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a b s t r a c t

Today, advanced technologies are used for the reliable operation of power systems. In order to access
a reliable and practical function in the systems, it is necessary to use precise control systems with
higher efficiency in the systems to minimize the problems of the distribution system. Devices that are
made on the basis of power electronics have wide applications in power systems today. These devices,
which are called FACTS devices, provide the possibility of improving energy transmission with the
least investment cost, as well as quick control of power system problems. FACTS devices are placed in
series, parallel or series-parallel transmission lines and control the operation of distribution systems
in permanent states as well as the dynamic behavior of the system in transient states. FACTS devices
are an effective method to solve the problems and limitations of lines. Transmission and replacement
networks are used to create new lines in the network. From the point of view of power distribution
control, FACTS controllers can be placed anywhere in the transmission line, but the elements are most
effectively used when they are placed at the most critical point. Unified Power Flow Controller (UPFC)
is one of the most important FACTS devices that can improve parameters. The quality of power used in
the power system depends on the effect of this controller in improving the loss reduction, reducing the
total harmonic distortion (THD), and removing the clogged lines to their proper location in the power
system. This device is capable of all different effective parameters at a time. These parameters usually
include voltage, impedance, and phase. This paper uses a new sensitivity analysis index to determine
the optimal size and location of the UPFC to improve the power quality parameters of the distribution
system. The proposed method is evaluated on the IEEE 14-bus network in the Simulink environment
of MATLAB software. Finally, according to the simulation results and the results obtained from the
base network, it is determined that using the proposed sensitivity analysis index in UPFC location,
losses Network, total harmonic distortions (THD) and eclipses Network lines are much improved. The
results indicate that the proposed method has provided a good answer to determine the optimal size
and location of UPFC to improve power quality parameters. Using the results of the sensitivity analysis
method, the best place to install UPFC in the power grid, mode number 6 between buses 2 and 11
is obtained. and The amount of network power losses after sensitivity analysis, compared to the base
network Active losses of about 55% and reactive losses of about 11% deceased, Due to the circular
structure of the network, the current passing through the lines is different depending on the amount
of load in the bases near that line, and with the presence of UPFC, the network is optimized and the
current passing through the lines is also reduced. 4) Percentage of total harmonic distortion (THD)
mains voltage before the presence of UPFC is about 27.12%, which after installation in the 6th place
with a maximum size has been reduced to about 11.11%.
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1. Introduction

In recent years, Extensive efforts have been made to increase
the damping and dynamic stability of power systems, the results
of which have led to the emergence and design of various types
of power system stabilizers (Rathore et al., 2021; Ghiasi et al.,
icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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021; Ahmadi-Nezamabad et al., 2019; Mosaad et al., 2021; Ap-
ala Naidu et al., 2021). UPFC is a controller consisting of power
lectronics that can control the active and reactive power on
he transmission line. UPFC consists of two series and parallel
oltage source converters that can be modeled by variable voltage
ources. The series converter is installed in series on a line by a
ransformer and the parallel branch of UPFC also includes a volt-
ge source converter which, in addition to supplying the voltage
f the bus connected to it, is also responsible for the active power
xchange between the bus and the series converter. Two series
nd parallel converters are connected by a DC capacitor. The
ondition for the voltage to be constant on this DC capacitor is the
ower balance between the converters (Liaquat et al., 2021; San-
eevikumar et al., 2022; Fakhar et al., 2021; Siddique et al., 2020).
o maximize the efficiency of the UPFC in the power system, it is
ecessary to determine the UPFC installation goals and use them
o determine the optimal installation location of this element
nd its capacity. An appropriate optimization algorithm can be
sed for optimal UPFC location. The proper location of the UPFC
ncreases the level of network security by eliminating or mini-
izing overload lines and limiting voltage changes in the shafts
uring severe disturbances. In addition to the above, reducing
ystem losses leads to increased network efficiency. Also, the cost
f investment and installation of UPFC should be minimized. In
he article Nasab et al. (2022) to find the optimal location of UPFC
ybrid algorithms (HIA) such as safety-genetic algorithm (IGA)
nd PSO algorithm have been used to achieve optimal power
low (OPF). In this paper Veerasamy et al. (2021) the perfor-
ance of GSA with other meta-heuristic search techniques such
s biogeography optimization (BBO), Golmykh genetic algorithm
Stud GA), genetic algorithm (GA), ant colony optimization (ACO),
n the system Different standard test systems and real power
ystems are compared. The results show GSA has a great ability
n planning the power system and providing a quality and fast
olution to operational problems. In Wei et al. (2021), Elbatawy
nd Morsi (2021), Alkhateeb et al. (2020), Pokhrel et al. (2021),
hayeghi et al. (2009) and He et al. (2021), a multi-objective
uzzy method based on particle swarm optimization (PSO) for
he optimal location and adjustment of the UPFC parameter in a
ower system for a long period is presented. Article Mahadevan
t al. (2021), Zhang et al. (2022), Tao et al. (2022), Huang et al.
2022), Cheng et al. (2022), Singh and Dubey (2022), Muttaqi et al.
2022) and Clairand et al. (2022) uses the newly modified bee
ating optimization method, the fuzzy multi-objective method
ased on the multi-objective bee mating optimization (MOMO)
o determine the optimal location and optimal adjustment of
he UPFC parameter in a power system for a long period. Is.
rticle Alkhateeb et al. (2020) Using dynamic voltage stability
nalysis, presents a new method for locating UPFC based on fuzzy
ogic in the power grid. In the study (Azimi Nasab et al., 2021a;
astillo-Calzadilla et al., 2022; Davoodi et al., 2022; Li et al., 2022;
aini and Gidwani, 2022; Seresht et al., 2023; Zambrano-Asanza
t al., 2021), a particle swarm optimization algorithm for density
anagement Using the optimal size and location of a UPFC device

n a market-based power system is provided. The purpose of this
aper Masrur et al. (2022) was to identify the optimal location
f UPFC in the power system under N-1 probability. The size and
ost of FACTS devices have been defined to determine the optimal
ocation and size, and efforts have been made to improve the
PFC installation cost as well as to improve the voltage profile
arameters and maximum load. In this paper, the cat swarm
ptimization algorithm is used to locate multiple UPFCs and load
ncertainty is considered.
The paper presents a graphical user interface (GUI) based on a

enetic algorithm (GA) that can find the optimal locations and

arameters of multiple FACTS devices in large power systems.
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Fig. 1. The general structure of UPFC.

In the paper Adetunji et al. (2022), Ahmadi et al. (2023), Chen
et al. (2021), Gamil et al. (2022), Haider et al. (2022), Samavat
et al. (2023), Khan et al. (2022), Zand et al. (2020a) and Zand
et al. (2020b) a combined method based on determining the
optimal location and size of UPFC is presented to improve the
dynamic stability. In this paper, the maximum bus power losses
are defined to identify the most optimal UPFC installation lo-
cation. In the paper Azimi Nasab et al. (2021b), a new method
for solving the problem of locating and setting the optimal UPFC
parameter based on security based on the combined search en-
gine optimization method is provided. In Răboacă et al. (2021),
the particle swarm optimization (PSO) technique and genetic
algorithm (GA) are used to minimize active losses to determine
the optimal location of UPFC in the power system (Sadr et al.,
2020). In this paper, the location of FACTS devices in the power
grid is performed in the presence of one of the combined devices,
called Unified Power Flow Controller (UPFC). This research aims
to reduce losses and reduce total harmonic distortion (THD) by
using UPFC.

2. Principles of UPFC operation

The UPFC arises from the connection of two compensators: a
static compensator (STATCOM) which injects approximately sine
current with a variable amplitude at the connection point) and
a static synchronous series compensator (SSSC) (which injects
approximately a sine voltage with a variable amplitude at the
connection point. Providing the active power demand required by
the series converter is used in the DC connection terminal of the
AC network. Also, the parallel converter can generate or absorb
reactive power in the AC terminal which is independent of the
active power transmitted from the DC terminal. General UPFC is
visible as given in Fig. 1.

3. A static model of FACTS devices

3.1. Static transmission line modeling

The template is used to format your paper and style the
text. All margins, column widths, line spaces, and text fonts are
prescribed please do not alter them. You may note peculiarities.
The circuit equivalent to π is a simple transmission line with
the cumulative parameters connected between bus i and j in
Fig. 2. The mixed voltages of bus i and j are assumed to be
Vj ̸ δj and Vj ̸ δj, respectively. Active and reactive power flowing
from bus i to j Qij and Pij are obtained by using,

ij = V 2
i Gij − ViVj

[
GijCosδij + BijSinδij

]
(1)

Q = V 2(B − B ) − V V [G sinδ − B cosδ ] (2)
ij i ij sh i j ij ij ij ij
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Fig. 2. Equivalent circuit π transmission line.

Fig. 3. Transmission line model with a UPFC between the two bus bars.

Fig. 4. UPFC injection model.

hat δij = δi = δj. Similarly, the power transfer from bus j to bus
i is as follows,

Pij = V 2
i Gij − ViVj

[
GijCosδij + BijSinδij

]
(3)

Qij = V 2
i (Bij − Bsh) − ViVj

[
Gijsinδij − Bijcosδij

]
(4)

3.2. UPFC model

The transmission line model with a UPFC between the two
busbars is shown in Fig. 3. The UPFC has three control parameters
called the size and angle of the injection voltage

(δT and VT ) and the size of the injection current
(
Iq
)
. Load dis-

tribution relationships from bus i to j and vice versa are written
as follows (Ghiasi et al., 2021).

Suij = Pu
ij + Q u

ij = ViI∗ij = Vi[Ish + I ij + (IT + Iq)]∗ (5)

Suij = Pu
ij + Q u

ij = Vi(Ish + I ij )
∗ (6)

In the steady-state, the UPFC installed in the line is converted
to the active, reactive power of the injection into a bus. Fig. 4.
shows the injection model of the UPFC power. The active power
of the injection in (Piu)i and bus

(
Pju

)
j as well as the reactive

power of injection (Qju and Qiu) and in the presence of UPFC is
as follows (Ghiasi et al., 2021).

Piu = −V 2
T Gij − 2ViVTGijcos (δT − δi) + VjVTGijcos (δT − δi)

+ Bij sin (δT − δi) (7)

Pju = ViVT [Gijcos (δT − δi) + Bijsin (δT − δi)] (8)

ju = ViVT [Gijsin (δT − δi) + Bijcos (δT − δi)] (9)

. Problem objective functions

In this work, three objective functions are considered that can
e improved by placing UPFC in the network.
433
4.1. Network losses

Losses in transmission systems are unavoidable, which limits
the transmission capacity of the lines and always imposes addi-
tional costs on the network. Therefore, reducing it as much as
possible is always the goal of transmission line designers. In this
work, total network losses are used as one factor of the objec-
tive function, which is expressed as follows (Ahmadi-Nezamabad
et al., 2019).

min P1 (x) = PLoss =

n∑
i=1

n∑
i=1

AIJ
(
PIPI + Q IQ J

)
+ BIJ (Q IPJ − PIQ J )

(10)

here
(
BIJ and AIJ

)
is defined and depends on the set of branches

nd lines of the network that i and j are two buses of the network.

.2. Total Harmonic Distortion (THD)

The Total harmonic distortion, or THD, is a qualitative param-
ter that indicates how close a waveform or signal is to a sine
aveform. The amount of THD is expressed as a percentage and
he lower the THD, the better the sine waveform. In this study, the
im is to reduce the total harmonic distortion in the lines using
PFC (Rathore et al., 2021).

in F3 (x) =

√∑n
h=2(Eh)2

E1
× 100. (11)

where Eh is the harmonic component of h, and E1 is the main
harmonic component.

4.3. Clogged lines

One problem in the electricity industry is the problem of line
congestion. With the restructuring of the electricity industry and
increasing demand, using the maximum capacity of transmission
lines becomes more important, but using the maximum capacity
of lines and transferring high power from lines may increase
loads and problems due to the thermal limits of the line. This is
called transmission line density. Density occurs in situations such
as transmission line interruption or load increase (Appala Naidu
et al., 2021).

min F4 (x) =

k∑
j=1

(1 −
Ik
Imax

) (12)

In the above relation, Ik is the line current, and IMax is the
maximum line current that must be reduced. or heads, are or-
ganizational devices that guide the reader through your paper.
There are two types: component heads and text heads.

5. Sensitivity analysis index

In this paper, sensitivity analysis based on the sensitivity of
various network parameters to load changes (load power) has
been implemented in the network. The implementation steps are
as follows:

• Step 1: Initially, network study modes are generated in a
scenario in which the UPFC installation location is different,
and, in each case, it is installed in a different location.

• Step 2: The modes obtained in the first step, in this step
with the rated load of the network and considering the rated
power of UPFC to perform the amount of THD, losses, and
line clogging in this step for all modes.
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• Step 3: In this stage, the nominal load of the network is
increased to a certain extent and all the modes of the first
stage are performed with a new load in this stage to get the
amount of THD, losses, and clogged lines in this stage for all
modes.

• Step 4: In this step, the sensitivity of changes in each indi-
cator is measured and the case with the most changes will
be considered as the UPFC installation location.

In the following relations, only three targets of THD, line
logging, and network losses are considered THDstep. The amount
f harmonic distortion of the network is Llinesstep , the amount of
ine clogging and PLOSSTotalstep is the number of total network losses
n each stage (Liaquat et al., 2021).
∂THD
∂PL

,
∂ ILines
∂PL

,
∂PLOSSTotal

∂PL

F1 (x) =
(THDstep 2 − THDstop 3)

max(THDstep 2 − THDstop 3)
(13)

2 (x) =
(LLinesstep 2 − ILinesstop 3)

max(LLinesstep 2 − ILinesstop 3)
(14)

3 (x) =
(PLossLinesstep 2 − PLossLinesstep 3)

max(PLossLinesstep 2 − PLossLinesstep 3)
(15)

The amount of change of each quantity with increasing the
network load between the second and third stages is calculated.
Then the maximum amount of changes is calculated by the fol-
lowing equation and the case with the most changes will be
considered as the optimal place for installation:

case Num. = max (F1 + F2 + F3) (16)

To obtain the optimal location:

• UPFC is on the k line and between the j and i buses, which
is the most sensitive to changes in losses, line trucks, and
THD.

• UPFC should not be placed in lines that are close to the
production bases, even if the sensitivity of those modes is
higher.

6. Numerical simulation results

6.1. Sensitivity analysis indicators

To prove the practicality of the proposed method, we simulate
a 14-bus test network (Fig. 5) in the Simulink environment of
MATLAB software. This network consists of 5 generators and 21
transmission lines. Shin 1 is the slack bus. The amount of rate
power is equal to 111 MVA Other information about this network
is given in Sanjeevikumar et al. (2022).

6.2. Scenario 1: Results of 14-bus network without nonlinear load
and UPFC

By performing a 14-bus network simulation without the pres-
ence of compensating sources and nonlinear loads, the active and
reactive power loss reduction curve of the network and the line
current profile curve are obtained. Fig. 6 shows the loss reduction
curve and Fig. 7 shows the 14-bus network flow profile. Network
line losses are an almost high value for a 14-bus network. Active
line losses are related to lines that have an ohmic section, and
reactive line losses, which are negative, mean that they have
capacitive properties. Due to the circular structure of the network,
the current passing through the lines is different depending on
the amount of load in the nearby buses. Therefore, it is neces-
sary to install the compensating device to optimize the power
434
Fig. 5. IEEE 14-bus network.

Fig. 6. Loss curve in each 14-bus network line (without UPFC and nonlinear
load), (a) Active power losses, (b) Reactive power losses.

Fig. 7. Flow profile of each 14-bus network line (without UPFC presence and
nonlinear load).

quality parameters and proven it from collapsing. The basic 14-
bus network has no nonlinear load and its THD is close to zero.
To create a harmonic and increase the network THD, 6 nonlinear
loads, including DC RL load, which is fed by a diode rectifier, are
placed in the network and the network is changed. These bars are
placed on bases 1, 2, 3, 5, 6, and 12.

6.3. Scenario 2: Results of 14-bus network in the presence of non-
linear load without UPFC

The UPFC and network parameters are presented in Table 1.
Fig. 8 is the loss reduction curve and Fig. 9 shows the flow profile
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Table 1
UPFC and network parameters in the simulation.
Symbol Quantity Amount

Network information

vp−p Line voltage (phase to phase, RMS) 232 kV
fs Network frequency 62 Hz
Sbase Base power 122 MVA
Rn Nonlinear load resistance 2 k�
Ln Nonlinear load inductance 1 mH

UPFC Information

Number installed on the network 1 unit
SUPFC Nominal power UPFC 2–122 MVA
Pref Active reference power +12 p.u.
Qref Reactive power reference +2.7 p.u.

Shunt converter

Vref Voltage adjustment point 1 p.u.
Droop Droop 2.1 p.u./100 MVA
Qref Reactive power setting point 2 p.u.
Iqref Reactive current setting point 2 p.u.

Series converter

Pref Active reference power 8.7 p.u. 7100 MVA
Qref Reactive power reference −2.6 p.u. 7100 MVA

Fig. 8. Loss curve in each 14-bus network line in the presence of nonlinear load
(without UPFC) (a) Active power losses, (b) Reactive power losses.

Fig. 9. 14-bus network line flow profile curve in the presence of nonlinear load
(without UPFC).

of each 14-bus network line in the presence of nonlinear load
and without UPFC. With 1.2 MW and 1.263 MVAr, compared
to the network without the presence of nonlinear load, active
losses have increased about 1-fold while reactive losses have
435
Table 2
Locations intended for UPFsC installation.
Case 18 17 16 15 14 13 12 11 12 9 8 7 6 5 4 3 2 1

The bus
first (i)

1 1 1 1 1 1 3 3 3 3 3 3 2 2 2 2 2 2

Bus end
(j)

11 6 9 13 1 5 11 6 7 1 1 5 11 6 3 1 1 5

decreased by about 2.5-fold. From Fig. 10, the nonlinear load has
a good effect on the network bus voltage and has harmonized
the network voltage, because according to Fig. 10(a), the network
voltage is non-sinusoidal and includes harmonic. The THD of
the main voltage before the presence of UPFC is about 12.27%,
which is reduced by installing UPFC. The reason for the reduction
of reactive losses can be considered the use of rectifiers and
low reactive power consumption and the creation of network
harmonics.

6.4. Scenario 3: Sensitivity analysis results to find UPFC

In this scenario, a suitable place to install UPFC is obtained
using sensitivity analysis. The right place to install this compen-
sator is very important due to its high cost. For this purpose, 18
states have been selected for UPFC installation by default in the
14-bus test network. The analysis process selects the installation
location from among these 18 states according to the indicators.
18 states of locations intended for UPFC installation are given in
Table 2. At this stage, the UPFC size is considered to be equal to
111 MVA. Also, to determine network load changes. In the third
stage of sensitivity analysis, the network load increases by 21%.
Fig. 11 shows how the indicators change in different modes in a
sensitivity analysis. Fig. 11 shows that according to Equation 17,
which calculates the maximum indices and considers the desired
state as the situation with the most changes, mode 6 is consid-
ered a suitable place to install UPFC. The results of the network
parameters are presented in the following figures. By performing
a 14-bus network simulation in the sensitivity analysis scenario,
the curve of reducing the active and reactive power losses of the
network are obtained. Fig. 12 shows the loss reduction curve and
Fig. 13 shows the flow profile of each 14-bus network line. The
number of losses in this scenario in this network is equal to 3.85
MW and 1.19 MVAr. Due to the absence of UPFC, active losses
have decreased by about 2% and reactive losses by about 16%. Due
to nonlinear loads in the 14-bus network and compensation by
UPFC, its THD rate has decreased to the amount of 11.11%. Fig. 14
shows the Voltage curve and harmonic analysis of bus voltage in
sensitivity analysis in the presence of nonlinear load.

7. Conclusions

The Unified Power Flow Controller (UPFC) is one of the most
important FACTS devices that can be used to improve power
quality and reduce power system losses, the effectiveness of this
controller depends on its proper location in the power system. In-
stalling UPFC in the wrong place and with the wrong parameters
not only does not improve the performance of the power system
but may also have negative effects. In this paper, the positioning
of the Unified Power Flow Controller (UPFC) in the power grid
was investigated by a proposed sensitivity analysis index. This
UPFC positioning paper was performed by the sensitivity analysis
method. The network under study in this study is the IEEE 14-bus
network, which is evaluated and evaluated raw. After simulating
the proposed method, the following results are obtained from the
system: (1) Using the results of the sensitivity analysis method,
the best place to install UPFC in the power grid, mode number 6



M. Zand, M.A. Nasab, S. Padmanaban et al. Energy Reports 10 (2023) 431–438

Fig. 10. Presence of nonlinear load (a) 1 mains bus voltage curve, (b) Harmonic analysis.

Fig. 11. How do the indicators change in the states in the sensitivity analysis.

Fig. 12. Loss curve in each 14-bus network line in sensitivity analysis, (a) Active power losses, (b) Reactive power losses.
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Fig. 13. Flow profile of each 14-bus network line in sensitivity analysis.
Fig. 14. Voltage curve and harmonic analysis of bus voltage 1 bus in sensitivity analysis (a) voltage curve (b) Harmonic analysis.
between buses 2 and 11 is obtained. (2) The amount of network
power losses after sensitivity analysis, compared to the base
network Active losses of about 55% and reactive losses of about
11% deceased, (3) Due to the circular structure of the network,
the current passing through the lines is different depending on
the amount of load in the bases near that line, and with the
presence of UPFC, the network is optimized and the current
passing through the lines is also reduced. (4) Percentage of total
harmonic distortion (THD) mains voltage before the presence of
UPFC is about 27.12%, which after installation in the 6th place
with a maximum size has been reduced to about 11.11%.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
437
Data availability

Data will be made available on request.

Acknowledgment

Open Access funding provided by the Qatar National Library.

References

Adetunji, Kayode E., et al., 2022. An optimization planning framework for
allocating multiple distributed energy resources and electric vehicle charging
stations in distribution networks. Appl. Energy 322, 119513.

Ahmadi, Monireh, et al., 2023. Optimal allocation of EVs parking lots and DG in
micro grid using two-stage GA-PSO. J. Eng. e12237.

Ahmadi-Nezamabad, H., et al., 2019. Multi-objective optimization based robust
scheduling of electric vehicles aggregator. Sustainable Cities Soc. 47, 101494.

Alkhateeb, F., Ra’ed, N.A., Khatib, M.A., Doush, I.A., 2020. A survey for recent
applications and variants of nature-inspired immune search algorithm. IJCAT
63 (4), 354.

http://refhub.elsevier.com/S2352-4847(23)01047-8/sb1
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb1
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb1
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb1
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb1
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb2
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb2
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb2
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb3
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb3
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb3
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb4
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb4
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb4
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb4
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb4


M. Zand, M.A. Nasab, S. Padmanaban et al. Energy Reports 10 (2023) 431–438

A

A

A

C

C

C

C

D

E

F

G

G

H

H

H

K

L

L

M

M

M

M

ppala Naidu, T., Arya, S.R., Maurya, R., Padmanaban, S., 2021. Performance of
DVR using optimized PI controller based gradient adaptive variable step LMS
control algorithm. IEEE J. Emerg. Sel. Top. Ind. Electron. 2 (2), 155–163.

zimi Nasab, M., Zand, M., Eskandari, M., Sanjeevikumar, P., Siano, P., 2021b.
Optimal planning of electrical appliance of residential units in a smart home
network using cloud services. Smart Cities 4, 1173–1195. http://dx.doi.org/
10.3390/smartcities4030063.

zimi Nasab, Morteza, et al., 2021a. Simultaneous long-term planning of flexible
electric vehicle photovoltaic charging stations in terms of load response and
technical and economic indicators. World Electr. Veh. J. 12 (4), 190.

astillo-Calzadilla, T., et al., 2022. Is it feasible a massive deployment of low
voltage direct current microgrids renewable-based? A technical and social
sight. Renew. Sustain. Energy Rev. 161, 112198.

hen, Jie, Ramanathan, L., Alazab, Mamoun, 2021. Holistic big data integrated
artificial intelligent modeling to improve privacy and security in data
management of smart cities. Microprocess. Microsyst. 81, 103722.

heng, Lin, et al., 2022. Coordinated operation strategy of distribution network
with the multi-station integrated system considering the risk of controllable
resources. Int. J. Electr. Power Energy Syst. 137, 107793.

lairand, Jean-Michel, et al., 2022. Optimal siting and sizing of electric taxi charg-
ing stations considering transportation and power system requirements.
Energy 124572.

avoodi, Abdolmohammad, Abbasi, Ali Reza, Nejatian, Samad, 2022. Multi-
objective techno-economic generation expansion planning to increase the
penetration of distributed generation resources based on demand response
algorithms. Int. J. Electr. Power Energy Syst. 138, 107923.

lbatawy, S., Morsi, W.G., 2021. Integration of prosumers with battery storage
and electric vehicles via transactive energy. IEEE Trans. Power Deliv. 1.

akhar, M.S., et al., 2021. Conventional and metaheuristic optimization algo-
rithms for solving short term hydrothermal scheduling problem: A review.
IEEE Access 9, 25993–26025.

amil, Mahmoud M., et al., 2022. Controlled V2Gs and battery integration
into residential microgrids: Economic and environmental impacts. Energy
Convers. Manage. 253, 115171.

hiasi, M., et al., 2021. Resiliency/cost-based optimal design of distribution
network to maintain power system stability against physical attacks: A
practical study case. IEEE Access 9, 43862–43875.

aider, Sajjad, Walewski, John, Schegner, Peter, 2022. Investigating peer-to-peer
power transactions for reducing EV induced network congestion. Energy 254,
124317.

e, P., Shen, R., Wen, F., Pan, Q., 2021. Coordinated optimization of parameters
of PSS and UPFC-podcs to improve small-signal stability of a power system
with renewable energy generation. J. Energy Eng. 147 (2), 04020089.

uang, Liping, et al., 2022. A distributed optimization model for mitigating three-
phase power imbalance with electric vehicles and grid battery. Electr. Power
Syst. Res. 210, 108080.

han, Komal, El-Sayed, Islam, Arboleya, Pablo, 2022. Multi-issue negotiation evs
charging mechanism in highly congested distribution networks. IEEE Trans.
Veh. Technol..

i, Chunlin, Cai, Qianqian, Lou, Youlong, 2022. Optimal data placement strat-
egy considering capacity limitation and load balancing in geographically
distributed cloud. Future Gener. Comput. Syst. 127, 142–159.

iaquat, S., et al., 2021. Application of dynamically search space squeezed
modified firefly algorithm to a novel short term economic dispatch of
multi-generation systems. IEEE Access 9, 1918–1939.

ahadevan, J., Rengaraj, R., Bhuvanesh, A., 2021. Application of multi-objective
hybrid artificial bee colony with differential evolution algorithm for op-
timal placement of microprocessor-based FACTS controllers. Microprocess.
Microsyst. 104239.

asrur, Hasan, et al., 2022. Multi-energy microgrids incorporating EV in-
tegration: Optimal design and resilient operation. IEEE Trans. Smart
Grid.

osaad, M.I., Ramadan, H.S.M., Aljohani, M., El-Naggar, M.F., Ghoneim, S.S.M.,
2021. Near-optimal PI controllers of STATCOM for efficient hybrid renewable
power system. IEEE Access 9, 34119–34130.

uttaqi, Kashem M., et al., 2022. High-frequency ripple injection signals for
the effective utilization of residential EV storage in future power grids with
rooftop PV system. IEEE Trans. Ind. Appl..
438
Nasab, M.A., Zand, M., Padmanaban, S., Bhaskar, M.S., Guerrero, J.M., 2022. An
efficient, robust optimization model for the unit commitment considering
renewable uncertainty and pumped-storage hydropower. Comput. Electr.
Eng. 100, 107846.

Pokhrel, B. Babu, et al., 2021. Voltage profile improvement of distribution system
via integration of distributed generation resources. J. Renew. Energy Electr.
Comput. Eng. 1 (1), 33–41.

Rathore, B., Mahela, O.P., Khan, B., Padmanaban, S., 2021. Protection scheme us-
ing wavelet-alienation-neural technique for UPFC compensated transmission
line. IEEE Access 9, 13737–13753.

Răboacă, Maria Simona, Bizon, Nicu, Thounthong, Phatiphat, 2021. Intelligent
charging station in 5G environments: Challenges and perspectives. Int. J.
Energy Res..

Sadr, Hossein, Pedram, Mir Mohsen, Teshnehlab, Mohammad, 2020. Multi-view
deep network: A deep model based on learning features from heterogeneous
neural networks for sentiment analysis. IEEE Access 8, 86984–86997.

Saini, Pawan, Gidwani, Lata, 2022. An investigation for battery energy storage
system installation with renewable energy resources in distribution system
by considering residential, commercial and industrial load models. J. Energy
Storage 45, 103493.

Samavat, Tina, et al., 2023. A comparative analysis of the Mamdani and Sugeno
fuzzy inference systems for MPPT of an islanded PV system. Int. J. Energy
Res. 2023.

Sanjeevikumar, P., Zand, Mohammad, Nasab, Morteza Azimi, Hanif, Moham-
mad Amin, Bhaskar, M.S., 2022. Using the Social Spider Optimization
Algorithm to Determine UPFC Optimal Size and Location for Improve
Dynamic Stability, ECCE_Asia2021.

Seresht, R.M., Miri, M., Zand, M., Azimi Nasab, M., Sanjeevikumar, P., Khan, B.,
2023. Frequency control scheme of an AC islanded microgrid based on
modified new self-organizing hierarchical PSO with jumping time-varying
acceleration coefficients. Cogent Eng. 10 (1), 2157982.

Shayeghi, H., Shayanfar, H.A., Jalilzadeh, S., Safari, A., 2009. A PSO based unified
power flow controller for damping of power system oscillations. Energy
Convers. Manage. 50 (10), 2583–2592.

Siddique, M.D., et al., 2020. Single-phase hybrid multilevel inverter topology with
low switching frequency modulation techniques for lower-order harmonic
elimination. IET Power Electron. 13 (17), 4117–4127.

Singh, Bindeshwar, Dubey, Pankaj Kumar, 2022. Distributed power genera-
tion planning for distribution networks using electric vehicles: Systematic
attention to challenges and opportunities. J. Energy Storage 48, 104030.

Tao, Yuechuan, et al., 2022. Adaptive integrated planning of electricity networks
and fast charging stations under electric vehicle diffusion. IEEE Trans. Power
Syst..

Veerasamy, V., et al., 2021. LSTM recurrent neural network classifier for high
impedance fault detection in solar PV integrated power system. IEEE Access
9, 32672–32687.

Wei, J., et al., 2021. Coordinated droop control and adaptive model predictive
control for enhancing hvrt and post-event recovery of large-scale wind farm.
IEEE Trans. Sustain. Energy 1.

Zambrano-Asanza, S., Quiros-Tortos, J., Franco, John F., 2021. Optimal site selec-
tion for photovoltaic power plants using a GIS-based multi-criteria decision
making and spatial overlay with electric load. Renew. Sustain. Energy Rev.
143, 110853.

Zand, M., Nasab, M.A., Hatami, A., Kargar, M., Chamorro, H.R., 2020b. Us-
ing Adaptive Fuzzy Logic for Intelligent Energy Management in Hybrid
Vehicles, 2020 28th ICEE, 1–7, http://dx.doi.org/10.1109/ICEE50131.2020.
9260941. IEEE Index.

Zand, Mohammad, Nasab, Morteza Azimi, Sanjeevikumar, Padmanaban,
Maroti, Pandav Kiran, Holm-Nielsen, Jens Bo, 2020a. Energy management
strategy for solid-state transformer-based solar charging station for elec-
tric vehicles in smart grids. IET Renew. Power Gener. http://dx.doi.org/10.
1049/iet-rpg.2020.0399, IET Digital Library, https://digital-library.theiet.org/
content/journals/10.1049/iet-rpg.2020.0399.

Zhang, Shenxi, et al., 2022. Maximum hosting capacity of photovoltaic generation
in sop-based power distribution network integrated with electric vehicles.
IEEE Trans. Ind. Inf..

http://refhub.elsevier.com/S2352-4847(23)01047-8/sb5
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb5
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb5
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb5
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb5
http://dx.doi.org/10.3390/smartcities4030063
http://dx.doi.org/10.3390/smartcities4030063
http://dx.doi.org/10.3390/smartcities4030063
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb7
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb7
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb7
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb7
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb7
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb8
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb8
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb8
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb8
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb8
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb9
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb9
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb9
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb9
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb9
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb10
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb10
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb10
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb10
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb10
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb11
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb11
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb11
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb11
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb11
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb12
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb12
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb12
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb12
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb12
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb12
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb12
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb13
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb13
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb13
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb14
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb14
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb14
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb14
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb14
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb15
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb15
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb15
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb15
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb15
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb16
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb16
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb16
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb16
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb16
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb17
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb17
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb17
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb17
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb17
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb18
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb18
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb18
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb18
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb18
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb19
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb19
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb19
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb19
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb19
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb20
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb20
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb20
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb20
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb20
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb21
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb21
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb21
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb21
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb21
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb22
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb22
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb22
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb22
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb22
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb23
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb23
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb23
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb23
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb23
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb23
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb23
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb24
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb24
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb24
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb24
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb24
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb25
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb25
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb25
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb25
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb25
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb26
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb26
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb26
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb26
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb26
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb27
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb27
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb27
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb27
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb27
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb27
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb27
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb28
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb28
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb28
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb28
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb28
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb29
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb29
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb29
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb29
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb29
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb30
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb30
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb30
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb30
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb30
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb31
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb31
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb31
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb31
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb31
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb32
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb32
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb32
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb32
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb32
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb32
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb32
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb33
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb33
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb33
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb33
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb33
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb35
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb35
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb35
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb35
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb35
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb35
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb35
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb36
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb36
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb36
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb36
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb36
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb37
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb37
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb37
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb37
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb37
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb38
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb38
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb38
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb38
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb38
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb39
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb39
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb39
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb39
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb39
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb40
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb40
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb40
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb40
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb40
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb41
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb41
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb41
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb41
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb41
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb42
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb42
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb42
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb42
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb42
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb42
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb42
http://dx.doi.org/10.1109/ICEE50131.2020.9260941
http://dx.doi.org/10.1109/ICEE50131.2020.9260941
http://dx.doi.org/10.1109/ICEE50131.2020.9260941
http://dx.doi.org/10.1049/iet-rpg.2020.0399
http://dx.doi.org/10.1049/iet-rpg.2020.0399
http://dx.doi.org/10.1049/iet-rpg.2020.0399
https://digital-library.theiet.org/content/journals/10.1049/iet-rpg.2020.0399
https://digital-library.theiet.org/content/journals/10.1049/iet-rpg.2020.0399
https://digital-library.theiet.org/content/journals/10.1049/iet-rpg.2020.0399
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb45
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb45
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb45
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb45
http://refhub.elsevier.com/S2352-4847(23)01047-8/sb45

	Sensitivity analysis index to determine the optimal location of multi-objective UPFC for improvement of power quality parameters
	Introduction
	Principles of UPFC operation
	A static model of FACTS devices
	Static transmission line modeling
	UPFC Model

	Problem objective functions
	Network Losses
	Total Harmonic Distortion (THD)
	Clogged lines

	Sensitivity analysis index
	Numerical Simulation Results
	Sensitivity Analysis Indicators
	Scenario 1: Results of 14-bus network without nonlinear load and UPFC
	Scenario 2: Results of 14-bus network in the presence of nonlinear load without UPFC
	Scenario 3: Sensitivity analysis results to find UPFC

	Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgment
	References


