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ABSTRACT: Over the last two decades, the size and complexity of electric power system has increased due to
large demand for electricity, which causes the power systems to operate close to their thermal and stability
limits and the consequences of which are power outages, high line losses, poor bus voltages, total blackouts
among others. This work employed particle swarm optimization (PSO) based unified power flow controller
(UPFC) placement for power system loss minimization using the IEEE 30-bus system as a test network. The
load flow equations were formulated modeling the steady state performance of the power system using Gauss-
Seidel iterative method, modified through inclusion of unified power flow controller, and simulated using
particle swarm optimization algorithm without and with compensation in Python environment (version 3.7). The
line with the least active power loss was used to determine the optimum point for unified power flow controller
location, and 0.95 < V < 1.10 p.u defined as the voltage statutory limit. The obtained results showed that line
12-13 was the optimal point, and all the voltage profile were within the statutory limit without and with unified
power flow controller placed at the optimal point, the total active power loss in the system reduced from 499.1
to 206.4 MW, given reduction of 58.65 %, while the total reactive power loss reduced from 2488.7 to 2067.2
MVAr with reduction of 16.94 %. These results showed that PSO based UPFC placement is suitable and
appropriate for both voltage stability enhancement and power loss minimization.
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I. INTRODUCTION

The electricity grid is a complex network consisting of transmission lines, generators, transformers,
circuit breakers, bus bars, isolators, loads among others. Nowadays, the demand for power supply has drastically
increased due to increase in population and technological development, creating a demand-supply electricity gap
resulting in system instability, high transmission losses, poor power quality, persistent system collapse among
others. This demand-supply shortfall has put power system engineers on their toes to find a permanent solution
to various issues surrounding the unavailability of power supply [1].

One way of ensuring there is proper balance between power generated and load is by establishing more
generating plants, constructing alternative or new transmission lines among others, which will provide stable,
secure and improvement in electricity supply. But cost limitations, environmental restrictions, land acquisition
challenge, among others have made power supply providers to seek an alternative solution to shortage of
electricity. Another approach of closing the demand-supply electricity gap is by using reactors to stabilize the
power system when it is lightly loaded, and capacitor banks during system overloading to compensate for
shortage of reactive power, and in some cases resort to load shedding. But this method of power compensation
and control suffers wear and tear due to its moving parts [1], [2], [3], [4].

Recent development has been tilted towards the use of Flexible Alternating Current Transmission
System (FACTS) devices to optimize the available capacity, as previous methods proved ineffective. Hence,
there is need for extensive research on its use and should be given the needed priority.
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FACTS devices help to reduce power flow congestion in an overloaded line, minimize power losses,
boost voltage profile, ensure security of supply, efficient use of the existing transmission network, and ensure
that the power system control parameters fall within the constraints limits [5]. Therefore, this study employed
PSO based UPFC placement for power system loss minimization. UPFC is a costly device, and it is important
that it is optimally located on the power system network to maximize its capacity.

Il. MATERIALS AND METHODS
3.1 Formulation of Load Flow Equations
A power system network consists of a generator, load and transmission lines interconnected together, and a
typical representation is shown in Figure 1.
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Figure 1: A transmission line model

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

=Lttty @
The sum-total nodal current (1;) of bus i in Figure 1 can be written as equation (2) with the use of Ohm’s law,
and rearranging equation (2) gives equation (3):

Ii :yi[]vi +’vil(vi B Vl) +yi2(vi - Vz) t +'viN(Vl - VN) (2)
L= ('vm vty +'\‘iN)Vi YV TV T Yy ©)
The self-admittance (Y;;) and mutual admittance (Y;,) between bus i and K, is defined by equation (4):
Vo=t ty, oty
Y =-—
il il
YI2 = _yiz (4)
iN = _yiN
By substituting equation (4) into equation (3) gives equation (6):
][ = Yiivi + YEINVI + Yf2V2 et YiNVN (5)
Ii = Yu'va + k§1 yikvk (6)
k=i
The injected complex power at bus i is expressed as equation (7) [6]:
S, =P +j0 = vil;j“ )

Taking the complex conjugate of equation (7) gives equation (8), and substituting equation (6) into equation (8)
gives equation (10):
S'=pP —jo. =VI (8)
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Making V; the subject of the formula in equation (10) gives equation (11), which is the Gauss-Seidel load flow

equation, and the iteration for Gauss-Seidel method is given by equation (12):

1| P N
vEy . ZF] YVob =2 3N (11)
i i k#[
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By separating equation (11) into real and imaginary parts produced the quadratic equations (13) and (14)
respectively:

=|v |2 N .
P = |Vi G+ 2 - |Ykain|COS(9ik+()k rSi) (13)

k=i
0 .= |Vi|23!_i + ZNk:l ‘Yikvivk|sm(eik +8,-0) (14)

k=i
where P; and Q; are real and reactive power, I and V;" are complex conjugate of bus i current and voltage, i is
the number of buses, r is the number of iterations, G;; is self-conductance, B;; is self-susceptance, §; is phase
angle, and 8, is phase difference between admittance of bus i and admittance of bus j.
The net value of active and reactive power at bus i are calculated using equation (15), and the voltage-drop on
the line between bus i and k can be calculated using equation (16):

Pi ZPG i B PD i
o (15)
Q, =0, Qn,f
av, =|v-v,| (16)

where P; and Q; are net value of active and reactive power, P;; and Q. ; are power generated, Pp; and Qp; are
power demand, and AV, is voltage drop between bus i and k
The mathematical manipulation of equations (7) and (16) give equations (17) and (18) respectively, which is the
real and reactive line losses between bus i and k:

P,, =G (VI+VI=2VV cosd ) 17
0,.,=~ vaik - ViBik - ZBt_kVincosBm (18)

3.2 Modelling of UPFC into the Load Flow Equations
Figure 2 shows the UPFC model equivalent circuit, and is expressed by equations (19) to (28) [7]:

Bus k se V <6 Bus m

z (IR TR
—> N |<—
I—V

7 g l Ish
! P +P =0
se sh

V <f ®/

s sh

Figure 2: UPFC model

From Figure 2, subscript se and sh representing series and shunt respectively. The shunt (Eg,) and series (Es,)
voltage sources are given by equations (19) and (20) respectively:
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Vsh(cosdsh + jsindm) (19)
.= V‘W(cosdse + .}smém) (20)

where Vg, , 4, is controllable voltage magnitude, and Js,, &5, is controllable phase angle with constraint of
(V) SV sV, yand (05 8 < 2Tr) respectively.
The real and reactive power equations at bus k are given by equations (21) and (22), and at bus m, are given by

equations (23) and (24) respectively:
P =VIG, + VY [Gyc080, - 0,) + B, sin(0, =0 )] + V,V [G cos(0, =6 ) +B, sin0 =8 )] +VV, [G cos(0 =6)+B sin0, =6

)
|

(1)
0, = -ViB, +VV [G, sin(0, -0 =B cos(0, -0 )] +V,V [G sin(0, =6 ) =B, cos(0, =06 )] +V,V, [Gsin0, =0,) =B cos(0, =01
(22)
Pm = v:.nGmm + vmvkj[GkaOS(Um - Uk) + Bmﬁ'Sin((}m - Uk')] + ViuV\z'[GmmCDS(Um B d.\'z‘) + BmmSin(Om - (5M)] (23)
Qm =" V;:Bmm * V“!V"[Gmksin(ﬂm B Gk) - Bmkcus(nm B 0&'” + VmV.«'e[Gmmsm((}m - 6.&'(’) * Brwncos(()m - d\‘:*) ]
(24)

The active and reactive power equations for series converter are given by equations (25) and (26), and for shunt
converter are given by equations (27) and (28) respectively:

P = :( Gmm * V.rcvk[kaCOh(d.w B Hl{) + Bkm&in((sw B Hk)] + V.w VM[GHUHCOS((SM‘ B dw) * Bmm m ] (25)
Q uBmm * V\UVL[GLWSin(d.w - ”k) - Bkwcns(axv - 0&'” + V.«'evm[ammsm(d\‘v - {)m) - Bmm m ] (26)
Po=-V2G +V V [G cos(é' - ok) +B, sin(am - ak)] 27)
Q,=V B, +V v [G sm(am - ak) - B, cos(ém - ak)] (28)

3.3 Mathematical Model of PSO

PSO was modelled after the social behaviour of fish schooling [8]. This stochastic optimization
technique uses a swarm of particles to find the optimal solution. Each particle is defined by a position and a
velocity vector in a search space and communicate with each other to find solution to the problem. During the
search process, each candidate keeps a record of its best location and tried to find a better position by updating
its velocity [9]. The best location found by each candidate/particle is known as personal/particle best (Ppest),
while the best location found in the swarm among the particle is known as global best (Gp.;). It should be noted
that there is always a G,.;; amongst the P, and each particle converges towards the global best position
(Gpest)- Since the search process is defined in the X-y plane, the candidate’s position is in (x, y) direction and
velocity vector (V,, 13,).
The velocity and position vector of the ith particle in a search space is given by equation (29) and equation (30)
respectively [10]:
F = (F GF o Fo )T (29)

X (Xil’Xi'Z’ st"' Xid )T (30)
The best posmon found by each particle is given by equation (31), and each particle moves in the direction
towards the best location in the swarm known as global best position (Gy.s;) given by equation (32):
(31)

Pbifsl‘t' = (Pbcst il’Pbm( i2’ Pb(’sr i3 " P best id )T
Gbes!t - (Gbesx‘il’Gbcsr 2’ Gbesr i3 G best id ) (32)
Since velocity is the distance covered per unit time in a specified direction, each particle’s new position is
defined by a velocity which changes from time to time as particles move towards their personal best location
(Pyest) and global best position (Gp.s:). The particle’s velocity and position are updated based on the particle
best and global best position found and are given by equation (33) and equation (34) respectively [11], [12]:
Fitl=wxFRee xr x(PM“_— x‘t’_‘)+cz><r2x(Ghm“_— xt (33)
k+l— k+ LF/(+1 (34)
The maX|mum velocny (Enax) Of the particles are restricted to prevent the particles from leaving the search
space, while the minimum velocity (—F,,,,) are also restricted to prevent the particles from exploring below the
local solution. The velocity of each particle falls between —F,,,, t0 F,, .-
The inertia weight is updated at each iteration and is given by equation (35) [13]:

w= wmax - ((wma.x B wmin) X k)/kmcrx (35)
Where x¥**and F/*'are position and velocity of particle i at iteration k+1 (new value), x¥ and F¥ are position

and velocity of particle i at iteration k (old value), i=1, 2, ..., N and Nis swarm/population size, w is inertial
weight of the particle, r, and r; are randomly generated numbers, ¢, and c¢; are acceleration constant, L is
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constriction factor which ensure convergence, w,,;,, and w,, 4, are minimum and maximum inertia weight, k...
and k are maximum and current iteration.

A balance between the local and global exploration is provided by a good selection of inertia weight. Figure 3
show the particles behaviour in particle swarm optimization.

»
»

X

Figure 3: Particles’ behaviour in particle swarm optimization

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 give the least active power loss, and is expressed as equation (36):

NTL

F b =mini§1FLoss (36)
Using equation (17) in equation (36) yields equation (37):
P =Tl G ViHVI=2V Y cos(0, - 0) 37)

where P is active power loss, G;; is conductance of line (i,]), 6; — 0; is bus angle at bus i and j respectively,
and NTL represents number of transmission lines. Subject to voltage constraints (V;"i’lsvisvz"“x), branch

current constraints (lb,_ < lff‘?”‘), and power flow constraints.
ij hif

From equation (33), make G, ; the subject of the formula give equation (38):

FAi—(wxFrte xr x(P = K +e xr xut
i i 1 1 best i i 2 2 i

besti (;2 X rz (38)

The global best (G,.s:) is directly proportional to objective function, and in this case, G, iS taken as the
objective function value itself, and is expressed as equation (39):

Gbesf = Jmlm(PLms) (39)
There is continuous iterative process in equations (33) and (34) until all the particles converge towards the
Gbest-

3.3.1 Optimal Placement of UPFC via PSO Algorithm
The solution procedures for particle swarm optimization are summarized as follows:
i Input the bus data, generator data, line data and shunt data
ii. Size the UPFC device
iii. 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

iv. Calculate the total line losses before the placement of UPFC device
V. Input the PSO parameter such as c¢; and c,, r; and r,, w among others. Maximum iteration is set as t =
100
Vi. Generate randomly the initial search points (positions) and velocities of the particles with population
size representing a solution to the objective function
vii. For each particle, evaluate their fitness function
viii. Find the optimal location for the UPFC device, where the least active power loss is recorded
iX. Each particle’s position is assigned P, . Find the G, (i.e., where the least active power loss is
observed)
X. Calculate the new-found position and velocity using equations (33), (34), and (35) respectively
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Continue to evaluate Iteration = Iteration + 1
Check if Iteration = Iteration,, (i.e., if the number of iterations reach the maximum limit)
proceed to the next step, if not, go back to step xi

Xiii. Set best of Pyes; aS Gpest

If Gpes: 1S the optimal solution proceed to step xv, otherwise, go back to step vi

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

End
The implementation of all the derived load flow equations in this study is done through the application of PSO
algorithm.

3.4 Choice of Simulation Software

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 on windows 10 operating system. Jupyter notebook is an interactive way of
running Python code, with high flexibility, rich formatting, and a great user interface. The notebooks are
structured in cells where you write an entire program or lines of code and can be run one at a time or entirely.
Python finds application in power networks, and it is easy to use, deploy with great library support.

3.5 Test Network

The test network used in this work was IEEE 30-bus system. The single line diagram of IEEE 30-Bus System is
shown in Figure 4. It consists of thirty (30) buses and six (6) generation stations. The network and transmission
line data were taken from [14], and the data is on 220kV and 100MVA base.

+' 27 28

26 25

Figure 4: IEEE 30-bus power system [15]

I11. 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 30-bus power network are presented in this section. The parameters
used for the PSO and UPFC sizing for the IEEE 30-bus power network is as attached in the appendix.

WWW.ajer.org Page 25
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Active power loss is used as the selection criterion for optimal location of UPFC device on the power network.
The PSO algorithm randomly select some of the lines with UPFC placement to show the effect of UPFC on
different locations during the particle search. The particles converge at G, location in which the effect of the
compensation device (UPFC) would be maximally felt in terms of having the overall least real and reactive
power losses and enhanced voltage profile on the considered network. The load flow results for IEEE 30-bus
power network with UPFC placed on line 12-13 selected as the optimum point by the PSO algorithm are
presented as follows:

Figure 5 shows UPFC placement at different locations on the IEEE 30-bus power network, while Figure 6
shows the comparison of the voltage profile without and with optimally placed UPFC device on line 12-13.
Also, Figure 7 shows the comparison of the total active power loss without and with optimally placed UPFC,
while Figure 8 shows the comparison of the total reactive power loss without and with optimally placed UPFC.
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Figure 5: Total active power loss with UPFC placement at different locations on the IEEE 30-bus power system
network
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Figure 6: Comparison of bus voltage magnitudes without and with optimally placed UPFC device on the IEEE
30-bus power system network
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Figure 7: Comparison of total active power loss without and with optimally placed UPFC device on the IEEE 30-bus power system network
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Figure 8: Comparison of total reactive power loss without and with optimally placed UPFC device on the IEEE
30-bus power system network

From Figure 5, the optimum point for UPFC placement as obtained from the load flow results was line
12-13. 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 < 1.10pu without and with optimally placed UPFC
device on line 12-13. From Figure 6, 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 were further enhanced. The voltage of
buses 10, 12, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 and 26 increased from 0.9957, 0.9946, 0.9817, 0.9806,
0.9876, 0.9877, 0.9731, 0.9720, 0.9771, 0.9797, 0.9899, 0.9793, 0.9819, 0.9927 to 1.0266, 1.0500, 1.0478,
1.0384, 1.0423, 1.0259, 1.0220, 1.0154, 1.0174, 1.0162, 1.0206, 1.0174, 1.0120, and 1.0109 respectively. From
Figure 7, the total active power loss on IEEE 30-bus network was 499.10 MW without compensation, and
reduced to 206.40 MW with optimally placed UPFC, equivalent to a percentage improvement of 58.65 %.
Similarly, from Figure 8, the total reactive power loss was 2488.70 MVAr without compensation and decreased
to 2067.20 MVAr with UPFC optimally placed showing an improvement of 16.94 %.

The load flow results obtained from [16], [17] among others who have also employed PSO based
UPFC placement for power system loss minimization 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 study.

IV. CONCLUSION
FACTS technology has been proven as a new way of utilizing the existing available power capacity,
and can increase the system load ability, enhance the voltage profile, and ensure the constraints of the power
system network falls within its statutory limit. This study employed PSO based UPFC placement for power
system loss minimization using IEEE 30-bus system as a case study. The simulation results showed that PSO is
a useful and suitable technique that could be deployed to find the optimum location for FACTS compensating
devices such as UPFC to achieve an improved power system performance.
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APPENDICES
APPENDIX I: The parameter value used for the PSO
PSO Parameter Value
C1 0.1
Cy 0.2
&1 Oto1l
T Oto1l
Wmax 08
Whnin 0.2
Population size (N) 10
Maximum number of iterations 100

APPENDIX Il: Parameters used for UPFC Design/Sizing

UPFC Parameters IEEE 30 Bus
Is 16
Ir 17
Xvr 0.1
Xcr 0.1
Vvrtarget 1.0
Vstat 1
Psp 0.4
Qsp 0.02
Pstat 1
Qstat 1
Flow [-1]
Vcer 0.04
Vvr 1.0
Vvrmax 1.1
Vvrmin 0.9
Vcrmax 0.2
vermin 0.001
Tvr 0.0
Ter [-87.13/57.3]




