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1. INTRODUCTION

Advances in electrical and electronic engineering have significantly increased the reliance on
electrical energy in modern life. This increased demand creates fluctuations in the power system network,
preventing it from operating in a single stable mode. Today, a key objective for electrical engineers is to deliver
high-quality power while minimizing transmission losses [1]-[3]. The development of flexible AC transmission
system (FACTS) devices, spurred by rapid advancements in power electronics and microelectronics since the
late 1980s, has been instrumental in enhancing power system stability. These devices provide fast, dynamic
control and enable better system management, leading to improved overall performance.

Among various FACTS devices, the unified power flow controller (UPFC) is one of the most widely
adopted [4]-[6]. Due to its versatility, UPFC has been applied in diverse research objectives. Numerous studies
have explored the optimal placement of UPFC in power networks, utilizing optimization techniques such as
particle swarm optimization (PSO), FVSI, the CPF method, and PSAT software to boost voltage stability,
increase transfer capability, and reduce power losses [7]-[10]. In [11], three FACTS devices-static VAR
compensator (SVC), STATCOM, and UPFC-were analyzed and optimized to enhance the protection of wind
farms. A novel relay system was developed, demonstrating that UPFC outperforms static synchronous
compensator (STATCOM) and SVC by combining the advantages of both devices.
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UPFC was implemented for power flow control, with results showing that it improved both
instantaneous and fluctuation stability [12], [13]. Despite its advantages, designing a UPFC controller remains
complex due to its multivariable nature. Various control strategies have been proposed to address these
challenges. For instance, PSO optimization was applied to improve Pl controller gains, yielding better results
than a standalone PI controller [14], [15]. Similarly, PSO was used to determine optimal PI gains and ideal
UPFC placement, achieving enhanced system performance and loss reduction [16].

Recently, a sliding mode controller (SMC) was applied to the UPFC system in [17]. Comparative
simulations indicated that SMC outperformed traditional Pl control, particularly in durability and the
independent regulation of active and reactive power. This article aims to evaluate the fractional order PID
(FOPID) control strategy for UPFC and compare it with the PID strategy, aiming to determine which approach
optimally regulates active and reactive power.

2. UNIFIED POWER FLOW CONTROLLER

The unified power flow controller (UPFC) consists of two main voltage sources; one connected in
parallel and the other in series. The parallel component, known as static synchronous compensator
(STATCOM), is connected to a series component, the static synchronous series compensator (SSSC), through
a common DC link. This configuration enables the UPFC (Figure 1) to combine the functionalities of both
STATCOM and SSSC [18]. The UPFC’s primary function is to inject an adjustable AC voltage both in
magnitude and phase into the transmission line via a series transformer. This transformer plays a crucial role
by either supplying or absorbing the real power required by the series transformer at the shared DC link. The
figures below depict the electrical model of the UPFC, illustrating how it integrates these components to control
power flow effectively [19].
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Figure 1. The fundamental scheme of UPFC

3. MODELING OF THE UPFC

Figure 2 shows modeling the unified power flow controller (UPFC) involves developing a
mathematical and control framework to simulate its effects on power flow, voltage control, and system stability
in a power network. The UPFC is a complex FACTS device that consists of two interconnected converters a
shunt and a series converter linked by a common DC circuit. The UPFC’s model incorporates these elements
using differential equations and power flow equations to represent dynamic behavior under different operating
conditions. This model is crucial for simulating how the UPFC can enhance system stability, reduce power
losses, and respond effectively to network disturbances [20].

3.1. Serial model and associated equations
To model the series physical system in Figure 2 we apply Kirchhoff's second law. We then obtain the
equation in the abc frame of refer to the following form:
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Applying Park's transformation to the system (1) allows us to write:
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3.2. Shunt model et and associated equations
To model the physical system of the shunt circuit in Figure 2 we apply Kirchhoff's second law. The
equation in the abc frame of reference takes the (3).
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To convert a balanced system to a synchronous d-g-o frame, use Park's transformation. The matrix form (3) is
as (4).
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3.3. The modeling of the UPFC keeps branching

To maintain a constant capacitor voltage, the net real power exchanged between both converters via
the DC link must be zero, as dictated by the power balance equation governing the UPFC’s input and output.
The equation describing the behavior of the DC voltage VdcV_{dc}Vdc across the capacitor is as (5).

AVae 1
d? zm(Pe_Pep) (%)

With:

Py = Veqlsq + Veplsp + Veelse
Poe = Vpalpa + Vpblpp + Vpcipe

with: P,: Active power absorbed by the AC system; Pep: Active power injection using the shunt inverter AC
method. The (6) explains the DC voltage V_dc behavior across a capacitor after Park transformation.

dVge 2
at 20Vde (Updlpd + qu[pq - vcdlrd - chqu) (6)
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Figure 2. The physical representation of a UPFC converter connected to the network

4., THE DESIGN OF CONTROLLERS
4.1. UPFC controller based on PID controller

Figure 3 depicts the total system setup under PID management. As seen below, the observed active
and reactive power are compared to reference values to generate P and Q errors. Two PID regulators employ
the P and Q errors to compute the Vg and Vd voltage components that the VSC will generate. (\Vq in quadrature
with V1 regulates active power, whereas VVd in phase with V1 controls reactive power) [21].
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Figure 3. General design of UPFC system with PID control

4.2. UPFC with FOPID controller

The fractional order PID (FOPID) controller has emerged as a more flexible and efficient alternative
to the traditional PID controller in controlling the unified power flow controller (UPFC) within power systems.
Unlike the conventional PID controller, which relies on fixed-order parameters for proportional, integral, and
derivative actions, the FOPID controller introduces fractional (non-integer) orders for these terms. This
additional degree of freedom allows for more nuanced and precise tuning, making it particularly effective in

complex and dynamic systems like the UPFC. Figure 4 shows the total system setup with FOPID control.

Here’s a closer look at why the FOPID controller enhances UPFC performance:

- Increased tuning flexibility

- Enhanced robustness
- Improved stability and damping

- Superior response

time

Optimized control of active and reactive power
These benefits translate into more efficient, stable, and adaptable control of power flow, ultimately improving
the overall performance and reliability of the power system
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Figure 4. General design of the UPFC system with FOPID control

lsha

lsha

L

Lshg

lshq

Optimal control of the UPFC for the stability of electrical networks (Houria Ababsia)



184 a ISSN: 2252-8792

5.  UPFC OPERATING PRINCIPLE

The series inverter injects a voltage at the same frequency as that of the network of which amplitude
and phase are adjustable. This amplitude and phase adjustment makes it possible to obtain three operating
modes of the serial part:

- Voltage control: the injected voltage is in phase with that on the source side.

- Line impedance control: The current line and the injected voltage are in quadrature. This mode allows you
to alter the line's impedance in the same way as a compensator series does.

- Phase control: the injected voltage's amplitude and phase are calculated to produce the same voltage module
before and after the UPFC.

The primary goal of these three operating modes is to regulate the active and reactive power that flows
through the line. Furthermore, the UPFC may combine several compensations and move from one operating
mode to another. The shunt part can be used to compensate for the reactive power to maintain the plan voltage
and possibly provide active power in the network by the serial part [22], [23].

6. FRACTIONAL-ORDER PID (FOPID)
Fractional integer-order FO-PID controllers are a variant of integer-order PID controllers. The
following is the basic Fractional FOPID controller:

C(s) = Ky + K;S™ + Ky S @)

Kp, Ki, and Kg: Represent the gains of the proportional, fractional integrator, and fractional differentiators
respectively. x and y: Represent fractional integration and differentiation orders. The correct-order PID
controller is obtained if x =y = 1, Likewise, different combinations of x and y give PI, PD, FOPI, and FOPD
controllers [24], [25]

7. RESULTS AND DISCUSSION

The objective of this study is to examine the control of active and reactive power exchange within an
electrical interconnection line using a UPFC. Specifically, we analyze a UPFC connected to a high-capacity
THT interconnection line with a transport capability of 1000 MVA. The configuration of the network under
investigation is illustrated in Figure 5. This setup provides a suitable environment to evaluate the UPFC's
effectiveness in managing power flow and enhancing stability in high-capacity transmission networks. The
PID controller and FOPID. The parameters controller are presented in Table 1.

Table 1. The parameters of the PID controller and FOPID controller
Parameters Kp Ki Kg A 1]
Parameter of PID controller 4000 4500 1000 @/ /
Parameter of FOPID controller 4000 4500 1000 0.3 0.25

Uy

R L i e

Sending
end

Receiving

iyg end

Figure 5. Equivalent circuit of a transmission system with UPFC

All results for the PID and FOPID are presented in the Figures 6-8. The results presented Figures 6-8
demonstrate that the FOPID controller provides a clear advantage over the PID controller in managing power
flow through the transmission line. The FOPID controller achieves smoother response curves, better set-point
tracking, and improved stability, resulting in more precise and consistent power flow control. As summarized
in Table 2, the FOPID controller exhibits significantly enhanced dynamic performance compared to the PID
controller, with faster rise and settling times, indicating a quicker and more stable response to changes in load
and system conditions. This superior performance makes the FOPID controller highly effective for UPFC
applications where precision and responsiveness are critical.
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Figure 6. PID regulator with (a) active power and (b) reactive power
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Figure 7. FOPID regulator with (a) active power and (b) reactive power
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Figure 8. PID and FOPID regulator with (a) active power and (b) reactive power

Table 2. Comparison of methods
Parameter Active power with PID _ Active power with FOPID  Reactive power with PID  Reactive power with FOPID

RiseTime 0.3145 0.3031 0.0050 8.1085e-04
SettlingTime 0.3782 0.3115 0.6499 0.6496
SettlingMin 898.4733 900.1147 -49.7324 -150.0071
SettlingMax 1.0399e+03 1.0471e+03 651.4553 624.3497

Overshoot 3.9913 4.7905 2.8921e+03 4.2947e+03
Undershoot 5.9667 7.0921e-28 247.3368 1.0559e+03

Peak 1.0399e+03 1.0471e+03 651.4553 624.3497
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8. CONCLUSION

In conclusion, a comparison of two control strategies the classic proportional-integral-derivative
(PID) and the fractional-order PID (FOPID) shows that the FOPID control strategy works better for system
response and overall performance than the classic PID. The fractional-order technique increases flexibility and
adaptability, allowing for more accurate control parameter adjustment to meet the system's dynamic features.
The FOPID controller outperforms the standard PID controller in terms of stability, overshoot, and settling
time.This study shows that fractional order control works well to get better results in the power system that
was looked at. It also gives us useful information for making control strategies work better in similar situations.
The FOPID controller outperforms the typical PID controller in terms of peak overshoot and settling time when
the parameter reference values vary. The results obtained showed that the proposed UPFC based on FOPID
has enhanced the power flow capacity and reduced its loss, which allows it to respond better to system changes
and leads to increased stability, which reduces the occurrence of disturbances and failures in electrical
networks. Hence, improving the performance control units lead to increased efficiency of power systems,
which reduces losses and improves resource utilization. It can also reduce maintenance and repair costs, and
increase the life of equipment. In the future and as a continuation of this work, methods for artificial intelligence
and performance analysis may be introduced. Implementation of UPFC unified power flow controller using
ANN and FLC algorithms.

REFERENCES

[1] Y. Y. Ghadi, N. M. Neamah, A. A. Hossam-Eldin, M. Alqarni, and K. M. AboRas, “State-of-the-art frequency control strategy
based on an optimal fuzzy PI-FOPDF X for SMES and UPFC integrated smart grids using zebra optimization algorithm,” IEEE
Access, vol. 11, pp. 122893-122910, 2023, doi: 10.1109/ACCESS.2023.3328961.

[2] C.M.I,E.O.A, A E.C., and O. V.C., “Development of ann controlled UPFC based protection model for nigerian 330 kv power
lines,” Engineering and Technology Journal, vol. 08, no. 01, 2023, doi: 10.47191/etj/v8i1.09.

[31 M. Y. Suliman and M. T. Al-Khayyat, “Power flow control in parallel transmission lines based on UPFC,” Bulletin of Electrical
Engineering and Informatics, vol. 9, no. 5, pp. 1755-1765, 2020, doi: 10.11591/eei.v9i5.2290.

[4] S. G Venkata and K. K. Kumar, “Damping of low frequency oscillations with UPFC an application of neuro-fuzzy controller,”
International Journal of Electrical and Electronic Engineering and Telecommunications, vol. 1, no. 1, 2012.

[5] T. Abdelouahed, I. K. Bousserhane, S. A. Zidi, and O. Abdelkhalek, “Comparison of intelligent control methods performance in
the UPFC controllers design for power flow reference tracking,” Electrotehnica, Electronica, Automatica, vol. 71, no. 3, pp. 40—
50, Aug. 2023, doi: 10.46904/eea.23.71.3.1108005.

[6] M. Osama abed el-Raouf, S. A. Soad, M. M. Salama, M. I. Mosaad, and H. A. A. Hadi, “Performance enhancement of grid-
connected renewable energy systems using UPFC,” Energies, vol. 16, no. 11, 2023, doi: 10.3390/en16114362.

[7] E. V. Vinay, “Optimal placement of compensating devices in distribution system by using PSO algorithm,” International Journal
of Science and Research (1JSR), vol. 8, no. 4, 2019, doi: 10.21275/ART20197213.

[8] A. A. R. Altahir and M. M. Marei, “An optimal allocation of UPFC and transient stability improvement of an electrical power
system: ieee-30 buses,” International Journal of Electrical and Computer Engineering, vol. 11, no. 6, pp. 4698-4707, 2021, doi:
10.11591/ijece.v11i6.pp4698-4707.

[91 Y. S.Umar, U. O. Aliyu, and Y. S. Haruna, “Optimal placement of dstatcom into the government feeder lafia of abuja electricity
distribution network using artificial bee conoly review of fundamental concepts,” ATBU Journal of Science. Technology and
Education, vol. 11, no. 2, pp. 19-29, 2023.

[10] B. G. O. Essama, J. T. N. Bisse, J. K. Koko, J. Atangana, S. Ndjakomo Essiane, and J. G. Tamba, “Optimal location of upfc and
voltage stability analysis in ieee-14 bus network using cpf technique and psat software,” Robotics and Automation Engineering
Journal, vol. 5, no. 5, 2024, doi: 10.19080/RAEJ.2024.05.555674.

[11] I K. Bousserhane, A. Touhami, B. 1. Khalil, and N. Abdelfatahnasri, “The role of facts devices for wind farm (DFIG model)
protection during fault condition-comparison between: SVC, statcom and UPFC,” in First National Conference On Industrial
Engineering And Sustainable Development, 2023. [Online]. Available: https://www.researchgate.net/publication/372133838

[12] D. Shende, P. Jagtap, and R. Hiware, “Enhanced power quality using unified power flow controller systems,” Journal of Physics:
Conference Series, vol. 2089, no. 1, 2021, doi: 10.1088/1742-6596/2089/1/012035.

[13] M. Srivastava, P. Singh, S. Verma, and P. Singh, “Power flow control in transmission line by using UPFC,” International Journal
of Research in Engineering, Science and Management, vol. 4, no. 4, pp. 126-129, 2021, doi: 10.47607/ijresm.2021.670.

[14] M. H. Ananda and M. R. Shivakumar, “Particle swarm optimization tuned unified power flow controller for power oscillation
reduction,” Indonesian Journal of Electrical Engineering and Computer Science, vol. 23, no. 2, pp. 633-638, 2021, doi:
10.11591/ijeecs.v23.i2.pp633-638.

[15] J. R and T. R. Das, “Active and reactive power control in transmission line with PSO optimized PI controlled five level UPFC,”
International Journal of Science and Research Archive, vol. 7, no. 2, pp. 516-531, Dec. 2022, doi: 10.30574/ijsra.2022.7.2.0320.

[16] S. A.Hussein, D. Y. Mahmood, and A. H. Numan, “Loss reduction of transmission lines using PSO-based optimum performance
of UPFC,” Bulletin of Electrical Engineering and Informatics, vol. 12, no. 3, pp. 1237-1247, 2023, doi: 10.11591/eei.v12i3.4559.

[17] A. Hinda, M. Khiat, and Z. Boudjema, “Fuzzy second order sliding mode control of a unified power flow controller,” Electrical
Engineering & Electromechanics, no. 6, pp. 55-61, Dec. 2019, doi: 10.20998/2074-272X.2019.6.08.

[18] S. A. Hussein, D. Y. Mahmood, and H. Ali, “Fuzzy-based PSO algorithm for transmission line losses minimization with UPFC,”
Przeglad Elektrotechniczny, vol. 1, no. 5, pp. 139-144, 2023, doi: 10.15199/48.2023.05.25.

[19] Z.Ouetal., “The effect of power flow entropy on available load supply capacity under stochastic scenarios with different control
coefficients of UPFC,” Sustainability (Switzerland), vol. 15, no. 8, 2023, doi: 10.3390/su15086997.

[20] A. Hinda, M. Khiat, and Z. Boudjema, “Advanced control scheme of a unifiedpower flow controller using sliding mode control,”
International Journal of Power Electronics and Drive Systems, vol. 11, no. 2, pp. 625-633, 2020, doi:
10.11591/ijpeds.v11.i2.pp625-633.

Int J Appl Power Eng, Vol. 14, No. 1, March 2025: 180-187



Int J Appl Power Eng ISSN: 2252-8792 a 187

[21] A. Touhami, Z. S. Ahmed, H. Samir, and D. K. Y. I, “Control system design of upfc for power flow management in transportation
system using fuzzy system and ga algorithm control system design of UPFC for power flow management in transportation system
using fuzzy system and GA algorithm,” in First International Conference on Smart Grids, 2019.

[22] L. Boukarana, S. A. Fellag, and I. Habi, “Impacts static inverters on the performance of UPFC systems,” International Journal of
Advanced Natural Sciences and Engineering Researches, vol. 8, no. 5, 2024.

[23] A. J. Egbunike and O. C Nwana, “A proposed modelling of a nigeria power system with unified power flow controller,”
International Journal of Scientific Research and Engineering Trends, vol. 6, no. 3, 2020.

[24] P. Warrier and P. Shah, “Design of an optimal fractional complex order PID controller for buck converter,” Journal of Robotics
and Control (JRC), vol. 4, no. 3, pp. 243-262, 2023, doi: 10.18196/jrc.v4i3.17446.

[25] Z. Asradj, Y. Bensafia, and I. Merzouk, “Performances improvement of fractional order systems using the fractional order adaptive
PID controller,” Przeglad Elektrotechniczny, vol. 2023, no. 8, pp. 257-260, 2023, doi: 10.15199/48.2023.08.45.

BIOGRAPHIES OF AUTHORS

Houria Ababsia @ F:4 BS 12 s a dedicated Ph.D. candidate in Electrical Engineering at
Echahid Cheikh Larbi Tebessi University- Tebessa, Algeria. With a strong foundation in
electrical systems and a passion for innovation, she is focused on the study, modeling, and
control of a UPFC system for the performance of electrical networks. She can be contacted
at email: houria.ababsia@univ-tebessa.dz or houriaababsial2000@gmail.com.

Djalel Dib BIEE 2 isafull professor and currently working as a research director in the
Department of Electrical Engineering at the University of Tebessa in Algeria. He received
his Ph.D. in power systems in 2007 in Algeria and he was awarded the professor rank in
December 2015. He holds the position of research director and head of the electrical
engineering team at LABGET and LM laboratory at the University of Tebessa. He
participated in several conferences and published several papers, nowhe is a reviewer in
several journals. His research interests are: power grids, power quality, and renewable energy.
He can be contacted at email: jalel.dib@univ-tebessa.dz or dibdjalel@gmail.com.

Abdelghani Djeddi F:4 B3 2 was born in Algeria in 1973, he receive the State Engineer
degree 20 1996 on Control. He was an active industrial header at the Algerian Compagny of
Electrical and Gaz "SONELGAZ” from 1999 to 2012He has obtained his Magister degree in
2007 on control and automatic and the Ph.D. on Automatic in 2017 from University badji
Mokhtar Annaba, and he has obtained his HDR from university of Echahid Cheikh Larbi
Tebessi, Tebessa. He is an associate professor in electrical engineering at the Department of
Electrical Engineering, Faculty of Sciences and Technology, Echahid CHEIKH Larbi
Tebessi, Tebessa, Algeria. His research area of interests includes fractional calculus, the
modelling and control of nonlinear systems, the diagnosis and new reliability engineering,
fault detection and isolation in industrials process, intelligent system based on fuzzy logic.
He can be contacted at email: abdelghani.djeddi@univ-tebessa.dz.

Optimal control of the UPFC for the stability of electrical networks (Houria Ababsia)


mailto:jalel.dib@univ-tebessa.dz
https://orcid.org/0009-0006-2576-0577
https://www.webofscience.com/wos/author/record/KYQ-4098-2024
https://orcid.org/0000-0003-4220-8427
https://scholar.google.com/citations?user=f1NUO0IAAAAJ&hl=fr
https://www.scopus.com/authid/detail.uri?authorId=55642114600
https://orcid.org/0000-0002-1603-3267
https://scholar.google.com/citations?hl=fr&user=oIjo_7oAAAAJ&view_op=list_works&sortby=pubdate
https://www.scopus.com/authid/detail.uri?authorId=56077187700

