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Abstract The unified power flow controller (UPFC) is a 
device used in power systems to control and optimize the 
flow of electric power. It is a flexible AC transmission sys-
tem device that combines several power electronic com-
ponents to provide comprehensive control over voltage, 
active power, and reactive power in transmission lines. This 
research offers an improved gray wolf optimization (IGWO)-
based decoupled power control strategy (DPCS) for a six-
phase UPFC (6P-UPFC) to enhance power quality. The pro-
posed 6P-UPFC-DPCS divides its control efforts between 
reactive power control and active power control. This is 
because the UPFC can independently regulate the transmis-
sion line’s voltage and phase angle by decoupling the active 
and reactive power flows. A fault isolation technique is pro-
vided for isolating the damaged part of the transmission line, 
which would increase system efficiency and dependability. 
By analyzing the voltage and current signals at the UPFC 
terminals, as well as the line impedance, it is possible to 
ascertain whether a problem exists. After the trouble spot 
has been identified, the 6P-UPFC must be adjusted to com-
pensate for the predicted impedance of the damaged line to 
restore power to the system. After that, the coordinated volt-
age and current are managed through the virtual impedance. 

The PI controller’s proportional and integral gains, as well 
as the inverter’s voltage phase angle and magnitude, are 
optimized using the IGWO method. The performance and 
dependability of the control strategy are further enhanced 
by tuning the controller parameters for the 6P-UPFC-DPCS 
controller using an IGWO approach. The simulation results 
show that the proposed 6P-UPFC-DPCS might reduce the 
false setting time to 0.01 s, boost the power factor to 0.98, 
and lower the total harmonic distortion to 1.40%.
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optimization · Total harmonic distortion

Abbreviations
UPFC  Unified power flow controller
FACTS  Flexible AC transmission system
IGWO  Improved gray wolf optimization
6P-UPFC  Six-phase UPFC
DPCS  Decoupled power control strategy
FST  False setting time
THD  Total harmonic distortion
VSI  Voltage source inverters
MOC  Multi-objective control
IPC  Indirect power control
MPC  Model predictive control
FLC  Fuzzy logic controller
GA  Genetic algorithm
PSO  Particle swarm optimization
VSC  Voltage source converter
TBS  Thyristor bypass switch
BBR  Buck–boost rectifier
RMS  Root mean square
DSTATCOM  Distributive static synchronous 

compensator

 * Srinivas Nakka 
 nakkasrinu@gmail.com

 R. Brinda 
 rbrinda7971@yahoo.co.in

 T. Sairama 
 tsairama@yahoo.co.in
1 Department of Electrical Engineering, Annamalai University, 

Chidambaram, India
2 Department of Electrical and Electronics Engineering, 

Vardhaman College of Engineering, Hyderabad, Telangana, 
India

http://crossmark.crossref.org/dialog/?doi=10.1007/s13198-023-02124-7&domain=pdf
http://orcid.org/0000-0002-1845-5973


2606 Int J  Syst  Assur  Eng  Manag (December 2023) 14(6):2605–2625

1 3

1 Introduction

The 6P-UPFC is a kind of FACT (Smith 2023) that is uti-
lized in power systems to manage the flow of energy and 
improve power quality. As compared to the tried-and-true 
UPFC (Chen et al. 2018), which operates on a 3-phase power 
system, the 6P-UPFC is an upgrade. Two parallel-connected 
three-phase voltage source inverters (VSI) (Elsaharty et al. 
2018) make up the 6P-UPFC. The two VSIs may talk to 
one another and exchange information via a mutual DC 
bus if they are attached to one another using direct current. 
The 6P-UPFC uses two sets of three-phase ac voltages that 
are rotated by 30 degrees to mimic the six phases. Each 
of the six phases’ voltage and phase angle was modified 
independently by the two VSIs. The 6P-UPFC is superior 
to the traditional UPFC in many significant ways. Unlike a 
standard UPFC, which can only regulate power flow in three 
phases, the 6P-UPFC can do it in all six. Because of this, the 
6P-UPFC can easily adapt to the needs of the present power 
grid, which typically makes use of six-phase transmission 
lines. Moreover, the 6P-UPFC may improve power qual-
ity by reducing voltage fluctuations and harmonic distor-
tion (Taheri et al. 2018). Several control mechanisms for 
the 6P-problematic UPFC’s regulation have been reported 
in the scientific literature. The DPCS is favored because of 
its flexibility in regulating active and reactive power flows 
throughout all six phases. This method improves the sys-
tem’s adaptability and manageability by allowing for phase-
by-phase control of power flow. The 6P-UPFC is promising 
for the future of electric power since it has the possibil-
ity to develop the stability, reliability, and efficiency of the 
power system (Shotorbani et al. 2018). Nevertheless, further 
research is needed to hone the control methods and evaluate 
the 6P-efficacy of UPFCs in a variety of settings. 6P-UPFC 
can regulate power flow in the system using a variety of 
power control approaches (Zhang et al. 2018).

Some of the more common methods are DPCS, indirect 
power control (IPC), multi-objective control (MOC), control 
based on an adaptive neuro-fuzzy inference system (ANFIS), 
control based on backstepping (BSC), and model predictive 
control (MPC). The DPCS (Miotto et al. 2018) is a method 
of control that has an immediate effect on the active and 
reactive power flows. The regulation is based on the devia-
tion between the target and actual values. The DPCS is a 
simple and effective method of control that is distinguished 
by its fast dynamic reactivity and high transient stability. 
The IPC (Nouri et al. 2018) is a technique for adjusting the 
system’s active and reactive power flow by manipulating 
the voltage and its phase angle. IPC uses the discrepancy 
between the reference voltage and the measured voltage as 
its error metric. Input–output control has high efficiency in 
the steady state and a high degree of dependability. Due 
to this, DPCS (Kumar and Chakravarthy 2018) is a type 

of control that splits the active and reactive power flows 
over six phases. The DPCS allows for phase-by-phase power 
regulation, which improves the system’s responsiveness 
and degree of controllability. Further, MOC (Tamimi and 
Cañizares 2018) is a control strategy that simultaneously 
improves voltage stability, reduces active power losses, and 
reduces harmonic distortion. The intricacy of MOC neces-
sitates the use of sophisticated optimization algorithms and 
state-of-the-art modeling techniques. In addition, ANFIS (Qi 
et al. 2018), a technique of control that uses a fuzzy logic 
controller (FLC) (Bone et al. 2018) and a neural network 
(Biswal et al. 2018), was used to optimize the 6P-UPFCs. So, 
ANFIS can learn the system’s behavior and adapt to chang-
ing operating conditions, which improves the robustness and 
adaptability of the system. Additionally, the 6P-UPFCs was 
optimized with the help of a predictive model of the sys-
tem using a control approach called MPC (Zhu et al. 2018). 
This model is used to create a simulation of the system. The 
MPCcan predict how the system will behave in the future 
and alter the control inputs to achieve your goals. Due to 
MPC’s complexity, advanced modeling and optimization 
tools are necessary for its implementation. Two decoupling 
control signals was used to divide the BSC (Fang, et al. 
2018) system into two independent backstepping controllers. 
This allows each user to set their own preferences for the 
controller’s settings. This means that it is possible to reduce 
overall harmonic distortion while maintaining a steady DC 
bus output voltage and a sinusoidal input current.

The motivation behind the research is to enhance 
power system performance and efficiency by developing 
an improved control strategy for the UPFC. By utilizing 
the proposed DPCS and the optimization capabilities of 
the IGWO algorithm, the aim is to improve power qual-
ity, minimize losses, and enhance system stability. Addi-
tionally, the introduction of a fault isolation technique 
addresses the need for efficient fault detection and resto-
ration, contributing to increased dependability and overall 
performance of the power system.Short-term adjustments 
to active and reactive capacities may also be made inciden-
tally. Resilience was constructed against the filter’s induct-
ance, power grid oscillations, and load variations. These 
are some of the commonly used power control strategies 
for 6P-UPFC. The selection of the control strategy depends 
on the specific application, the system requirements, and 
the available resources.The challenge of improving the 
power quality of the power system has a comprehensive 
solution in the form of the IGWO algorithm, the fault iso-
lation technique, and the coordination strategy described 
for the 6P-UPFC system. There is potential for the pro-
posed technique to provide significant results for power 
corporations if implemented in the real world.The novel 
contributions of the works are as follows:
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• Development of an IGWO-based DPCS for 6P-UPFC is 
a novel control strategy that utilizes the IGWO algorithm 
to optimize the performance of the 6P-UPFC, enhancing 
its power control capabilities.

• The proposed 6P-UPFC-DPCS aims to improve power 
quality by independently regulating voltage and phase 
angle, enabling efficient control overactive and reactive 
power flows. This contributes to minimizing power losses 
and maximizing system efficiency.

• The research introduces a fault isolation technique for 
identifying and isolating damaged parts of the transmis-
sion line. By analyzing voltage and current signals at 
the UPFC terminals and line impedance, the system can 
identify problematic areas, allowing for timely corrective 
actions.

• The IGWO algorithm is employed to optimize the control 
parameters of the 6P-UPFC-DPCS, including the propor-
tional and integral gains of the PI controller, as well as 
the voltage phase angle and magnitude of the inverter. 
This optimization process contributes to improving the 
overall performance and dependability of the control 
strategy.

The rest of the article is organized as follows: Sect. 2 
covers the various existing UPFC controlling methods, 
which focused on literature surveys. Section 3 focused on 
the implementation and mathematical analysis of the pro-
posed 6P-UPFC-DPCS with IGWO optimization. Section 4 
focused on results and discussion. Finally, Sect. 5 concludes 
the article with future possibilities.

2  Literature survey

2.1  Survey on basic UPFC control techniques

Although significant work has gone into simulating and 
designing UPFC control techniques for power flow manage-
ment, there has been a dearth of investigational certification 
of various UPFC controllers and their performance in real-
time operation. To solve the issues with traditional UPFCs, 
Albatsh et al. (2017) presented a FLC, to dynamically regu-
late power flow over transmission lines. Reactive power con-
trol in power networks with ample renewable resources is 
the subject of a comprehensive literature analysis by Sarkar 
et al. (2018). The reactive power requirements of REGs are 
totaled across several grid codes to see whether they meet 
the needs of the future network. A strategy for regulating 
the optimally acquired component of current sharing was 
suggested by Elamari et al. (2019). This data is being added 
to a database for future reference. By using proportional 
resonant controllers and sinusoidal pulse width modulation, 
theycan provide the ideal inductive and capacitive branch 

currents for the UPFCs, which are subsequently transformed 
into gating signals for the voltage source converter (VSC) 
using Park’s law. It is done so that a UPFC can provide 
excellent inductive and capacitive branch currents. Rahman 
et al. (2020) discuss control schemes for series and shunt 
converters to regulate the load voltages of the distribution 
feeder while simultaneously lowering the 2HV term on 
the UPFC’s dc-link. Management like this is discussed in 
Haque et al. (2020). Reducing the 2 HV term on the DC-link 
necessitates adjustments to the negative sequence current 
of the shunt converter. With the use of distribution static 
synchronous compensator (DSTATCOM) for reactive power 
adjustment, Hamdan et al. (2020) suggest that the fault ride-
through capabilities and dynamic performance of a grid-
connected PV/wind hybrid power system was improved. The 
purpose of this change was to increase the system’s ability to 
recover quickly from errors. Accurate modeling of the moni-
tor system and power electronics of the 72-pulse VSC-based 
GUPFC is presented in the work of Abasi et al. (2020), who 
aim to aid in meeting operating limits and improving power 
quality by lowering harmonic levels. The proposed para-
digm rules out the use of active or passive filters to reduce 
harmonic content in the GUPFC.

2.2  Survey on advanced control strategies for UPFC

Kamel et al. (2015) incorporatedboth power and current 
injections in their report using a C-UPFC model. A modified 
Newton–Raphson method, based on combined mismatches 
in load flow, now incorporates the newly created model. 
Periodically, the parameters of the shunt UPFCs and the 
series voltage controllers are tweaked. According to research 
by Hassan et al. (2013), a UPFCwas utilized in conjunction 
with a genetic algorithm (GA) to stabilize many power sys-
tems simultaneously. The GA is used to determine the opti-
mal placement for the UPFC and to calibrate its controller 
factors for a wide range of possible operational conditions. 
For the distribution network, Yuan et al. (2022) proposed 
a novel multiline rapid electromagnetic UPFC, which has 
compact construction, great economy, fast response, and 
high reliability in the conventional regulating mode. Par-
vathy et al. (2015) devised a standard PI controller-based 
decoupled control technique for shunt and series convert-
ers to follow reference work power inputs. This system was 
meant to regulate the converters. Makvandi et al. (2021) 
used wide-area signals to create a one-of-a-kind supplemen-
tal neuro-controller architecture for UPFCs. Dual heuristic 
programming is an adaptive critique procedure that formed 
the basis of the new design. The suggested controller would 
improve power system reliability by injecting extra signals 
into the UPFC series inverter. Monteiro et al. (2014) provide 
a concept for three-phase matrix converters that function as 
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UPFCs by contrasting the presentation of decoupled, linear, 
and direct-power-conversion systems.

2.3  Survey on optimization techniques and applications 
for UPFC

Parvathy et al. (2020) created a non-linear state-space model 
of UPFC. This model considers not only the effects of source 
impedance but also the transfer of energy in the passive 
components and the voltage functions at the VSC output. 
The UPFC’s non-linear model is controlled by a non-linear 
controller, and so on and so forth. Yu et al. (2021) propose 
a series-shunt combined power converter architecture to 
equally distribute power throughout the power grid to maxi-
mize operational stability and transmission capacity. If this 
setup is connected to a weak grid, it was used to regulate 
power flows inside the system. Active power decoupling 
and smooth mode switching are both possible in a bidirec-
tional single-phase ac/dc converter, as shown by Wang et al. 
(2022). It has been shown that power decoupling methods 
are helpful in reducing the size of the generally huge dc bus 
electrolytic capacitors seen in single-phase low-power level 
converter systems. Yet, in a significantly reduced E-caps 
situation, such as when dealing with transient events like 
quick bidirectional switching or sudden load changes, it has 
been shown that the whole system was brittle and unstable. 
The reason for this is that the present demand exceeds the 
available e-capacity. In their study, Yan et al. (2021) inves-
tigate a wide variety of DPCS approaches for three-phase, 
two-level PWM converters.

2.4  Survey on advanced techniques and modeling 
for UPFC

The power formula for PWM rectifiers is briefly explained 
in the first section of this article. Afterwards, the paper 
delves into the nuts and bolts of the conventional table-based 
method and the subsequent enhancements to it. Yang et al. 
(2019) investigated the UPFC system-level control approach 
to enhance the transfer capacity and voltage regulation of 
regional power grids. After explaining the fundamentals 
of converter-level control, a comparable UPFC model is 
offered. It was proposed by Yu et al. (2008) that a quadratic 
model be used for both power flow and optimal reactive 
power flowto better understand the dynamics of power con-
version from AC to DC. The magnitudes of the voltages on 
both sides of a perfect converter transformer are included 
as additional state variables when constructing quadratic 
models. When equality constraints are present, the role of 
converter controls is analyzed. In addition, the well-estab-
lished quadratic expression of UPFC is included in the pro-
posed models. For direct power regulation of a three-phase 
voltage-source PWM rectifier, Wai et al. (2019) settled on 

the BSC configuration. The power factor of this three-phase 
rectifier was adjusted by changing the dc output voltage and 
the instantaneous reactive power.

2.5  Survey on contributions in other fields

In Singh (2022), the authors focused on studying the impact 
of quarantine measures on the dynamics of the COVID-19 
pandemic. The authors use a fractional-order dynamical 
model to analyze the effects of different quarantine strategies 
on the spread and control of the virus. In Ong et al. (2022), 
the authors compare the performance of pre-trained and con-
volutional neural networks (CNNs) for classifying different 
species. In Mahajan et al. (2022a), the authors proposed an 
image segmentation approach that combines the adaptive 
flower pollination algorithm with type II fuzzy entropy. 
The authors aim to enhance the accuracy and efficiency of 
image segmentation by incorporating the advantages of both 
algorithms. The authors present an image-based automatic 
segmentation method for leaf analysis using a clustering 
algorithm. The study focuses on accurately segmenting leaf 
images to extract meaningful features for various applica-
tions, such as plant disease detection and classification. In 
Sharma et al. (2022), the authors introduced a hybrid method 
for feature selection that combines signal processing and 
complex algebra techniques. The authors aim to improve 
feature selection accuracy and efficiency by leveraging the 
advantages of both domains. In Mahajan and Pandit (2021), 
the authors proposed a hybrid optimization approach by 
combining the Aquila optimizer with the arithmetic optimi-
zation algorithm. The study focuses on solving global opti-
mization tasks efficiently and accurately. In Mahajan et al. 
(2022b), the authors provided insights into image segmenta-
tion techniques and their connection to optimization meth-
ods. The authors discuss the importance of image segmen-
tation in various applications and provide a brief overview 
of optimization techniques used in image segmentation. In 
Mahajan and Oandit (2022), the authors propose a fusion 
approach that combines multiple modern meta-heuristic 
optimization methods using the arithmetic optimization 
algorithm. The goal is to improve the performance and con-
vergence speed of global optimization tasks. The proposed 
fusion approach is compared with individual optimization 
methods using benchmark functions, demonstrating its effec-
tiveness in achieving better optimization results. In Mahajan 
et al. (2022c), the authors introduced a hybrid optimization 
algorithm that combines the arithmetic optimization algo-
rithm with the Hunger Games search technique for global 
optimization. In Mahajan et al. (2022d), the authors aim to 
enhance the exploration and exploitation capabilities of the 
algorithm to achieve better optimization results. The hybrid 
approach is evaluated using various benchmark functions, 
showcasing its effectiveness in finding optimal solutions.
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In Tiwari et al. (2018) authors focused on voltage stabil-
ity analysis in power systems using a hybrid controller. The 
authors propose a novel approach that combines shunt and 
series combinations of FACTS devices. The paper discusses 
the design and implementation of the hybrid controller and 
presents a voltage stability analysis using this approach. In 
Sengupta et al. (2018) authors the authors address transient 
stability enhancement in a hybrid wind-photovoltaicfarm 
by incorporating a DSTATCOM. The paper discusses the 
design and integration of the DSTATCOM in the hybrid 
farm and evaluates its impact on transient stability. In Yadav 
et al. (2020) authors propose a hybrid controller that com-
bines different power flow control devices. The paper pre-
sents the design and implementation of the hybrid power 
flow controller and evaluates its effectiveness in enhanc-
ing transient stability. In Tiwari and Kumar (2023) authors 
provided an overview and bibliographic analysis of particle 
swarm optimization (PSO) applications in electrical power 
systems. The authors discuss the concepts and variants of 
PSO and present advances in its application in power system 
optimization. The paper explores the use of PSO in vari-
ous power system domains and provides insights into its 
effectiveness.

3  Proposed methodology

The FACTS family includes the UPFC, a device that can 
control the voltage and current profiles of a power grid. Six-
phase power electronics allow for more precise regulation 
than the traditional three-phase UPFC. This advancement 
has led to the development of a newer design known as the 
6P-UPFC. Figure 1 depicts the proposed block design of a 
single line diagram for a power system using 6P-UPFC. This 
simulation represents a transmission line that is 60 km in 
length, operates at a frequency of 60 Hz, and has six phases 
supplying power to a load at the other end. The six phases 

of the alternating current source must be rotated by sixty 
degrees with respect to one another. As a six-phase ac supply 
is not readily available, we must make do with two three-
phase ac generators. The letters A, C, and E stand for the 
three activities taken by Source 1, whereas the letters B, D, 
and F stand for the three actions taken by Source 2. A refer-
ence phase “A” from source 1 is used to shift the reference 
phase “B” from source 2 by the same amount with respect 
to phase “A” resulting in a phase difference of 60 degrees. 
The six-phase transmission line is being simulated using a 
simulation built on the distributed parameter model.

Figure 2 shows the proposed 6P-UPFC-DPCS-IGWO 
block diagram. Measure the real and reactive power flows in 
the six-phase transmission line. Detect faults in the six-phase 
transmission line using the fault detection unit.Initialize the 
DPCS-IGWO algorithm with the objective function as the 
total power loss in the system. Generate an initial popula-
tion of grey wolves and evaluate their fitness based on the 
objective function. Iterate the DPCS-IGWO algorithm until 
convergence criteria are met. Within each iteration, update 
the position of each grey wolf based on its hunting behavior. 
Calculate the fitness of each new place of the grey wolves. 
Update the best position and the worst position of the grey 
wolves. Calculate the new position of the grey wolves using 
the best, worst, and average positions. Signals for the UPFC 
with 6P control was computed using the GWO-optimized 
parameters. The 6P-UPFC can regulate the active and reac-
tive power flows in the transmission line in response to the 
command signals. In this case, a DPCS is in charge, and it 
controls the 6P-UPFC by keeping active and reactive power 
regulation distinct.

The DPCS for 6P-UPFC consists of two separate con-
trol loops, one for active power flow and one for reactive 
power flow. The active power control loop alters the phase 
angle between the injected three-phase AC voltage compo-
nents from the UPFC, whereas reactive power control loop 
modifies the injected voltage components’ amplitude. In 

Fig. 1  Single line diagram of 6P-UPFC based power system
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mathematics, the active power control loop is represented 
by the equation:

In this case, � denotes the phase angle between the two 
different sets of voltage components; Pm represents the 
active power flow that was really measured; Pe is the active 
power flow that was requested; Kp represents the propor-
tional gain; and Ki denotes the integral gain. In a similar 
fashion, the equation that was used to express the reactive 
power control loop is as follows:

here Vq is the reactive voltage component injected by the 
UPFC, Qm is the measured reactive power flow, Qe is the 
desired reactive power flow, Kp is the proportional gain, and 
Ki is the integral gain. To better regulate the power flow and 
voltage profile of a power system, the DPCS for 6P-UPFC 
separates the control of active and reactive power flow. How-
ever, it requires more complex control algorithms and hard-
ware than traditional three-phase UPFCs, which can make 
implementation more challenging. The performance of this 
DPCS is optimized by IGWO. If a fault is detected in the 
transmission line, activate the fault isolation and coordina-
tion strategy. Determine the location and type of fault using 
the fault detection unit. Generate signals for fault isolation 
and coordination strategy based on the location and type 
of fault. Apply the fault isolation and coordination strategy 
signals to the transmission line to isolate the fault and main-
tain power supply to healthy parts of the system. Repeat the 
process to continuously monitor and regulate the real and 
reactive power flows in the six-phase transmission line.

(1)
d�

dt
= Kp

(
Pm − Pe

)
− Ki ∗ �

(2)
dVq

dt
= Kp

(
Qm − Qe

)
− Ki ∗ Vq

3.1  DPCS

Separate control loops are used in the DPCS for power elec-
tronic devices like the 6P-UPFC to regulate the active and 
reactive power flows, respectively. It’s helpful for controlling 
power flow in a power system since it provides for separate 
management of active and reactive power. The mathematical 
analysis of the DPCS can be described using the following 
equations:

3.1.1  Active power control

The active power control loop involves controlling the active 
power flow using the d-axis current components of the two 
VSC. The control equation for the active power flow is given 
by:

where Pref  is the desired active power flow, Pset is the actual 
power flow, Id1ref  and Id1ref  are the reference d-axis currents 
for the two VSCs, Id1 and Id2 are the actual d-axis currents.

3.1.2  Reactive power control

The reactive power control loop involves controlling the 
reactive power flow using the q-axis current components of 
the two VSCs. The control equation for the reactive power 
flow is given by:

where Qref  is the desired reactive power flow, Qset is the 
actual reactive power flow, Iq1ref  and Iq2ref  are the reference 

(3)Pref = Pset − Kp ∗
(
Id1ref − Id1

)
− Kp ∗

(
Id2ref − Id2

)

(4)
Qref = Qset − Kp ∗

(
Iq1ref − Iq1

)
− Kp ∗

(
Iq2ref − Iq2

)

Fig. 2  Proposed 6P-UPFC-DPCS-IGWO block diagram
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q-axis currents for the two VSCs, Iq1 and Iq2 are the actual 
q-axis currents.

3.1.3  Voltage control

The voltage control loop involves controlling the DC voltage 
of the common DC link to maintain the desired voltage level. 
The control equation for the DC voltage is given by:

where Vdcref  is the reference DC voltage, Vdcset is the 
desired DC voltage, Vdc is the actual DC voltage, and Ki is 
the integral gain of the controller. By decoupling the power 
control into separate control loops, the DPCS can achieve 
precise control of active and reactive power flow, which can 
be useful in various power system applications. The math-
ematical analysis of the strategy helps in designing and tun-
ing the control parameters to achieve the desired control 
performance.

3.2  Nonlinear and linear dynamic model of 6P‑UPFC

3.2.1  Nonlinear dynamic model

The nonlinear dynamic model of the 6P-UPFC includes the 
VSC, series and shunt converters, and the transmission line. 
The VSCs are modeled using a voltage-controlled voltage 
source model, while the series and shunt converters are mod-
eled using current-controlled voltage sources.The dynamic 
equations for the 6P-UPFC can be expressed as follows:

where Vdc and Vdq are the voltage components of the VSC, 
Icap is the current through the shunt converter, Vdcref  and 

(5)Vdcref = Vdcset − Ki ∗
(
Vdc − Vdcset

)

(6)

dVdc

dt
= −

1

Ldc
∗
(
Vdc − Vdcref

)
+

1

Cdc
∗
(
Icap − Icapref

)

(7)
dVdq

dt
= −1∕Ldq ∗ Vdq − omega ∗ Vq

(8)
dIdc

dt
= −

1

Rdc
∗ Idc +

Vdc

Ldc
−

Vf

Lf

(9)
dIq

dt
= −

1

Rf
∗ Iq − omega ∗ If −

Vq

Lf

(10)
dIf

dt
= −

1

Lf
∗ (If − Iq − Icomp)

(11)

dIcomp

dt
= −

1

Rcomp
∗ Icomp +

1

Lcomp
∗ (If − Icomp)

Icapref  are the reference values for the VSC and shunt con-
verter, respectively, Ldc and Ldq are the VSC inductances, 
omega is the angular frequency, Vq is the series converter 
voltage, Rdc is the VSC resistance, Vf is the transmission 
line voltage, Lf is the transmission line inductance, Rf is 
the transmission line resistance, If is the transmission line 
current, Icomp is the compensating current, Rcomp is the 
compensating resistance, and Lcomp is the compensating 
inductance.

3.2.2  Linear dynamic model

By linearizing the nonlinear dynamic model of the 6P-UPFC 
at a nominal operating point, a linear dynamic model of the 
device was generated. It is possible to write out the line-
arized model in state-space form as:

the input vector u, the state vector x, and the result vector y. 
In addition, D stands for the direct transmission matrix, A 
for the state matrix, B for the input matrix, C for the output 
matrix, and so on. The state vector includes the voltages 
and currents at various points in the 6P-UPFC system. The 
input vector includes the reference values for the VSC and 
shunt converter, as well as the fault signal. The output vec-
tor includes the measured voltages and currents. The linear 
dynamic model can be used to design control algorithms 
for the 6P-UPFC system, such as state feedback control and 
observer-based control. The nonlinear dynamic model, on 
the other hand, can be used to analyze the stability and per-
formance of the system under various operating conditions.

3.3  IGWO optimization

In recent years, researchers have focused on enhancing the 
control strategies of the UPFC to achieve more efficient 
power management and control. One such strategy is the 
DPCS, which aims to independently control the active and 
reactive power flows in the transmission line. By decou-
pling these power flows, it becomes possible to regulate 
each component individually, thereby improving the overall 
power quality and system performance. To further enhance 
the DPCS, researchers have turned to optimization algo-
rithms for tuning the controller parameters. Among these 
algorithms, the IGWO algorithm has gained attention due 
to its effectiveness in solving complex optimization prob-
lems. The IGWO algorithm is inspired by the hunting 
behavior of gray wolves and mimics their social hierarchy 
to iteratively search for optimal solutions. In this work, an 

(12)
dx

dt
= Ax + Buy = Cx + Du
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IGWO-DPCS is proposed to enhance power quality, reduce 
losses, and improve system stability by optimizing the con-
trol parameters.

The IGWO-DPCS divides its control efforts between 
reactive power control and active power control, enabling 
precise regulation of voltage and phase angle.In addition 
to the optimization-based control strategy, a fault isolation 
technique is introduced to enhance the system’s depend-
ability and efficiency. By analyzing voltage and current 
signals at the UPFC terminals, as well as line impedance, 
the presence of faults or damaged parts in the transmission 
line can be detected. Once the fault location is identified, 
the 6P-UPFC is adjusted to compensate for the predicted 
impedance of the damaged line, restoring power to the sys-
tem.The proposed IGWO-DPCS offers several advantages 
over conventional control strategies. Firstly, the optimiza-
tion of controller parameters using the IGWO algorithm 
ensures efficient and precise control of the 6P-UPFC, lead-
ing to improved power quality indicators such as power 
factor and total harmonic distortion. Secondly, the decou-
pled control approach allows independent regulation of 
active and reactive power, providing more flexibility and 
adaptability in power flow management. Lastly, the fault 
isolation technique enhances system reliability by facili-
tating quick fault detection and restoration, minimizing 
downtime, and improving overall system performance.

The mathematical analysis of the 6P-UPFC involves 
understanding the equations that govern the behavior of 
the device. The 6P-UPFC is essentially a combination of 
two VSCs that are connected in series through a com-
mon DC link. The VSCs generate two sets of three-phase 
voltages that can be independently controlled in terms of 
amplitude, phase, and frequency. Basic 6P-UPFC equa-
tions was written in the d-q reference frame, with the 
d-axis pointing in the direction of the system’s positive 
sequence and the q-axis pointing in the opposite direction. 
The IGWO block diagram is seen in Fig. 3. Table 1 shows 
the detailed analysis of various parameters used in IGWO 
with their initial values, minimum–maximum values. The 
following is a summary of the algorithm stages for opti-
mizing the DPCS for 6P-UPFC with IGWO:

Step 1 Set the initial values for the IGWO algorithm’s 
parameters, including the maximum number of iterations 
and the number of wolves and search space borders that 
are allowed.

Step 2 Do an initialization of the control parameters, 
which includes determining the proportional and integral 
gains for the active power, reactive power, and DC voltage 
control loops.

Step 3 Evaluate the fitness of each wolf by calculat-
ing the objective function value using the current control 
parameters.

Step 4 Identify the alpha, beta, and delta wolves with 
the highest, second highest, and third-highest fitness val-
ues, respectively.

Step 5 Update the positions of the alpha, beta, and delta 
wolves using the following equation:

where A is a scaling factor and alphapos, betapos , and deltapos 
are the positions of the alpha, beta, and delta wolves, respec-
tively. The social structure of the IGWO pack is represented 
by three grey wolves: an alpha, a beta, and a delta. So far, 
the alpha wolf has been determined to be the best solution, 
followed by the beta wolf as the next-best choice, and finally 
the delta wolf as the least-preferred choice.

Step 6 Update the positions of the other wolves using the 
following equation:

(13)xnew = alphapos − A ∗
(
betapos − deltapos

)

Fig. 3  Proposed IGWO-DPCS block diagram
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where rand() is a random number generator function.
Step 7 Ensure that the positions of the wolves do not 

violate any constraints, such as the limits on the control 
parameters.

Step 8 Evaluate the fitness of each wolf using the updated 
positions.

Step 9 Identify the new alpha, beta, and delta wolves with 
the highest, second highest, and third-highest fitness values, 
respectively.

Step 10 Update the control parameters using the position 
of the alpha wolf.

Step 11 Check if the stopping criteria have been met, such 
as the maximum number of iterations or the convergence of 
the objective function.

Step 12 If the stopping criteria have not been met, repeat 
steps 3 to 11.

Step 13 Return the optimized control parameters that 
minimize the objective function.

So, the DPCS for 6P-UPFC can be optimized using the 
IGWO algorithm by iteratively updating the control param-
eters based on the fitness values of a population of wolves. 
The algorithm aims to find the optimal values of the control 
parameters that minimize the error between the desired and 
actual values of active and reactive power flow while main-
taining the DC voltage at a desired level.

3.3.1  Time complexity analysis of IGWO

The time complexity analysis of the IGWO algorithm can be 
described in terms of the number of iterations and the com-
putational complexity of each iteration. In the context of time 
complexity analysis, we usually focus on the dominant fac-
tors that contribute the most to the computational cost. The 
time complexity of initializing the population of grey wolves 
is typically negligible compared to the overall algorithmic 

(14)

xnew =

(
alphapos + betapos

)

2
− A ∗

(
rand

((
deltapos − betapos

))

+rand
((
alphapos − betapos

)))

complexity. Therefore, it can be considered to have a con-
stant time complexity of O(1).Evaluating the fitness of each 
grey wolf involves calculating the objective function value, 
which typically depends on the problem being solved. The 
time complexity of fitness evaluation for each grey wolf is 
determined by the complexity of the objective function. Let’s 
denote the fitness evaluation time complexity for a single grey 
wolf as O(f ) , where f  represents the complexity of the objec-
tive function.

The IGWO algorithm iteratively improves the solutions 
through a series of iterations. The number of iterations is often 
determined by the convergence criteria or a maximum allowed 
number of iterations. Considering the above factors, the overall 
time complexity of the IGWO algorithm can be approximated 
as O(T ∗ N ∗ f ) , where T is the number of iterations, N is the 
population size (number of grey wolves), and f represents the 
complexity of the objective function. It’s worth noting that 
the time complexity analysis assumes that the computational 
cost of each iteration is dominated by the fitness evaluation 
step. However, the actual time complexity may vary depending 
on the specific implementation details, problem complexity, 
and any additional computational steps involved in the algo-
rithm. Additionally, it’s important to consider that the time 
complexity analysis provides an estimate of the algorithm’s 
computational requirements in terms of growth rates. It does 
not account for factors like parallelization, implementation 
optimizations, or specific hardware considerations that may 
impact the actual runtime performance.

3.3.2  Fault location for six‑phase lines

In six-phase transmission systems with a 6P-UPFC, fault loca-
tion can be determined using mathematical analysis. When 
a fault occurs in a six-phase line, a fault current will flow 
through the faulted phase(s). The voltage at the fault location 
will also be affected, resulting in a voltage drop. These changes 
in current and voltage can be analyzed to determine the loca-
tion of the fault. If the fault occurs at location x in the transmis-
sion line, the fault current and voltage can be expressed as:

Table 1  Initial values of IGWO 
algorithm

Parameter Initial value

Number of grey wolves (N) 50
Maximum number of iterations (MaxIter) 200
Search space boundaries [− 1.0, 1.0] (for each variable)
Convergence threshold (Epsilon) 0.0001
Grey wolves’ positions [− 5 to 5], Randomly initialized within the search space
Grey wolves’ fitness values [− 10, 10] Randomly assigned initial fitness values
Leader wolf position [0, 100] Randomly selected from the initial positions
Leader wolf fitness value [0, 100] Randomly assigned initial fitness value
Exploration and exploitation parameters [0, 80] Randomly chosen values within specified ranges
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where Kfault is a constant related to fault current magnitude, 
beta is the phase constant, Vsource is the source voltage, and 
gamma is the constant. The propagation phase constant and 
propagation constant can be expressed as:

where omega is the angular frequency, L is the line induct-
ance, C is the line capacitance, and Z is the line impedance. 
By measuring the fault current and voltage at different points 
along the transmission line, the fault location can be deter-
mined using the following equation:

where × 1 and × 2 are two points along the transmission line 
where the fault current and voltage are measured. In prac-
tice, this mathematical analysis was complicated by factors 
such as line loading, non-idealities in the 6P-UPFC, and the 
presence of multiple faults. However, the basic principles 
described above can be used to develop fault location algo-
rithms for six-phase transmission systems with 6P-UPFCs.

3.4  Fault isolation technique of 6P‑UPFC

If there is an issue with the AC power supply, it will initially 
be felt by the series transformer. This is unavoidable due 
to the 6P architecture of UPFCs and the low tolerance of 
power electronics. When thinking of a source of regulated 
current, the valve side winding of a series transformer comes 
to mind, since it too is governed by the line current. Line 
current controls this current generator. Series transformers 
link the rapidly growing line current to the series converter 
in the case of power outages or other interruptions on the AC 
power system. With this, the converter has a better chance 
of continuing to operate normally. The 6P-UPFC project in 
western Nanjing, which uses the 220 kV grid, was the pio-
neer in the usage of the rapid bypass technology. This was 
done for safety reasons regarding the equipment. This tech-
nology is the primary means by which the 6P-UPFC project 
in China addresses the problems of fault isolation and insula-
tion design for the series transformer. The schematic for an 
isolated circuit with bypass breakers and a series connec-
tion is shown in Fig. 4. Each series transformer is equipped 

(15)ifault(x) = Kfault ∗ exp(−j ∗ beta ∗ x)

(16)vfault(x) = Vsource ∗ exp(−j ∗ gamma ∗ x)

(17)beta = sqrt(3) ∗ omega ∗ L∕Z

(18)gamma = sqrt(3) ∗ omega ∗ sqrt(L ∗ C)

(19)x = (1∕beta) ∗ ln

(
|
||||

ifault(x1)

ifault(x2)

|
||||

)

with a thyristor bypass switch (TBS) on the grid side and a 
buck–boost rectifier (BBR) on the valve side.

Every series transformer also has a BBR placed on the 
valve side. In the case of a malfunction, TBS and BBR may 
reroute the current from the series transformer winding to 
the parallel converter. The overall layout of the isolation 
technique as it is applied to the series-connected unit. If there 
is an issue with either the AC power grid or the 6P-UPFC, its 
operation will be compromised. In the case of a malfunction, 
the protective mechanism of the 6P-UPFC quickly shuts off 
the offending converter, activates the TBS of 6P-UPFCs to 
isolate the series connect unit, and then closes the BBR to 
provide a route for the fault current instead of the TBS. The 
purpose of this strategy is to prevent the 6P-UPFC from 
using the rapid bypass function of TBS, which enables fault 
isolation to take place in as little as 40 ms and BBR closure 
on both sides of a series transformer to take place in the 
same amount of time (switching closing time is include). 
Isolating the series connect unit, shutting off the power gird 
side switch of the shunt transformer, and isolating the shunt 
converter are the three steps that make up the fault shutdown 
procedure for the 6P-UPFC system. The 6P-UPFC system 
has been successfully disconnected from the public power 
grid.

The circuit of the 6P-UPFC includes series and shunt con-
verters, a VSC, BBR, and a transmission line. The VSCs 
are used to regulate the voltage and current of the transmis-
sion line, while the series and shunt converters are used to 
provide series and shunt compensation, respectively. The 
BBR are used to isolate the faulty section of the transmis-
sion line. The fault isolation technique involves detecting 
a fault on the transmission line, isolating the faulty section 
using the TBS, and then compensating for the fault using the 
6P-UPFC. By comparing the voltage and current flow in the 
transmission line before and after a problem occurs, we may 
draw conclusions about the fault isolation method. As was 
said in a previous comment, the voltage and current will be 
impacted when a defect develops on the transmission line, 
and the problem’s location was detected using mathemati-
cal analysis. The BBR are used to cut off power to the bad 
segment of the transmission line after the problem has been 

Fig. 4  Structure of isolation technique on series connect unit
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located. The 6P-UPFC then adjusts the voltage and current 
in the transmission line through the VSCs and the series 
and shunt converters to correct for the problem. The fault 
isolation technique’s control method may also be examined. 
The 6P-UPFC is used to modify the voltage and current in 
the transmission line once the fault has been detected and 
its position calculated. The TBS is then opened to isolate 
the problematic portion. A state-space model was used to 
represent the control strategy; in this model, the voltage and 
current at various nodes in the system serve as state vari-
ables, and the reference values for the VSC and series and 
shunt converters serve as control inputs. The control strategy 
can also be optimized using IGWO techniques such as opti-
mization algorithms, as described in a previous response.

4  Results and discussion

This section detailed the simulation analysis and imple-
mentation specifics for the suggested 6P-UPFC method. 
The proposed model was built with the help of the 

MATLAB/SIMULINK software suite. The waveforms of 
the simulated current, voltage, and power are evaluated to 
ensure the system is operating as intended. The subsequent 
improvement in power quality is measured by THD, FST, 
and power factor. Figure 5 shows the simulation model of 
6P-UPFC system. Figure 6 shows the series controller for 
6P-UPFC with IGWO function. When a series converter 
is used to provide series compensation in a transmission 
line, a series controller is required to regulate the voltage 
and current flowing through it.

Figure 7 shows the shunt controller for 6P-UPFC with 
IGWO function. The shunt controller regulates the volt-
age and current of the shunt converter, which is used to 
effect shunt compensation in the transmission line. A 
state-space model was used to characterize both series 
and shunt controllers, with the voltage and current in the 
series and shunt converters serving as state variables and 
the reference values serving as control inputs. In this case, 
the IGWO algorithm was used to enhance the power qual-
ity of the system and reduce losses in the transmission 
line by modifying the voltage and current reference values 

Fig. 5  Simulation model of 6P-UPFC with IGWO
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Fig. 6  Series controller for 6P-UPFC with IGWO function

Fig. 7  Shunt controller for 6P-UPFC with IGWO function
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utilized by the series and shunt controllers. Optimizing a 
system entails repeatedly adjusting the voltage and cur-
rent baselines considering the fitness function, a measure 
of system performance. Transmission line power loss and 
voltage and current deviations from ideal values contribute 
equally to the fitness function. The IGWO algorithm then 
looks for the minimum-fitness-function voltage and cur-
rent reference values.

4.1  Simulation results

Figure 8 shows the parameter space, objective space of 
IGWO for series & shunt converters. The parameter space 
in IGWO typically includes the design variables that define 
the problem being optimized. Those are control variables 
related to the converter topology (e.g., number of switch-
ing stages, type of switch used, etc.). These variables can 
vary widely depending on the problem domain. The objec-
tive space in IGWO typically includes the performance 
metrics or criteria that the optimizer is trying to optimize. 
Figure 9 shows the three phase voltages such as LLL fault 
voltage, IGWO based 6P-UPFC compensated voltage, and 
load voltage. LLL (Line-to-Line-to-Line) fault voltage is 
the voltage that occurs when a three-phase fault occurs 
in a power system. The voltage is typically very high and 
can cause significant damage to equipment if not properly 

controlled. The IGWO algorithm can be used in conjunc-
tion with a 6P-UPFC to compensate for the LLL fault volt-
age and maintain stable load voltage. LLL fault voltage is 
the voltage that occurs when a three-phase fault occurs in 
a power system. The voltage is typically very high and can 
cause significant damage to equipment if not properly con-
trolled. The IGWO algorithm can be used in conjunction 
with a 6P-UPFC to compensate for the LLL fault voltage 
and maintain stable load voltage.

Figure 10 shows the three phase voltages such as LG fault 
voltage, IGWO based 6P-UPFC compensated voltage, load 
voltage. LG (Line-to-Ground) fault voltage is a type of fault 
that can occur in a power system where one of the three-
phase lines becomes grounded. This can cause an imbal-
ance in the system and result in a high voltage at the fault 
location, which can damage equipment and disrupt power 
supply. The IGWO algorithm can be used in conjunction 
with a 6P-UPFC to compensate for the LG fault voltage and 
maintain stable load voltage.

Figure 11 shows the six phase voltages after 6P-UPFC-
IGWO based compensation. The exact values of the voltages 
will depend on the specific control parameters optimized by 
the IGWO algorithm, as well as the characteristics of the 
power system being controlled. To correct power grid ine-
qualities and disruptions, phase shifts in voltages were used. 
If the voltages are equalized throughout all six phases, the 

Fig. 8  Parameter space, objective space of IGWO for series & shunt converters
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Fig. 9  Three phase voltages (LLL fault voltage, IGWO based 6P-UPFC compensated voltage, load voltage)

Fig. 10  Three phase voltages (LG fault voltage, IGWO based 6P-UPFC compensated voltage, load voltage)
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system is more likely to run smoothly and reliably. Improv-
ing power quality is possible by reducing or eliminating 
harmonic distortions and other undesired characteristics of 
voltage waveforms.

In Fig. 12 shown that the active and reactive power of 
the without 6P-UPFC compensation. In Fig. 13, we can see 
the active and reactive power of the 6P-UPFC when it is 

under load. The 6P-UPFC permits control of both active 
and reactive power flows at the load. With the 6P-UPFC, 
the phase and amplitude of the voltage injection was inde-
pendently adjusted to control the actual and reactive power 
flows. As a result, the 6P-control UPFC’s strategy and the 
power demand of the load will determine the active and 
reactive power at the connected load.Fig. 14 shows the 

Fig. 11  Six phase voltages after 6P-UPFC-IGWO based compensation

Fig. 12  Active & Reactive power of without 6P-UPFC-IGWO based compensation
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Root Mean Square (RMS) voltage before and after com-
pensation. The RMS voltage is a measure of the effective 
voltage level of an AC waveform, and it is calculated as 
the square root of the mean of the squared instantaneous 
voltage values over a cycle. Before compensation with a 
6P-UPFC, the RMS voltage at a load was affected by volt-
age drop and other factors in the transmission and distri-
bution system. The voltage level was below or above the 
desired level, which can affect the performance and effi-
ciency of the load. After compensation with a 6P-UPFC, 
the RMS voltage at the load can be adjusted and regulated 
to the desired level. The 6P-UPFC can inject or absorb 
reactive power into the system to compensate for voltage 
drop and other factors and regulate the voltage level at the 
load. The degree of improvement in the RMS voltage level 
after compensation with a 6P-UPFC will depend on the 
control strategy used by the 6P-UPFC, the system param-
eters, and the load demand. In general, the 6P-UPFC can 
help improve the power quality at the load and ensure that 
the voltage level is within the desired range.

Compensation’s effect on the power factor is seen in 
Fig. 15. A 6P-UPFC may adjust for the reactive power 

requirement of the load, and then inject or absorb reactive 
power to enhance the power factor at the load. By control-
ling the voltage’s phase and amplitude, the 6P-UPFC can 
keep the power factor where it needs to be. To what extent 
a load makes use of the available electrical power is repre-
sented by a metric called the power factor. Simply put, it is 
the ratio of the load’s actual power consumption (in watts) 
to its perceived power consumption (in volt-amperes). If 
the power factor is 0.98, the load is making efficient use 
of the supplied electricity.

Compensation results for the THD are shown in Fig. 16. 
The THD quantifies the degree to which voltage or current 
waveforms are distorted. The THD was reduced by tailoring 
the design of the series and shunt controllers. This can be 
achieved by using control algorithms that can generate wave-
forms that are as close to sinusoidal as possible. The IGWO 
algorithm can be used to optimize the control algorithms to 
reduce THD and improve the power quality of the system.

Table 2 compares the performance comparison of various 
controllers in 6P-UPGC environment. The FST is the time 
it takes for the protection system to detect and isolate a fault 
in the transmission line. To reduce the FST, THD, the series 

Fig. 13  Active & Reactive power at the load
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and shunt controllers can be designed to respond quickly to 
changes in the system. This can be achieved by using fast-
acting control algorithms that can detect faults in real-time 
and quickly adjust the voltage and current in the system to 
compensate for the fault. The IGWO algorithm can be used 
to optimize the control algorithms to improve power qual-
ity and reduce the FST, THD in comparison with existing 
DSTATCOM, existing 6P-UPFC-MBO methods.

Table 3 compares the voltage-Current Performance com-
parison. Voltage Regulation: The information provided does 
not specify the values for voltage regulation for the existing 
DSTATCOM and existing 6P-UPFC-MBO methods. Both 
the existing DSTATCOM and existing 6P-UPFC-MBO 
methods provide reactive power compensation. Similarly, the 
proposed DPCS 6P-UPFC-IGWO method also includes reac-
tive power compensation. While the existing DSTATCOM 
does not offer harmonic mitigation, the existing 6P-UPFC-
MBO method incorporates harmonic mitigation techniques. 
Similarly, the proposed DPCS 6P-UPFC-IGWO method 
also includes harmonic mitigation capabilities. The exist-
ing DSTATCOM does not have voltage sag compensation 

features. In contrast, both the existing 6P-UPFC-MBO and 
proposed DPCS 6P-UPFC-IGWO methods provide voltage 
sag compensation. Like voltage sag compensation, the exist-
ing DSTATCOM does not provide voltage swell compensa-
tion. However, both the existing 6P-UPFC-MBO and pro-
posed DPCS 6P-UPFC-IGWO methods incorporate voltage 
swell compensation capabilities. The information does not 
explicitly mention the dynamic voltage stability for the exist-
ing DSTATCOM method. However, the existing 6P-UPFC-
MBO method improves dynamic voltage stability. Similarly, 
the proposed DPCS 6P-UPFC-IGWO method also enhances 
dynamic voltage stability compared to the existing methods.

4.2  Discussions

Determining the cost-effectiveness of a 6P-UPFC involves 
considering various factors beyond the cost of the FACTS 
devices themselves. While FACTS devices are generally 
considered costly, the cost-effectiveness of a 6P-UPFC can 
be evaluated by examining its potential benefits and compar-
ing them to the overall system costs. The 6P-UPFC can offer 

Fig. 14  RMS voltage before and after compensation
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enhanced power flow control, voltage stability, and transient 
stability in the power system. By mitigating power quality 
issues, improving system reliability, and reducing losses, it 
can lead to operational cost savings and increased efficiency.

While the proposed strategy utilizes the IGWO method for 
parameter optimization, future research could explore other 
advanced optimization techniques or hybrid approaches 
to further enhance the control strategy’s performance. 

Fig. 15  Power factor after compensation

Fig. 16  THD after compensation
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Comparisons with alternative optimization algorithms could 
help identify the most suitable optimization approach for 
the 6P-UPFC-DPCS.The control strategy could be extended 
to incorporate communication systems for improved coor-
dination and control of multiple UPFC devices in a power 
network. Future studies could investigate the impact of com-
munication delays and develop communication-assisted con-
trol algorithms to enhance the overall system performance.
The study focuses on a specific 6P-UPFC configuration, but 
it would be worthwhile to explore the scalability of the pro-
posed control strategy for different UPFC configurations. 
Investigating the applicability and effectiveness of the strat-
egy in systems with different numbers of phases or varying 
UPFC topologies would provide valuable insights.

So, to overcome these problems, further exploration and 
development of advanced control strategies can be investi-
gated to enhance the performance of the UPFC. This could 
involve the use of intelligent control techniques such as 
neural networks, ANFIS, MPC to optimize power flow con-
trol, voltage stability, and harmonics mitigation. With the 
increasing integration of renewable energy sources into the 
power grid, there is a need to investigate the application of 
the six-phase UPFC in renewable energy systems. Future 
research could focus on optimizing the control strategy to 
accommodate the dynamic characteristics and variability of 
renewable energy sources, such as solar and wind power. 
The proposed UPFC design and control strategy can be fur-
ther evaluated for large-scale implementation in real-world 
power systems. Future studies could involve conducting field 
trials or real-time simulations to assess the practicality, scal-
ability, and economic viability of the proposed solution.

5  Conclusion

This study suggests a DPCS for use in a 6P-UPFC as a 
means of improving power quality in conjunction with the 
IGWO algorithm. According to the 6P-UPFC-DPCS, the 
control task was broken down into two distinct subtasks: 
reactive power control and active power control. As the 
UPFC regulates both the active and reactive power flows, 
it may independently adjust both the broadcast line volt-
age and the phase angle. There has been a presentation of 
a fault isolation strategy to further improve the system’s 
performance and resilience. The problematic section of the 
transmission line was located, and the system optimized 
with the use of this technology. To provide the groundwork 
for fault identification, the line impedance and voltage and 
current signals at the UPFC’s terminals are examined. 
When the faulty part has been located, an estimate of the 
faulted line’s impedance is made, and then the settings of 
the 6P-UPFC are changed such that power may once again 
flow through the system. Then, the virtual impedance is 
utilized to regulate the system’s voltage and current, mak-
ing it the cornerstone of the coordination method. The 
value of the virtual impedance is changed to accomplish 
this. Parameters of the controllers are optimized using the 
IGWO technique. They include the voltage phase angle 
and magnitude of the inverter, as well as the proportion-
ate and integral gains of the PI controllers. Many offline 
tests have been performed to determine the accuracy of 
this method. The complexity of the many forms of faults 
that might occur is examined, high path fault resistances 
(0–100), including fault locations (0–100%), and fault ini-
tiation angles (0 and 90°) (AG, BG, CD, DG, EG, FG, and 

Table 2  Performance 
comparison

Parameters Existing DSTATCOM Existing 6P-UPFC-MBO Proposed DPCS 
6P-UPFC-IGWO

FST 0.15 s (0.25–0.4) 0.1 s (0.3–0.4) 0.01 s (0.3–0.31)
Power factor 0.6 0.78 0.98
THD 20% 10.33% 1.40%

Table 3  Voltage-current 
performance comparison

Parameters Existing DSTAT-
COM

Existing 6P-UPFC-
MBO

Proposed DPCS 
6P-UPFC-IGWO

Voltage regulation – – Improved
Reactive power compensation Yes Yes Yes
Harmonic mitigation No Yes Yes
Voltage sag compensation No Yes Yes
Voltage swell compensation No Yes Yes
Dynamic voltage stability – Improved Improved
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ABCG). The simulation results show that the proposed 
6P-UPFC-DPCS might reduce the FST to 0.01 s, boost the 
power factor to 0.98, and lower the THD to 1.40%. The 
simulation results indicate that it is possible to identify 
and diagnose single-phase-to-ground problems in less than 
one cycle. The method is insensitive to variations in fault 
characteristics such as fault location, fault resistance and 
fault inception angle.
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