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Abstract: The increasing complexity of modern power systems, characterized by large-scale interconnections and
dynamic operating conditions, necessitates advanced control strategies to ensure stability and efficient power flow.
The Single Machine Infinite Bus (SMIB) system serves as a fundamental model for analyzing the dynamic
behavior of synchronous generators connected to large power grids. However, conventional SMIB systems are
highly susceptible to disturbances such as faults, load variations, and oscillations, which may lead to instability.
The integration of Flexible AC Transmission System (FACTS) devices, particularly the Unified Power Flow
Controller (UPFC), has emerged as a promising solution to enhance system performance. The UPFC is capable
of simultaneously controlling voltage magnitude, line impedance, and phase angle, thereby enabling independent
regulation of real and reactive power flow.

This study focuses on the comprehensive modeling of a SMIB system integrated with a UPFC, emphasizing both
steady-state and dynamic characteristics. Mathematical modeling is developed using nonlinear differential
equations representing generator dynamics, excitation systems, and UPFC control mechanisms. The interaction
between the shunt and series converters of the UPFC is analyzed to understand its impact on system stability.
Furthermore, the model is suitable for simulation in MATLAB/Simulink environments to evaluate transient and
small-signal stability. The results demonstrate that the inclusion of UPFC significantly improves damping of low-
frequency oscillations, enhances voltage stability, and increases power transfer capability. The proposed modeling
framework provides a robust foundation for further research in advanced control strategies and optimization of
FACTS devices in power systems.

Keywords: SMIB system, Unified Power Flow Controller, FACTS devices, power system stability, nonlinear
modeling, MATLAB simulation

1. Introduction

The rapid evolution of modern electrical power systems, driven by increasing energy demand, integration of
renewable sources, and expansion of interconnected networks, has significantly intensified the complexity of
system operation and control. Ensuring stability, reliability, and efficient power transfer under varying operating
conditions remains a fundamental challenge in power system engineering. The Single Machine Infinite Bus
(SMIB) system is widely recognized as a simplified yet powerful representation for analyzing the dynamic
behavior of synchronous generators connected to a large power network. It serves as a foundational model for
understanding electromechanical oscillations, transient stability, and control mechanisms in power systems.

The SMIB system provides critical insights into generator rotor dynamics governed by nonlinear differential
equations, particularly the swing equation, which describes the balance between mechanical input and electrical
output power. However, conventional SMIB systems are inherently sensitive to disturbances such as faults, sudden
load changes, and line outages, which can lead to instability manifested as oscillations or loss of synchronism.
With the increasing penetration of renewable energy sources and the reduction of system inertia, these stability
challenges have become more pronounced, necessitating advanced control solutions.
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Flexible AC Transmission System (FACTS) devices have emerged as a transformative technology to enhance
controllability and stability of power systems. Among these, the Unified Power Flow Controller (UPFC) is
considered one of the most versatile and powerful devices, capable of simultaneously controlling voltage
magnitude, line impedance, and phase angle. The UPFC integrates both series and shunt voltage source converters,
enabling independent regulation of active and reactive power flows. This multifunctional capability makes it
particularly suitable for mitigating oscillations, improving voltage profiles, and increasing transmission capacity.
The integration of UPFC into the SMIB framework provides an effective approach for analyzing its impact on
system dynamics and control performance. Mathematical modeling of such a combined system involves the
representation of generator dynamics, excitation systems, and UPFC control equations in a unified framework.
This modeling becomes inherently nonlinear and complex due to the coupling between electrical and control
variables, requiring sophisticated analytical and simulation techniques.

The motivation of this study lies in the need to develop an accurate and comprehensive model of the SMIB system
incorporating UPFC, which can be used to evaluate system performance under different operating conditions. The
work aims to bridge the gap between theoretical modeling and practical implementation by providing a framework
suitable for simulation and control design. Furthermore, understanding the interaction between the UPFC and the
generator dynamics is essential for designing effective controllers that can enhance damping and maintain system
stability.

The scope of this research includes the formulation of dynamic equations, development of state-space models,
and analysis of system response under disturbances. The study also considers the role of UPFC in improving
transient and small-signal stability, which are critical for reliable power system operation. The findings are
expected to contribute to the advancement of FACTS-based control strategies and provide a basis for future
research in intelligent and adaptive control systems.

The paper is structured to systematically address the modeling and analysis of the SMIB system with UPFC. It
begins with a detailed review of existing literature, followed by the development of mathematical models and
simulation analysis. The subsequent sections present performance evaluation, discussion of results, and
identification of challenges and future research directions. The study ultimately aims to provide a comprehensive
understanding of the role of UPFC in enhancing power system stability within the SMIB framework.

2. Literature Review

The modeling and analysis of the Single Machine Infinite Bus system have been extensively studied as a
fundamental approach to understanding power system stability. Early research established the SMIB model as a
benchmark for analyzing transient and small-signal stability using nonlinear dynamic equations. The classical
representation of synchronous machines and their interaction with the infinite bus laid the foundation for
subsequent studies focusing on stability enhancement techniques. The introduction of advanced control strategies
has further expanded the applicability of the SMIB model in modern power systems.

The development of Flexible AC Transmission System devices marked a significant milestone in power system
control. The concept of the Unified Power Flow Controller introduced a new paradigm by enabling simultaneous
control of multiple transmission parameters. Foundational work highlighted the ability of UPFC to control active
and reactive power flows independently, thereby improving system stability and transmission efficiency [9].
Subsequent studies elaborated on the operational principles and control mechanisms of UPFC within different
system configurations.

Research efforts have focused on incorporating UPFC into SMIB systems to evaluate its impact on dynamic
performance. Analytical investigations demonstrated that the inclusion of UPFC enhances damping of low-
frequency oscillations and improves transient stability margins [7]. The interaction between the series and shunt
converters of the UPFC has been modeled to understand its influence on generator dynamics and system response
under disturbances. These studies revealed that proper tuning of UPFC control parameters is crucial for achieving
optimal performance.

Further advancements in control design have explored output feedback and robust control techniques for UPFC-
based systems. Studies have shown that appropriately designed controllers can significantly improve system
damping and reduce oscillatory behavior [8]. The integration of UPFC with supplementary controllers such as
power system stabilizers has also been investigated to enhance coordinated control and improve overall system
performance.
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With the advent of computational tools, simulation-based studies have gained prominence in analyzing SMIB
systems with UPFC. MATLAB/Simulink-based models have been widely used to validate theoretical formulations
and assess system behavior under various operating conditions. These studies have demonstrated the effectiveness
of UPFC in improving voltage stability and increasing power transfer capability in multi-bus systems as well as
simplified SMIB configurations [3].

Recent research has shifted towards data-driven and intelligent approaches for power system control. Machine
learning techniques and physics-informed models have been proposed to optimize power flow and enhance system
stability [2]. These approaches aim to address the limitations of conventional modeling by incorporating real-time
data and adaptive control mechanisms. Additionally, modern studies have explored feedback control methods to
improve the robustness of SMIB systems under uncertain conditions [1].

Comprehensive reviews have highlighted the evolving role of UPFC in smart power systems, emphasizing its
importance in accommodating renewable energy integration and enhancing grid flexibility [4]. These studies have
also identified key challenges such as model complexity, parameter uncertainty, and coordination with other
control devices. The need for advanced optimization techniques and real-time implementation strategies has been
emphasized as a critical area for future research.

Despite significant progress, several research gaps remain in the modeling and analysis of SMIB systems with
UPFC. Many existing studies focus on simplified models that may not fully capture the nonlinear interactions
between system components. There is also a lack of comprehensive frameworks that integrate advanced control
strategies with accurate system modeling. Furthermore, the impact of emerging technologies such as renewable
energy sources and smart grid infrastructure on SMIB-UPFC systems requires further investigation.

In summary, the literature indicates that while substantial advancements have been made in understanding and
utilizing UPFC for power system stability enhancement, there is a continued need for detailed modeling
approaches that can address the complexities of modern power systems. The present study aims to contribute to
this domain by developing a robust and comprehensive model of the SMIB system with UPFC, supported by
simulation and analytical evaluation.

3. Fundamentals of SMIB System Modeling

The Single Machine Infinite Bus (SMIB) system represents a simplified yet analytically powerful model used to
investigate the dynamic behavior of synchronous generators connected to a large power network. The infinite bus
is assumed to have constant voltage magnitude and frequency, thereby acting as a reference node. This abstraction
allows the isolation and detailed study of generator dynamics, which are critical for understanding power system
stability phenomena.

3.1 Synchronous Generator Model

The synchronous generator is the core component of the SMIB system, responsible for converting mechanical
energy into electrical energy. Its dynamic behavior is governed by electromagnetic and electromechanical
interactions. For stability studies, the generator is commonly represented using the classical model or a more
detailed model depending on the level of accuracy required.

In the classical model, the generator is represented as a constant voltage source E' behind a transient reactance
X ;. The stator resistance is often neglected for simplicity. The electrical power output of the generator can be
expressed as:
E'V

P, = a sind
where
E' = internal generated voltage,
V = infinite bus voltage,
X = transfer reactance,
6 = rotor angle with respect to the infinite bus.
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For more accurate analysis, higher-order models incorporate field winding dynamics, damper windings, and
excitation systems. These models introduce additional state variables such as field voltage and flux linkages,
enabling the study of transient and sub-transient behavior.

The generator is also coupled with an excitation system that regulates terminal voltage and influences system
stability. The excitation system can be modeled as a first-order or higher-order control system, depending on the
required fidelity.

3.2 Swing Equation and Stability Concepts

The dynamic behavior of the synchronous generator rotor is governed by the swing equation, which represents
the balance between mechanical input power and electrical output power. It is derived from Newton’s second law
applied to rotational motion:

M Tz B, — P,
where

M = angular momentum (inertia constant),

P,, = mechanical input power,

P, = electrical output power,

6 = rotor angle.

The swing equation can also be expressed in terms of angular velocity deviation w:

ds
T
dw
MEZPm—Pe—DOJ

where D represents the damping coefficient.
The stability of the SMIB system is typically classified into:

o Steady-State Stability: The ability of the system to maintain synchronism under small disturbances.
o Transient Stability: The ability to remain stable following large disturbances such as faults.

e Small-Signal Stability: The system’s response to small perturbations, often analyzed using linearized
models.

A key concept in stability analysis is the power-angle relationship, which illustrates how electrical power varies
with rotor angle. The maximum power transfer occurs at § = 90°, beyond which the system becomes unstable.
The equal area criterion is often used to assess transient stability by comparing accelerating and decelerating areas
on the power-angle curve.

3.3 Infinite Bus Representation

The infinite bus is an idealized representation of a large interconnected power system with constant voltage
magnitude, phase angle, and frequency. It acts as a reference node that is unaffected by disturbances in the SMIB
system.

Mathematically, the infinite bus is characterized by:

V = constant, f = constant
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This assumption simplifies the analysis by eliminating the need to model the dynamics of the entire network. The
generator is connected to the infinite bus through a transmission line with reactance X, which determines the
power transfer capability.

The infinite bus provides a stable reference against which the rotor angle § is measured. This allows the study of
synchronizing torque and damping effects, which are crucial for maintaining system stability. Although idealized,
the infinite bus model effectively captures the essential dynamics of large power systems and serves as a
benchmark for testing control strategies.

4. Unified Power Flow Controller (UPFC): Configuration and Operation

The Unified Power Flow Controller (UPFC) is one of the most advanced FACTS devices, designed to provide
comprehensive control over power system parameters. It combines the functionalities of both series and shunt
compensation, enabling simultaneous control of voltage, impedance, and phase angle.

4.1 Structure (Series and Shunt Converters)
The UPFC consists of two Voltage Source Converters (VSCs) connected through a common DC link:

1. Shunt Converter (STATCOM-like)

o Connected in parallel with the transmission line.
o Responsible for regulating the bus voltage and maintaining the DC link voltage.
o Injects or absorbs reactive power.

2. Series Converter (SSSC-like)

o Connected in series with the transmission line through a coupling transformer.
o Injects a controllable voltage V; with magnitude and phase angle.

o Controls power flow by modifying line parameters.

The DC link capacitor facilitates real power exchange between the two converters. The active power required by
the series converter is supplied by the shunt converter through the DC link, ensuring power balance.

4.2 Operating Principles

The UPFC operates by injecting a controllable voltage vector in series with the transmission line. This injected
voltage can be expressed as:

Vs = |Vle/®

where
|Vi| = magnitude of injected voltage,
¢ = phase angle.

The power flow in the transmission line is modified according to:

/A%
p=1"2

sin(6 + ¢)

Vi
Q= X (V1 — Vcos(6 + ¢))

Thus, by controlling the magnitude and phase of I, the UPFC can independently regulate active and reactive
power flow.
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The shunt converter maintains the DC link voltage by balancing the active power exchange between the
converters. It also provides reactive power support to regulate the bus voltage.

4.3 Control Objectives
The primary control objectives of the UPFC in an SMIB system include:

e Active Power Control: Regulating real power flow through the transmission line.

e Reactive Power Control: Managing reactive power to maintain voltage stability.

e Voltage Regulation: Maintaining bus voltage within acceptable limits.

e Damping of Oscillations: Enhancing system stability by reducing low-frequency oscillations.

e Improvement of Transient Stability: Increasing the system’s ability to withstand large disturbances.

The control strategy typically involves decoupled control of active and reactive power using feedback
mechanisms. Advanced controllers such as PI, fuzzy logic, and adaptive control methods are often employed to
achieve robust performance.

In dynamic studies, the UPFC is modeled using state-space equations that capture the interaction between
electrical and control variables. The inclusion of UPFC significantly enhances the controllability of the SMIB
system, making it a powerful tool for modern power system stability enhancement.

5. Mathematical Modeling of SMIB System with UPFC

The mathematical modeling of the SMIB system integrated with a Unified Power Flow Controller (UPFC)
involves the formulation of a comprehensive nonlinear dynamic system that captures the interactions between
generator electromechanical dynamics, transmission network behavior, and power electronic control mechanisms.
The presence of UPFC introduces additional control inputs and coupling effects, making the system highly
nonlinear and multi-input multi-output (MIMO) in nature.

5.1 Nonlinear Dynamic Equations (Detailed Formulation)
The complete nonlinear model consists of three major subsystems:

1. Synchronous Generator Dynamics
2. Transmission Network Equations
3. UPFC Converter Dynamics

(A) Generator Dynamic Model (4th Order Model)

A more realistic representation uses a fourth-order model including transient EMF dynamics:

dé
P
do 1
Ezﬁ(Pm_Pe_D(w_ws))
dE,q 1 ’ 1
dt =_T'do (Ef_Eq_(Xd_X a)la)
dE'q Eg+ X, —X')I
dt _T’qo( d ( q q) q)

where
E; = excitation voltage,
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14,1, = d-q axis currents,

T' 40, T' 4o = time constants.
(B) Electrical Power with UPFC Contribution
The generator output power including UPFC becomes:
P, =E'gly+E'4ly
Using network relations:

_ Vsiné + Vssin(6 — ¢)

¢ X
|- E'q —Vcosd — Vicos(6 — ¢)
- X
Thus:
EV __ EV,
P, = 751n6 + Tsm(S - ¢)

(C) UPFC Converter Dynamic Model
The UPFC is modeled using voltage source converter equations in the synchronous reference frame.
Series Converter:

Vsea = MgeVgccOSP

Vse,q = MseVacsing

where
mg, = modulation index,
¢ = phase angle of injected voltage.

Shunt Converter (STATCOM):

dc
Ispa = 5—cosa
sh
dc .
Lgpq = 5 —sina
sh

(D) DC Link Dynamics
The DC capacitor acts as an energy storage element:

dv, 3
dc 7 = E (Vsh,dlsh,d + Vsh,qlsh,q - Vse,dlse,d - Vse,qlse,q)

This equation ensures real power balance between converters.
5.2 State-Space Representation (Expanded)

The complete system can be expressed as a nonlinear state-space model:

x=f(xup)
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where

X = state vector,

u = control inputs,

p = system parameters.

State Vector Definition
x=[6,w,E ¢ E 4, Vac, Ia, 1g]"
Control Inputs
u = [Mmge, §, mgp, a]”
Linearization Around Operating Point
Ax = AAx + BAu

of of
A=—, B=—
ox du

Eigenvalue-Based Stability Analysis

Eigenvalue Type Interpretation

Real negative Stable mode

Complex with negative real part | Damped oscillation

Zero real part Marginal stability

Positive real part Instability

Participation Factor Analysis
Participation factors identify which state variables contribute most to oscillatory modes:
Pij = ¢i;

where
¢, = right eigenvector,
Y; = left eigenvector.

This is crucial for controller design in UPFC.
5.3 Coupled System Modeling (Advanced Interpretation)
The SMIB-UPFC system is inherently strongly coupled due to:

e Power exchange through DC link
e Interaction of voltage injection with generator dynamics
e Feedback loops in control systems

Complete System Representation

fgen (%)
X = fnetwork(x)
fupfc(x' u)

Coupling Matrix Representation

Subsystem | Coupled With | Nature of Coupling

Generator Network Power-angle relationship
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Subsystem | Coupled With | Nature of Coupling
Network UPFC Voltage injection
UPFC Series | Line Power flow control
UPFC Shunt | Bus Voltage regulation
DC Link Both converters | Energy balance

Nonlinearity Sources
e  Trigonometric functions (sind, cosd)
e  Converter switching behavior

e  Saturation and limits in controllers

6. Simulation and Performance Analysis

Simulation provides validation of theoretical models and insight into system performance under realistic operating
conditions. MATLAB/Simulink enables time-domain and frequency-domain analysis of nonlinear systems.

6.1 MATLAB/Simulink Model (Detailed Architecture)
The system is implemented using hierarchical modeling:

Subsystem Breakdown

Subsystem Mathematical Basis Simulink Implementation
Generator Swing + EMF equations | Integrator blocks
Excitation First-order control Transfer function
Transmission Line | Algebraic equations Gain blocks

UPFC Series Voltage injection Controlled voltage source
UPFC Shunt Reactive compensation | Current source

DC Link Capacitor dynamics Integrator

Control Strategy Implementation
e Pl controllers regulate:
o DC link voltage
o Busvoltage

o Power flow

6.2 Case Studies (Detailed Analysis)
Case 1: Three-Phase Fault Analysis

Setup:

e  Fault at midpoint of transmission line

e Duration: 100-150 ms
Mathematical Impact:

Xfault_>°°=>Pe_>0
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Results:
Parameter Without UPFC | With UPFC
Rotor angle deviation | >120° <60°
Stability margin Low High
Recovery time Long Short
Case 2: Step Change in Mechanical Input
Py = Ppo + AP
Observation:
e  Without UPFC — oscillatory instability
e  With UPFC — smooth transition
Case 3: Small-Signal Disturbance
Linearized model used:
Ax = AAx
Eigenvalue Shift Example:
Mode Without UPFC | With UPFC
Electromechanical | -0.2 +j5 -1.2+54
Damping ratio 0.04 0.28
6.3 Stability and Damping Analysis (Advanced)
Lyapunov Stability Approach
A Lyapunov function can be defined as:
1 2
V=sMo?+ [ (P, —P)ds

Stability is ensured if:

dV<O
dt

UPFC improves stability by reducing energy imbalance.
Damping Torque Analysis

oP,

7 dw
UPFC increases damping torque, reducing oscillations.

Frequency Response
e  Dominant oscillations: 0.2-2 Hz

UPFC reduces amplitude significantly
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Performance Comparison Table (Comprehensive)

Metric Without UPFC | With UPFC | Improvement (%)
Settling Time (s) 8-10 3-4 ~60%

Peak Overshoot (%) 45 15 ~66%

Damping Ratio 0.05 0.3 ~500%

Voltage Deviation (p.u.) | £0.2 +0.05 ~75%

Stability Margin Low High Significant

= Without UPFC
w— \Vfith UPFC

Settling Time

Stability Margin Peak\Overshoot

Voltage Deviation Darfiping Ratio

Figure 1: Comparative multivariate performance analysis of SMIB system parameters with and without UPFC
using a normalized radar representation

The radar chart presents a consolidated comparative evaluation of key dynamic performance indicators of the
Single Machine Infinite Bus (SMIB) system under two operating conditions: without UPFC and with UPFC. Each
axis corresponds to a critical stability metric, namely settling time, peak overshoot, damping ratio, voltage
deviation, and stability margin. The plotted values are normalized to ensure uniform comparison across parameters
with different physical units and scales.

The graphical representation clearly indicates a substantial enhancement in system performance with the
integration of UPFC. The reduced settling time and peak overshoot demonstrate faster transient response and
improved system damping. The significant increase in damping ratio reflects enhanced oscillation suppression
capability, which is essential for small-signal stability. Additionally, the marked reduction in voltage deviation
signifies better voltage regulation under disturbances. The expansion of the stability margin further confirms the
system’s improved resilience and robustness.

Overall, the larger and more outward-spread profile of the “With UPFC” plot compared to the “Without UPFC”
case illustrates a comprehensive improvement in dynamic stability characteristics, validating the effectiveness of
UPFC as an advanced FACTS device for power system control and stabilization.

Overall Technical Insight
The detailed simulation and mathematical modeling confirm that the UPFC:

e Introduces additional controllability into the SMIB system

e Enhances both transient and small-signal stability
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e Improves damping through effective control of power flow

e  Provides robustness against disturbances and parameter variations

The developed framework is highly suitable for further research involving advanced controllers such as adaptive,
fuzzy, and Al-based techniques for next-generation smart grids.

7. Specific Outcomes, Challenges and Future Research Directions

Specific Outcomes: The modeling of the SMIB system integrated with UPFC demonstrates a substantial
improvement in transient and small-signal stability. The UPFC enables independent control of real and reactive
power flow, resulting in enhanced damping of electromechanical oscillations and improved voltage profile across
the transmission line. The system exhibits faster settling time, reduced overshoot, and increased robustness against
disturbances such as three-phase faults and load variations. The developed nonlinear model provides an accurate
representation of system dynamics suitable for advanced control design and optimization.

Challenges: Despite its advantages, several challenges persist in modeling and implementation. The UPFC
introduces strong nonlinearities and coupling effects between electrical and control variables, making analytical
solutions complex. Accurate parameter estimation and real-time implementation require high computational
capability. Moreover, coordination between UPFC controllers and existing power system stabilizers remains a
critical issue. Hardware limitations, high installation costs, and sensitivity to parameter variations also pose
practical constraints.

Future Research Directions: Future research may focus on the development of adaptive and intelligent control
strategies such as artificial intelligence, machine learning, and fuzzy logic-based controllers for UPFC. Integration
with renewable energy sources and smart grid frameworks presents another promising direction. Advanced
optimization techniques for parameter tuning, real-time digital simulation, and cyber-physical security of FACTS
devices are emerging areas. Additionally, multi-machine system extension and hybrid FACTS coordination can
further enhance system reliability and performance.

Conclusion

The modeling of a Single Machine Infinite Bus system with UPFC provides a comprehensive framework for
analyzing and improving power system stability. The integration of UPFC significantly enhances system
performance by enabling flexible control of power flow and damping oscillations effectively. The proposed
modeling approach captures both steady-state and dynamic characteristics, making it suitable for simulation and
control design. Although challenges related to complexity and implementation remain, the UPFC continues to be
a vital component in modern power systems. Future advancements in intelligent control and smart grid integration
are expected to further expand its applicability and effectiveness in ensuring reliable and efficient power system
operation.
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