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In power system, minimizing the power loss in the transmission lines and/or minimizing the voltage
deviation at the load buses by controlling the reactive power is referred as optimal reactive power dis-
patch (ORPD). This paper presents an improved evolutionary algorithm based on oppositional krill herd
algorithm (OKHA) for obtaining optimal steady-state performance of power systems. This article also pro-
poses the effect of UPFC location in steady-state analysis and to demonstrate the capabilities of UPFC in
controlling active and reactive power flow within any electrical network. To verify the effectiveness of
KHA and OKHA, two different single objective functions such as minimization of real power losses and
improvement of voltage profile and a multi-objective function that simultaneously minimizes transmis-
sion loss and voltage deviation have been studied through standard IEEE 57-bus and 118-bus test sys-
tems and their results have been reported. The study results show that the proposed KHA and OKHA
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approaches are feasible and efficient.
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Introduction

Transmission network is the most important component in
competitive electricity markets and serves as the key mechanism
for generators to compete in the supply to reach large users and
distribution companies. In competitive electricity markets [1],
energy prices and transmission pricing are highly affected by
transmission congestion and other system constraints, where a
congested transmission is accompanied by higher costs due to
resorting to out-of-merit order as expensive generating units are
dispatched to alleviate congestion [2]. Therefore, an increased
attention has been paid to new devices that provide more flexibil-
ity to operate the transmission system and guarantee lower-cost
mechanisms by which transmission constraints can be mitigated.

Available transfer capability (ATC) is the measure of the ability
of interconnected electric power systems to reliably move or trans-
fer power from one area to another over all the transmission lines
between those areas under specified system conditions [3]. To
operate the power system safely and to gain benefits of the bulk
power transfer, the transfer capabilities must be calculated and
the power system operated so that the power transfers do not
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exceed the transfer capability. ATC is significantly limited by heav-
ily loaded circuits or buses with relatively low voltages. Flexible AC
transmission system (FACTS) technology makes it possible to
redistribute line flow and regulate bus voltages. It can be used
effectively for the enhancement of ATC.

Continuous and fast improvement of power electronics technol-
ogy has made FACTS as a promising concept for power system
applications during the last decade [4,5]. The use of FACTS con-
trollers provides a flexible controlling of power flow along the
transmission lines. It can reduce the flows of heavily loaded lines,
maintain the bus voltages at desired levels, and improve the stabil-
ity of the power network. The UPFC [6,7] is the most versatile
FACTS controller envisaged so far. It can not only perform the func-
tions of the STATCOM, TCSC and the phase angle regulator but also
provides additional flexibility by combining some of the functions
of the above controllers. The UPFC can provide simultaneous con-
trol of all basic power system parameters. It can fulfill functions of
reactive shunt compensation, series compensation and phase shift-
ing meeting multiple control objectives. From a functional perspec-
tive, the objectives are met by applying a boosting transformer
injected voltage and an exciting transformer reactive current. The
injected voltage is inserted by a series transformer.

In the last decade, various algorithms have been developed for
the optimal power flow (OPF) incorporating with UPFC device as
well as for the optimal placement of UPFC. Some of them are: a
sensitivity based approach which has been developed for finding
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Fig. 1. Circuit model for UPFC.

Table 1
Input parameters setting of different algorithms.

BBO DE

KHA and OKHA

Mutation probability = 0.005;
maximum immigration rate = 1;
maximum emigration rate =1;
elitism parameter = 4;

Scaling factor = 0.7
crossover probability = 0.2

Maximum induced speed = 0.01; maximum diffusion speed = 0.05;
position factor = 0.2; inertia weight = 0.9; jumping probability = 0.3

suitable placement of UPFC [8], an evolutionary-programming-
based load flow algorithm for systems containing UPFC [9], a
genetic algorithm (GA) which proposed for solving the optimal
location problem of UPFC [10], particle swarm optimization (PSO)
for optimal location of FACTS devices [11], etc.

Ara et al. [12] proposed a solution procedure using nonlinear
programming (NLP) and mixed-integer nonlinear programming
(MINLP) for solving the optimal location and setting of FACTS
incorporated in the optimal power-flow problem with the objec-
tive functions being considered are the total fuel cost, power
losses, and system loadability with and without FACTS installation
and improving the power system operation. Sawhney and Jeya-
surya [13] presented the application of UPFC to improve the trans-
fer capability of a power system to meet some of the challenges of
power system operation caused by deregulation in the electric
power industry and opening of the market for delivery of cheaper

energy to the customers. Alomoush [14] developed a mathematical
approach allocating the contributions of UPFCs to transmission
system usage by making use of a dc-based load flow model of
UPFC-inserted transmission lines based on a previously derived
dc-based injection model of UPFC-embedded lines. Relationships
were derived to model the impact of UPFC on line flows and trans-
mission usage by using modified admittances and distribution fac-
tors that model impact of utilizing UPFC on line flows and system
usage. Taher and Amooshahi [15] presented the application of
hybrid immune algorithm (HIA) such as immune GA (IGA) and
immune PSO (IPSO) to find optimal location of UPFC to achieve
optimal performance of power system. Simulations were per-
formed on IEEE 14-bus and IEEE 30-bus test systems considering
the overall cost function as the objective function, including the
total active and reactive production cost function of the generators
and installation cost of UPFCs. Shaheen et al. [16] presented a new

Table 2
Simulation result of different algorithms for loss minimization (IEEE 57-bus system without UPFC).
Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vg (pau.) 1.0599 1.0598 1.0597 1.0600 Ta4-26 1.0322 1.0285 1.0328 1.0272
Vg (pu.) 1.0514 1.0483 1.0526 1.0581 T7_29 0.9233 0.9141 0.9285 0.9497
Vg3 (pu.) 1.0186 1.0103 1.0241 1.0415 T34 32 0.9203 0.9177 0.9351 0.9303
Vgs (p.u.) 0.9964 0.9861 1.0020 1.0249 T11-41 0.9004 0.9107 0.9041 0.9033
Vgs (p.u.) 1.0175 1.0083 1.0230 1.0442 T15-45 0.9359 0.9292 0.9440 0.9580
Vgo (p.u.) 0.9944 0.9785 1.0013 1.0223 T14-46 0.9203 0.9040 0.9159 0.9349
Vg2 (p.u.) 1.0061 1.0000 1.0129 1.0386 T10-51 0.9295 0.9164 0.9297 0.9526
Qe (pou) 0.0875 0.0139 0.0972 0.0710 T13-49 0.9010 0.9017 0.9001 0.9209
Qczs (p-u) 0.0589 0.0589 0.0590 0.0589 T11-43 0.9159 0.9112 0.9157 0.9405
Qcs3 (p-u.) 0.0629 0.0617 0.0627 0.0630 Ta0-56 1.0220 1.0497 1.0314 1.0250
Ts 18 0.9604 0.9185 0.9905 1.0157 T39-57 0.9624 0.9879 0.9862 0.9792
Ta1s 0.9193 0.9197 0.9102 0.9120 To_s5 0.9282 0.9126 0.9358 0.9540
T21-20 1.0033 1.0102 1.0174 1.0153
BBO DE OKHA

Loss (MW) 40.5535 41.3003 40.2431 39.8134
Voltage deviation (p.u.) 1.2973 1.3643 1.3150 1.3736
Computational time (s) 16.6843 13.6934 4.8806 4.5349
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Table 3

Simulation result of different algorithms for loss minimization (IEEE 57-bus system with UPFC).
Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vg (pu.) 1.0597 1.0575 1.0597 1.0598 Ta4—26 1.0268 1.0366 1.0357 1.0360
Vg2 (p.u.) 1.0543 1.0433 1.0578 1.0550 T7-29 0.9315 0.9243 0.9366 0.9403
Vg3 (p.u.) 1.0260 1.0156 1.0374 1.0312 T34 32 0.9254 0.9227 0.9398 0.9350
Vgs (p.u.) 1.0067 0.9986 1.0132 1.0146 T11-41 0.9711 0.9065 0.9006 0.9002
Vgs (p.u.) 1.0244 1.0191 1.0318 1.0360 T15_45 0.9434 0.9331 0.9576 0.9488
Vgo (p.u.) 0.9981 0.9915 1.0196 1.0098 T14-46 0.9164 09113 0.9310 0.9211
Vg2 (p.u.) 1.0105 1.0042 1.0396 1.0215 T10-51 0.9251 0.9233 0.9523 0.9397
Qcis (p-u.) 0.0964 0.0986 0.0997 0.0976 T13_49 0.9004 0.9028 0.9057 0.9154
Qczs (pou) 0.0587 0.0586 0.0590 0.0589 T11-43 0.9071 0.9151 0.9381 0.9251
Qcs3 (p-u) 0.0626 0.0626 0.0622 0.0629 Ta0-46 1.0560 1.0102 1.0110 1.0304
Ta_18 0.9762 0.9671 1.0142 0.9079 T39_57 0.9828 0.9763 0.9685 0.9824
Ty 18 0.9239 0.9289 0.9165 0.9895 To_s5 0.9339 0.9258 0.9618 0.9424
T21-20 1.0139 1.0171 1.0218 1.0144

BBO DE KHA OKHA

Active power injected by UPFC (p.u.)
Sending end 0.0138 0.0224 0.0316 0.0123
Receiving end 0.0286 0.0236 0.0197 0.0147
Reactive power injected by UPFC (p.u.)
Sending end 0.0315 -0.0193 0.0317 0.0139
Receiving end —0.0247 —0.0054 0.0278 0.0340
Optimal location and parameters of UPFC
Optimal position 22-38 35-36 35-36 25-30
Series source voltage (p.u.) 0.0436 0.0393 0.0567 0.0581
Series source phase angle (rad) —0.1346 —0.2847 —0.1336 —0.2450
Shunt source voltage (p.u.) 1.0346 1.0127 1.0562 1.0493
Shunt source phase angle (rad) —0.2858 —0.3642 —0.4875 0.3008
Loss (MW) 39.3640 40.7651 39.3642 38.4255
Voltage deviation (p.u.) 1.3549 1.3143 1.3489 1.4056
Computational time (s) 17.5782 14.9003 4.9655 4.7538

Transmission Loss (MW)

0 20 40 60 80 100
Iteration Cycles

Fig. 2. Transmission loss convergence graph using different algorithms of IEEE
57-bus without UPFC.

approach based on differential evolution (DE) technique to find out
the optimal placement and parameter setting of UPFC for enhanc-
ing power system security under single line contingencies. Vural
and Tiimay [17] focused on the mathematical modeling of UPFC
for the implementation of the device in conventional Newton-
Raphson (NR) power flow algorithm and in power system analysis
software package (PSASP). Visakha et al. [18] presented an
approach for selecting suitable locations of UPFC considering nor-
mal and network contingencies after evaluating the degree of
severity of the contingencies.. Roy et al. proposed biogeography
based optimization (BBO) [19] to solve TCSC and TCPS based opti-
mal reactive power dispatch (ORPD) problem for minimizing volt-
age deviation and transmission loss of IEEE 30-bus test system.

Panda [20] investigated the application of non-dominated sorting
in genetic algorithms-II (NSGA-II) technique for designing a FACTS
based controller to improve the stability of the power system with
minimum control effort. The proposed technique was applied for
generating a Pareto set of global optimal solutions to the multi-
objective optimization problem. Furthermore, the best compro-
mise solution from the obtained Pareto solution set was chosen
by using a fuzzy-based membership value assignment method.
Edward et al. [21] developed an enhanced bacterial foraging algo-
rithm (EBFA) by including Nelder-Mead (NM) algorithm to con-
ventional bacterial foraging algorithm (BFA) for better
performance of power system. This was done to overcome the dif-
ficulty of optimal parameter selection of the conventional BFA
technique. Hassan et al. proposed GA [22] technique for the stabi-
lization of power systems using UPFC devices. Kumar et al. pre-
sented cat swarm optimization (CSO) approach [23] for the
optimal location and sizing of UPFC in transmission system to
improve the voltage profile and maximum loading parameter.
From the literature it is observed that UPFC device has hardly
been used to solve optimal reactive power dispatch (ORPD) prob-
lem. This motivates the authors to incorporate UPFC to solve ORPD
problems. In this study, two different objectives of ORPD namely
minimization of transmission loss and minimization of voltage
deviations are considered. In recent years, a new optimization
technique named krill herd algorithm (KHA) inspired by herding
behavior of krill individual firstly presented by Gandomi in 2012,
has been successfully applied in various field of engineering. In this
article, KHA algorithm is employed to find optimal location of UPFC
for solving ORPD problem. Moreover, to improve the solution qual-
ity and convergence speed, opposition based learning is integrated
with the conventional KHA algorithm. In order to show the effec-
tiveness of the proposed KHA and OKHA approaches, two Standard
test systems of IEEE 57-bus and IEEE 118-bus are used in this
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Table 4
Simulation result of different algorithms for voltage deviation minimization (IEEE 57-bus system without UPFC).
Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vg (pu.) 1.0134 1.0385 1.0209 1.0157 Ta4—26 1.0897 1.0761 1.0863 1.0898
Vg (p.u.) 0.9580 0.9686 0.9563 0.9929 T7_29 0.9325 0.9245 0.9355 0.9306
Vg3 (pu.) 1.0294 1.0189 1.0382 1.0248 T34 32 0.9004 0.9007 0.9005 0.9001
Vgs (p.u.) 1.0003 0.9935 0.9970 0.9863 T11-41 09118 09113 0.9000 0.9003
Vgs (p.u.) 1.0373 1.0436 1.0416 1.0468 T15_45 0.9282 0.9185 0.9396 0.9267
Vgo (p.u.) 0.9800 0.9828 0.9921 1.0001 T14-46 0.9248 0.9162 0.9101 0.9361
Vg2 (p.u.) 1.0309 1.0029 1.0156 1.0258 T10-51 0.9862 0.9752 0.9799 0.9760
Qcis (p.u.) 0.0310 0.0559 0.0551 0.0157 T13-49 0.9026 0.9170 0.9025 0.9022
Qczs (pou.) 0.0587 0.0586 0.0587 0.0580 T11-43 09135 0.9105 0.9185 0.9183
Qcs3 (p-u.) 0.0629 0.0627 0.0619 0.0627 Ta0-56 1.0580 1.0939 0.9901 1.0103
Ta_18 0.9915 0.9747 1.0406 0.9690 T39_57 0.9065 0.9591 0.9013 0.9020
Ts 18 0.9388 0.9455 0.9237 0.9362 To_s5 0.9504 0.9755 0.9013 0.9735
T21-20 0.9924 0.9904 0.9963 0.9907
BBO DE KHA OKHA

Loss (MW) 52.6068 50.4412 52.8884 46.4442
Voltage deviation (p.u.) 1.0409 1.1104 1.0182 0.9954
Computational time (s) 16.4293 13.6540 41813 4.0359

Table 5
Simulation result of different algorithms for voltage deviation minimization (IEEE 57-bus system with UPFC).

Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vg (pu.) 1.0179 1.0129 1.0178 1.0147 To4—26 1.0901 1.0877 1.0877 1.0899
Vg (pau.) 0.9465 0.9643 0.9860 1.0165 T7-29 09172 0.9334 0.9327 0.9322
Vg3 (p.u.) 1.0289 1.0158 1.0232 1.0328 T34-32 0.9005 0.9015 0.9005 0.9003
Vgs (p.u.) 1.0007 1.0028 1.0018 0.9954 T11-41 0.9005 0.9082 0.9046 0.9003
Vgs (p.u.) 1.0123 1.0360 1.0354 1.0407 T15_45 0.9380 0.9216 0.9297 0.9304
Vgo (p.u.) 1.0017 0.9926 0.9984 1.0031 T14-46 0.9206 0.9332 0.9202 09179
Vei2 (pu.) 1.0240 1.0310 1.0236 1.0260 T10-51 0.9813 0.9662 0.9888 09714
Qe (pou) 0.0135 0.0526 0.0226 0.0949 T13-49 0.9093 0.9038 0.9008 0.9273
Qczs (p.u.) 0.0588 0.0587 0.0590 0.0588 T11-43 0.9191 0.9151 0.9178 0.9234
Qcs3 (p.u.) 0.0629 0.0613 0.0625 0.0623 Ta0-46 0.9992 1.0442 0.9944 0.9879
Ta_1s 0.9573 1.0243 09119 0.9165 T39-57 0.9004 0.9088 0.9002 0.9032
Ta_18 0.9551 0.9125 0.9920 1.0316 Ty_s5 0.9753 0.9607 0.9673 0.9734
Ta1-20 0.9937 0.9922 0.9922 0.9941

BBO DE KHA OKHA
Active power injected by UPFC (p.u.)
Sending end 0.0247 0.0185 0.0118 0.0480
Receiving end 0.0313 0.0192 0.0347 0.0247
Reactive power injected by UPFC (p.u.)
Sending end 0.0462 0.0098 —0.0291 0.0377
Receiving end -0.0271 0.0143 —-0.0185 -0.0124
Optimal location and parameters of UPFC
Optimal position 27-28 7-29 11-41 11-41
Series source voltage(rad) 0.0471 0.0356 0.0612 0.0388
Series source phase angle (rad) -0.1237 -0.2134 —0.2703 —0.1426
Shunt source voltage (p.u.) 1.0342 1.0212 1.0178 1.0642
Shunt source phase angle(rad) -0.1741 -0.3148 —0.1346 —0.2641
Loss (MW) 55.0266 48.3641 47.3965 46.3822
Voltage deviation (p.u.) 0.9743 1.0249 0.9278 0.8942
Computational time (s) 17.1538 14.5427 43796 4.1847

paper. Results obtained from the proposed approaches are com-
pared with those obtained from biogeography based optimization
(BBO) and DE.

The rest of the paper is organized as follows. In section ‘Problem
formulation’, the problem formulation is presented. In section
‘Algorithms’, KHA, OKHA algorithms along with BBO, DE algo-
rithms are briefly explained. In section ‘Oppositional krill herd
algorithm applied to ORPD problem’, OKHA developed for ORPD
problems is described. In section ‘Simulation results and discus-
sion’, the studies of application cases are presented and demon-
strate the potential of the proposed KHA and OKHA algorithms.
Finally, in section ‘Conclusion’, the conclusions are given.

Problem formulation
Modeling of UPFC in power system under steady state operation

The most versatile FACTS device presently available for trans-
mission system control is capable of providing active and reactive
load flow control between its terminals. It may also provide reac-
tive power compensation to the node to which it is connected
[3,4]. UPFC can be divided into two FACTS controllers; first one is
series controller and second one shunt controller. Series controller
is equivalent to the SSSC and shunt controller is equivalent to
STATCOM. When the STATCOM and the SSSC operate as standalone
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Fig. 3. Voltage deviation convergence graph using different algorithms of IEEE 57-
bus with UPFC.

FACTS controllers, they exchange almost exclusively reactive
power at their terminals. During the stand-alone operations, the
SSSC injects a voltage in quadrature with the line current, thereby
emulating an inductive and capacitive reactance at the point of
compensation in series with the line, and the STATCOM injects a
reactive current, thereby also emulating a reactance at the point
of compensation in shunt with the line. In the steady state opera-
tion, the main objective of an UPFC is to simultaneously control the
active and reactive power flow through the transmission line and
bus voltage at which shunt component of the UPFC is connected.
The basic schematic and power injection model of the UPFC are
presented in Fig. 1. Using the power injection model of UPFC, the
following formulation can be extracted

N
Q= Qi + > _|Val|Vj[ Y] sin (61 — 6 — On) (4)

j=1

The active and the reactive power flow through the transmission
line connected between the fth and the hth bus having UPFC may
be derived as follows [24]:

m= !Vf|2(GP +Gs) — |V¢||Ep||Yp| cos (0, — &5 + 3p)
- |VfHVths| Cos (95 - 5f + 5h)
+ [V |[Es1Ys| cos (05 — o5 + &) (5)
m = —|Vf|2(BP + Bs) + |V|[Ep || Yy sin (6, — d5 + Jp)
+ |Vf“VhHYs| sin (95 - 5f + ‘5h)
- |Vf“EsHYs|Sin (95*5f+(3s) (6)
Pis = [V *Gs — |Vi||Es||Ys| cOS (05 — 6 + )
— [Vl | V5| [Ys| cos (65 — Sn + d) (7)

Qi = —\Vh|zBs + |Vl|Es|[Ys| sin (05 — Jp + s)
+ [Vl [Ve|IYs| sin (05 — 0 + J) (8)

where Vy, V,, are the voltage magnitudes at the fth and the hth bus,
respectively; Y, is the admittance of the parallel component; G,, B,
are the conductance and susceptance, respectively, of the parallel
components; Y is the summation of the admittance of the trans-
mission line connected between the fth bus and the admittance
of the series component of the UPFC; G, B, are the conductance
and susceptance, respectively, of the series components of UPFC;
0 is the admittance angle of the admittance that includes the
admittance of the line k-m and the admittance of the series compo-
nent of the UPFC; 6,, J; are the voltage source angle of the parallel

N
Pr=Pp+ Z|Vf\ |Vj||Yg]| cos (65 — &; — 6p) (1) and series components of the UPFC; E,, E; are the voltage sources of
j=1 parallel and series converters, respectively, of the UPFC devices.
N
Q=Qn+ Z|Vf| |Vi||Yg] sin (65 — 0 — 0p) (2) Objective functions
=
The main objective of ORPD problem goal is to minimize active
power losses and improve the voltage profile by setting generator
P, =P, Viul|VillY i
h = Fhp 21:‘ l[Vi[[ Y] cos (9n — 0 — Ony) (3) bus voltages, VAR compensators, and transformer taps. Therefore,
J . .
the objectives of ORPD may be expressed as follows:
Table 6
Simulation result of different algorithms for simultaneous minimization of loss and voltage deviation (IEEE 57-bus system without UPFC).
Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vg (pu.) 1.0599 1.0596 1.0513 1.0550 T2a26 0.9995 0.9826 1.0911 1.0815
Vg (p.u.) 1.0383 1.0397 1.0251 1.0490 Ti_20 0.9301 0.9294 0.9300 0.9263
Vg3 (pu.) 1.0142 1.0213 1.0165 1.0153 Ts4_32 0.9040 0.9068 0.9030 0.9005
Vs (p.u.) 0.9976 1.0114 0.9912 0.9988 T11-41 0.9101 0.9098 0.9056 0.9094
Vg (pou.) 0.9998 1.0151 1.0432 1.0304 Ti5_45 0.9002 0.9008 0.9187 0.9231
Vgo (p.u.) 0.9804 0.9954 1.0267 1.0312 T1a—d6 0.9000 0.9012 0.9366 0.9063
Vgiz (pu.) 1.0266 1.0368 1.0163 1.0019 T10-51 0.9838 1.0010 1.0030 1.0000
Qs (p.u.) 0.0999 0.0995 0.0036 0.0892 T13_49 0.9121 0.9386 0.9141 0.9151
Qczs (pou.) 0.0589 0.0589 0.0558 0.0578 Ti1-43 0.9247 0.9380 0.9211 0.9375
Qcs3 (pu.) 0.0629 0.0623 0.0587 0.0623 Ta0_56 0.9171 0.9283 0.9947 1.0860
Ts1s 0.9372 0.9551 0.9487 0.9731 Ts9_57 0.9081 0.9097 1.0058 0.9552
Tac1s 0.9392 0.9395 0.9601 1.0198 To_ss5 0.9345 0.9637 0.9998 0.9923
Ta1_20 1.0107 1.0103 0.9719 0.9588
BBO DE OKHA
Loss (MW) 42.6822 42.3936 42.3319 42.0575
Voltage deviation (p.u.) 1.2558 1.2680 1.0196 1.0101
Computational time (s) 16.5361 13.5213 4.1602 4.0623
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Table 7
Simulation result of different algorithms for simultaneous minimization of loss and voltage deviation (IEEE 57-bus system with UPFC).

Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vg (pu.) 1.0537 1.0440 1.0537 1.0467 Ta4—26 1.0836 1.0982 1.0817 1.0937
Vg (p.u.) 1.0512 1.0316 1.0449 1.0441 T7_29 0.9361 0.9281 0.9361 0.9248
Vg3 (pu.) 1.0199 1.0210 1.0211 1.0196 T34 32 0.9007 0.9006 0.9002 0.9016
Vgs (p.u.) 0.9978 0.9983 1.0022 1.0152 T11-41 0.9062 0.9014 0.9062 09172
Vgs (p.u.) 1.0408 1.0358 1.0336 1.0288 T15_45 0.9108 0.9025 0.9108 0.9273
Vgo (p.u.) 1.0299 1.0359 1.0335 1.0296 T14_46 0.9473 0.9498 0.9543 0.9271
Vg2 (p.u.) 1.0003 1.0023 1.0003 1.0080 T10-51 0.9832 1.0018 0.9828 0.9904
Qe (pou) 0.0246 0.0618 0.0236 0.0631 T13_49 0.9017 0.9079 0.9017 0.9012
Qczs (pou.) 0.0581 0.0585 0.0583 0.0566 T11-43 0.9066 0.9195 0.9042 0.9267
Qcs3 (p-u.) 0.0602 0.0581 0.0619 0.0465 Ta0-46 1.0617 1.0379 1.0605 1.0161
Ta_18 1.0036 0.9462 1.0199 0.9181 T39_57 0.9036 0.9222 0.9188 0.9593
Ts 18 0.9436 1.0174 0.9591 1.0687 To_s5 0.9968 1.0100 0.9946 1.0223
T21-20 0.9866 0.9781 0.9731 0.9879

BBO DE KHA OKHA
Active power injected by UPFC (p.u.)
Sending end 0.0340 0.0718 0.0483 0.0664
Receiving end 0.0387 0.0699 0.0518 0.0684
Reactive power injected by UPFC (p.u.)
Sending end 0.0317 -0.0813 0.0347 —-0.0196
Receiving end 0.0293 0.0545 —0.0303 0.0082
Optimal location and parameters of UPFC
Optimal position 12-17 19-20 12-17 12-16
Series source voltage (rad) 0.0359 0.0611 0.0238 0.0529
Series source phase angle (rad) —0.0128 —0.0106 —0.0333 —0.1320
Shunt source voltage (p.u.) 1.0362 1.0271 1.0316 1.0118
Shunt source phase angle (rad) -0.0916 -0.0754 —0.0551 -0.0782
Loss (MW) 41.3703 41.7006 41.0127 40.7324
Voltage deviation (p.u.) 1.2117 1.2067 0.9875 0.0328
Computational time (s) 18.0723 14.8143 4.6327 41710

Active power loss minimization

The primary objective of ORPD is minimization of network
active power loss, while satisfying the operating constraints. This
objective function may be expressed as:

k=1

N,
f1 = min(Pps;) = min {ZGP (vf2 +V2 - 2V,V, cos eﬂ,)] 9)

where P, is the total active power loss; Gp is the conductance of
the pth branch connected between them fth and hth bus; 0p is
the admittance angle of the transmission line connected between
them fth and hth bus; Ny, is the number of transmission lines; Vy,
V), are the voltage magnitudes of fth and hth bus, respectively.

Voltage profile improvement

Minimization of deviations of voltages from desired values is
required since bus voltage is one of the most important security
and service quality indexes. The objective function of voltage pro-
file improvement, i.e. voltage deviation minimization at load buses,
maybe expressed as:

N,
f, = min (Z Vi = VP ) (10)

f=1

where Vy, is the voltage at the fth load bus; V{f is the desired volt-
age at the fth load bus, usually set to 1.0 p.u.

Simultaneous minimization of transmission loss and voltage deviation

In order to judge the effectiveness, the proposed method is also
applied to solve multi-objective ORPD problem. In multi-objective
optimization problem, a multiple objectives are optimized simul-
taneously while satisfying various equality and inequality con-
straints. In this article, to implement multi-objective OKH
algorithm for minimizing both transmission loss and voltage devi-

ation simultaneously, price penalty factor approach is introduced
to find the best compromising solutions. To improve the voltage
profile and to reduce the transmission loss, the objective function
may be described as follows:

fs=fi+pf xf, (11)

where f; is the combined voltage deviation and transmission loss
minimization objective function; f;, f, are the transmission loss
and voltage deviation minimization objective, and pf is the price
penalty factor.

System constraints

Equality constraint
The equality constraints of the ORPD problem are the active and
reactive power balance equations. These are given by:

Np
P¢, — P, = VY Vi [Gp cos (6 — 0n) + By sin (6; — 0)] = O,
h=1
f=1,....Ng (12)

Np
ch — QDf — szvh [Gjh sin ((‘)f — gh) — th Cos (9[ — Qh)] = 0.,
h=1
f=1,...,Ng (13)

where Gy, By, are the real and imaginary part of the bus admittance
matrix of the transmission line connected between them fth and
hth bus; Pg,, Qg, are the active and reactive power generation of
the fth bus; PDf, QDf are the active and reactive load demands of
the fth bus.
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Table 8

Simulation result of different algorithms for loss minimization (IEEE 118-bus system without UPFC).
Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vg1 (p.u.) 1.0860 1.0593 1.0898 1.0867 Vgso (p-u 1.0588 1.0946 1.0484 1.0889
Vga (pou.) 1.0267 1.0458 1.0169 1.0300 Voo (p.u.) 1.0135 1.0737 1.0070 1.0626
Vg (p.u.) 1.0486 1.0484 1.0444 1.0571 Vgor (p.u.) 1.0064 1.0684 0.9983 1.0630
Vgs (p.u.) 1.0409 1.0481 1.0333 1.0485 Vg (p.u.) 1.0231 1.0635 1.0136 1.0683
Vgio (pu.) 1.0116 1.0340 1.0467 1.0524 Vgog (p-u 1.0187 1.0265 1.0449 1.0431
Vg2 (p.u.) 1.0818 1.0797 1.0676 1.0678 V100 (p.ut.) 1.0259 1.0214 1.0533 1.0470
Vs (p.u.) 1.0384 1.0522 1.0270 1.0403 Vgi03 (p-.) 1.0301 0.9941 1.0416 1.0278
Vgis (p.u.) 1.0190 1.0301 1.0096 1.0272 Vg4 (po.) 1.0394 0.9798 1.0340 1.0114
Vg9 (pu.) 1.0101 1.0250 1.0169 1.0360 Vgi05 (p.u.) 1.0429 0.9898 1.0263 1.0064
Vgaa (put) 1.0141 1.0242 1.0128 1.0311 Vg107 (p.u.) 1.0701 0.9788 1.0125 0.9943
Vs (p.u.) 1.0392 1.0372 1.0553 1.0446 V10 (p-u.) 1.0214 0.9956 1.0243 1.0014
V26 (p.u1.) 1.0803 1.0983 1.0970 1.0755 Ve (p.u.) 1.0289 1.0004 1.0338 1.0099
Vg7 (pu.) 1.0744 1.0438 1.0875 1.0755 Vgi12 (p.u.) 0.9969 0.9747 1.0051 0.9783
Vg3 (p.u.) 0.9913 1.0189 1.0389 1.0630 Vg3 (p.u.) 1.0210 1.0387 1.0245 1.0494
Vg3, (put) 0.9937 1.0228 1.0275 1.0443 V16 (p-.) 1.0528 0.9955 1.0507 1.0531
Vgsa (p.u) 0.9864 1.0097 1.0350 1.0554 QCs (p.u.) ~0.0176 ~0.1516 ~0.2238 —0.2609
V36 (p.u.) 1.0062 1.0029 1.0440 1.0488 QC34 (pou. 0.0632 0.0472 0.1301 0.0489
V4o (p-u.) 0.9972 1.0115 1.0422 1.0462 QC37 (p.u. —-0.0160 —-0.0161 —0.0021 —0.0005
Vay (Pt 1.0058 1.0274 1.0322 1.0290 QCus (pou. 0.0980 0.0921 0.0970 0.0985
Vigas (p.U1.) 1.0270 1.0371 1.0400 1.0425 QCus (p.u. 0.0995 0.0651 0.0994 0.0978
Va0 (p.U1.) 1.0468 1.0410 1.0780 1.0794 QCys (pou. 0.0095 0.0849 0.0770 0.0098
Vgsa (p.u.) 1.0792 1.0604 1.0803 1.0858 QCys (p.u. 0.0016 0.0327 0.0048 0.0003
Vyss (p.u.) 1.0607 0.9969 1.0253 1.0219 QCy4 (pou. 0.0476 0.0327 0.0274 0.0860
Vgse (pu.) 1.0604 1.0011 1.0239 1.0191 QCyg (p.u. 0.1957 0.0314 0.1935 0.2000
Vgsg (pu.) 1.0612 0.9970 1.0230 1.0205 QCs; (p.u. 0.1958 0.11380. 0.1928 0.1940
Vge1 (p.u.) 1.0814 1.0178 1.0600 1.0578 QCg3 (p.u. 0.0989 0.0940 0.0976 0.0992
Ve (UL 1.0565 0.9868 1.0622 1.0558 QCio5 (pu.) 0.1853 0.1340 0.0613 0.0024
Vies (p-u.) 1.0507 1.0009 1.0560 1.0529 QCio7 (p.u.) 0.0472 0.0411 0.0429 0.0262
V6 (p-U.) 1.0604 0.9990 1.0445 1.0640 QCy10 (pou.) 0.0107 0.0032 0.0147 0.0528
Vge9 (p.u.) 1.0880 1.0266 1.0851 1.0962 Ts s 0.9946 0.9921 0.9806 0.9844
Vgro (pu.) 1.0470 1.0061 1.0411 1.0397 Ta6-25 1.0992 1.0114 1.0987 1.0983
Vg (pu) 1.0438 1.0245 1.0408 1.0316 T30-17 1.0105 0.9546 1.0295 0.9877
Vg73 (pu.) 1.0488 1.0050 1.0386 1.0371 T3g-37 1.0467 0.9082 0.9819 0.9919
Vgza (pL) 1.0347 0.9721 1.0297 1.0277 Te3_350 0.9483 0.9443 0.9661 0.9768
Vg76 (pu.) 1.0178 0.9669 1.0261 1.0199 Tea-61 1.0020 0.9889 0.9937 0.9982
V77 (p.) 1.0217 1.0276 1.0480 1.0423 Tes_66 1.0889 1.0483 1.0760 1.0997
Vigso (p.u.) 1.0242 1.0410 1.0532 1.0519 Tes—6o 0.9174 0.9027 0.9049 09171
Vgss (pW.) 1.0509 1.0506 1.0579 1.0622 Ts1_s0 1.0103 0.9486 0.9869 0.9813
Vgs7 (p.u.) 1.0466 1.0405 1.0493 1.0608

BBO DE KHA OKHA

Loss (MW) 188.9462 194.9291 183.5578 179.3371
Voltage deviation (p.u.) 1.7533 1.4466 2.0423 2.4609
Computational time (s) 20.0940 17.5881 6.3946 6.1364

Table 9

Simulation result of different algorithms for loss minimization (IEEE 118-bus system with UPFC).
Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vi (p.u.) 1.0944 1.0732 1.0969 1.0998 Vggo (P.u.) 1.0979 1.0731 1.0861 1.0897
Vs (p.u.) 1.0063 1.0356 1.0146 1.0332 Vgo0 (p u.) 1.0810 1.0372 1.0534 1.0641
Vge (p.u.) 1.0328 1.0587 1.0391 1.0562 Vgo1 (p.u.) 1.0799 1.0345 1.0507 1.0642
Vgs (p.u.) 1.0207 1.0484 1.0250 1.0467 Vgo2 (p u.) 1.0772 1.0441 1.0688 1.0714
Vgio (p-u.) 1.0401 1.0508 1.0514 1.0499 Voo (p.u1.) 1.0505 1.0435 1.0495 1.0573
Veiz (p) 1.0709 1.0667 1.0683 1.0662 Vg100 (p.u.) 1.0584 1.0600 1.0596 1.0593
Vgis (p.u.) 1.0173 1.0451 1.0233 1.0418 Vgi03 (p.u.) 1.0377 1.0481 1.0405 1.0406
Vs (p.u.) 1.0029 1.0306 1.0051 1.0257 Vgio4 (p.u.) 1.0237 1.0384 1.0221 1.0193
Vgio (p.u.) 1.0138 1.0357 1.0097 1.0339 V05 (p-u.) 1.0169 1.0339 1.0144 1.0144
Vgaa (pL) 1.0007 1.0276 1.0075 1.0254 Vgi07 (p-L) 1.0015 1.0298 1.0034 1.0003
Vgas (p.u.) 1.0372 1.0195 1.0571 1.0568 Vgi1o0 (p.u.) 1.0009 1.0367 1.0132 1.0007
Ve (p.u.) 1.0761 1.0662 1.0978 1.0997 Vg1 (p.u.) 1.0086 1.0472 1.0219 1.0047
Vg7 (p.u.) 1.0742 1.0784 1.0984 1.0999 Venz (p.u.) 0.9785 1.0182 0.9920 0.9846
Vg1 (p.) 0.9997 1.0429 1.0374 1.0574 Veiis (p-.) 1.0255 1.0472 1.0231 1.0473
Vg32 (p.u.) 0.9982 1.0357 1.0196 1.0430 Vgi16 (p.u.) 1.0203 1.0268 1.0568 1.0623
Vi34 (p.u.) 0.9952 1.0359 1.0292 1.0540 QCs (p.u.) —0.0002 —0.3257 —0.0044 —0.0023
V36 (p.u.) 1.0254 1.0193 1.0357 1.0090 QCs4 (p.u.) 0.0976 0.1372 0.1176 0.0457
Vo (p-1) 1.0229 1.0141 1.0346 1.0058 QC37 (p.u.) ~0.0062 ~0.0019 ~0.0007 ~0.0004
Vg (p.u1.) 1.0076 1.0060 1.0222 0.9932 QCu4 (p.u.) 0.0996 0.0960 0.0973 0.0988
Vgae (p.u.) 1.0166 1.0242 1.0360 1.0102 QCys (p.u.) 0.0996 0.0955 0.0999 0.0991
Va0 (p.UL.) 1.0711 1.0510 1.0579 1.0420 QCus (p.u.) 0.0617 0.0246 0.0252 0.0677
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Table 9 (continued)
Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vgsa (p.u.) 1.0525 1.0748 1.0913 1.0656 QCys (p.u.) 0.0714 0.0002 0.0009 0.0166
Vgss (p.u.) 0.9989 0.9969 1.0067 1.0418 QCy4 (p.u.) 0.0325 0.0558 0.0359 0.0944
Vgse (p.u.) 0.9959 0.9973 1.0063 1.0409 QCyg (p.u.) 0.1962 0.1940 0.1993 0.1969
Vgso (p.u.) 0.9971 0.9971 1.0069 1.0411 QCs; (p.u.) 0.1959 0.1934 0.1963 0.1985
Vger (pu.) 1.0372 1.0458 1.0409 1.0706 QCg3 (p.u.) 0.0976 0.0995 0.0979 0.0999
Vge2 (p.u.) 1.0505 1.0600 1.0511 1.0558 QCqps (p.u.) 0.1863 0.1952 0.0234 0.0529
Vges (p.u.) 1.0453 1.0571 1.0475 1.0520 QCyo7 (p.u.) 0.0313 0.0344 0.0569 0.0095
Vges (p.u.) 1.0227 1.0351 1.0667 1.0720 QCqy0 (pou.) 0.0091 0.0123 0.0099 0.0550
Vgeo (pu.) 1.0760 1.0849 1.0916 1.0817 Ts 5 0.9914 0.9803 0.9982 0.9911
V7o (p.u.) 1.0514 1.0219 1.0548 1.0578 Ta6-25 1.0997 1.0923 1.0978 1.0991
Vg72 (pu.) 1.0384 1.0140 1.0516 1.0517 T30-17 1.0071 0.9880 1.0128 0.9877
V73 (p.u.) 1.0450 1.0171 1.0509 1.0506 T3 37 0.9821 1.0094 0.9946 1.0210
Vg74 (pu.) 1.0401 1.0058 1.0416 1.0481 Te3-59 0.9657 0.9696 0.9824 0.9683
Vgze (p.u.) 1.0352 1.0089 1.0330 1.0421 Tea_61 0.9915 0.9927 1.0072 0.9932
Vg77 (pu.) 1.0597 1.0396 1.0606 1.0606 Tes-66 1.0903 1.0903 1.0983 0.9045
Vgso (p.u.) 1.0727 1.0523 1.0709 1.0730 Tes—69 0.9007 0.9120 0.9048 0.9016
Vggs (p.u.) 1.0586 1.0546 1.0647 1.0647 Ts1-s0 0.9428 0.9606 0.9617 0.9589
Vgs7 (p.u.) 1.0604 1.0531 1.0570 1.0588
BBO DE KHA OKHA
Active power injected by UPFC (p.u.)
Sending end 0.0364 0.0147 0.0446 0.0511
Receiving end 0.0289 0.0182 0.0392 0.0372
Reactive power injected by UPFC (p.u.)
Sending end 0.0235 0.0109 0.0346 0.0164
Receiving end —0.0205 0.0082 0.0361 —-0.0186
Optimal location and parameters of UPFC
Optimal position 100-106 103-110 108-109 103.105
Series source voltage (p.u.) 0.0643 0.0344 0.0613 0.0718
Series source phase angle (rad) —0.2272 —0.4581 —0.1895 —0.3654
Shunt source voltage (p.u.) 1.0254 1.0537 1.0269 1.0450
Shunt source phase angle (rad) —0.1954 -0.3216 —0.1058 —0.2552
Loss (MW) 181.3006 185.3712 178.4892 176.2346
Voltage deviation (p.u.) 1.7683 1.9044 2.2657 2.3178
Computational time (s) 22.6346 19.4245 8.5792 8.3699
min max
260 ch <Vg < ch , f=1,...,N¢ (14)
min max
ch gQCngcf 5 f:17"'7NC (15)
TP < T < TP, f=1,...,Nr (16)

Transmission Loss (MW)

1 70 L L L
0 20 40 60 80 100

Iteration Cycles

Fig. 4. Transmission loss convergence graph using different algorithms of IEEE 118-
bus with UPFC.

Inequality constraints

In ORPD problem, the inequality constraints are the restrictions
on transformer tap setting, reactive power generation, bus voltage
and power flow through the transmission lines.

The independent variables of ORPD problem are the generator
bus voltages, transformer tap position and the amount of reactive
power source installation. These inequality constraints can be
given as:

where vg}i", ngx are the minimum and maximum generator voltage of

min

the fth bus respectively; Qg™ Qg;ax are the minimum and maximum
reactive power injection of the fth shunt compensator, respectively;
T}“‘“, T/ are the minimum and maximum tap setting of the fth trans-
mission line; N is the number of generators; N¢ is the number of shunt
compensators and Nr is the number of tap changing transformers.

The dependent variables of ORPD problem are the reactive
power output of the generators, transmission line loading and load
voltages. These constraints can be expressed as:

VitV SVER f=1 N (7)
Q"< Qg <Qg™ f=1....Ng (18)
S, <SP, f=1,...,Nn (19)

where V{‘f‘i“, Vf]‘a" are the minimum and maximum voltage of the fth

min max

load bus respectively; o » Qg are the minimum and maximum

reactive power generation of the fth generator bus respectively;
S{’j‘ax is the maximum apparent power flow in the fth line; N; is

the number of load buses.
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Table 10
Simulation result of different algorithms for voltage deviation minimization (IEEE 118-bus system without UPFC).
Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vg (p-u.) 1.0798 1.0588 1.0428 1.0415 Vg0 (p.U.) 0.9986 1.0179 1.0081 1.0092
Vga (p.u.) 0.9829 1.0096 0.9876 1.0073 Vo0 (p.u.) 0.9840 1.0953 1.0885 1.0129
Vs (p-u.) 1.0267 0.9936 1.0268 0.9952 Vgor (p.u.) 0.9818 1.0874 1.0806 1.0048
Vs (p.u.) 1.0181 1.0003 1.0263 1.0000 Vo2 (p.u) 1.0058 1.0676 1.0623 1.0152
Vgio (p.u.) 1.0430 1.0122 1.0416 0.9956 Vggg (pu.) 1.0570 1.0004 1.0056 0.9901
Vei2 (p.u.) 0.9515 0.9803 0.9509 0.9979 Vgi00 (p-u.) 1.0314 1.0269 1.0318 1.0217
Vgis (p.u.) 1.0188 1.0011 1.0239 1.0045 Vgi03 (p-u.) 1.0268 1.0988 1.0918 0.9799
Vgis (p.u.) 0.9979 0.9801 1.0005 0.9804 Vgi04 (pu.) 0.9871 1.0755 1.0283 1.0497
Vgio (p.u.) 0.9633 0.9701 0.9768 1.0137 ngs (p.u.) 1.0079 1.0444 0.9968 1.0186
Vgaa (pou.) 0.9829 0.9720 0.9952 0.9918 Vgi07 (pu.) 0.9997 1.0688 1.0435 1.0250
Vgas (p.u.) 1.0187 1.0357 1.0122 1.0266 Vgi1o (p-u.) 0.9998 0.9830 1.0110 1.0291
Vg6 (p.u.) 1.0967 1.0860 1.0995 1.0983 Vgin1 (pu.) 1.0370 0.9531 0.9795 1.0788
Vg7 (p.u.) 1.0983 1.0858 1.0481 0.9622 Vg2 (p.u.) 1.0366 1.0391 1.0398 1.0807
V31 (p.u.) 1.0092 1.0703 0.9928 1.0101 Vgi13 (p.u.) 1.0042 0.9976 1.0292 0.9924
Vg3a (p.u.) 1.0026 1.0114 1.0108 1.0036 Vgi16 (p.U.) 1.0259 1.0898 1.0569 1.0160
Vg3a (p.u.) 1.0014 1.0665 0.9835 1.0030 QCs (p.u.) -0.3067 —0.0005 —0.3963 —0.3997
Vg3s (p.u.) 1.0322 0.9824 1.0103 1.0056 QC34 (p-u.) 0.1127 0.0680 0.1267 0.1196
Vgao (p0) 1.0325 0.9896 1.0056 1.0014 QC3; (p.u.) ~0.1857 ~0.0314 ~0.2204 ~0.2460
Vg (p.u.) 1.0345 1.0107 0.9994 1.0076 QCy4 (p-u.) 0.0502 0.0986 0.0981 0.0020
Vgas (p.u.) 1.0608 1.0009 1.0367 1.0155 QCys (p-u.) 0.0182 0.0961 0.0564 0.0005
Vigao (p.u.) 1.0788 1.0391 1.0530 1.0746 QCy6 (p-u.) 0.0812 0.0068 0.0292 0.0729
Vigsa (pu) 1.0895 1.0446 1.0572 1.0631 QCyg (p.u.) 0.0068 0.0005 0.0024 0.0012
Vgss (p.u.) 1.0355 1.0232 1.0197 1.0492 QCy4 (p.u.) 0.0177 0.0722 0.0748 0.0259
Vgss (p.u.) 1.0368 1.0215 1.0155 1.0439 QCyg (p-u.) 0.0483 0.0027 0.1776 0.0048
Vgso (p.u.) 1.0348 1.0242 1.0175 1.0482 QCg (p.u.) 0.1574 0.1189 0.1986 0.1986
Vger (p-u.) 1.0484 0.9754 1.0118 1.0350 QCs3 (p-u.) 0.0788 0.0997 0.0974 0.0984
Voo (p.u.) 1.0270 1.0041 1.0425 1.0394 QCys (p-u.) 0.0686 0.0853 0.0429 0.1892
Vges (p.u.) 1.0300 1.0150 1.0519 1.0462 QCyg7 (p-u.) 0.0582 0.0587 0.0153 0.0165
Vees (p.u.) 1.0267 1.0925 1.0571 1.0145 QCyy0 (p-u.) 0.0103 0.0155 0.0427 0.0053
Voo (p-U.) 0.9924 0.9589 0.9716 0.9760 Ts s 1.0264 1.0030 1.0638 0.9828
Vgro (p.u.) 0.9972 1.0094 1.0330 1.0276 Ta6_25 1.0273 1.0344 1.0918 1.0951
Ve72 (p.u.) 1.0183 1.0191 0.9971 1.0088 T30_17 0.9966 1.0140 0.9343 1.0315
Vg3 (p.u.) 1.0066 1.0084 1.0106 1.0084 Tsg 37 0.9367 0.9490 0.9037 0.9846
V74 (p-u.) 0.9979 0.9977 1.0041 1.0069 Te3_s9 0.9396 0.9929 0.9513 0.9538
Vgre (p.u.) 1.0067 1.0075 1.0084 1.0103 Tea_61 0.9741 0.9800 0.9788 0.9802
Vgr7 (p.u.) 1.0215 1.0256 1.0072 1.0087 Tes_66 0.9342 0.9058 1.0861 1.0979
Vigso (p.u.) 1.0268 1.0496 1.0237 1.0478 Tes_s0 0.9125 0.9308 0.9000 0.9017
Vs (pu.) 1.0271 1.0037 1.0186 1.0166 Ts1 80 0.9507 0.9610 0.9664 0.9162
Vg7 (p.u.) 0.9855 1.0271 1.0044 1.0051
BBO DE KHA OKHA
Loss (MW) 210.1989 230.1933 226.8364 219.1350
Voltage deviation (p.u.) 1.0250 1.1104 0.8588 0.7740
Computational time (s) 20.1347 17.4892 6.4700 6.1634
Algorithms MF = oM™ 4 o, MF! (20)
Krill herd algorithm where
o = anew + atarget (21)
Krill herd algorithm (KHA) [25,26] is a novel meta-heuristic
swarm intelligence optimization method for solving optimization s
problems, which is based on the simulation of the herding of the ot = ZFU' ¥ij (22)
krill swarms in response to specific biological and environmental j=1
processes. The time-dependent position of an individual krill in where
2D surface is governed by the following three main actions:
W, = X% (23)
I. Movement induced by other krill individuals. |xi —x;| + rand(0, 1)
I. Foraging action.
[1I. Random diffusion. = Fi—F; (24)
Fy—Fy
These actions are briefly explain and mathematically expressed
as follows: ofereet 2 <rand(o, 1)+ )r?“f et (25)
max

Motion induced by other krill individuals

The direction of motion induced, ¢; is approximately estimated
by the target swarm density (target effect), a local swarm density
(local effect), and a repulsive swarm density (repulsive
effect). For a krill individual, this movement can be defined as
follows:

where M™ is the maximum induced motion; M¥, M*' are the
induced motion of the ith krill at the kth and (k — 1)th movement;
o, is the inertia weight of the motion induced; o, o{*®* are the
local and the target effect, respectively; F,, F, are the worst and
the best position respectively, among all krill individuals, of the
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Table 11
Simulation result of different algorithms for voltage deviation minimization (IEEE 118-bus system with UPFC).

Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vg (pu.) 1.0524 1.0433 1.0465 1.0192 Vgso (p.u.) 0.9993 1.0041 1.0120 1.0046
Vg4 (p.u.) 1.0530 1.0180 0.9905 1.0036 Vgoo (p-u.) 1.0677 0.9814 0.9513 1.0262
Vgs (p.u.) 1.0159 1.0496 1.0314 1.0115 Vgor (p.u.) 1.0679 0.9794 0.9569 1.0290
Vgs (p.u.) 1.0089 1.0587 1.0102 0.9996 Va2 (p.u.) 1.0506 1.0036 0.9832 1.0165
Vg0 (p.u.) 1.0035 1.0804 1.0737 1.0052 Vggg (p-u.) 0.9717 1.0220 1.0070 0.9872
Vei2 (pu.) 0.9876 0.9520 0.9509 0.9852 Vgioo (p-u.) 1.0021 1.0326 1.0390 1.0218
Vgis (p.u.) 1.0199 1.0412 1.0226 1.0086 Vgi03 (p.u.) 1.0534 0.9614 1.0938 1.0694
Vgig (p.u.) 1.0009 1.0158 1.0096 0.9910 Vgio4 (p-u.) 1.0260 1.0094 1.0421 1.0386
Vg9 (p.u.) 1.0027 1.0421 1.0095 0.9944 ngs (p-u.) 1.0040 1.0145 1.0099 1.0080
Vgaa (pu.) 1.0041 1.0223 1.0215 0.9998 Vgio07 (p-u.) 1.0500 1.0228 0.9975 1.0192
Vgos (p.u.) 1.0761 1.0384 1.0009 1.0412 Vgi10 (p-u.) 1.0033 0.9898 1.0129 0.9997
Vg26 (pu.) 1.0980 1.0494 1.0153 1.0379 Vginr (p.u.) 0.9784 1.0210 1.0636 0.9688
Vg7 (p.u.) 1.0320 1.0072 1.0158 1.0111 V12 (pu.) 1.0603 1.0058 0.9732 1.0568
V31 (p.u.) 1.0666 1.0153 1.0656 1.0603 Vgi13 (p.u.) 1.0061 1.0288 1.0471 1.0124
Vg32 (pou.) 1.0108 0.9973 1.0010 0.9972 V116 (p.u.) 1.0092 1.0251 0.9857 0.9957
Vg3 (pu.) 1.0628 1.0106 1.0579 1.0516 QCs (p.u.) —0.2875 -0.1697 -0.3347 —0.3694
Vgse (p.u.) 0.9727 1.0296 0.9964 1.0148 QC34 (p.u.) 0.0955 0.1266 0.1189 0.0893
Va0 (p.u.) 0.9825 1.0318 0.9951 1.0029 QC37 (p.u.) —0.0100 —0.0699 —-0.0707 —0.2496
Vs (p.u.) 1.0157 1.0506 1.0125 1.0018 QCyy (p-u.) 0.0998 0.0423 0.0991 0.0067
Vgas (pu.) 1.0275 1.0424 0.9990 1.0296 QCys (p.u.) 0.0979 0.0505 0.0985 0.0102
Vgao (p.u.) 1.0389 1.0765 1.0330 1.0916 QCy6 (p-u.) 0.0033 0.0153 0.0049 0.0292
Vgsa (p.u.) 1.0483 1.0828 1.0506 1.0605 QCys (p-u.) 0.0075 0.0055 0.0006 0.0013
Vgss (p.u.) 1.0394 1.0466 1.0356 0.9739 QC74 (p-u.) 0.0631 0.0071 0.0894 0.0274
Vise (p.u.) 1.0347 1.0433 1.0291 0.9638 QCy9 (p.u.) 0.0017 0.0309 0.0007 0.0088
Vgso (p.u.) 1.0372 1.0473 1.0339 0.9703 QCg, (p.u.) 0.1881 0.1746 0.1998 0.1980
V61 (p.u.) 1.0726 1.0247 1.0432 1.0598 QCg3 (p.u.) 0.0187 0.0990 0.0995 0.0947
Ves2 (p.u.) 1.0142 0.9811 0.9990 0.9964 QCqps (p.u.) 0.1466 0.1617 0.1028 0.1195
Vs (p.u.) 1.0189 0.9718 0.9985 0.9995 QCqp7 (p.u.) 0.0193 0.0263 0.0592 0.0114
Vgss (p.u.) 0.9901 1.0318 0.9964 0.9951 QCqqp (p.u.) 0.0425 0.0193 0.0232 0.0312
Ve (p.u.) 1.0013 1.0536 1.0176 1.0194 Ts 5 1.0235 1.0599 1.0445 1.0498
Vg0 (p.u.) 1.0856 0.9961 0.9976 1.0033 Ta6_25 0.9027 0.9224 1.0976 1.0903
V72 (pou.) 1.0690 1.0222 1.0074 1.0229 T30 17 1.0131 1.0032 0.9003 0.9678
V73 (p.u.) 1.0709 1.0088 1.0002 1.0080 Tss 37 0.9425 0.9013 1.0023 0.9961
Vg4 (p.u.) 1.0802 1.0162 1.0049 1.0137 Te3-59 0.9409 1.0062 0.9629 0.9529
V76 (p.u.) 1.0536 1.0093 1.0053 1.0027 Te4_61 0.9782 0.9517 1.0049 1.0009
Vg77 (p.u.) 1.0189 1.0074 1.0122 1.0100 Tes—66 0.9001 0.9191 0.9023 0.9107
Vgso (p.u.) 1.0438 1.0374 1.0304 1.0293 Tes_69 0.9006 0.9017 1.0693 0.9750
Vgss (p.u.) 1.0237 1.0263 1.0130 1.0248 Ts1_ 80 0.9165 0.9248 0.9423 0.9590
Vgg7 (p.u.) 0.9936 0.9909 1.0109 0.9908

BBO DE KHA OKHA
Active power injected by UPFC (p.u.)
Sending end 0.0261 0.0482 0.0277 0.0293
Receiving end 0.0235 0.0389 0.0178 0.0283
Reactive power injected by UPFC (p.u.)
Sending end 0.0153 0.0275 -0.0164 0.0258
Receiving end —-0.0084 0.0146 0.0341 0.0106
Optimal location and parameters of UPFC
Optimal position 62-67 49-69 49-69 65-68
Series source voltage (p.u.) 0.0614 0.0347 0.0285 0.0492
Series source phase angle (rad) -0.1267 —0.0964 -0.3166 —0.2462
Shunt source voltage (p.u.) 1.0382 1.0543 1.0892 1.0630
Shunt source phase angle (rad) —0.3194 —0.1358 —0.2203 -0.3677
Loss (MW) 210.6723 223.9840 218.1042 222.2589
Voltage deviation (p.u.) 1.0124 1.0312 0.7318 0.6742
Computational time (s) 22.5217 19.6005 8.4871 8.2870

population; F;, F; are the fitness value of ith and jth individuals,
respectively; i is the current iteration number and iy, is the maxi-
mum iteration number.

To identify the neighboring members of each krill individual, a
sensing distance (S;) parameter is used. If the distance between
the two individual krill is less than the sensing distance, that par-
ticular krill is considered as neighbor of the other krill. The sensing
distance may be defined by:

1 S
Sdi = ﬁg}x, —Xj}

(26)

where S is the number of krill individuals surrounding the particu-
lar krill; X;, X; are the position of the ith and jth krill, respectively.

Foraging action

The foraging motion M}: is covered in terms of two main
effective parameters. The first one is the current food location
and the second one is the previous experience about the food loca-
tion. This motion can be expressed for the ith krill individual as
follows:

M} = 0.028; + oM ! (27)
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(28)

where wy is the inertia weight of the foraging motion; Mj’fi", M}‘X is
the foraging motion of the ith krill at (k — 1)th and kth movement.

The diffusion process of the krill individuals is considered as a
random phenomenon. It may be represented in terms of a maxi-
mum diffusion speed and a random directional factor and may
(29)

where M7** is the maximum diffusion motion; 4 is the directional
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Fig. 5. Voltage deviation convergence graph using different algorithms of IEEE 118-

bus with UPFC.

vector uniformly distributed between (-1,1).

Position update
Finally, the position of the ith krill during the time interval t to
At may be expressed as:

Table 12

Simulation result of different algorithms for simultaneous minimization of loss and voltage deviation (IEEE 118-bus system without UPFC).
Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vgi (p.u.) 1.0154 0.9904 1.0137 0.987 Vgso (p.u.) 1.0789 1.0591 1.0375 1.074
Vs (pu.) 1.0259 1.0176 1.0798 1.0287 Voo (p.u.) 1.0730 1.0440 0.9748 1.049
Vgs (p.u.) 1.0104 1.0208 1.0430 1.0415 Vo1 (p.u.) 1.0212 1.0126 0.9898 1.0563
Vs (p.u.) 1.0448 1.0309 1.0757 1.0518 Vo2 (p.u.) 1.0225 1.0313 1.0155 1.0413
Vgio (p-u.) 1.0620 09714 1.0731 1.089 Voo (p.u.) 1.0342 1.0658 1.0005 1.0707
Vg2 (p.u.) 1.0109 1.0253 1.0377 1.0233 Vgioo (p.u.) 1.0002 1.0647 1.0197 1.0485
Vgis (p.u.) 0.9798 1.0320 0.9971 1.0119 Vgio3 (p.u.) 1.0173 1.0598 1.0466 1.0413
Vgig (p.u.) 1.0127 1.0429 1.0281 0.9901 Vgi04 (p-u.) 1.0108 1.0484 1.0202 1.0031
Vgio (pu.) 0.9794 1.0295 0.9975 1.0021 Vgios (p.u.) 1.0201 1.0556 0.9943 1.0083
Vgos (p.u.) 0.9956 1.0032 1.0573 1.0465 Vgio07 (P. ) 0.9873 1.0924 1.0301 1.0117
Vgas (p.u.) 1.0419 1.0956 1.0944 1.0645 Vgito (p- 0.9959 1.0069 1.0124 1.0352
Va6 (p-u.) 1.0631 1.0523 1.0964 1.0777 Va1 (p. u) 1.0262 0.9966 1.0087 1.0362
Vg7 (pu.) 1.0059 1.0748 1.0097 1.0076 Vgi12 (p.u.) 1.0072 0.9894 0.9989 1.0364
V31 (p.u.) 0.9835 0.9726 1.0432 0.9693 Vi3 (p.u.) 1.0164 1.0629 1.0354 0.9898
Vg3 (pu.) 0.9927 1.0304 1.0245 1.0096 Vgi16 (p.u.) 1.0158 0.9954 1.0418 1.0073
Vg3 (pou.) 1.0277 1.0109 1.0206 1.0419 QCs (p.u.) —-0.1469 —-0.3607 —0.0538 —0.3865
Vg3 (pu.) 1.0047 1.0065 0.9923 1.0551 QC34 (p-u.) 0.1256 0.1249 0.0208 0.094
Vgao (p.u.) 1.0096 1.0162 1.0259 0.9975 QC37 (p.u.) —-0.1059 —0.0643 —-0.0740 —-0.0352
Va2 (pu.) 1.0142 1.0374 0.9890 0.9704 QCyy (p-u.) 0.0227 0.0203 0.0812 0.0104
Vs (p-u.) 1.0675 1.0509 1.0235 1.0398 QCys5 (p.u.) 0.0231 0.0535 0.0113 0.0952
Vgao (p-u.) 1.0562 1.0778 1.0253 1.0459 QCys (p-u.) 0.0926 0.0149 0.0078 0.0523
Vgsa (p.u.) 1.0370 0.9973 1.0196 1.0116 QCys (p.u.) 0.0152 0.1118 0.0299 0.0649
Vgss (p.u.) 1.0200 1.0259 1.0145 0.9898 QC74 (p-u.) 0.1099 0.0920 0.1142 0.0993
Vgse (p.u.) 1.0228 1.0179 1.0202 0.9952 QCy9 (p.u.) 0.1085 0.1722 0.0383 0.0809
Vgso (pu.) 1.0514 1.0811 1.0130 1.0324 QCg, (p-u.) 0.1919 0.1852 0.1684 0.1333
Vge1 (p.u.) 1.0554 1.0899 1.0605 1.0340 QCg3 (p.u.) 0.0172 0.0583 0.0736 0.0013
Ves2 (p-u.) 1.0607 1.0803 1.0254 1.0368 QCps (p.u.) 0.0634 0.1921 0.0490 0.058
Vgss (p.u.) 0.9965 1.0464 1.0294 1.0129 QCyo7 (p.u.) 0.0071 0.0476 0.0491 0.0506
Vges (p-u.) 1.0777 1.0896 1.0329 1.0596 QCq1o (p.u.) 0.0094 0.0562 0.0202 0.0394
Vgso (p.u.) 1.0666 1.0684 1.0814 1.0811 Ts_s 1.0773 0.9679 1.0149 1.0151
Vgr0 (p-u.) 0.9745 1.0093 1.0141 1.0298 T26 25 0.9788 0.9845 0.9858 1.0869
Vg72 (p.u.) 1.0276 0.9696 1.0042 1.0463 T30-17 1.0578 0.9194 0.9861 1.0113
Vgr3 (p-u.) 0.9703 1.0252 1.0516 1.0626 Tss 37 0.9506 1.0235 0.9511 0.9673
Vg4 (p.u.) 0.9898 0.9698 1.0170 1.0296 Te3-59 1.0054 0.9001 1.0679 0.9527
Vg6 (p-u.) 0.9868 0.9711 1.0281 1.0074 Te4_61 0.9933 0.9619 1.0130 0.9642
Vg77 (p.u.) 1.0521 1.0078 1.0492 1.0314 Tes-66 0.9762 0.9552 1.0731 1.0268
Vgso (p-u.) 1.0469 1.0113 1.0421 1.0351 Tes-69 0.9054 0.9296 0.9353 1.0515
Vgss (p.u.) 1.0597 1.0205 1.0027 1.0260 Ts1-s0 1.0633 0.9849 0.9265 1.0085
Ves7 (pu.) 1.0121 0.9998 0.9959 1.0888

BBO DE KHA OKHA

Loss (MW) 202.5037 205.1311 203.0830 194.9155
Voltage deviation (p.u.) 1.3035 1.3440 1.2888 1.2218
Computational time (s) 20.1372 17.9003 6.2712 6.1547
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Table 13
Simulation result of different algorithms for simultaneous minimization of loss and voltage deviation (IEEE 118-bus system with UPFC).
Control variables BBO DE KHA OKHA Control variables BBO DE KHA OKHA
Vg1 (p.u.) 0.9944 1.0014 1.0022 0.9944 Vggg (p.u.) 1.0155 1.0163 1.0422 1.0955
Vga (p.u.) 1.0223 1.0160 1.0311 1.0244 Vgoo (p-u1.) 1.0484 0.9507 1.0441 1.0662
Vg (p.u.) 0.9918 0.9955 1.0006 1.0108 Vgor (p.u.) 1.0085 0.9939 1.0113 1.0603
Vgs (p.u.) 1.0169 0.9532 1.0067 1.0855 Vgoz (p.ut.) 0.9929 1.0379 1.0271 1.0708
Vg0 (pu.) 0.9791 1.0202 1.0775 1.0998 Vggg (p.u.) 0.9589 1.0623 1.0335 1.0572
Vg2 (pu.) 1.0037 1.0264 1.0004 1.0091 Vg0 (p-t.) 1.0353 1.0393 1.0316 1.0717
Vs (p.u.) 0.9747 1.0096 1.0302 1.0198 V103 (p-u.) 1.0298 1.0493 1.0514 1.0715
Vgis (p.u.) 0.9952 1.0302 1.0388 1.0168 Vgio4 (p.u1.) 1.0322 1.0909 1.0121 1.0712
Vg9 (pu.) 1.0102 1.0297 1.0145 1.0155 ngs (p.u.) 1.0120 1.0108 0.9901 1.0639
Vgaa (pu1) 1.0602 1.0012 1.0260 1.0338 Vgio7 (p-u.) 1.0151 1.0688 1.0350 1.0470
Vs (p.u.) 1.0154 1.0767 1.0834 1.0937 Vg (p.u.) 0.9923 0.9845 1.0076 1.0617
Vgae (p.u.) 1.0106 1.0055 1.0437 1.0977 Ve (p.u.) 1.0335 0.9548 1.0505 1.0643
Vg7 (pau.) 1.0293 0.9764 1.0104 1.0430 Vei2 (pu.) 0.9665 1.0482 0.9990 1.0565
V31 (p.u.) 0.9936 1.0023 0.9865 1.0238 Veirs (p.u.) 1.0169 0.9997 1.0167 1.0459
V3, (pu) 0.9865 1.0224 1.0155 1.0343 V16 (p-.) 1.0447 0.9628 1.0045 1.0573
Vg3 (pu.) 1.0288 1.0458 1.0118 1.0136 QCs (p.u.) —0.1246 —0.2359 —0.2282 —0.0988
V36 (puL.) 0.9804 0.9961 1.0043 1.0081 QC34 (p.u.) 0.0056 0.0369 0.0211 0.0027
Veao (p.u) 1.0186 1.0126 1.0032 1.0065 QC37 (p.u.) -0.1669 —0.0685 -0.1209 —0.0264
Veay (P11 0.9725 1.0076 1.0306 1.0185 QCy4 (pu.) 0.0747 0.0574 0.0691 0.0790
Vigas (p.11.) 1.0117 1.0161 1.0413 1.0355 QCys (p.u.) 0.0300 0.0725 0.0901 0.0868
Va0 (pU1.) 1.0060 1.0040 1.0053 1.0457 QCys (p.u.) 0.0285 0.0765 0.0613 0.0784
Visa (pou.) 1.0153 0.9972 1.0287 1.0090 QCys (pu.) 0.0313 0.0286 0.0070 0.0037
Vss (p.u.) 1.0581 0.9901 1.0213 1.0149 QCy4 (p.u.) 0.0050 0.0239 0.0749 0.0204
Vigse (p-u.) 1.0381 1.0130 1.0212 1.0128 QCy (p.u.) 0.1214 0.1392 0.1379 0.1907
Vyso (p-U.) 1.0572 1.0130 1.0176 1.0300 QCs, (p.u.) 0.1633 0.1284 0.1812 0.1910
Vg1 (pL) 0.9726 0.9998 0.9940 1.0078 QCg3 (p.u.) 0.0874 0.0004 0.0693 0.0610
Ve (p-UL) 0.9757 1.0187 0.9755 1.0193 QCro5 (p.u.) 0.1791 0.1602 0.1595 0.1143
Viges (p.u.) 0.9931 0.9612 1.0202 1.0637 QCig7 (p.u.) 0.0036 0.0273 0.0036 0.0066
Vg6 (P-U.) 1.0366 1.0078 1.0383 1.0629 QCy10 (p.u.) 0.0201 0.0143 0.0400 0.0032
Ve (p.u.) 1.0452 0.9836 1.0472 1.0621 Ts 5 0.9637 1.0182 0.9655 1.0435
Vg7o (pu.) 0.9853 1.0418 1.0302 1.0178 Ta6-25 1.0374 1.0238 1.0667 1.0864
Vg7 (pou.) 0.9528 1.0120 1.0236 1.0165 T30.17 0.9460 1.0712 09111 1.0224
Vg73 (pu.) 1.0137 0.9761 0.9579 1.0161 T3g-37 0.9608 1.0004 1.0491 1.0192
Vgza (pL) 0.9603 1.0065 0.9829 1.0052 Te3-30 0.9717 0.9654 0.9101 0.9696
Vg76 (pu.) 1.0323 1.0462 1.0264 0.9893 Tesa-61 1.0211 1.0663 1.0328 1.0315
V77 (pw.) 1.0193 1.0171 1.0006 1.0068 Tes_66 0.9799 1.0715 0.9469 1.0253
Vigso (p.u.) 1.0416 1.0279 1.0355 1.0267 Tes_6o 0.9436 0.9088 0.9549 0.9274
Vg (p.u.) 1.0092 1.0399 1.0285 1.0451 Ts1_s0 0.9184 0.9454 0.9218 1.0076
Vgg7 (p.u.) 1.0005 1.0066 0.9964 1.0263
BBO DE KHA OKHA
Active power injected by UPFC (p.u.)
Sending end 0.0238 0.0417 0.0182 0.0295
Receiving end 0.0226 0.0429 0.0211 0.0284
Reactive power injected by UPFC (p.u.)
Sending end —0.0316 0.0206 0.0344 0.0267
Receiving end 0.0284 —0.0137 0.0224 0.0230
Optimal location and parameters of UPFC
Optimal position 49-54 50-57 56-58 50-57
Series source voltage (p.u.) 0.0583 0.0982 0.0643 0.0695
Series source phase angle (rad) —0.0828 —0.1042 —0.0837 -0.0571
Shunt source voltage (p.u.) 1.0346 1.0283 1.0498 1.0428
Shunt source phase angle (rad) —0.1221 —0.1006 —0.0672 —0.0390
Loss (MW) 194.3421 197.0782 192.6608 190.3824
Voltage deviation (p.u.) 1.2842 1.3018 1.2715 1.1944
Computational time (s) 22.8240 19.7211 8.3772 8.3069
Xi(t + At) = x(t) + At (1\/11< + M)’f, + M’ﬂ‘,,) (30) Moreover, to improve the behavior of the individual Krill, two
: ' adaptive genetic operators of DE are added to the proposed algo-
where rithm. These two operators are briefly described below:
N Genetic operators
AL=6 ;(u‘ k) (31) To improve the performance of the algorithm, genetic reproduc-

where N is the total number of control variables; u;, I; are the upper
and lower limits of the ith control variable; ¢, is the position con-
stant factor.

tion mechanisms are incorporated into the algorithm. The intro-
duced adaptive genetic reproduction mechanisms are crossover
and mutation which are inspired from the classical DE algorithm.
These two operations are described as follow:
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Crossover

In this process, depending on crossover probability, each krill
individual interacts with others to update its position. The jth com-
ponents of the ith krill may be updated by

Y, if rand < ¢, . .
'Pijz{ J wherer=1,2,3...;i—-1,i+1,...,Np

¥;; else
(32)

where ¢, = 0.2

Mutation

The mutation operation creates mutant vectors ¥]; by per-
turbing the vector Wj.; with the difference of two other randomly
selected vectors ¥,; and ¥,; as per following equation.

Wi = Phestj + 1(Poj — Ppj) (33)

The updated position of ‘I’{?"d is selected from ¥;; and ¥;; using
mutation probability y, as follows:

o _ { P if rand < p,
ij -

¥y if rand > p, (34)

Opposition based learning

Various optimization techniques start with some initial solu-
tions and gradually try to improve them by converging them
towards optimal values. Whenever any predefined criteria are sat-
isfied, the search process stops. In the absence of any priori infor-
mation, random guesses are made for taking up an initial solution.
The distance of the random initial guesses from the optimal solu-
tion determines the computational time of execution of the search
algorithm. Opposition-based learning (OBL) introduced by Tiz-
hoosh [27] is one of the most successful concepts in computational
intelligence, which enhances the search abilities of the conven-
tional population based optimization techniques in solving nonlin-
ear optimization problem. The main idea behind OBL is to consider
the opposite of an assumption or a guess and comparing it with the
original assumption, thereby improving the chances to find a solu-
tion faster. By simultaneously checking the opposite solution, the
chance of starting with a closer or fitter solution can be improved.
The OBL concept is based on the opposite point and opposite num-
ber which are defined as the following:

Opposite number: Let x € [, f] be a real number. Its opposite
number x° is defined by:

X =04 p—x (35)

Opposite point: Let P(x1,Xs,...,xr) be a point in T-dimensional
space, where x; € [o, 3], Vre{1,2,.... ,T}. The opposite point

P°(x9,x3,...,x0) is defined by its components:

X =0+ f—Xr (36)

Opposition based optimization

Opposition based optimization is based on opposition-based
initialization and opposition-based generation jumping which are
briefly described below:

Opposition-based initialization. In absence of priori knowledge, the
only choice to create an initial population is random number gen-
eration. Oppositional learning can be utilized to obtain a fitter
starting candidate solution without any prior knowledge about
the solutions.

Initialization of opposite population (OP) may be described as
follows:

forr=1:np (n, = population size)
for s =1:ny4 (ng = number of control variables)
OP;s = as + bs — Prs
end
end

Opposition-based generation jumping. A similar approach can be
applied to the current population by which the evolutionary pro-
cess can be forced to jump to a new solution candidate, which
may be more fit than the current one. After generating a new pop-
ulation by using KHA, the opposite population is generated based
on a jumping rate j,.

Opposite population jumping based on jumping rate as
described below:

if rand (0,1) < j, (j, = jumping rate)
forr=1:n, (n, = population size)
for s =1:n4 (ng = no of control variables)
OP; :as+bs—Pr,s
end
end
end

Oppositional krill herd algorithm applied to ORPD problem

The procedure for implementing the OKHA algorithm in solving
ORPD problem for minimization of active power loss and voltage
deviations can be summarized as follows:

Step 1: Initialize all independent variables such as all generators’
voltages, tap settings of regulating transformers, reactive
power injections, the active and reactive power injected
by UPFC devices, voltage of UPFC connected bus are ran-
domly within their specified operating limits.

Step 2: Update the independent variables of each initial solution
string using the following expression to generate opposi-
tional population.

OP.s = a; + bs — Py

where r=1,2,...,n,; s =1,2,...,ng; Prs is the sth inde-
pendent variables of the rth vector of the population;
OP;; is the sth independent variables of the rth vector of
the opposite population; n, is the population size and ny
is the number of independent variables.

Step 3: Run the Newton-Raphson load flow analysis to deter-
mine the dependent variables such as ‘slack bus power,
load voltages, power flow through the transmission line,
source voltages of series and shunt branches of the UPFC
devices and check whether they satisfy the operating
limits or not. If any of these parameters violate the oper-
ating limits; discard that population set and re-initialize
the corresponding set. Depending upon the population
size, several solutions are generated. Each feasible solu-
tion set represents the initial position of each krill
individual.

Step 4: Evaluate the fitness values of the current population (P)
and oppositional population (OP) sets.

Step 5: Select n, number of fittest individuals from {P U OP}.



-,
T Paper?, il i
- '%"' P Downloaded from http://iranpaper.ir http://www.itrans24.com/landing1.html

Ao ol dos 7 b yliw
www.t::n:;ﬁrf;;}lii transz

FEOVYYYA-Fe (+¥)) i uled

S. Dutta et al./Electrical Power and Energy Systems 80 (2016) 10-25 23

Step 6: Sort the solutions from best to worst.

Step 7: Select few best solutions for elitism.

Step 8: Evaluate the three motion index, namely, motion
induced by other individual; foraging motion and ran-
dom diffusion.

Step 9: Modify the non-elite krill individuals’ position.

Step 10: Apply crossover and mutation to update the position of
each non-elite krill individuals. The updated position of
krill individual represents the different independent
variables. The parameters which are optimized in the
OKHA algorithm.

Check whether the independent variables violate the
operating limits or not. If any independent variable is less
than the minimum level it is made equal to minimum
value and if it is greater than the maximum level it is
made equal to maximum level.

Run Newton-Raphson load flow analysis to determine
the dependent variables and check whether they satisfy
the system operating constraints or not. Replace the
infeasible solutions by the best feasible solutions.
Evaluate the opposite population of the current popula-
tion and calculate the fitness values of the opposite pop-
ulation based on a jumping rate j, (i.e. jumping
probability).

Select n, fittest individuals from the union of the current
population and the opposite population.

Go to Step 4 for the next iteration until termination cri-
terion is reached.

Finally, the optimal parameters such as generators’ volt-
ages, tap settings of regulating transformers, reactive
power injections, the active and reactive power injected
by UPFC devices, voltage of UPFC connected bus and
the location of the UPFC incorporated bus that optimized
by the OKHA algorithm are identified.

Step 11:

Step 12:

Step 13:

Step 14:
Step 15:

Step 16:

Simulation results and discussions

To check the feasibility of the proposed OKHA method it is
tested on IEEE 57-bus and IEEE 118-bus test systems and to vali-
date the performance of the proposed method, it is compared with
DE, BBO and conventional KHA approaches. The program is written
in MATLAB-7 software and executed on a 2.5 GHz core i3 processor
with 4-GB RAM. For implementing the DE, BBO, KHA and OKHA
population size of 50 and the maximum number of generation
(iterations) of 100 are taken in the simulation study. Since the per-
formance of any algorithm depends on its input parameters, they
should be carefully chosen. After several runs, the following input
parameters shown in Table 1 are found to be the best for the opti-
mal performance of the DE, BBO, KHA and OKHA algorithms.

Test system 1

Test system 1 represent IEEE 57-bus system [28] which consists
of 80 branches, 7 generator buses and 15 branches under load tap
setting transformer. The possible reactive power compensation
buses are 18, 25 and 53. The base load of the system is 1272 MW
and 298 MVAR. The upper and lower voltage limits at all the buses
are taken as 1.10 p.u. and 0.95 p.u., respectively. The tap setting
limits of all the regulating transformer are set to 0.9 p.u. for lower
bound and to 1.1 p.u. for upper bound. In order to analyze the sys-
tem under stressed condition, active and reactive power demand of
each load bus are multiplied by 1.25. The line flow limits of all the
lines are taken as two times of the base case line-flows. The lower
and upper limits of the series voltage sources of the UPFC are taken
within the interval of 0-0.2 p.u., respectively, and the limiting

values of the shunt voltage sources of the UPFC are taken in
between 0 and 1.1 p.u. The phase angles of these sources are within
the range of 0-27. The shunt and series impedances of installed
UPFC are taken as (0.01+j0.1)p.u. and (0.001 +;0.2)p.u.,
respectively.

Single objective function

Case I: Loss minimization. The IEEE 57 bus system is first considered
without the allocation of any UPFC device within it. The optimal
values of the control variables including power loss and voltage
deviation evaluated using the BBO, DE, KHA and OKHA technique
are listed in Table 2. It can be seen that the proposed OKHA tech-
nique gives the best loss among all the techniques without violat-
ing any operating constraint limits. Furthermore, BBO, DE, KHA and
OKHA approaches are applied to UPFC based ORPD problem to find
the optimal rating and location of UPFC for minimizing the real
power losses and the corresponding results are illustrated in
Table 3. It is observed from the simulation results that the loss
obtained by BBO, DE, KHA and OKHA method are 40.5535 MW,
41.3003 MW, 40.2431 MW and 39.8134 MW respectively for with-
out UPFC. However, after incorporating the UPFC in optimal posi-
tion, loss obtained by BBO (39.3640 MW), DE (40.7651 MW), KHA
(39.3642 MW) and OKHA (38.4255 MW) methods are substantially
reduced. It is also observed from Tables 2 and 3 that the proposed
OKHA method gives much better transmission loss than BBO, DE
and KHA algorithms for both the cases. The convergence graph of
BBO, DE, KHA and OKHA for transmission loss objective in IEEE
57 bus system without UPFC is given in Fig. 2.

Case II: voltage deviation minimization. In order to further evaluate
the performance of the proposed OKHA optimization technique,
normal ORPD and UPFC based ORPD for voltage deviation mini-
mization objective are investigated. The results obtained for this
objective function by BBO, DE, KHA and OKHA are reported in
Tables 4 and 5, respectively without and with UPFC. In this case,
the sum of voltage deviations obtained by BBO, DE, KHA and OKHA
methods are 1.0409 p.u., 1.1104 p.u., 1.0182 p.u. and 0.9954 p.u.,
respectively, without UPFC. As seen in Table 4, the sum of voltage
deviations in this case has been greatly reduced in all load buses
using OKHA compared to BBO, DE and KHA algorithms. The UPFC
device is then optimally placed on IEEE 57 bus system using the
discussed techniques to reduced the voltage deviation further.
The voltage deviation minimizations obtained by BBO, DE, KHA
and OKHA methods are 0.9743 p.u., 1.0249 p.u., 0.9278 p.u. and
0.8942 p.u., respectively. It clearly suggests that the OKHA tech-
nique produces better voltage deviation results as compared to
other techniques. The voltage deviation convergence graph using
different algorithms on the IEEE 57 bus with UPFC is shown in
Fig. 3.

Multi-objective function

To assess the efficiency of the proposed algorithm, multi-
objective problem which minimizes the transmission loss and volt-
age deviation simultaneously is carried out. The objectives of
transmission loss and voltage deviation are typically non-
commensurable and conflict with each other in this multi-
objective optimization problem. It is generally impossible to
identify a solution while simultaneously optimizing the objectives.
Table 6 shows the optimal setting of control variables, loss and
voltage deviation for IEEE 57-bus test system obtained using the
various methods without incorporating any facts devices. It can
be easily concluded from the simulation results that the proposed
method has resulted with better best compromise solution for both
transmission loss and voltage deviation. To reduce the transmis-
sion loss and voltage deviation further, a UPFC device is then opti-
mally placed on the same test system using the discussed
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techniques. A comparison is made among the best compromise
solution obtained from the proposed OKHA method and the solu-
tions obtained by BBO, DE and KHA algorithms. The results of this
comparison are shown in Table 7. As it is shown in Table 7, the
results achieve from the presented OKHA method for the best
transmission loss and voltage deviation are significantly reduced
to those of the BBO, DE and KHA algorithms which demonstrates
the reliability of the OKHA algorithm.

Test system 2

In order to further demonstrate the effectiveness and validate
the feasibility of the proposed OKHA algorithm, simulations are
carried out for ORPD problem in the IEEE 118-bus test system
[29]. The network consists of 186 branches, 54 generator buses
and 12 capacitor banks. Nine branches 8-5, 26-25, 30-17, 38-37,
63-59, 64-61, 65-66, 68-69, and 81-80 are tap changing trans-
formers. The total real and reactive power demands for base case
are 3668 MW and 1438 Mvar, respectively. However, to analyze
performance of various techniques under stressed condition, active
and reactive power demand of each load bus are increased by 25%.
In this study, the limiting tap setting values for tap changers are
between 0.9 and 1.1 p.u., the allowed voltage changes are between
0.95 and 1.1. The voltage limits of the series sources of the UPFC
are taken as 0-0.2 p.u. and the lower and upper limits of the shunt
voltage sources of the UPFC are O p.u. and 1.1 p.u., respectively. The
phase angles of both series and shunt sources are within the range
of 0-27. The shunt and series impedances of installed UPFC are
taken as (0.01 +;0.1) p.u. and (0.001 +j0.2) p.u., respectively.

Single objective function

Case I: Loss minimization. The IEEE 118 bus system is first consid-
ered without the allocation of any UPFC device within it. The opti-
mal values of the control variables including power loss and
voltage deviation are evaluated using the OKHA technique and
then compared against the values obtained using BBO, DE and
KHA techniques. It can be seen from Table 8 that the active power
losses achieved by the BBO, DE, KHA and OKHA algorithm without
UPFC are equal to 188.9462 MW, 194.9291 MW, 183.5578 MW and
179.3371 MW, respectively which clearly suggests that the pro-
posed OKHA technique gives the best loss among all the discussed
techniques. Afterward, to judge the algorithms’ performance under
complicated environment, the UPFC device is incorporated in the
same test system. The optimal results of the various methods are
presented in Table 9. It can be observed in Table 9 that the optimal
location of the UPFC device for improved secure results for loss
minimization for BBO, DE, KHA and OKHA techniques are 100-
106, 103-110, 108-109 and 103-105 respectively. It can also be
observed that all the methods are able to reduce the transmission
loss effectively by placing the UPFC in optimal positions. Moreover,
the result in Table 9 shows that the proposed OKHA optimization
method outperforms other optimization techniques in terms solu-
tion quality and computational time. The transmission loss conver-
gence graph using different algorithms on the IEEE 118 bus with
UPFC are shown in Fig. 4.

Case II: Voltage deviation minimization. The optimal solutions
obtained by BBO, DE, KHA and OKHA for the objective of voltage
profile improvement of IEEE 118 bus system of normal ORPD and
UPFC based ORPD are given in Tables 10 and 11, respectively. It
may be noted that all the control variables are in their specified
limits. It is observed from the simulation results of Table 10 that
even without incorporating UPFC the voltage deviations are sub-
stantially been reduced from 1.7533 p.u. to 1.0250 p.u. by BBO,
1.4466 p.u. to 1.1104 p.u. by DE, 2.0423 p.u. to 0.8588 p.u. by
KHA and 2.4609 p.u. to 0.7740 p.u. by OKHA as compared to the

previous case. However, it is also found that the reduction of volt-
age deviation is most significant for OKHA among all the algo-
rithms. Moreover, from Table 11 is found after incorporating
UPFC in optimal location the voltage deviation is improved from
1.0250 p.u to 1.0124 p.u. using BBO, 1.1104 p.u. to 1.0312 p.u.
using DE, 0.8588 p.u. to 0.7318 p.u. using KHA, and 0.7740 p.u. to
0.6742 p.u. using OKHA. Therefore, it can be concluded that by
installing proper size of UPFC at proper place, the voltage profile
of the power system can significantly be improved. Moreover, it
is observed that voltage profile improvement ability of OKHA is
best among all the discussed algorithms. The voltage deviation
convergence graph using different algorithms using UPFC is shown
in Fig. 5.

Multi objective function

In order to validate the effectiveness of the proposed procedure
for multi-objective problem, it is applied on IEEE 118-bus system
to minimize the transmission loss and voltage deviation simulta-
neously. To validate the superiority, the proposed OKHA method
is compared with the BBO, DE and KHA algorithms. The optimal
control variable settings, transmission loss and voltage deviation
obtained using various intelligent techniques are given in Table 12.
It can be seen from Table 12 that the proposed OKHA technique
gives the best compromising solutions among all the techniques
without violating any operating constraint limits. Moreover, for
minimizing the real power losses and voltage deviation further, a
UPFC device is optimally placed on IEEE 118-bus system by the
presented approaches. Results obtained by the proposed OKHA
method are compared with KHA, BBO and DE methods which are
summarized in Table 13. The simulation results clearly show that
the best compromising transmission loss and voltage deviation
obtained by the proposed OKHA approach is least compared with
other methods which emphasizes its better solution quality.

Conclusion

ORPD is an important problem in power engineering which has
discrete variables, nonlinear objective function, and nonlinear con-
straints. In this paper, ORPD is solved using BBO, DE, KHA and
OKHA algorithms to minimize the voltage deviation and total
transmission loss. Moreover, to reduce the voltage deviation and
transmission loss further, UPFC devices are optimally placed using
the same algorithms. The performance of the proposed algorithms
are demonstrated through their evaluation on the IEEE 57-bus and
IEEE 118-bus power systems. The simulation results show that
OKHA has better searching ability to find optimal solution as com-
pared to other algorithms. So, it is believed that the proposed
OKHA approach is capable of efficiently and effectively solving
reactive power dispatch problem and will become a promising
candidate for the optimal UPFC allocation problem problems. Also
it may be observed from simulation results that computational
time of OKHA in all test cases is lesser than that of conventional
KHA, BBO and DE. Considering all these results of the study it
can be concluded that OKHA performs better, than other methods
in terms of solution quality, convergence speed and computational
time.
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