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Abstract

The load growth in recent times due to advancements in technology and
population increase has led to shortage of reactive power in the power
system resulting in key issues such as voltage instability, large line

Published: May 2024 losses, power outages among others. In this work, Particle Swarm

Optimization (PSO) technique was used for optimal placement of
Unified Power Flow Controller (UPFC) for power loss minimization
using the IEEE 6-bus system as a test network. The load flow analysis
was performed using Gauss-Seidel iterative method with and without
inclusion of PSO-based UPFC. The PSO algorithm was used to find the
optimum point for UPFC location and determined using the line with
the least active power loss among other lines randomly selected by the
PSO algorithm, with 0.95 =¥ = 1.10 p.u defined as the voltage
statutory limit. The simulation results revealed that the optimum point
obtained was line 4-5, and the voltage profile were within the statutory
limit with and without optimally placed UPFC. The total active power
loss reduced from 495.5 to 273.9 MW, giving a reduction of 44.72 &g
with optimally placed UPFC. The total reactive power loss equally
reduced from 1439 to 936.2 MVAr, producing a reduction of 34.94 o4
with optimally placed UPFC. These results obtained showed that PSO-
based UPFC placement is suitable for power loss minimization and
enhancement of the system voltage profile.
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Introduction:-

There are three major units that constitute the electrical power system which are the generation, transmission, and
distribution systems (Adebisi et al., 2021a). Power losses occur when the electrical energy generated are transmitted
through transmission lines because of long-distance transmission (Adebisi et al., 2018; Patil et al., 2020). Other
losses occur due to inadequate conductor sizing, line overloading, corona effect among others (Gupta, 2011). The
recent load growth on power networks has further affected the system’s performance, thereby making it inefficient.
There are new technological methods, one of which is the use of Flexible Alternating Current Transmission System
(FACTS) to minimize or reduce line losses to the barest minimum thereby improving the efficiency of the existing
transmission networks.
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FACTS are power electronics-based devices which increases the capacity of the existing transmission network,
offers power flow control flexibility, controllability, security of supply among others. Among all the solutions
proffered to arrest the discomfort in power system, FACTS devices proved an effective remedy in optimizing the
system available capacity, thereby increasing the system load ability, and enhancing the voltage profile (Adebisi et
al., 2021b; Marefatjou and Soltani, 2013; Amin et al., 2021). FACTS devices are not cheap, and this explains the
reason it is not widely used. It must also be optimally located on the power system network to prevent waste of
energy and maximizing its available capacity, thereby providing maximum adequate compensation.

This work seeks to minimize power losses in transmission system using PSO based approach for optimal placement
of UPFC. UPFC can control all the power flow parameters, and the parameters of control are the bus voltage, phase
angle and line impedance/reactance (Mohanty and Barik, 2012). It synchronizes and combines the feature of two
voltage source converters which are Static Synchronous Compensators (STATCOM) and Static Synchronous Series
Compensator (SSSC) and exchange active and reactive power with the transmission lines. STATCOM and SSSC are
connected in parallel and series through a shunt and series coupling transformers to the transmission lines
respectively (Negi et al., 2017; Yugeswari et al., 2023). UPFC offers major benefits such as voltage stability,
reduction in line losses, security of supply among others. The circuit diagram of UPFC is shown in Figure 1.
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Figure 1:- Circuit diagram of UPFC.

Material and Methods:-

The load flow equations modelling the steady state performance of power systems were formulated without
compensation and modified through inclusion of UPFC (with compensation). This was then integrated into the PSO
algorithm for optimal placement of UPFC. The responses of the system without and with PSO-based UPFC were
then analyzed and presented, and inferences were made.

Formulation of Load Flow Equations

This work considered a transmission line represented by a © model equivalent network shown in Figure 2 for the
formulation of load flow equations.
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Figure 2:- A transmission line model.

Applying Kirchhoff’s current law to bus i in Figure 2 gives Equation (1):

LELHL ety @
The sum-total nodal current (I;) of bus i in Figure 2 can be written as Equation (2) with the use of Ohm’s law, and
rearranging Equation (2) gives Equation (3):

=v +v +v +-+dy f J— -y ¥V —ee—y
If' (" ] "Il ) i2 ) J"\")‘!‘ ) J']vl ) 2 2 "1'.'\"v.a\" (3)

The self-admittance (¥;;} and mutual admittance (¥;;) between bus i and k, is defined by Equation (4):

ViSvotyyTopt-tyy
Y“ =" \ai
r=-y, )
iN = _"‘f.'\'
By substituting Equation (4) into Equation (3) gives Equation (6):
IT=YV+Y V4Y V. +=+Y V_ (5)
i i f :l\r 1 i2 2 iN N
1=YV+ 2. Y.V, (6)

k=1

k#i
where I;, ¥; and ¥;, denote current injected and voltage of bus i and k respectively, ¥, and ¥;; denote mutual and
self-admittance.
The injected complex power into bus i is given by Equation (7) and via complex conjugate modified into Equation
(8) which further simplified into Equation (9) with the use of Equation (6) (Adebisi et al., 2017; Ohanu et al., 2022;
Gupta, 2011):

S, =P +jQ, = v{,!; @)
s'=p —jo =Vl (8)
r'_jQr' I I rN
Vf = Yiivf+ Z,{v=| Yr'fcvk (9)
! ki

where 5;, B and @; denote apparent, real, and reactive power at bus i respectively, ¥:* and I7 denote complex
conjugate of bus i voltage and current.
Making ¥; the subject of the formula in Equation (9) produced Equation (10), and with the application of Gauss-
Seidel method produced Equation (11):
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where i and » denote the number of buses and iterations
By separating Equation (10) into real and imaginary parts yields Equations (12) and (13) respectively:

—lv]2 N ) o
P.= |Vr G+ Zk:| |Y!,&V:,VA ms(()‘.k+r§k AJ (12)

Q.= |1-: ’B_+ E-f ‘: [F.;F.Fn |.u‘n|:|-:rlJL +8,-9) (13)

k=i
where &;; is self-conductance, &; is phase angle, E;; is self-susceptance, and &, is phase difference.
The net value of active and reactive power at bus i can be calculated using Equation (14), while the voltage-drop on
the line between bus i and k can be calculated using Equation (15):

P =P _-P_
i B Gof D,i (14)
Q, =0Q;,~ @,
Av =|v-v | (15)
ik i K

where F: and ; are net value of real and reactive power, F; ; and @ ; are active and reactive power generated, Py ;
and @ ; are active and reactive power demand, and AV, is voltage drop.

The active and reactive line losses between bus i and k were obtained from the mathematical manipulation of
Equations (8) and (15) as Equations (16) and (17) respectively:
P =“,1(1VE +Vi- 2V.V cosd ) (16)
th =—VB —VB —2B V 'r'lc{)sﬁ?"l a7

IK K

Load Flow Model of Unified Power Flow Controller
The UPFC model equivalent circuit is shown in Figure 3. The load flow models of the controller are derived and
expressed by Equations (18) to (27) (Namrata, 2014):

z
Bus k e V <4 Bus m
a’{ m ’ ;?\“ ) | IFIur
—_ N & <+
I..
s
WE
P +P =0
5 il
+ /

¥ o<d T
I |

UPFC has two voltage source converters connected between two buses, one in series and the other in shunt. From
Figure 3, Z,, and Z.; represent the series and shunt impedances respectively, with subscript se representing series

and subscript sh representing shunt.
The shunt (E; ) and series (E,,} voltage sources are given by Equations (18) and (19) respectively:

Figure 3:- UPFC model.

510



ISSN: 2320-5407 Int. J. Adv. Res. 12(05), 507-520

E. '-f'_“,r[caﬁc‘}ﬂ_l + Jr'sinﬁ_‘l,_.:] (18)
E_ V_W(cosdw + jsinél‘_(’) (19)

where ¥;, is controllable voltage magnitude with constraint of (V ) <V <V ), & is controllable phase

sh min sh = shmax

angle with constraint of (ﬂsd, < Err), Vie is controllable voltage magnitude with constraint
i

of(V <V <V ) andé, is controllable phase angle with constraint of(O <6 < 211).

se min - 5e¢ X¢ Max
Using the UPFC model shown in Figure 3, the real and reactive power Equations at bus k are given by Equations
(20) and (21), and at bus m, are given by Equations (22) and (23) respectively:
P, = vicu + 1-1_\!"?[(;“”;-05(.‘1& - nm) + Bb”sin(ﬂk - nm)] + Vk'Ir’.\_"[(}*_mcus((ik - :s“.} + Bmsill(ﬂx - "’.\-«)] AR [Gmcus[ﬂk - r'ﬁ.‘_h) + B.\_“sin[ﬂk - :s_‘_h)]

(20)

Q, = _viBik + i.r‘k!,’m[Gmsin(U‘ - Um) - Bkmws(ﬂk - r.im)] + V"I.-’_“I[kasin(ﬂk -6 \!-) - Brmm“(”; - "‘_ﬂ.)] +VV, [G_\_“sin(ﬂk - ”.\-u) - B_\_ncns[ﬁk - :5_\1‘)]
(21)
P =VIG +V 1-',[{; cos(@ -8 +B sinf8 -8 ] + Vv [(; cos{@ -8 |+ B sinf@ -4 ‘l] (22)
m A mm m k| ek \ m k) mi N m k) - ] L o ) mm | s
Q, = VB, * VY [Gusin(0, = 0)) = B,eo5(0, = 0)] +V,V [G, sin(0, =0,) +B co50, =0)] (23)

The real and reactive power Equations for series converter are given by Equations (24) and (25), and for shunt
converter are given by Equations (26) and (27) respectively:

P = 1(, 1 v_wvk[r;mcus(d-_\_r - er) + Bkmsin(ow - ﬂ‘_)] 1 v_wvm[cmmms(f)_\_r - ",,J + Bmxin(nw - um” (24)
0, = —vi_.';mm + V\."'!f.[Gf.H,“"“(dw =0,) =B cos(d - n*)] + vwvm[(;rm"sin(;sw =0,) =B, cos(6 -0) ] (25)
P, =~ V.i,c_.;. tV.V, [Gm ms(dm - ()k) +B, sin(r)_‘h - r;k” (26)
Q, = vfh.f;_‘.h +V.V, [G_‘h .~;in(a_‘;r -0 ‘_) -B, ct)s(:ﬁjh -0 ;-) ] 27)

Modelling of Particle Swarm Optimization

PSO uses a swarm of particles to locally search a given space, with each particle defined by a position and a velocity
vector and moves in X-Y plane. During the search process, each particle communicates with each other to find
solution to the optimization problem. The best location found by each particle is known as particle best location
(Pyeze), While the best position found by the team (swarm) so far is known as team best location (T;...). The
particle’s best location is also known as local best. As the particles move in a search space, they communicate with
one another to determine the best location found so far and move in that direction (Jumaat et al., 2011). PSO
advantages include its robust system, ease of implementation, and fast convergence (Marefatjou and Soltani, 2013).

The initial position and velocity vector of the ith particle in a search space is given by Equation (28) and Equation
(29) respectively (Marefatjou and Soltani, 2013):

= T
X = (x],l,xr,.,, X X, ) (28)
F = (F” FopF oy, )T (29)
The particle’s velocity and position are given by Equations (30) and (32) respectively.
FE U=y Fhve xr x(P J']+c Xr x((‘ -k (30)
i i 1 1 .FJe'\u i best i i
w= “llr.'cl.i -{[wmw. - wlr i X k /ﬂ - (31)
=k ppitl (32)
i i I

where F¥+*and x¥+*are the velocity and position of particle i at iteration k+1, F¥ and x¥ are the velocity and
position of particle i at iteration k, i = 1,2,....N and N is swarm size, w is inertial weight, », and = are variables
between 0 and 1, ¢, and c. are acceleration constant, L is constriction factor, wy,,,. and wy,;, are maximum and
minimum inertia weight, &,,,, and & are maximum and current iteration.

The location of UPFC depends on which transmission line with UPFC placement brings about the least active power
loss among other lines in the power network. Therefore, the objective function is to find the optimum point for
UPFC location which 7Tine the least active power loss, and is expressed as Equation (33):

m':--' =min E P . (33)
Using Equation (16) |n Equatlon (33) ylelds Equation (34):
P, Z,‘f”l G I( Vit v~—vv Vu:*-,(() - ()) (34)
TERRY = } i
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where F, ... is active power loss in the system, &; is conductance of line (i, j), ¥; is voltage magnitude at bus i, ¥ is

voltage magnitude at bus j, & — & is bus angle at bus i and bus j respectively, and NTL is number of transmission
lines. Subject to voltage constraints (V:,’”'" < VFSV;”“-"), branch current constraints (!Mjs !;:j‘) and power flow

constraints.
From Equation (30), make ;.. ; the subject of the formula give Equation (35):
F‘_*'—(u-x,r%h: X r X(P - _\-‘_)Jw Xr_ X xk
i i 1 1 Frest i i 2 2 i
best i c, w "'1
Each particle is a potential solution to the optimization problem. The global best (&; ... ) is directly proportional to
objective function. In this case, G, iS taken as the objective function value itself, and is expressed as Equation

(36):

Gbc’sr - mm(PLoss) (36)

There is continuous iterative process in Equations (30) and (32) until all the particles converge towards the &;,.; -
The flowchart for the PSO algorithm used for the placement of UPFC is shown in Figure 4.
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1 Start )
Input the bus data, generator data, line
data and shunt data
/ Size the UPFC device /

Read the bus data, generator data, line data and shunt data. Run the load flow
analysis using Gauss-Seidel method and find the power losses and bus voltages

Calculate the total line losses before
the placement of UPFC device

/

Input the PSO parameter such as ci, Cz, ri, r,, w etc.
Maximum iteration is setas t = 100

/

Generate randomly the position and
velocity vector of particles

L

Iteration =

Iteration+1

A

For each particle, evaluate their fitness function

Calculate the new-found position and velocity using equations
(25), (26), and (27) respectively

Each particle’s position is assigned Pbest. Find the Gbest (i.€.,
where the least active power loss is observed)

If Gbest is the optimal

solution

yes

v

Calculate the total line losses and bus voltages after the
placement of UPFC device

End

Figure 4:- Flowchart for PSO algorithm used for the placement of UPFC.
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Implementation Software and Test Network

In this work, the load flow code was developed in Python environment (version 3.7), and a jupyter notebook was
used to run the Python code. The test network used in this work was IEEE 6-bus system. The one-line diagram of an
IEEE 6-Bus System is shown in Figure 5. It consists of six (6) buses and three (3) generation stations. The network
data, generator data and transmission line data were taken from Alnaib (2020). The data is on 220 kV and 100 MVA

base.

3

—©

6 v

@
L

O
=

Figure 5:- IEEE 6-bus power system (Tong et al., 2017).

Results and Discussion:-

The load flow results without and with optimally placed UPFC device programmed in Python environment via the
PSO algorithm, applied on the IEEE 6-bus power network are presented in this section. The parameters used for the
PSO and UPFC sizing for the IEEE 6-bus power network is shown in Table 1 and Table 2 respectively.

Table 1:- The parameter value used for the PSO.

PSO Parameter Value
£y 0.1

Ca 0.2

" Oto1l
i Oto1l
u"ﬂ'.ﬂ.‘t’ 08
Winin 0.2
Population size (N) 10
Maximum number of iterations 100
Table 2:- Parameters used for UPFC Design/Sizing.

UPFC Parameters IEEE 6 Bus
Is 2

Ir 3
Xvr 0.1
Xcr 0.1
Vvrtarget 1.0
Vstat 1

Psp 0.4
Qsp 0.02
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Pstat 1
Qstat 1
Flow [-1]
Vcer 0.04
Vvr 1.0
Vvrmax 1.05
Vvrmin 0.95
Vcrmax 0.1
Vcermin 0.001
Tvr 0.0
Ter [-87.13/57.3]

The PSO technique was used to find the optimal location for the UPFC device on the power system network, using
active power loss as the selection criterion. The particles look for the line with UPFC placement in which the least
active power loss is recorded. This is referred to as global best (... ), and the UPFC device was placed/installed in
this position. At ;... position, the effect of the compensation device (UPFC) is maximally felt in terms of having
the least active and reactive power losses and enhanced voltage profile on the considered network.

The PSO algorithm has been programmed to randomly select some of the lines with UPFC placement to show the
effect of UPFC device on different locations during the particle search.

The load flow results generated for IEEE 6-bus power network with UPFC placed on line 4-5 selected as the
optimum point by the PSO algorithm are presented as follows:

Figure 6 shows UPFC placement at different locations on the IEEE 6-bus power network, while Figure 7 shows the
comparison of the voltage profile without and with optimally placed UPFC device on line 4-5. Also, Figure 8 shows

the comparison of the total active power loss without and with optimally placed UPFC, while Figure 9 shows the
comparison of the total reactive power loss without and with optimally placed UPFC.

279
278
277
276
275
274

273

Total Active Power Loss [MW]

272

271

UPFC on line 4-5 UPFC on line 5-6

Figure 6:- Total active power loss with UPFC placement at different locations on the IEEE 6-bus power system
network.
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Figure 7:- Comparison of bus voltage magnitudes without and with optimally placed UPFC device on the IEEE 6-
bus power system network.

g 8

8

8

Total Active Power Loss (MW)
[ w
8 ]

Without UPFC With UPFC

Figure 8:- Comparison of total active power loss without and with optimally placed UPFC device on the IEEE 6-
bus power system network.
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Figure 9:- Comparison of total reactive power loss without and with optimally placed UPFC device on the IEEE 6-
bus power system network.

From Figure 6, the optimum point for UPFC placement as obtained from the load flow results was line 4-5. This is
where the least active power loss was observed. The bus voltage magnitudes of all the buses in per unit were within
the statutory limit defined by 0.95 = V = 1.10 p.u without and with optimally placed UPFC device on line 4-5.

From Figure 7, it was observed that without compensation applied to the test network, the voltage magnitude of all
the buses were within the statutory limit, while with optimally placed UPFC device, the voltage magnitude of some
of the buses already within the statutory limit still improved. The voltage magnitudes of buses 4, 5 and 6 improved
from 0.9865, 0.9843, 1.0047 to 1.0500, 1.0165 and 1.0108 respectively.

From Figure 8, the total active power loss on IEEE 6-bus network was 495.50 MW without compensation, and
reduced to 273.90 MW with optimally placed UPFC, equivalent to a percentage improvement of 44.72 t4. Similarly,
from Figure 9, the total reactive power loss was 1439.00 MVAr without compensation and decreased to 936.20
MV Ar with UPFC optimally placed showing an improvement of 34.94 ;.

The simulation results obtained from Amin et al. (2021), Mathad and Kulkarni (2020), Krishna and Reddy (2014),
Amer et al. (2013) among others who have also worked on PSO technique for optimal location of UPFC using some
other practical networks as case studies, reviewed that there is reduction in active and reactive power losses and
enhancement of voltage profile which is in line with the results obtained from this research work.

Conclusion:-

The continual development in technology and increase in load has created a wide electricity gap between power
demand and supply, leading to voltage instability, high transmission losses, frequent system collapse among others.
There is a need to integrate FACTS technology into the power system network, of which benefits are improved
system stability, security of supply of electricity, efficient use of the present transmission network among others. In
this work, PSO technique was used for optimal placement of unified power flow controller for power loss
minimization using the IEEE 6-bus system as a test network. The simulation results showed that UPFC when
appropriately placed in a power system network via a suitable optimization technique such as particle swarm
optimization will significantly minimize the power losses of the network.

Also, since particle swarm optimization technique is one of several possible modern optimization techniques. It will
therefore be recommended that further study be conducted to examine the impacts of other modern optimization
techniques such as genetic algorithm, differential evolution, evolutionary programming, ant colony among others on
the power system network.
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