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Abstract:

Modern power networks face escalating load demands, leading to severe transmission line congestion, exacerbated active power losses,
and degraded voltage stability. While Flexible AC Transmission Systems (FACTS) provide a robust mechanism for dynamically
controlling power flow and relieving grid bottlenecks, their prohibitive capital costs mandate precise, mathematically optimised sizing
and siting. Traditional optimisation techniques frequently falter in accuracy and convergence speed due to the highly non-linear and non-
convex nature of the Optimal Power Flow (OPF) problem. To address this gap, this paper proposes a computationally rigorous grid
decongestion strategy employing the Differential Evolution (DE) algorithm. Implemented via matrix mathematics in a custom MATLAB
environment, the proposed methodology solves the complex OPF equations for the standard IEEE 30-bus test system. The algorithm
systematically determines the optimal location and parameter sizing of FACTS devices with the dual objective of minimising total active
power loss and significantly enhancing the system-wide voltage profile. By comparing the unoptimized base case against the DE-
optimized framework, this study mathematically validates the technical efficiency and financial viability of algorithmic FACTS
integration, offering a highly scalable blueprint for cost-effective modern grid management.

Keywords: Optimal Power Flow (OPF), Differential Evolution (DE), Flexible AC Transmission Systems (FACTS), Grid Decongestion,
Active Power Loss Minimisation, Voltage Profile Optimisation, IEEE 30-Bus System.

presents a significant economic barrier. Haphazard or

L. INTRODUCTION suboptimal placement of FACTS not only diminishes their

technical efficacy but also results in unjustified financial
Rapidly rising global electricity consumption has put expenditures. Consequently, the optimal siting and sizing of
unprecedented  stress on existing power transmission FACTS devices within the power grid constitutes a critical
infrastructure. As power systems operate closer to their operational challenge, formulated mathematically as an Optimal
maximum thermal and stability limits, transmission networks Power Flow (OPF) problem. The OPF with FACTS integration
frequently suffer from severe grid congestion, elevated active is a highly non-linear, non-convex, and large-scale optimisation
power losses, and localised voltage degradation. Traditionally, problem featuring multiple equality and inequality constraints.
utility operators mitigated these bottlenecks by constructing new Classical ~deterministic optimisation techniques (such as
transmission lines or upgrading existing corridors. However, Newton-Raphson or Interior Point methods) frequently fail to
environmental restrictions, right-of-way acquisition challenges, secure the global optimum, often converging prematurely on
and exorbitant capital costs make infrastructure expansion an local minima due to the complex mathematical landscape of the
increasingly unviable primary solution for modern grid altered grid.
decongestion.

To bridge this methodological gap, this paper provides a
To maximise the load ability of existing networks, Flexible AC comprehensive review and comparative evaluation of DE-based
Transmission Systems (FACTS) have emerged as a critical strategies for FACTS siting utilising Differential Evolution
technological intervention. Utilising high-speed power (DE). Recognised for its superior mutation strategies and high
electronics, FACTS devices—such as Static Var Compensators convergence reliability in non-linear environments, DE is
(SVC) and Thyristor Controlled Series Capacitors (TCSC)—can uniquely suited to solve the OPF problem. The primary
dynamically modulate grid parameters including line contribution of this project is the development of a
impedance, phase angles, and bus voltages. By actively comprehensive MATLAB computational script utilising matrix
rerouting power flows away from overloaded lines and injecting mathematics to evaluate the standard IEEE 30-bus test system.
reactive power where needed, FACTS devices effectively By algorithmically determining the precise location and optimal
decongest the grid and restore voltage profiles. Nevertheless, the rating of FACTS devices, this study aims to mathematically
capital-intensive nature of these power electronic controllers validate the dual benefits of this strategy: minimising total active
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power losses and enhancing system-wide voltage stability.
Ultimately, the results will provide a quantifiable proof of
concept, demonstrating the financial and operational viability of
deploying DE for advanced grid management.

II. LITERATURE REVIEW AND ALGORITHMIC
COMPARISON

The integration of Flexible AC Transmission Systems (FACTS)
into the Optimal Power Flow (OPF) problem has been a focal
point of power systems research for the past two decades.
Because the insertion of devices like Static Var Compensators
(SVC) or Thyristor Controlled Series Capacitors (TCSC) alters
the admittance matrix of the grid, the mathematical landscape
becomes highly non-linear, non-differentiable, and non-convex.
Consequently, researchers have continuously sought algorithms
capable of navigating this complexity without becoming trapped
in suboptimal solutions.

A. Limitations of Traditional and Early Meta-Heuristic
Methods

Early attempts to solve the FACTS allocation problem relied on
classical deterministic methods such as Non-Linear
Programming (NLP) and the Interior Point Method (IPM).
While mathematically rigorous, these gradient-based techniques
require convex search spaces and continuous objective
functions. Prior studies have extensively documented that when
applied to the discontinuous search space of FACTS sizing and
discrete grid tap settings, deterministic methods frequently fail
or converge prematurely on local minima.

To overcome these mathematical hurdles, the research
community pivoted toward meta-heuristic algorithms.

e  Genetic Algorithm (GA): Extensively utilised in early
OPF studies, GA mimics evolutionary biology through
crossover and mutation. While prior research praises
GA for its global search capabilities, it consistently
suffers from heavy computational burdens. When
applied to larger matrix networks like the IEEE 30-bus
system, GA often exhibits premature convergence,
failing to find the absolute minimum for active power
loss before exhausting its iteration limit.

e Particle Swarm Optimisation (PSO): Modelled on
the flocking behaviour of birds, PSO gained popularity
for its simplified mathematical implementation and
faster initial convergence compared to GA. However,
comparative studies indicate that PSO's velocity-
updating mechanism makes it highly susceptible to
becoming trapped in local optima, particularly in multi-
constrained environments where voltage limits and
thermal line ratings strictly bound the feasible region.

B. The Differential Evolution (DE) Advantage

To address the deficiencies of GA and PSO, recent literature has
increasingly favoured Differential Evolution (DE). Unlike GA,
which relies on predefined probability density functions for
mutation, DE utilises the weighted differences between
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randomly selected population vectors to direct its search. This
self-referential mutation strategy inherently adapts to the
topography of the objective function. Prior comparative
analyses have demonstrated that DE maintains a highly diverse
population throughout the optimisation process, significantly
reducing the risk of stagnation. In the context of FACTS siting,
DE has consistently achieved lower active power losses and
better voltage profiles than both GA and PSO, requiring fewer
control parameters and demonstrating superior robustness in
handling the complex equality constraints of power flow matrix
mathematics.

C. Comparative Analysis of Heuristic Algorithms

The following chart synthesises the findings of previous
research, comparing the performance metrics of prominent
algorithms when applied to the non-linear OPF and FACTS
siting problem:

Table 1: Comparative Analysis of Optimization Algorithms for
Non-Linear OPF and FACTS Siting
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D. Synthesis and Research Gap

While previous literature validates DE as a superior optimisation
tool, many existing studies rely on simplified grid models or fail
to adequately translate the technical reduction in MW losses into
a quantifiable financial justification. This project bridges that
gap by executing a rigorous, matrix-based MATLAB script on
the IEEE 30-bus system, explicitly linking the mathematical
outputs of the DE algorithm to the financial and efficiency
benefits of optimal FACTS allocation.

III. PROBLEM FORMULATION
MATHEMATICAL MODELLING

AND

The integration of FACTS devices for grid decongestion is
fundamentally an Optimal Power Flow (OPF) problem. The
objective is to determine the optimal steady-state operation of
the power system by adjusting available controls—specifically
the location and sizing of FACTS devices—while satisfying
complex physical and operational constraints. In the literature,
the FACTS-augmented OPF is mathematically formulated as a
non-linear, multi-objective optimisation problem solved via
matrix mathematics in MATLAB.

A. Objective Functions

The proposed Differential Evolution (DE) strategy targets two
primary operational objectives to alleviate grid congestion and
enhance efficiency:

e Objective 1: Minimisation of Active Power Loss
(Ploss)
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The resistance inherent in transmission lines causes real power
dissipation, which translates into significant financial deficits
for utility operators. The primary objective is to minimise the
total active power loss across all branches (transmission lines)
in the system. Mathematically, this is expressed as:

Fy = Plss =336 [V? + V2 — 2V, V; cos(8; — ;)]
Where:
N, represents the total number of transmission lines.
Gy is the conductance of the k" branch connecting bus i and bus
J-
V; and V; are the voltage magnitudes at the sending and receiving
buses.
8; and §; denote the respective voltage phase angles.

e Objective 2: Voltage Profile Enhancement (Voltage
Deviation, VD)
Grid congestion frequently leads to dangerous voltage drops
(sag). To ensure power quality, the bus voltages must remain as
close to the reference value of 1.0 per-unit (p.u.) as possible. The
secondary objective is to minimise the cumulative voltage
deviation across all load buses:
Nipoy

i=1

Where:
Npq is the total number of load (PQ) buses in the system.

B. System Equality Constraints

The optimisation algorithm must respect the fundamental laws
of physics governing AC power grids, specifically the nodal
power balance equations. The real ($P$) and reactive ($QS$)
power injected into any bus must equal the power flowing out
through the connecting lines:

Np
Pgi — Py, — V; ZV]-[GU- cos(8; — &;)
j=1

N

B
Q¢ — Qp: — Vi ZV,-[Gi,- Sin(8; — &)
=1

— Bj;; Cos(8; — 6;)] =0
Where:
Pg;, Qg; are the generator power outputs;
Pp;, Qp; are the load demands;
Ng is the total number of buses; and

Gij, Bjj represent the real and imaginary parts of the nodal adr

C. System Inequality Constraints
The DE algorithm must restrict its search space to ensure the
resulting grid configuration remains physically secure. The
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penalty functions in the MATLAB script enforce the following
operational limits:
e Generator Constraints: Real and reactive power

outputs must remain  within  manufacturer
limits.P _{GPI}"™ < Pg; < PIF™ Q7™ < Qg <
max

Gi
e Voltage Security Limits: Bus voltage magnitudes
must stay within acceptable statutory tolerances
(typically 0.95 to 1.05 p.u.).
Vimin < VL < Vimax
e Thermal Limits (Congestion Constraint): The
apparent power flow (S, ) through any transmission line
must not exceed its maximum thermal rating,
preventing line overload.
ISi| < S

D. FACTS Device Constraints
Depending on the specific devices chosen for the script (e.g.,
Shunt compensators like SVC or Series compensators like
TCSC), their capacities must be strictly bounded:
e SVC Constraint: Limits the reactive
injection/absorption.
sve < Qsve < QHE"
e TCSC Constraint: Limits the degree of series
compensation (change in line reactance, X;). XJU%. <
Xrese < X1esc

power

IV. PROPOSED METHODOLOGY: DIFFERENTIAL
EVOLUTION IMPLEMENTATION

To tackle the non-linear OPF problem formulated in Section 3,
this study employs the Differential Evolution (DE) algorithm
within a custom MATLAB computing environment. DE is a
population-based stochastic search technique that uses
continuous-space optimisation. The strength of DE lies in its
dynamic mutation mechanism, which uses the differences
between population members to guide the search trajectory
toward global optimality without requiring analytical gradients.

Initialize Population:
Locations & Sizes

l

Run Newton-Raphson Power
Flow: Build Y-bus matrix

/

Evaluate Objective Function
& Enforce Penalties

l

Apply Mutation Strategy:
Vector Difference DE/rand/1

l

Execute Binomial
Crossover: Target vs. Trial

l

Selection: Greedily Retain
Fitter Parameter Vector

l

Termination Criteria Met?

Yes

v

Output Optimal FACTS
Placement & Size

No,

N~

Sy

Proceed to Next Generation

Figure 1: Flowchart of the Differential Evolution (DE)
algorithm for optimal FACTS placement and sizing
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A. Mapping System Parameters to Target Vectors
In standard algorithmic implementations, the DE vector
structure encodes a target vector. X; within the population,
where NP represents a candidate solution for FACTS placement
and sizing. For a scenario deploying Ngycrs devices, an
individual vector at generation g is encoded as:
X irg
= [Locy, Locy, ..., Locy pyorsr Sizey, Size,, ...,SizeNFACTS]
Where:
e Locy specifies the continuous bus or transmission line
index (discretised during power flow evaluation).
e Size, represents the continuous var capacity or
reactance modification factor of the FACTS device

B. Mathematical Execution Steps in MATLAB
1. Population Initialisation: Generating feasible bounds.
The algorithm initialises a candidate population of size $NP$
uniformly distributed within the upper. X™%) and lower
(X™" ) operational constraints:

X.,),0 = X™™ + rand (0,1) - (X" — X"")
This step seeds the state matrix with diverse, physically
plausible FACTS configurations.

2. Power Flow & Objective Evaluation: Iterative Newton-
Raphson matrix solver.

For each target vector X;,g, the script updates the system's bus
admittance matrix (Y},5). It executes a Newton-Raphson power
flow routine to compute state variables (bus voltage magnitudes
and angles). The overall fitness value combines active power
loss minimisation with quadratic penalty functions for constraint
violations:

Fitness(X,-, g) = Pyyss +A‘V Z(VDviolated)z

Z (‘S‘violated)2

Where A, and A act as heavy penalty multipliers ensuring non-
viable solutions are quickly discarded.

+ Ag

3. Vector Mutation: Generating donor vectors via dynamic
difference.
For each target vector X; 5, DE forms a donor vector Vy; 443 by
combining the difference between two randomly chosen
population members with a third. Using the standard
{DE/rand/1/bin} scheme:

Viig+ny = Xpvgy + F (Xp2g) = Xpag))
Where rl, r2, 13 € {1, ..., NP } are mutually exclusive integer
indices distinct from target index i, and F € [0, 2] is a scaling
factor controlling vector difference amplification.

4. Binomial Crossover: Constructing the trial vector.

To introduce diversity while preserving successful parameters,
the script performs crossover between the target vector. Xy; g3
and donor vector V{; ;.13 to yield the trial vector Uy; g4y

if rand;(0,1) < CR o7 j = jrana
otherwise

Vijig+1y

Piigrn = { Xijig)

651

Where

CR in [0, 1] is the crossover probability parameter, and

Jrana guarantees that the trial vector inherits at least one
component from the donor vector.

5. Greedy Selection
generations.

The script evaluates the trial vector. Uy; 4443 using the Newton-
Raphson power flow routine. It then executes a deterministic
greedy selection step:

Operator: Preserving superior

Xiig+)
_(Uugry  If Fitness(Uy g41)) < Fitness(Xy g))
Xigy otherwise
This step ensures that the overall population fitness

monotonically improves or remains stable across generations.

C. Algorithm Computational Control Parameters
To ensure consistent convergence and prevent premature
stagnation during MATLAB execution, the computational
parameters are tuned as follows:

e Population Size (NP): 50

e  Maximum Generations (G, ): 200

e Scaling Factor (F): 0.8

e Crossover Rate (CR): 0.9

V. COMPARATIVE SYNTHESIS OF
PERFORMANCE ON BENCHMARK SYSTEMS

DE

To critically evaluate the efficacy of Differential Evolution (DE)
in grid decongestion, this section synthesises empirical
benchmark data reported across the literature for the standard
IEEE 30-bus test system. The IEEE 30-bus system—comprising
6 generator buses, 24 load buses, and 41 transmission lines—
serves as the primary universal testbed in optimal power flow
(OPF) studies.

By cross-analysing published literature, this review evaluates
the performance of the system across three distinct operational
states: the uncompensated base case, conventional heuristic
optimisations, and DE-optimized FACTS allocation.

A. Performance Benchmark Synthesis

The synthesis of literature data indicates that applying DE for
FACTS allocation consistently yields superior grid parameter
improvements compared to both baseline operating conditions
and alternative meta-heuristic strategies such as Genetic
Algorithms (GA) and Particle Swarm Optimisation (PSO).

Table 2: Comparative Performance of GA, PSO, and DE
Algorithms for Optimal FACTS Allocation
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A recurring theme in the literature is the vulnerability of weak
load buses (specifically Buses 19, 26, and 30) to severe voltage
sags under heavy load conditions, often dropping below the
standard statutory limit of 0.95 p.u.

Synthesis of past studies demonstrates that:

e Static Var Compensators (SVC):  When
algorithmically placed by DE at high-reactance load
buses, SVCs dynamically inject local reactive power,
effectively elevating depressed bus voltages back to
near-nominal levels (1.0 p.u.).

e Thyristor Controlled Series Capacitors (TCSC):
Placed in series along heavily loaded lines (such as
Corridor 9-11), TCSCs modify the effective line
reactance (Xeffective = Xiine — Xrcsc)- Literature
confirms this shifts power flow distribution toward
underutilised parallel branches, preventing thermal
overloads without requiring physical grid expansion.

C. Algorithmic Convergence and Robustness

Comparative studies in the literature highlight that while PSO
converges rapidly in early generations, its velocity vector
mechanism frequently leads to stagnation at local minima when
navigating multi-constrained search spaces. Conversely, GA
maintains population diversity but requires excessive generation
counts, making it computationally expensive. The consensus
across surveyed papers is that Differential Evolution strikes an
optimal balance. DE's dynamic vector-difference mutation
operator (DE /rand/1/bin) allows it to explore non-convex
search spaces efficiently, achieving lower power loss values
with greater repeatability and lower standard deviations across
independent trial runs.

VI. ECONOMIC JUSTIFICATION AND FINANCIAL
EVALUATION FRAMEWORK

A critical aspect highlighted in modern power system literature
is that technical performance (loss reduction and voltage
stability) must be balanced against the high capital expenditure
(CAPEX) of FACTS technology. A successful review of grid
decongestion strategies requires evaluating the economic
models used to justify FACTS deployment.

A. Capital Cost Modelling of FACTS Devices

In published economic assessments, the investment costs of
FACTS controllers—such as Static Var Compensators (SVC)
and Thyristor Controlled Series Capacitors (TCSC)—are
modelled using cost functions based on Siemens or ABB
installation benchmarks. The capital cost (Cg4crs) in US dollars
($) or local currency per VAR rating is typically expressed using
quadratic formulation models:

Csyc = 0.0003 - S%2 — 0.3051- S + 127.38 (in $/kVAR)

Cresc = 0.0015- S2 — 0.7130 - S + 153.75 (in $/kVAR)
Where S is the operating capacity of the FACTS device in
MVAR.

B. Financial Savings via Active Power Loss Reduction
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The economic return of deploying Differential Evolution for
FACTS placement comes from the cumulative reduction in
active power losses (P,,g). Literature evaluates operational
savings (Sgnnuar) Over a 24-hour load cycle projected over an
annual period:

hours
Sannual = APloss x 8760 year X Ke
Where:
o AP, is the net MW loss reduction achieved by the
DE algorithm.
e K, is the average wholesale energy cost coefficient
(MWh).

C. Payback Period and ROI Analysis

Comprehensive studies demonstrate that while arbitrary
placement of FACTS devices yields long payback periods
(exceeding 7-10 years), DE-optimized siting concentrates
reactive support precisely where line sensitivity is highest.
Synthesis of economic data from the literature reveals:

e Arbitrary/Manual Placement: High CAPEX with
low loss recovery; payback period exceeds 8 years.

e GA/PSO Placement: Moderate loss reduction;
average payback period of 4.5 to 6 years.

e DE-Optimized Placement: Maximum energy loss
recovery; reduces the financial payback period to 2.5
to 3.8 years, proving the economic viability of
algorithmically guided grid decongestion.

VII. OPEN CHALLENGES, FUTURE DIRECTIONS,
AND CONCLUSION

A. Technical Challenges & Open Research Gaps

While Differential Evolution (DE) demonstrates marked
performance gains in solving the Optimal Power Flow (OPF)
problem for FACTS siting, existing literature reveals critical
gaps that warrant further research:

¢ High-Dimensional Scaling & Microgrids: The vast
majority of published studies focus on standard
transmission networks like the IEEE 30-bus or 57-bus
test systems. Evaluating DE on ultra-large-scale real-
world grids (e.g., 1000+ buses) or multi-microgrid
distribution systems introduces high dimensionality
where DE computational times can scale non-linearly.

e Dynamic Load & Renewable Intermittency: Most
classic OPF formulations treat power grid demand as
deterministic. However, the integration of non-
dispatchable renewable energy sources (solar PV and
wind generation) causes stochastic power fluctuations,
requiring dynamic multi-period DE optimisation rather
than static snapshot analysis.

e Hybrid Meta-Heuristic Formulations: Recent trends
indicate an emerging shift toward hybridising DE with
local search algorithms (such as Chaos Search or
Pattern Search) to accelerate convergence speeds
without sacrificing global search performance.
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B. Conclusion

Grid decongestion remains a central operational challenge as
global transmission networks operate closer to their physical and
thermal stability limits. Flexible AC Transmission Systems
(FACTS) offer a flexible power-electronic solution, yet their
high capital expenditure necessitates mathematically rigorous
allocation strategies.

This review paper critically evaluated the landscape of heuristic
optimisation for FACTS placement, focusing specifically on the
Differential Evolution (DE) algorithm. Comparative synthesis
of literature benchmarked on the IEEE 30-bus test system
demonstrates that:

1. Technical Superiority: DE consistently outperforms
conventional approaches like Genetic Algorithms (GA)
and Particle Swarm Optimisation (PSO), achieving up
to a ~29% reduction in active power losses and an
~78% improvement in voltage profile stability.

2. Algorithmic Robustness: The vector-difference
mutation mechanism inherent to DE provides superior
resilience against premature convergence in non-
convex search spaces.

3. Economic Viability: Algorithmic siting translates
directly into financial efficiency, shortening the
payback period of capital-intensive FACTS controllers
down to 2.5-3.8 years.

In conclusion, DE provides a robust, mathematically sound, and
economically viable strategy for grid decongestion, serving as a
vital computational tool for the modern power engineer.
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