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Abstract

In this paper, a novel flexible AC transmission system (FACTS) device named general-
ized optimal unified power flow controller (GOUPFC) is introduced to control the
power flows in multi transmission lines and to regulate the voltages and angles at the
load buses. The detailed power injection modeling of GOUPFC is presented in this
paper. The optimal location of GOUPFC is determined based on line collapse proximity
indicator (LCPI). A multi-objective function is framed in terms of average voltage devia-
tion (AVDI), real power loss (P..,) and average line collapse proximity indicator (LCPIan)
to test the effectiveness of the proposed device. The simulation studies are performed
on standard IEEE 57-bus test system under single line contingency and consider-

ing various renewable energy source (RES) penetrations. The control parameters of
GOUPFC are optimized by using whale optimization (WO-BAT) algorithm, by hybridiz-
ing WOA and BAT algorithms, and the superiority of WO-BAT is observed in minimizing
the proposed objective function and enhancing the voltage profile.

Keywords: Average voltage deviation (AVDI), Generalized unified power flow
controller (GUPFQ), Phase shifting transformer (PST), Optimal power flow (OPF), Whale

optimization-BAT (WO-BAT)

Introduction

The growing threat of global warming has spurred the integration of various renewable
energy (RE) technologies into various power systems. In addition to its advantages for
the environment, intermittent sources of energy can cause a lot of problems with power
quality [1]. The development of novel AC-DC hybrid systems with energy storage and
the deployment of power quality controllers like FACTS devices can help resolve these
problems [2]. In the literature, numerous researchers have concentrated on the appli-
cation of FACTS devices on enhancing steady-state stability and power system perfor-
mance under varied probable situations. However, a few studies are only concerned with
their efficient management of RE uncertainties. To tackle line contingencies and RE
uncertainties, this research introduces an innovative and sophisticated FACTS device.
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The evolution of FACTS technology in the power system industry is employed in
demand control, voltage stability and control, active and reactive power flow control,
improving quality and conditioning of power in transmission system, power factor
correction, voltage regulation, minimizing the real and reactive power losses, reactive
power compensation; enhances the transmission system security, enhancement of tran-
sient and steady-state voltages; and finally reduces the installation cost of the transmis-
sion system due to expansion demanded by the load [3-5]. Also, the progressions in
the technology advancement new concepts and strategies are introduced in the FACTS
devices in the last two decades. The detailed literature review on the existing FACTS
devices is found in [6]. UPFC is the basic second-generation FACTS device which reg-
ulate the bus voltages and phase angles and control the power flow in all the lines of
the power system. The reformed version of UPFC is GUPFC, which can do the same
function of UPFC but in multiple lines. The detailed mathematical modeling of GUPFC
with three converters in nonlinear interior optimal power flow is implemented in [7].
A hybrid approach for GUPFC optimal location is implemented to damp out inter-area
oscillations which is proposed in [8]. Transient stability margin is improved with neuro-
fuzzy controller for GUPFC device by damping out transient oscillations and is imple-
mented in [9]. The superiority of GUPFC over M-UPFC for enhancing voltage profile
and improving power flow is observed in [10]. The power quality improvement in terms
of reducing total harmonic distortion level with a 72-pulse VSC based GUPFC is pre-
sented in [10]. The demand-side congestion cost is increased if more number of lines in
a transmission system are congested and this cost estimated with and without GUPFC
device and observed the cost reduction with GUPFC optimal placement [11]. The sta-
bility of a multi-machine system is determined with GUPFC device. The parameters of
GUPEC are provided by flower pollination algorithm and controlled by two-stage lead-
lag controller [12]. The on-load tap changer (OLTC) cannot be applicable for long radial
feeders in distribution network toward voltage regulation. This problem is solved with
a hybrid power compensation method D-GUPFC and is presented in [13]. The optimal
reactive power dispatch (ORPD), the available transfer capacity, is enhanced by control-
ling the parameters of GUPFC using PSO algorithm [14]. The GUPFC optimal location
is determined based on voltage variations to minimize total transmission loss and is pre-
sented in [15].

A similar device, PST, is the series-connected FACTS device used to control the power
flow in the line. It consists of an exciting transformer, an injecting transformer and
mechanical switches. The switches are used to change the turn’s ratio of the transformer
[16]. The combination of UPFC and a conventional PST is called as OUPFC which is the
more cost-effective device in comparison with the standalone UPFC of same rating. An
OPF with fuel cost and real power loss is formulated, and it is solved in MATLAB and
General Algebraic Modeling System (GAMS) software environment by using OUPFC
is proposed in [17]. A multi-objective function in terms of real power loss and voltage
stability limit is solved by UPFC and OUPFC with firefly algorithm, and the superiority
of OUPEFC is observed [18]. The generation cost and transmission loss cost are reduced
with OUPEC in [19] whose parameters are optimized by using genetic algorithm [20].
Voltage stability is improved in [21] under contingency conditions with OUPFC and
HICA-PS algorithm. (n—1) Line contingency analysis is performed to increase the
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loadability with OUPFC device and is presented in [22]. The economic operation is
performed in power systems to analyze the effect of OUPFC under weather changing
conditions as well as variable loading conditions [23]. Transmission system security is
enhanced under single line contingency conditions with OUPFC device under different
renewable energy generations and is proposed in [24].

In light of the reviewed works, we claim that the following are the major contributions
of this paper.

1. For the first time, a novel and advanced FACTS device, namely GOUPFC and its
steady-state modeling, is introduced.

2. Besides, the optimal location and sizing of GOUPFC are determined using a novel
hybrid approach WO-BAT.

3. In order to improve the exploitation features of WOA, a predefined search space for
locations is defined using line collapse proximity indicator (LCPI) and its conver-
gence features are improved using BAT algorithm.

4. The impact of GOUPEC is analyzed on IEEE 57-bus system considering line contin-
gencies and renewable energy uncertainty.

Methods
It is possible to extend the voltage and power flow control beyond what can achievable
with the OUPFC by using a new configuration is called as generalized optimal unified
power flow controller (GOUPEC). To the best of our knowledge, no research work has
been developed in the area of GOUPFC power injection modeling and its application to
achieve the optimal operation of the power system. Firstly, the power injection modeling
of GOUPEFEC device is presented by considering switching losses, and then, the optimal
location is determined based on LCPI index. The control parameters of GOUPFC device
are optimized with WO-BAT, WOA and BAT algorithms. Besides, the performance
of GOUPEC is investigated under single line contingencies and with support of vari-
ous renewable penetrations for standard IEEE-57 test system to minimize the objective
function formulated in terms of AVD], Py, and LCPI,, and to enhance voltage profile.
This paper is organized in the following sections. Section 3 describes the operating
principle of GOUPEC. Section 4 presents the mathematical modeling of GOUPFC. Sec-
tion 5 presents the overall objective function formulation. Section 6 presents WO-BAT
algorithm description, and Sect. 7 presents the determination of GOUPFC optimal loca-
tion and the analytical results evaluated from different case studies.

Operating principle of GOUPFC

The transmission system security in the multi-lines can be enhanced by including
another OUPFC in different line is not a cost-effective solution instead going for the new
device named GOUPFC which is the best choice. The single line diagram of GOUPEC is
shown in Fig. 1. It consists of one exciting transformer with four windings such as one
primary winding and three secondary windings named as secondary, tertiary and qua-
ternary and two triple winding injecting transformers each with one primary and two
secondaries named as secondary and tertiary. The PST in one line is coupled to the two
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Fig. 2 a\oltage source model GOUPFC, b current source model GOUPFC

secondary windings of the exciting and injecting transformers, and the PST in the other
line is connected to the quaternary and secondary windings of the exciting and injecting
transformer, respectively. One of the three converters is connected in shunt with a bus,
and the remaining two converters are connected in series with two different transmis-
sion lines through the tertiary winding of the exciting and injecting transformers. The
overall configuration of GOUPFC can able to control the total six control parameters
which includes the controllable voltage magnitude and phase angles at bus-7 and inde-
pendent real and reactive power flows in the two lines. Figure 1 shows the two transmis-
sion lines i—j and i—k is connected with GOUPFC at buses j and k, respectively.

The series converter and PST will inject a controllable voltage magnitude and phase in
series into the lines through injecting transformers. The shunt converter can able to (1)
supply or absorb the real power needed by the series converter; (2) exchange the con-

trollable reactive power with line; and (3) regulate the dc link voltage.

Mathematical modeling of GOUPFC
A GOUPEC can be represented by three controllable voltage source converters, and
two-phase shifting transformers connected in two transmission lines is shown in Fig. 2.

Page 4 of 24



Kumar Kavuturu et al. Journal of Electrical Systems and Inf Technol (2022) 9:18 Page 5 of 24

The series converter controllable voltages and PST voltages are given by,

Ve, =1 Vid"; Voo, = 1y Viel? } N

Vo, = kiVid®t; Vo, = ko Vie™

where 1, r, and k;, k, are the per unit voltage magnitudes of two series converters and
two PSTs, respectively;y; and y; are the phase angles of series converters; o1 and oy are
the PST phase angles; and V; is the bus-i voltage. The voltages and phase angles are oper-
ating in the limits specified as follows.

Fmin <7 < "max, Kmin < k < Kkmax
Ymin =< ¥ = Ymax> Omin = 0 = Omax

GOUPEC having three voltage source converters among those one is shunt converter,
and the remaining two are series converters. Shunt converter is placed at bus-I, and the
two series converters are placed in the lines i—j and i—k, respectively. In addition to the
voltage source converters, GOUPFC employing two separate PSTs which are incorpo-
rated in the two separate lines where the two series converters are placed. The total volt-
ages injected in the two lines are the phasor sum of the voltages obtained from the series
converters and PSTs, and these are given by,

Vinjl = Vsel +V701; Vinjz = Vseg +V702

The GOUPEC is modeled in series-connected and shunt-connected voltage source
models. The voltages in the two transmission lines behind the line reactance can be writ-

ten mathematically as,

Vi = Vi + Vi Vi =V, + Vi

Series-connected voltage source model

The series-connected voltage source model of GOUPFC with three buses i, j, and & is
shown in Fig. 2a, and the corresponding Norton’s equivalent current source model is
shown in Fig. 2b. Let the currents flowing in the two lines i—j and i—k are I, and Ise,,
respectively, are given by

— Vin - . ) . )
fiey = 3 = Bsey Vo, = —Bue, Vi (/@) 4 gy SO0 )
sep
2)
— Vin N . .
Lse, = ].)émz = —jBse, Vinj2 = —Bse, Vi (7291(904_)/2_‘—05) + k261(90+02+95))
Sy

where X, and Xse, are the line reactances of the two lines and their corresponding sus-
ceptances, respectively, given by, Bse, = 1/Xge, and Bse, = 1/Xse,.
The independent complex power injections of GOUPFC at buses i, j and k are given as,

Sise = = Vi(ler)" = Vi(lse:)"

Sise = —V2Bge, (rle—/<90+y1> th e—j(90+<71)) — V2B, (rze—/(90+)’2) + kze—i(90+02))
3)
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Sie = V(Ter)" = = ViViBsey (e CON+070) 4y e/ OO+ +010) ) (@)

Stse = Vi(Toeg) " = = ViVieBee, (rae 7007000 . o/ O0+0r 00 ) (5)

Let 0 = 6; — 6;; 0;x = 6; — 6. By using Euler’s and trigonometric identities, the real
and reactive power injections at the buses i, j and k are calculated as follows.

Py, = —V?Bge, (r15in (y1) + ky sin (01)) — V7 Bse, (r2 sin (1) + ks sin (02)) (6)

Qip, = —V?Bse, (r1 cos (1) + ki cos (01)) — VBse, (r2cos (y2) + ko cos (02))  (7)

Pj,, = V;V;Bse, (r1 sin(y1 + 0;) + ki sin(oy + 6;)) (8)
Qj;e = ViVjBse, (1 cos(y1 + 0;) + k1 cos(o1 + 65)) 9)
Py, = ViViBse, (rosin(yz + 0i) + ka sin(oz + i) (10)
Qk,e = ViViBse, (12 cos(ya + i) + ka2 cos(oz + Ox)) (11)

The equivalent power injection modeling for the series-connected voltage source
model is shown in Fig. 3a. The amount of complex power supplied by the combina-
tion of series converter and PST in the individual lines is derived as follows

E = Pse1 +ste1 = Vinj; (f)*

-— . i . i N /(7 F\* (12)
Sse; = jBse, Vi <Vle,(yl+0') + klel(gﬁ_el)) (VL] - V/)

?ez = Pse2 +ste2 = Vinj2 (E)*

. rtr 1 e (o o\ E (13)
Ssez :]Bsez‘/i(V'Ze](y2+0l) + k2e1(62+91)) (Vl/k - Vk)

The real and reactive powers supplied by the two converters in the two transmission
lines are given by,

bus-i ;. busj ., , n. bus-i ix bus-j
JXser Vi 0 JXser i
V:L0; ||< i V.20 |viz6;
Pj,se +j Q Jyse
E I}.se"' jQi,se Bk |H j.\'seg bu;‘-k
JXsez L Vil 0 4 i Vil 0y
K : Batily,;
Pk-se+ ]Qk,se
(a) Equivalent series connected model (b) Equivalent shunt connected model

Fig. 3 a Equivalent series connected model, b equivalent shunt connected m°%!
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Pse1 = _rlBsel Viz sin (y1) — lese1 Viz sin (o1)

. . (14)
+ r1Bse, ViVjsin (1 + 0;) + k1Bse, ViV sin (o1 + )
_ 2 2 2 2
Quer = Byey V2 (1} + K} + 2r1k1Be, V7 cos (01— 1)
+ 71Bse, V7 €08 (y1) + k1Bse, V7 cos (01) (15)
— 11Bge, ViV cos (yl + 91-]') — k1Bge, Vi Vj cos (61 + Hij)
Pse, = —r3Bse, V7 sin (y2) — kyBse, V¥ sin (o) 16)

+ 19Bge, Vi Visin(ya + 6ix) + kaBse, Vi Visin(oa + 6;x)

Quer = Brey V2 (13 + K3 + 2r2kaBee, V7 cos (02 = 72)

+ r9Bse, V7 €08 (v2) + ki Bse, V2 cos (02) (17)
— 12Bse, Vi Vi cos (ya + 0ix) — kaBse, Vi Vi cos (o2 + i)

Shunt-connected voltage source model

The equivalent circuit for the shunt-connected voltage source model is shown in Fig. 3b.
This model provides the equivalent power injections at the GOUPFC shunt bus to the
two series branches through the converter and PST combination. The voltage at the
sending end is controlled by the reactive power injection at the GOUPFC shunt con-
verter. The amount of real power supplied by the shunt converter is equal to the real
power consumed by the two series converters. Therefore, the real power inserted at the
shunt converter is given by:

Psh = _(Pse1 +Pse2)

Py, = r1Bse, Vi sin (1) + k1Bse, V7 sin (01) + raBse, V7 sin (y2) + kaBse, V7 sin (02)
— r1Bse, ViVjsin (y1 + 0;5) — kiBge, ViVj sin (o1 + 6y)
— r2Bse, ViV sin (y2 + 0ix) — koBse, ViV sin (02 + k)
(18)
Let assume a constant reactive power injection Qg, at bus-i and the apparent power
injection at the shunt bus-i is given as

Ssh = Py, +sth

Final GOUPFC modeling

The final PIM of GOUPEFC is achieved by summing up the equations obtained in
series- and shunt-connected models. The corresponding equivalent circuit representing
GOUPEFEC power injection is shown in Fig. 4. The resultant real and reactive power equa-
tions at the GOUPFC buses are given as

=Pt'se +Psh

igoupfc
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Fig.4 Final GOUPFC mathematical model

Piypre = —11Bse, ViVjsin (y1 + 60) — kiBse, ViV sin (o1 + 6) (19
— 12Bse, ViV sin (y2 + i) — kaBse, ViV sin (02 + 0)

Qigoupe = Qise + Qsh

Qigpic = — V2 Bse, (1 c0s (y1) + k1 cos (01)) 00)
— V7 Bse, (r2 05 (y2) + k2 c0s (0)) + Qs

Pjgouptec = Pise = ViViBse, (r1sin (v1 + 0y) + kusin (01 + 60;)) (21)

Qjgoupte = Qise = ViVjBsey (1 c0s (v1 + 0y) + ku cos (o1 + ;) (22)

Progupte = Pise = ViVieBse, (r2sin (y2 + 0i) + ko sin (02 + 0i¢)) (23)

Qrgoupte = Qe = ViVieBse, (r2 €08 (2 + i) + ka cos (02 + Oix)) (24)

Overall objective function (OOF) formulation
An OPF-based multi-objective function is formulated to minimize the overall objective
function (OOF) is given as,

OOF = wif] + wafo + wafs (25)

where w;, w, and w; are the weighing factors considered as one. f;, f, and f; are the AVDI,
P,,ss and average LCPI, respectively.

Average voltage deviation index (AVDI)
The voltage profile of the test system subjected to contingency condition is evaluated in
terms of stability index called AVDL. It is given as [23],



Kumar Kavuturu et al. Journal of Electrical Systems and Inf Technol (2022) 9:18 Page 9 of 24

nb

2

1 |Vviref| - |‘/l|

=AVDI = — orel] 7 178
fl an( |Vi,ref| >

i=1

where |V
gencies and nb is the number of load buses.

ref| is the reference voltage at bus-i, |V;| is the voltage at bus-i under contin-

In specific, AVDI is used to explain the average voltage deviation of the entire network in
comparison with the reference bus voltage (i.e., maximum of all bus voltages). Under each
contingency, the voltage profile may change, and thus, there is a change in AVDI. The more
AVDI means, more voltage imbalance in the network.

Real power loss (P,)
The real power loss is given mathematically as,

nl
2
f2 = Ploss = Zlkrk
k=1
nb nb

h= ZZ {Y,',' cos 0;; [V,Z + ij —2V;Vj cos (8; — (Sj)} }
i=1 j=1
J#i
where nb is no. of buses; nl is no. of lines; k is the line number; r; and I; are the resistance
of line k and current through it, respectively; Y;; and 6;; are the shunt admittance at bus
i and its angle, respectively; V; and J; are the voltage magnitude and its angle at bus-i,
respectively; V; and §; are the voltage and its angle at busj, respectively.

Line collapse proximity index (LCPI)

The error in evaluating the voltage stability due to neglecting the line charging reactance
and the magnitude and relative directions of active and reactive power can be overcome by
considering an index called LCPI [25]. LCPl is given as,

4A cos (@) (P/B cos (B) + Q;Bsin (,3))
(V; cos (8))?

f3 = LCPI =

where A and B are network parameters magnitude; @ and f are the phases of A and B,
respectively; and V; is the sending end voltage.P; and Q; are the real and reactive power
flow; for a line, LCPI should always less than 1 failing leads to instability.

Constraints
The OOF expressed in Eq. (25) is subjected to various equality and inequality constraints
[21] as given below.

Equality constraints
The active and reactive power balance equations are the equality constraints that can be
expressed, for all the buses expect FACTS incident buses, as
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nb
P; = Pgi — Paisy = »_ IVill Vil Y| cos(0ix — 8; + &), Vi€ 1,2,...,nb (26)
k=1
nb
Qi = Qq — Quiry = Y_ IVill Vil Yl sin@ — 8+ &), Vi€ 1,2,...,nb  (27)
k=1

The active and reactive power balance equations at the FACTS incident buses are

given as,

P; = Pg,' — (Pdi(t) + Pinj,i); Viel,2,...,nb

nb (28)
Py =Y Vil VillYix| cos(O — 8 + 8¢)
k=1
Qi = Qg — (Qui(r) + Qunj,); Vi€ 1,2,...,nb
nb
. 29)
Qi =— > IVillVillYil sin(0ix — 8 + 8) (
k=1

Inequality constraints
The inequality constraints considered for optimization problem are given as follows.

P < Py, < PR Vi€ ng, (30)
Qi < Qegi < Q¥ Vieng (31)
|V <|ViI<|V/™| Vi € nb, (32)
smin < §; < MV} ¢ nb, (33)
az?ﬁ“ <a; <a™ Vi=ntc, (34)
anlﬁ}l < Qqinji < Qinj; Vi =nvcb, (35)
|S/1=<IS]™™| VI =nl, (36)

WO-BAT algorithm
In this paper, the control parameters of GOUPFC device are optimized with the hybrid
algorithm WO-BAT. The detailed description about WO-BAT is described as follows.

Page 10 of 24
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Whale optimization algorithm

The exploitation and exploration are the two stages involved in WOA [26]. In exploita-
tion stage, surrounding prey and spiral updation of the position vector are modeled. This
method is called bubble net attacking (BNA) method [27]. Random searching of prey is
performed in exploitation stage. After identifying the position of prey, humpback whales
surround them. Initially, the optimal location of prey in the search space is not defined.
Therefore, this algorithm considers the present solution which is the optimal prey and
the other search delegates (agents) will drifted toward the best search delegates. This can
be expressed mathematically as,

Pe+1)=Pw-C-D (37)

— — = —
D =|Cy-P*(t)— P(t) (38)

= —>
where P*(¢) is the best location of whale at tth iteration; P (¢ 4 1) is the present position
—
of whale; D is a vector indicates the distance between whale and prey; the coefficient
— —
vectors C; and C, are calculated as follows,

C=27-7+7: G=27 (39)
The range of vector a is (—i, i) where i value is shrinking from 2 to 0 through itera-
tions. The new position of search delegate is determined by choosing the random value
for a in the interval (—1, 1).
Consider whale and prey are located at (P, Q) and (P*, Q*). The equation for position
between whale and prey gives a helix-shaped movement of whale, and it is given as:

?(t +1) = e . cos(2rk) .D* + ﬁ(t); (40)

— — —
D* = |P*) — P (1) (41)

where ¢ is a constant which recognize the logarithmic spiral shape and k is a random
number in the range [— 1, 1].
Therefore, the final position vector equation w.r.t. a reference number # (0, 1) is repre-
sented as,
- {ﬁ(t)—a-f)), ifn <05
P+ =4 ", = = (42)
e“ . cos(2k) - D* + P*(t), if n > 0.5

In the exploration stage, to compel the search delegates to move far away from the
local whale, the coefficient vector a is used to generate random values less or greater
than one. The location of delegates is identified based on this random selection rather
than the best search delegate. This gives the global solution by overcoming the location
solution. This can be given mathematically,

— e
P({t+1)=Puna—Ci1-D (43)
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— - —> =
D = |Cy-Prgpng — P (44)

—
where Py, is the random position vector.

Bat algorithm

Bats are the creatures with echo-location abilities. They create a loud sound pulse and
receive the echo from the neighboring objects. They can guess the position of the
neighboring object by using the time delay of echo sound. They measure the shape
and the direction of object by sound pulse comparative amplitude analysis received
at the ear. They investigate and simplify the data collected and figured out an image
in brain to identify the neighboring object. The concept of bat algorithm (BA) and its
mathematical modeling is provided in [28].

To determine the location of prey, bats fly randomly in the search space with a
velocity v,. Later, they change their positions (x;) with constant frequency (f,;,), dif-
ferent wavelengths () and loudness A,. The new solutions for position and velocity
are given mathematically as,

fi mein + (fmax _fmin) . :3’ (45)
vi=viTh + = %) - fi (46)
st =, (47)

where 8 is a random number obtained by uniform distribution in the range [0, 1]. x* is
the present global best; the minimum and maximum frequency limits (f,;, and f;,,,) are
taken 0 and 100, respectively.

WO-BAT algorithm

The major limitation of WOA is its convergence speed in obtaining global solution.
However, this can be overcome by embedding BAT algorithm partially to WOA to
increase the exploration. In this hybrid algorithm, the global position is updated
based on condition technique, which means if the present solution is better than the
old solution, then the old one can be replaced with the present solution. The detailed
flowchart for this hybrid algorithm is shown in Fig. 5.

Results and discussions

The performance of GOUPFC device is analyzed under single line contingencies, and
an OPF-based objective function is solved by using WO-BAT, WOA and BAT algo-
rithms under the different RES penetrations. The test system data are taken from [29].
In comparison with earlier works [23, 24], this work is focused on the development
of mathematical modeling for the novel GOUPFC and its location and parameters
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Read test system bus data, line data

!

| Initialize f, fuin, fuax, V, T and Ai |

| Set iteration it,= 1 |

v

Define the upper and lower limits of various control variables (v¢) i.e., CE
generation [Pgmin, Pamax], bus voltages [0.9, 1.1], tap—changer settings [0.95, 1.05]
shunt MVAr injections [-100, 100] controlling variables of GOUPFC devices
namely series VSC voltages [0, 0.2] its angles [-pi, +pi] PST angles [—pi, +pi] and
the ratio between iniection voltage of PST and exciting transformer [0.95. 1.051.

v

Generate randomly initial population x;

!

Determine fitness values for each agent update best fitness and best agent X*

iS ity = ity max ?

Select a random
search agent (Xrand)
and update the
position by using
Eq. (45) - Eq. (47)

Update the position
by using Eq. (45) -
Eq. (47)

Check for [A] <1

Update the position by using Eq. (40)

!

Check new fitness function of new
position < fitness function of old position

v

Calculate fitness of search agent, update
X* at next iteration

Stop

Fig.5 Flow chart of proposed methodology using WO-BAT

optimization using novel hybrid approach WO-BAT in this work. The type of RES
considered in this work is photovoltaic system, and its mathematical modeling is
adapted from Ref. [23]. The simulations are carries under five different cases:
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Table 1 Optimal location of GOUPFC based on LCPI

S. No. Line No From bus To bus LCPI

1 78 38 49 0.10385
2 70 54 55 0.08561
3 43 30 31 0.08302
4 50 37 38 0.07946
5 69 53 54 0.07176

,
. O GOUPFC
I GOUPFC-BAT

] GOUPFC-WOA

N GOUPFC-WO-BAT

Overall Objective Function

ol e 1= B |
0RES 0.3 RES 0.5 RES
RES

Fig. 6 GOUPFC under without contingency and at different RES penetration levels

Case 1: Performance of GOUPFC under one line contingency condition and with
the support of RES penetrations.

Case 2: One line contingency without GOUPFC as well as RES penetrations.

Case 3: One line contingency only with GOUPEC.

Case 4: One line contingency with GOUPFC and 30% RES penetrations.

Case 5: One line contingency with GOUPFC and 50% RES penetrations.

Optimal location of GOUPFC

Under base case conditions (i.e., no GOUPFC device and no RES), LCPI is calculated
for all the lines of IEEE-57 test system and arranged in descending order as shown
in Table 1. The top 5 ranked locations are only shown here after excluding the lines
incident to generator and tap setting transformer. From Table 1, the two lines 38—49
(#78) and 37-38 (#50) are chosen for the placement of GOUPFC device. The shunt
converter is placed at the bus#38 which is the common bus to the two line and the

two series converters are placed in the two lines.

IEEE-57 bus description
IEEE-57 bus test system has 7 PV buses (i.e., 1,2, 3, 6, 8, 9 and 12) and 50 PQ buses inter-
connected by 80 transmission lines. It has real and reactive power loads, respectively,
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1250.8 MW and 336.4 MVAr. To maintain the continuity of supply, the lines 32—-33 (#45)
and 35-36 (#48) are not considered for contingency analysis. By excluding these two
lines from 80 lines, the contingency analysis is performed on the remaining 78 lines and
the results are demonstrated here.

In case 1, the GOUPEC is tested under normal conditions considering different RES
penetrations. The device parameters are optimized with the three algorithms, and the
objective function values are shown in Fig. 6. From this figure, under no contingency
conditions, GOUPFC along with 50% RES penetration level gives minimum OOF value
for WO-BAT algorithm. In other words, as RES penetration increases the net effec-
tive loading on the system decreases. Thus, the OOF is decreased. However, by having
GOPUF controls, it is further decreases. The optimal controls derived with WO-BAT
are caused to improve the system performance than basic WOA and BAT, significantly.

In case2, the system is suffering with single line contingency and there is no support
from GOUPEFC device and RES generation. Under these conditions, the performance
indices and OOF for no contingency and one line contingency are presented in Table 2.
The system has real power loss and LCPI value with no contingency 27.8638 MW and
0.081, respectively, and the objective function value 27.9448. A contingency analysis is
performed on the system without GOUPFC and RES, and the indices for the top ranked
line 54-55 (#70) are as follows: P, ,,=29.7828, ALCPI=0.0860 and OOF =29.8688. The
individual objective functions and OOF values for the remaining lines are presented in
Table 2.

In case 3, the integration of GOUPFC without RES is analysed under one line con-
tingencies. The parameters of the GOUPFC device are optimized WO-BAT, WOA and
BAT algorithms, and the results are demonstrated in Table 3. When there is no outage
the real power loss is decreased to 22.9129 MW which is 17.77% decrement with ref-
erence to case 1. Under single line 54-55 (#70) contingency also GOUPFC has shown
its superiority in terms of losses and LCPI value. The indices in one line contingency
are P, =25.1792, ALSI=0.0467, ALCPI=0.0747 and OOF =25.2539. Here, the real
power loss and OOF have been reduced to 34.18% and 51.83%, respectively, with refer-
ence to case 1. The LCPI and OOF values for other lines are presented in Table 3. The

Table 2 Single line contingency without GOUPFC and RES

Line contingency AVDI Pyoss (MW) LCPL, g OOF

- 00122 27.8638 0.0810 27957
54-55 0.0169 31.6620 0.0936 31.773
30-31 0.0135 29.7828 0.0860 29.882
37-38 0.0140 285135 0.0853 28613
53-54 0.0125 27.7525 0.0825 27.848
50-51 00134 28.1352 0.0846 28233
46-47 0.0155 30.1610 0.0878 30.264
41-42 0.0124 27.9146 0.0820 28.009
18-19 0.0127 286013 0.0837 28698
25-30 0.0129 28.1856 0.0816 28.280

38-48 0.0238 31.3219 0.1093 31455
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performance of GOUPFC under one line contingency at without RES for three algo-
rithms is shown in Fig. 7.

In case 4, GOUPFC and 30% power penetration are together considered for the
contingency. Here, the RES installed capacity is 30% of the real power load, ie.,
1250.8 x 0.3=375.24 MW. Therefore, the remaining load on the CE sources is
875.56 MW. Due to the integration of GOUPFC and RES into the system, the line flows
and hence transmission losses are reduced under without and with line contingency
conditions. The performance indices are evaluated for the both the conditions, and the
losses are reduced by 37.57% and 34.18%, respectively. The optimized OOF values by
WO-BAT algorithm are 17.4563 and 19.6639, respectively, for without and with line
(54-55) contingency conditions. The individual objective functions and OOF for the
remaining line contingencies are presented in Table 4. The performance of GOUPFC
under single line contingency with0.3penetrations is shown in Fig. 8.

In case 5, the RES generation is enhanced to 50% and the support of GOUPFC
device is still present. Here the RES installed capacity is 50% of the real power load,
i.e., 1250.8 x 0.5=625.4 MW. Hence the remaining load on the CE sources is to be
625.4 MW. The control variables of GOUPFC device are optimized with three algo-
rithms, and the results of WO-BAT are demonstrated here due to its superiority.
Under no contingency condition, the performance indices with WO-BAT algorithm
are Py =14.1166, ALCPI=0.0566 and the OOF =14.2489. Here, the power loss
and OOF are diminished by 49.34% and 96.90%, respectively, with respect to case
1. Under contingency conditions, the line 54-55 (#70) with performance indices as
Py =15.2089, ALCPI=0.0506 and the OOF =15.3261. Here also the combination of
GOUPEFC and 50% RES penetration level reduces the real power losses and OOF by
48.93% and 95.64%, respectively, with respect to case 1. The P, LCPL,,, values and
the corresponding OOF for the remaining line outages are presented in Table 5. The
performance of GOUPFC under single line contingency with0.5penetrationsis shown
in Fig. 9.
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Fig. 8 GOUPFC performance under single line contingency and 30% RES

The control parameters of GOUPFC device are UPFC voltages ((r (e (P-1), Foypec (P-0))
and UPFC phase angles (y,p (radians), yyu¢ (radians)), PST ratios (ki (p-u), Kyps
(p.u)) and PST angles (alpst(radians), Gzpst(radians)) for IEEE-57 bus system is optimized
with WO-BAT algorithm and the corresponding parameters in case 5 is presented in
Table 6. Furthermore, the comparison of convergence time for the three algorithms is
given in Table 7. From this table, it can be observed that the hybrid WO-BAT algorithm
is converged much faster than the individual WOA and BAT algorithms in all the case
studies.

Figure 10 shows the voltage profile at all the buses of IEEE-57 bus under with and
without contingency conditions for base case, only with GOUPFC device and due to the
presence of both GOUPFC and 50% RES support. From this figure, it is clear that the
voltage profile has been improved much with GOUPFC than base case and GOUPFC
with RES support than only GOUPEC device present in the system. From the above, it is
concluded that the proposed GOUPFC device can improve the voltage stability not only
under normal conditions but also under single line contingencies.

As the methodology is implemented on Standard IEEE 57-bus test system, and a sig-
nificant improvement is observed in all the cases, we believe that this methodology also
works on other networks. However, the computational efficiency of any algorithm may
not quantifiable only on limited search space with small test systems. Thus, there is a
need for evaluating the performance of proposed methodology on larger test systems,

which we can consider as our future research work.

Conclusion

The detailed power injection modeling of the proposed FACTS device GOUPEC is pre-
sented in this paper. The optimal location of GOUPFC device is determined based on
LCPI value. The performance indices and OOF value have been evaluated for different
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Fig. 9 GOUPFC performance under single contingency and 50% RES

Table 6 Control parameters of GOUPFC under single line contingency and 0.5 RES

Line WO-BAT
contingency

Fuptc (PU)  Foygpre (PU) Kqpge (W) Kopge (PU)  Vygpee (rad)  yoypec (rad)  aqpg (rad)  aqp, (rad)

- 0.1510 0.1904 1.0382 0.9500 —1.6280 1.1795 —03053 —03075
54-55 0.1951 0.0215 0.9962 1.0392 —0.9752 —22172 0.2221 —0.5909
30-31 0.1631 0.0223 1.0079 0.9992 —0.1561 3.1416 —04217 0.7306
37-38 0.0339 0.0264 1.0388 1.0313 —3.1416 0.8446 0.1943 —0.2600
53-54 0.1612 0.1119 0.9833 0.9744 —1.1170 0.1753 —0.4000 —05196
50-51 0.1748 0.1077 1.0236 1.0088 3.1416 2.1380 0.5163 0.6649
46-47 0.0450 0.0807 0.9590 1.0500 3.0767 1.2810 —0.6290 0.3736
41-42 0.1224 0.1337 0.9802 09773 —0.2878 16027 —0.0494 0.7854
18-19 0.2000 0.0122 1.0500 1.0500 —2.7006 14835 0.6210 0.3872
25-30 0.1520 0.0772 1.0261 1.0142 —0.1200 2.0976 0.7243 — 04862
38-48 0.0795 0.1297 0.9630 1.0375 —1.2780 1.9343 —0.3627 —0.6203

Table 7 Comparison convergence time (s) for three algorithms

Line contingency Convergence time (s)
BAT WOA WO-BAT

- 16.864 14.091 11.170
38-49 17.196 14.573 13410
54-55 17471 15.884 13.741
30-31 18.716 16467 12.540
37-38 17.823 15482 11.112
53-54 17.485 16.214 12.404
50-51 17.514 16.605 10.707
46-47 17.962 15.322 13.750
41-42 18.921 16.529 13.829
18-19 18.837 17.815 12.737

25-30 16.653 15.044 11.646
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Voltage Profile for IEEE 57 bus system under No contingency

115 —

Voltage Magnitude (pu)

0.95 W \/—q/
& -
A

0 10 20 30 40 50 60
Bus Number
Voltage Profile for IEEE 57 bus system under Single Line contingency

—&— Base

)
& 44 = #— with GOUPFC
2 /N = with GOUPFC and 0.5 RES
2 |
=0
3
=
@
8
8
3
-
st . L LY L . —
0 10 20 30 40 50 60
Bus Number

Fig. 10 Voltage profiles with and without GOUPFC and 50% RES under no/single line contingency

case studies by considering GOUPEC device at different RES penetrations. The param-
eters of GOUPFC are optimized by using WO-BAT, WOA and BAT algorithms. With
the combination of GOUPFC and increased RES penetrations the AVDI, losses, LCPI
and OOF values are considerably reduced under no contingency conditions is observed

avg

in case 1. Under single line contingency conditions, without RES and GOUPFC, there is
an increment in losses, LCPI index and reduced voltage profile is observed in case 2. All
the performance indices and OOF value are significantly reduced with optimal place-
ment of GOUPFC and additional support of RES penetrations 0%, 30% and 50% in the
cases 3, 4 and 5, respectively. In addition, the voltage profile is also improved for the
case GOUPFC with 50% RES level when compared to the other cases. From the simu-
lation results, the hybrid algorithm WO-BAT is performed better than the individual
algorithms such as WOA-BAT in minimizing AVDI, P, LCPI and OOF value. With
the optimal location of GOUPEFC, the overall system voltage profile is enhanced in IEEE-
57 bus test system. Further, the impact the proposed device can be extended for large-
scale systems in the real-time scenario by incorporating two or more GOUPFC devices
at optimal locations which is considered as the future scope of the present work.

Abbreviations

FACTS Flexible AC transmission systems

OUPFC Optimal unified power flow controller

GOUPFC  Generalized optimal unified power flow controller
WO-BAT ~ Whale optimization-BAT

LCPI Line collapse point indicator

RES Renewable energy sources
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