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Abstract. Transient stability has become a critical concern in modern
power systems due to increased loading, frequent disturbances, as well as
reduced system inertia associated with renewable energy integration. The
present work investigates the enhancement of transient stability in IEEE 14
bus system using a Unified Power Flow Controller coordinated with Particle
Swarm Optimization for adaptive parameter tuning. The objective is to
minimize the rotor angle deviations, reduce the settling time, as well as
improve the overall damping performance under the severe fault conditions.
A three-phase fault is applied at a critical bus, and system response is
evaluated under the three scenarios, namely without UPFC, with the fixed
parameter UPFC, as well as with the PSO optimized UPFC. The simulation
results indicate that the proposed method reduces the maximum rotor angle
deviation from 118° to 46°, while the settling time decreases from 6.2 s to
1.8 s. Additionally, the critical clearing time improves from 0.21 s to 0.34 s,
which demonstrates the enhanced stability margin. The speed deviation is
also reduced from 0.045 p.u. to 0.015 p.u., which confirms the improved
damping characteristics. The novelty of the study lies in the systematic
integration of PSO based adaptive control with the UPFC in the standard
benchmark system, which provides the robust as well as efficient framework
for the stability enhancement in the modern power networks.

Keywords. Transient Stability, UPFC, PSO, FACTS, IEEE 14-Bus
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1 Introduction

When a severe disturbance like fault or sudden load change occurs, transient stability is
one of the most important factors in synchronism maintenance in the modern power systems.
[1][2]. The reduced inertia and damping ability of the system due to increased integration of
renewables and variance in power demands increase the risk of instability [3][4]. Fast
controllable compensation enhances voltage regulation, power flow and transient stability
with FACTS devices, especially the Unified Power Flow Controller (UPFC) [5][6]. However,
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the conventional fixed-parameter tuning techniques are not effective in different operating
conditions. Transient stability is essential for maintaining synchronism in modern power
systems during severe disturbances such as faults or sudden load changes. Particle Swarm
Optimization (PSO) provides an effective adaptive optimization technique for UPFC
parameter tuning due to its fast convergence and nonlinear optimization capability [7][8]. This
study develops a PSO-optimized UPFC model in the IEEE 14 bus system and evaluates its
transient stability improvement through detailed time-domain simulations.
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Fig. 1. Conceptual representation of UPFC integration in a transmission line with PSO-based control
tuning.

Fig. 1 illustrates the conceptual integration of the UPFC in the transmission line of the IEEE
14 bus system, along with the PSO based tuning mechanism.

2 MATLAB/SIMULINK IMPLEMENTATION

2.1 Simulation Environment

The dynamic analysis is carried out in the MATLAB integrated with Simulink as well as
the Power System Toolbox. The electrical network is modeled using the continuous-time
simulation with the variable-step solver (ode23tb) to ensure the numerical stability during the
fault transients. The simulation horizon is set to 10 s with the fault applied at 0.1 s and cleared
at 0.2 s. System frequency is maintained at 50 Hz [9][10].
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2.2 Model Développent

The IEEE 14-bus network is implemented using the standard bus, line, as well as machine

blocks. Generator dynamics follow the classical model described by [9]:
dé; dw; 1
d_tl =w; — ws,d—tl =20 (P = Peyi) (€Y)

where §; is the rotor angle, w; is the rotor speed, wgis synchronous speed, H;is inertia
constant, P, ;is mechanical input, and P, ;is electrical output of generator i.

The UPFC is introduced on a critical corridor (Bus 4—5 or 5-6) using the series voltage
injection block, and the shunt compensator coupled through the DC link. The injected series
voltage is modeled as [10]:

Vse =1 Ve | 20 2
which modifies the line power transfer according to:
Vi lvi
= %sm(ei -6+ ¢) 3)

ij
with V;, V; as the bus voltages, 8;, 6; as the voltage angles, and X;; as the line reactance.

The PSO routine is implemented in the MATLAB script, and interfaced with the Simulink
via workspace variables. For each particle X, = [| Vs I , @p, Vycr], the time-domain
simulation is executed to evaluate the fitness [9][10]:

J= af (A8 (t))2dt + BT, 4)
0

where Ad (t) is the rotor angle deviation, and Ty is the settling time.

2.3 Case Studies

Three scenarios are examined under the identical three-phase fault at the critical bus:
1.  Without UPFC: baseline response of the uncompensated system.
2.  With UPFC (fixed parameters): constant settings (| V;, |’ ¢ V,.) chosen from the
nominal tuning.
3. With PSO-optimized UPFC: parameters updated using the PSO to minimize J.

2.4 Simulation Configuration

Table 1.  Simulation parameters and configurations.

Parameter Value Description
System Base Power 100 MVA Per-unit base
Frequency 50 Hz Nominal frequency
Simulation Time (T) 10s Total duration
Fault Type 3-phase Symmetrical fault
Fault Location Bus 5 Critical bus

Fault Start (t) 0.1s Disturbance instant
Clearing Time (t.) 0.2-0.3s Varied for CCT
Solver 0de23tb Stiff system solver
UPFC Location Line 4-5/5-6 Critical corridor
(¢) Bounds (=m) to () Series angle

Vac 1.0-1.2 p.u. DC link reference
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PSO Particles (Np) 20-30 Swarm size
Iterations 30-50 Convergence limit
W, Cq,Co 0.7,1.5,1.5 PSO coefficients

This configuration allows for a consistent comparison between cases and allows for
repeatable conditions for testing the transient stability improvement. The detail configuration

is given in Table 1.

3 RESULTS AND DISCUSSION

MATLAB/Simulink time domain models are used to examine the performance of the IEEE
14 bus system during 3 phase fault at Bus 5 for three configurations.

3.1 Rotor Angle Stability

The uncompensated system suffers from significant rotor angle oscillations of 118°
deviation and has poor damping after 6 seconds. The deviation with the Fixed-parameter
UPFC is 78°. The PSO-optimized UPFC further reduces the deviation to 46° and stabilises the
oscillations within 1.8 seconds, leading to improved damping, improved synchronizing torque,
superior transient stability and faster dynamic response.

——G2-No UPFC
G3-No UPFC
G4-No UPFC
- - G2-UPFC
G3UPFC
G4-UPFC
G2-UPFC+PSO
e GHUPFC+PSO
»»»»»» G4-UPFC+PSO |

Ad (degrees)

Time (s)

Fig. 2. The comparison of the rotor angle responses (6,-—5ref)of various generators under various
operating conditions when using the PSO optimized UPFC, showing the better damping and smaller

peak deviation.

3.2 Speed Deviation Analysis
Generator speed deviation provides the insight into frequency stability. The speed
deviation is defined as [11]:
Aw;(t) = w;(t) — ws (5)

In the uncompensated system, the maximum speed deviation reaches 0.045p.u., with
oscillations persisting for several seconds. This indicates poor damping as well as potential

frequency instability.
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The fixed UPFC reduces the peak deviation to 0.028p.u., with moderate improvement in
the settling behavior.

The PSO-optimized UPFC further reduces the deviation to 0.015p.u., and the system
stabilizes within 1.5 seconds. The improved damping reflects better control of the
electromechanical oscillations [11][12]:

0.05 T T T T T T
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- --'G2-UPFC
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——G3-No UPFC
G3-UPFC H
G3-UPFC+PSO

-0.01
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Fig. 3. Speed deviation comparison between Generator 2 and Generator 3 for various operating
conditions with optimized UPFC control, showing enhanced frequency stability.

The PSO-optimized UPFC results in a maximum speed deviation of 0.015 p.u. and stabilizes
oscillations within 1.5 seconds. The results are consistent with Fig. 3 which shows that the
damping property is better and the decay rate is faster than uncompensated and fixed-
parameter UPFC system after disturbance.

3.3 Voltage Profile Improvement

The PSO-optimized UPFC is able to reduce the voltage dip on Bus 5 to 0.78 p.u. and
recover the voltage to 1.01 p.u. in 1.2 seconds, enhancing the voltage stability and the post
fault recovery period [13].

Table 2. Bus Voltage Profile Comparison

B Without UPFC| UPFC Fixed | UPFC + PSO
us
(p.u.) (p.u.) (p.u.)

4 0.91 0.96 1.00

5 0.94 0.97 1.01

6 0.92 0.96 1.00

9 0.95 0.98 1.02

14 0.93 0.97 1.01
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Fig. 4. The voltage recovery characteristics at Bus 5 for various operating conditions with
PSO-tuned UPFC are shown, which illustrates the enhanced voltage regulation capability of
the PSO-tuned UPFC.

3.4 Critical Clearing Time (CCT)

The PSO-optimized UPFC increases the critical clearing time from 0.21 s to 0.34 s, thereby
enhancing transient stability and fault tolerance. The rotor angle divergence and fault tolerance
of the system are reduced as compared with the uncompensated and fixed-parameter UPFC
systems, and the system has enhanced fault tolerance in the event of a fault, as shown in Fig.

5[14].
Table 3. Critical Clearing Time Comparison

Case CCT (s)

Without UPFC 0.21

UPFC (Fixed) 0.27

UPFC + PSO 0.34

800 - - - - - - -

Without UPFC

——UPFC (Fixed)

700 UPFC +PSO ||

Maximum Rotor Angle Deviation (degrees)

100 = s

0.15 0.2 0.25 0.3 0.35 04
Fault Clearing Time (s)

Fig. 5. Variation of system stability with fault clearing time under different control strategies, showing
extended critical clearing time and delayed rotor angle divergence with PSO-optimized UPFC.
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3.5 Quantitative Comparison

A consolidated comparison of the key performance indices is presented in Table IV below

[15].
Table 4. Overall Performance Comparison
Case Max R((:]teogr) Angle Settling Time (s) | CCT (s) Max Spt(t;(.lugewatlon
Without UPFC 118 6.2 0.21 0.045
UPFC (Fixed) 78 34 0.27 0.028
UPFC + PSO 46 1.8 0.34 0.015

3.6 Power Flow and Line Loading Analysis

The PSO-optimized UPFC effectively redistributes active power flow in transmission line
4-5, reducing congestion and oscillations. Fig. 6 shows improved damping and faster settling
compared to uncompensated and fixed-parameter UPFC systems after the three-phase fault
[16]:

Table 5. Line Power Flow and Loading

Without|; .| UPFC —[UPFC+], ..

Line | UPFC L"(?,/do;“g Fixed L"(?,/do;“g PSO L"(?,/do;“g
MW) MW) MW)

45 | 162 | 9 | 138 | 78 | 121 | 68
56 | 148 | 88 | 130 | 77 | 115 | 66
47 | 9 61 | 102 | 66 | 110 | 71
69 | s4 58 89 61 9% 66
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Fig. 6. Dynamic active power flow response in line 4-5 under different operating conditions,
demonstrating improved damping and congestion relief with PSO-optimized UPFC.

60

3.7 PSO Convergence Characteristics

The convergence behavior of the Particle Swarm Optimization algorithm is analyzed
through the evolution of the objective function. The fitness function is defined as:
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j=a| L8 de + BT, ©)
0

The algorithm demonstrates the stable convergence within 30 iterations which is indicating
the efficient search capability (see Table VI) [17].

—Best Fitness
~——Mean Fitness |-{

Fitness Value (J)

5 10 15 20 25 30
Iteration

Fig. 7. Convergence behavior of PSO showing rapid initial improvement, stochastic search
characteristics, as well as stable convergence toward the optimal solution.

Table 6. PSO Convergence Data

Iteration Best Fitness Mean Fitness
1 12.48 14.92
5 9.36 11.15
10 6.82 8.04
15 5.21 6.30
20 4.08 5.02
25 3.45 4.10
30 3.18 3.62

Fig. 7 shows rapid PSO fitness reduction during initial iterations and stable convergence
toward the optimal UPFC control solution afterward.

3.8 Control Parameter Optimization Results

Fig. 8 shows PSO optimization increases injected series voltage magnitude, adjusts phase
angle, and slightly raises DC link voltage, improving synchronizing torque, damping
performance, active power control, and stable converter energy exchange [18].

Table 7. Optimized UPFC Parameters

Parameter Symbol | Initial Value | Optimized Value
Series Injected Voltage Magnitude | Vee | 0.10 p.u. 0.168 p.u.
Series Voltage Phase Angle [} 0° 21.5°
DC Link Voltage Vic 1.00 p.u. 1.12 p.u.
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Fig. 8. Comparison of UPFC control parameters before and after PSO optimization.

3.9 Eigenvalue (Small-Signal Stability) Analysis

Small-signal stability is evaluated through the eigenvalue analysis of the linearized system
model given in Table VIII. The system dynamics are represented as:

Q)

where A is the system state matrix. Stability is determined by eigenvalues A=c+j®.

x = Ax

The damping ratio is computed as:

-0
(= F—=—= ®
Va2 + w?
Table 8. Dominant Mode Eigenvalues
Case Eigenvalue Damping Ratio
Without UPFC -0.32 +74.80 0.066
UPFC Fixed -0.85 +j4.50 0.186
UPFC + PSO -1.72 £4.20 0.377

The PSO-optimized case shifts eigenvalues further into the left half-plane which is
indicating the stronger damping as well as improved dynamic stability.
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Fig. 9. Shift of system eigenvalues towards left half-plane indicating improved damping with PSO-
optimized UPFC.
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3.10 Robustness Analysis under Different Fault Locations

The robustness of the proposed approach is tested by applying faults at the different buses.
The system response is evaluated in terms of the rotor angle stability as given in Table IX [20].

T T T
——Bus 5-No UPFC
~———Bus 5 - UPFC

Bus 5 - UPFC+PSO
——Bus 4 - No UPFC

Bus 4 - UPFC

Bus 4 - UPFC+PSO

4§ (degrees)

Time (s)

Fig. 10. Stability comparison under multiple fault scenarios showing consistent performance of
optimized UPFC.

Table 9.  Stability Performance under Various Faults

Fault Location |Without UPFC| UPFC Fixed | UPFC + PSO
Marginally
Bus 4 Stable Stable Stable
Bus 5 Unstable Stable Stable
Bus 6 Unstable Marginal Stable
Bus 9 Stable Stable Stable

The PSO-based UPFC maintains the stability across all tested scenarios which is
demonstrating the robustness against disturbance location variability.

3.11 Sensitivity Analysis

A sensitivity study is conducted by varying the series injected voltage magnitude | 1, |
within its operating limits (see Table X) [21] .

Table 10. Sensitivity of Stability to | Vg, |

| Ve | (pu) | Max Rotor Angle (deg) Se“l“(‘sg) Time
0.10 7 3.1
0.14 58 24
0.168 46 1.8
0.20 44 1.7

The results indicate that increasing the series injected voltage magnitude improves system
stability up to the optimum value, beyond which the improvement becomes marginal. The
PSO algorithm is successful in determining this optimum working point.

10
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Fig. 11. Effect of voltage magnitude of the series voltage on the stability of the system, and optimal

operating range.

3.12 Discussion

The designed UPFC—PSO system gives significant improvement in transient stability,
damping, voltage regulation and power flow control in modern power system. Within 30
iterations, the value of the objective function decreased from 12.48 to 3.18 using PSO
optimization. Optimized UPFC parameters improved the synchronizing torque and reduced
line loading from 92% to 68%, thereby improving the congestion management. The damping
ratio has been increased from 0.066 to 0.377 with the eigenvalue analysis. The framework also
showed good and stable performance in the presence of extreme disturbances, which makes it
very well suited for dynamic applications of power systems.

4 CONCLUSION

In this study, the performance of Unified Power Flow Controller (UPFC) for the
improvement of transient stability of the IEEE 14 bus multi-machine power system under
severe disturbances is evaluated. Results indicated better power flow control, voltage
regulation, damping and rotor angle deviations. Fixed parameters can be limited, so Particle
Swarm Optimization (PSO) was used to deal with these limitations. The optimized UPFC
showed a substantial decrease in oscillations, settling time and an improvement in critical
clearing time. The validated UPFC—PSO framework is a reliable and practical solution for the
stability enhancement in the smart grid scenario.
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