

a
lu

e

Best: –2274.9432 Mean: –2266.367

Best fitness

Mean fitness

Figure 5. The minimum values of fitness function ob-

tained from the proposed method (pRMax = −0.2)

Figure 6. The minimum values of fitness function ob-

tained from the proposed method (pRMax = −0.25).

The real part of the most critical eigenvalue of the system is –0.251, created after removing line 6-9

and smaller than –0.25. System constraints are completely satisfied in the results obtained from the proposed

method.

8. Comparison of results of the proposed method and PDIP methods

In [23,24], OPF by considering system security cost and the small signal stability constraint was performed on

the WSCC 9-bus system by the PDIP method. The results of the PDIP method are shown in Tables 12–15.

The profit of the system and total profit of the system (TP ) in Tables 12–15 are computed by considering load

shedding cost. If we are computing the profit of the system by neglecting the load shedding cost, it becomes

equal to 2192.76, 2192.33, 2170.18, and 2130.20 after removing line 4-5 in Tables 12–15, respectively. The total

profit of the system (TP ) becomes equal to 2314.59, 2313.45, 2307.96, and 2300.80 in Tables 12–15, respectively.

The total profits of the system by considering load shedding cost obtained from the proposed method and PDIP

are presented in Table 16.

As shown in Table 16, the results obtained from the proposed method are better than the results obtained

from PDIP. Also, some constraints are violated in the results obtained from PDIP. For example, voltage limits

of buses and active power limits of loads are violated in the results presented in Tables 12–15. The voltage

values of Table 14 were not mentioned in [23,24].

The maximum permitted values for PL8 and VB1 are 100 MW and 1.04 P.U., respectively, but as shown

in Tables 12–15, PL8 and VB1 are greater than the maximum permitted values.
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Table 16. Total profit of the system by considering the cost of load shedding.

pRMax TPHGAPSO ($/h) TPPDIP ($/h)
0 2291.95 2286.39
–0.15 2287.89 2285.38
–0.20 2281.13 2279.75
–0.25 2274.94 2272.11

9. Conclusion

In this paper, a HGAPSO-based method has been presented for performing OPFSC. The presented method

was tested on the WSCC 9-bus system for different conditions of the small signal stability constraint. System

constraints were completely satisfied in the proposed method. Therefore, OPFSC with small signal stability

constraints can be performed by the proposed method.

The results obtained from the proposed method and PDIP were compared with each other. The total

profits of the system obtained from the proposed method are better than the results of PDIP. Also, system

constraints are not completely satisfied in the results obtained from PDIP.

The proposed method was implemented by a DELL PC (2.66 GHz CPU). The computation time is about

30 min. For decreasing the computation time, we could perform OPF separately for each contingency and use

a parallel processor, which is suitable for performing the HGAPSO algorithm.
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