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Abstract
Efficient and reliable electricity transmission is a fundamental requirement formodern power
systems, particularly for long-distance networkswhere transmission losses and voltage regulation
challenges significantly impact overall systemperformance. This study proposes an enhancedABCD
parameter-based transmission linemodel, integrating an equivalentπ-model, to improve the
accuracy of power loss calculations, voltage regulation, and transmission efficiency.Unlike
traditionalmodels, this approach accurately captures the effects of temperature variations, aging
infrastructure, and real-time load conditions, ensuringmore precise power system analysis.
Extensive simulations inMATLAB/Simulink validate themodel’s effectiveness, demonstrating an
efficiency improvement of up to 88.8% for long transmission lines, ensuring compliancewith IEEE
standards. Furthermore, themodel features an automated alert system that warns users if efficiency
drops below 95%,making it a practical tool for grid operation and planning. These findings
underscore themodel’s potential for optimizing transmission line design, particularly in rural
electrification projects and renewable energy integration, where efficient power delivery is crucial.

Nomenclature

VS Sending-end voltage (line-to-neutral or line-to-line)
VR Receiving-end voltage

IS Sending-end current

IR Receiving-end current

R Series resistance

L Series inductance

C Shunt capacitance

G Shunt conductance

z Series impedance r+ jXL (per-unit-length or total)
y Shunt admittance jωC (per-unit-length or total)
l Line length

f System frequency

ω Angular frequency 2πf
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A ABCDparameter (voltage ratiowith input shorted)
B ABCDparameter (voltage ratiowith input open / series effect)
C ABCDparameter (output current ratiowith input shorted / shunt effect)
D ABCDparameter (current transfer function /propagation factor)
γ Propagation constant yz

α Attenuation constant (real part of γ)
β Phase constant (imaginary part of γ)
Zc Characteristic impedance /z y

( )lcosh Hyperbolic cosine term inABCDmodel

( )lsinh Hyperbolic sine term inABCDmodel

Z Equivalent series impedance inπ-model
Y Equivalent shunt admittance inπ-model
θ Phase angle

P Active (real)power
Q Reactive power

S Apparent power

PF Power factor (cos )
η Transmission efficiency

%VR Percentage voltage regulation

PS Sending-end power

PR Receiving-end power

PL Power loss (PS−PR)
VS(L−N) Sending-end line-to-neutral voltage

VS(L−L) Sending-end line-to-line voltage

VR(L−N) Receiving-end line-to-neutral voltage

VR(L−L) Receiving-end line-to-line voltage

Ifault Fault current

t Time

Δx Differential line segment length

T Temperature

Age Line aging (in years)
R(T) Resistance as a function of temperature

L(T) Inductance as a function of temperature

C(T) Capacitance as a function of temperature

G(T) Conductance as a function of temperature

R(Age) Resistance as a function of aging

L(Age) Inductance as a function of aging

η(T) Efficiency as a function of temperature

η(Age) Efficiency as a function of aging

Alert Indicator for abnormal operating condition

VR Voltage regulation

π −model Lumped parameterπ-equivalentmodel
RMS RootMean Square

HVDC HighVoltageDirect Current

FACTS Flexible ACTransmission Systems

SVC Static VARCompensator

IEEE Institute of Electrical and Electronics Engineers
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GUI Graphical User Interface

SDL Sequential Deep Learning

LSTM Long Short-TermMemory

ML Machine Learning

AI Artificial Intelligence

DL Deep Learning

DNN DeepNeuralNetwork

ANN Artificial Neural Network

MATLAB Matrix Laboratory

Simulink MATLAB-based simulation environment

kV Kilovolt

kW Kilowatt

MVA MegaVolt-Ampere

pu Per unit

1. Introduction

Transmission lines are a crucial component ofmodern power systems, enabling the efficient transfer of
electrical energy over long distances. For example, the authors in [1] examined the role of transmission
infrastructure in large-scale power delivery, while [2] highlighted its importance inmaintaining system
stability. Additionally, [3] emphasized the need for reliable long-distance transmission to support growing
electricity demand.However, their analyses and design can be complex and computationally intensive. As
stated byGupta et al (1996), there isn’t a single best way to handle all transmission line issues. It is suggested that
distinctmodels and analysis be used for each kind of connection due to accuracy and efficiency concerns [4].
The increasing demand for reliable and efficient power transmission has highlighted the need formore accurate
and efficientmodeling techniques.

One of the traditionalmethods formodeling transmission lines is the use of lumped parametermodels,
such as theπ-model. For instance, theπ-model has beenwidely applied to short transmission lines in [5], and
later extended tomedium-length lines in [6] and [7]due to its simplicity.However, studies such as [8] and [9]
have shown that the lumped parameter approach becomes increasingly inaccurate for long lines because it
cannot adequately capture distributed effects.

In contrast, distributed parametermodels have been proposed tomore accurately represent the behavior of
long transmission lines. For example, the studies in [10] and [11] developed distributed formulations to
account for the continuous nature of line parameters, while [12] introduced refinements to improve accuracy
over long distances. A common implementation of this approach is theABCDconstantmethod,where [13]
applied the two-port network representation, [14] and [15] extended it for long-linemodeling, and [16] and
[17] analyzed its capability to capture voltage and current relationships. Although thesemethods provide high
accuracy, they are often computationally intensive,making them less suitable for real-time studies.

Many safety-critical applications, including power grids and embedded systems, heavily rely on transmis-
sion lines. Awidely used representation of thesemathematicalmodels is the two-port network, which uses
ABCDparameters to relate sending-end and receiving-end voltages and currents. For example, the two-port
formulationwas first presented in [18] and further refined for transmission line analysis in [19]. In [20] and
[21], the ABCD-based two-portmodel was applied to evaluate voltage and current relationships under differ-
ent loading conditions, while [15] demonstrated its effectiveness in simplifying long-line performance analysis.
In recent years, several researchers have focused on adapting theπ-model for long transmission lines because it
offers a balance between accuracy and computational efficiency. For instance, [22] introduced an improvedπ-
model that accounts for long-line parameters, while [23] proposed simplifications to retain accuracywith
reduced complexity. In addition, [24] demonstrated thatmodifiedπ-models can approximate distributed
effectsmore efficiently than fully distributedmodels.

However, existingmethods for deriving equivalentπmodels are often limited in their applicability and
accuracy [25, 26].

TheABCD constants are a set of four parameters commonly used tomodel transmission lines in a two-port
network, allowing the sending-end voltage and current to be expressed in terms of the receiving-end values.
Authors in [27]presented themathematical foundation of theABCD formulation, while [14] demonstrated its
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application for long-line voltage and current analysis. Additionally, [16] investigated the effectiveness of ABCD
parameters in representing transmission line behavior under different operating conditions.When the input is
shorted, attenuation, or the voltage ratio, is represented byConstant A. B stands for the voltage ratiowith the
input open, or phase shift.With the input shorted, the output current ratio is represented byC.When the input
is open, the output current ratio is shownbyD. By using these constants, one can analyze properties of trans-
mission lines, such as impedance and attenuation, based on electrical parameters and line dimensions;model
segments of transmission lines connected in cascade configurations; simulate the entire transmissionmedium
between the source and the load using two-port blocks; and use them as a versatile tool for network analysis
whenworkingwith circuits, filters,measurements, and other two-port network-related applications.

Power factor and theABCD line parameter determine the quality of power transmitted [28]. Transmission
line performance, including transmission line current, voltage regulation, and critical voltage, is impacted by
the load situation at the transmission feeder. Transmission lines are represented by a comparablemodel that
contains the proper circuit characteristics for each phase. Themodel that determines power flow, voltages, and
currents is dependent on line length. A precise representation of the transmission linewithABCDparameters
using simplemathematics has allowed for the analytical calculation of both real and complex power. Transmis-
sion lines are typically classified into short,medium, and long categories based on their physical length and
operating voltage. Authors in [29] defined the standard boundaries for each category, while [30] analyzed the
electrical characteristics associatedwith different line lengths. In addition, [31] discussed howoperating voltage
influences the choice ofmodeling approach for each line type. All of these factors associatedwith the transmis-
sion system are determined by a number of characteristics, including the resistance (R), capacitance (C), and
inductance (L) of the transmission line. It is assumed that the line’s length has an equal distribution of the
parameters R, L, andC associatedwith each transmission.

The allowed percentage voltage variation in transmission and distribution lines can vary by region and
regulatory standards.However, a common guideline is that transmission lines’ voltage regulation is typically
allowedwithin±5%of the nominal voltage [32, 33]. These variations help to ensure reliable power delivery
whileminimizing the risk of damage to electrical equipment. A system’s capacity to deliver almost constant
voltage is referred to as voltage regulation.

Inmost developing countries, connecting households to the grid requires large investments in transmission
lines [34, 35], because themajority of citizens live in rural and remote areas, spread-out over the country. There
is therefore a need to consider long transmission of electricity. To improve reliability and power transfer cap-
ability,multiple transmission lines are often interconnected or cascaded to form long-distance transmission
corridors.However, long lines introduce several operational challenges. Authors in [34] reported that under
light-load or no-load conditions, the receiving-end voltage can rise above acceptable limits due to the Ferranti
effect. Similarly, [36] and [37] showed that voltage regulation becomes difficult tomaintain over long distances,
particularlywhen reactive power is not properlymanaged. In addition, [38] demonstrated that during heavy-
load conditions, the receiving-end voltagemay drop belownominal levels, potentially leading to instability.
Excessive phase shift in long transmission lines can lead to stability issues, and if reactive power is not properly
compensated, the no-load currentmay become significantly high. In transmission line analysis, it is typically
assumed that the voltage, current, and line parameters at one end of the line are known in order to determine
the unknownquantities at the other end. For accurate computation, it is therefore essential to have precise
knowledge of both the line characteristics and the sending-end voltage and current. Authors in [39] empha-
sized the importance of accurate parameter estimation for reliable voltage calculations, while [15] demon-
strated that small parameter deviations can lead to significant errors in current prediction. Similarly, [40]
highlighted the need for precisemodeling in long-line performance evaluation, and [41] showed that improved
parameter identification enhances the accuracy of transmission line simulations. As a result, accurate transmis-
sion line parameters improve the quality of various power system analyses, including state estimation, load flow
studies, and transient stability assessments. For example, [26] demonstrated that parameter precision sig-
nificantly enhances state estimation performance, while [42] showed that accurate linemodels lead tomore
reliable load flow results. In addition, [43] highlighted that transient stability analysis is highly sensitive to para-
meter inaccuracies, particularly in long-distance transmission scenarios.

Recently, time-series behavior in transmission lines and other time-dependent systems has been success-
fully predicted using deep learning architectures like Long short-termmemory (LSTM) andTransformer-
basedmodels [44, 45]. By automatically extracting pertinent temporal aspects and long-range relationships
from the input data, thesemodels are able to forecast the dynamic response of the systemwith great computa-
tional efficiency and accuracy.

In [46], authors explored full transient data frompre- and post-fault cycles tomake reliable decisions.
Sequential Deep Learning (SDL)was employed through Long Short-TermMemory (LSTM) tomodel spatio-
temporal sequences of high-dimensionalmultivariate features to achieve accurate classification and prediction
results of different transmission line faults. Table 1 compares themost relevant existingworks in terms of
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modelingmethod, operating conditions, and limitations, and illustrates the gap thatmotivates the approach
proposed in this study.

In order to derive the equivalentπ-model from theABCDconstants, a comprehensive technique is pre-
sented in this paper. Thismethodology accounts for the various transmission line characteristics, which are
spread throughout the line and include resistance (R), capacitance (C), and inductance (L). Values of ABCD
parameters, Real andReactive power, transmission line efficiency and voltage regulationwere obtained analyti-
cally. The proposed approachwas tested and validated through extensive simulations using simulink inMatlab
R2023b, demonstrating its accuracy and effectiveness inmodeling long transmission lines. Additionally, a
Matlab .mfile (code)was created to determine a transmission line’s ABCDcharacteristics and utilize them to
determine voltage control and efficiency.

Themain contributions of this study are as follows:
An enhanced transmission linemodeling approach that integrates ABCDparameters with an equivalentπ-

modelwas developed, achieving a balance between accuracy and computational efficiency.
Real-world operating factors such as temperature variations, aging infrastructure, and dynamic load condi-

tionswere incorporated, which are often neglected in traditionalmodels.
An efficiency-basedmonitoring and alert system that automatically triggers warningswhen efficiency

drops below 95%was designed, enabling proactive fault detection.
We validated the proposedmodel through extensiveMATLAB/Simulink simulations under both normal

and abnormal operating conditions for short,medium, and long transmission lines.
The proposed approach achieved up to 88.8%efficiency in long lines, outperforming the conventional pi-

model and providing a practical tool formodern power systemplanning and renewable energy integration.

2.Methods

For short,medium, and long transmission lines, the performance of the lines is evaluated using a number of
importantmetrics in this study. Some of these parameters are Power Loss, Voltage Regulation, Transmission
Line Efficiency, Line Impedance, Capacitance, and Inductance, Sending-EndVoltage andCurrent (Vs and Is),
Power Factor, Apparent Power, Active Power, andReactive Power, andABCDParameters:

Figure 1 displays a transmission line’s 2–port representation;
Three transmission lines are examined in this study: a 50 km short transmission line, a 150 kmmedium

transmission line, and a 400 km long transmission line operating at 132 kV.
A long transmission line can only be correctly described in terms of the uniformly distributed properties r

(series resistance), l (series inductance), and c (shunt capacitance). That is, if the parameters are not packed
together but rather distributed uniformly over the length of the line. To achieve an idealmodel, wewill examine

Table 1.Comparison of related literature and this work.

Author Method/Model Scope/Factors Limitation/Gap

Bendjabeur et al

[5]
π-model Short transmission lines Simple but cannot capture distributed effects

Xu et al [7] Extendedπ-model Medium-length lines; basic perfor-

mancemetrics

Accuracy decreases as line length increases

Shaikh et al [10] Distributed parameter

model

Long lines; continuous parameter

representation

Accurate butmathematically complex for

real-time use

Kanawade et al

[14]
ABCDparameter

model

Two-port network; long-line voltage/

current analysis

Computationally intensive; limited environ-

mental consideration

Safar [22] Modifiedπ-model Long-line parameters considered; effi-

ciency-accuracy balance

Still approximates distributed effects; limited

validation

Parihar et al

[28]
Performance analysis Power factor, voltage regulation, feeder

conditions

Doesn’t address long-line distributed effects

or aging

Chanda et al

[36]
Long-line voltage

studies

Load conditions, Ferranti effect, regula-

tion challenges

Difficult tomaintain voltage stability over

long distances

Belagoune et al

[46]
LSTM-based fault

prediction

Time-series data; transient analysis Data-driven only; lacks physicalmodel

interpretability

ProposedWork EnhancedABCD-π
hybrid+MATLAB/
Simulink

Short/medium/long lines; temper-

ature, aging, load variation; normal&

abnormal conditions; 95%efficiency

alert

Balances accuracy and computational effi-

ciency; improves long-linemodeling

(88.8% efficiency); enables real-timemon-
itoring and fault detection
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a tiny strip (△x), which represents the complete transmission line. Figure 2 illustrates the line under
consideration.

A series impedance is linked at the line’s center, and two shunt admittances are connected at either end for
an equivalentπ-network. For a long linewe can draw the equivalentπ–network as shown in figure 3.

Now that we have a two portmodel, we can effectively transform the distributed parameter system into a
lumped parameterπ-equivalentmodel. The two lumps representing the total capacitance are at the beginning
and the end of the line, respectively. The sending-end voltageVS can be expressed as the receiving-end voltage
VRmodified by the shunt admittance and series impedance effects, as shown in equation (1).

( )= + +V 1
Y Z

2
V Z I 1S R R

The sending-end current IS can be expressed in terms of the receiving-end current and voltage, incorporat-
ing the shunt admittance effect, as shown in equation (2).

( ) ( ) ( )= + + +I Y 1
Y Z

4
V 1

Y Z

2
I 2S R R

For a long transmission line, ABCDparameter equations can be found by following the steps below;

( ) ( ) ( )= +cosh lV V I Z sinh l 3S R R c

Figure 1.Two-port representation of a transmission network.

Figure 2. Long transmission line representation.

Figure 3.πModel equivalent for a long transmission line.
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( ) ( ) ( )= +lI
V

Z
sinh I cosh l 4S

R

c
R

Here, γ represents the propagation constant, defined as
= yz

andZC represents the characteristic impedance given by

( )=Z
z

y
C

where y is the shunt admittance per unit length and z is the series impedance per unit length. The hyperbolic
functions cosh(γ l) and sinh(γ l) representwave propagation in lossy systems, accounting for both attenuation
and phase shift.

comparing (1)with (3) and (2)with (4)wehave

( ) ( )+ =1
Y Z

2
cosh l 5

( ) ( )=Z Z sinh l 6c

( ) ( )+ =Y
Y Z sinh l

Z
1

4
7

c

from (6);
( )

( ) ( )

( )

=

=

=

Z Z sinh l

Z
z

y

sinh l

l yz
l yz

Z zl
sinh l

l

.
.

.

c

Therefore

( )= =Z Z Zeq
sinh l

l

from (5);

(

+ =

=

=
+

Y Z
cosh l

Y cosh l

Z sinh l

sinh

Z sinh cosh

1
2

2

1

1 2 1

2

c

l

c
l l

2
2

2 2

Therefore

= =YY
eq

tanh

Z2

l

c

2

The full derivations are provided in appendixA.

2.1. Efficiency-basedmonitoring and alert system
To ensure effective real-timemonitoring of transmission line performance, an efficiency-based alert system is
incorporated into the proposed approach. This system continuously evaluates transmission efficiency and
triggers an alert whenever efficiency drops below 95%, signalling potential abnormal operating conditions.

The 95% efficiency threshold is derived from theoretical transmission linemodels and empirical data from
high-voltage power systems.Under normal conditions, transmission efficiency ranges between 95%and 99%
inwell-optimized networks. A drop below 95% typically indicates increased power losses, excessive loading, or
potential fault conditions. This threshold ensures early detection of abnormal conditions, allowing operators to
take corrective actions before efficiency deteriorates further.

The alert systemoperates using a rule-based detectionmechanism,where efficiency is continuously com-
puted based on theABCDparameters of the transmission line. The system follows these steps:

1) Efficiency Calculation: At each time step, transmission efficiency is determined using the modeled ABCD
parameters.

(8)

(9)

7

Eng. Res. Express 7 (2025) 0453b4 RMugabe et al



2) ThresholdComparison: If efficiency falls below 95%, an alert is triggered.

3) Alert Generation: The system logs the alert and notifies operators, enabling timely interventions.

The alert system is embeddedwithin the computationalmodel used for efficiency and voltage regulation
analysis. This ensures that every scenario: normal operation, faults, overloads, voltage sags, and reactive power
variations is evaluated, and alerts are triggered accordingly. The integration allows for tracking efficiency devia-
tions in real-timewithout additional computational burden, providing instant alerts for potential grid instabil-
ity conditions, and facilitating early intervention before transmission efficiency degrades significantly.

Thismethodology ensures that the efficiency alert system is seamlessly incorporated into the overall trans-
mission line analysis, improving fault detection and enhancing power system reliability.

2.2.MATLAB implementation and key computational steps
To ensure reproducibility, the study utilises a structuredMATLAB script for analysing transmission line
performance under various conditions. The code in the script performs the following key computational steps:

1) Defining Transmission Line Parameters. Resistance, inductance, capacitance, voltage, and power factor are
initialised tomatch real-world systems.

2) ABCD Parameter Computation. The transmission line’s ABCD parameters are derived using hyperbolic
function approximations to accuratelymodel voltage and current transformations.

3) Modelling Abnormal Conditions. The script introduces fault impedance variations to simulate single-phase
and three-phase faults, line overloads, voltage sags, and reactive power variations.

4) Efficiency and Voltage Regulation Computation. The efficiency is calculated as the ratio of output power to
input power, while voltage regulation is determined based on sending and receiving end voltage differences.

5) Visualisation of Results. The script generates bar charts and line plots for comparative analysis of efficiency
and voltage regulation across different conditions.

The fullMATLAB script could not be added to themanuscript due to length constraints, but it is available for
access at:https://drive.google.com/file/d/1wZ0ZucwzXQbuATG76BpW70XW489Wc2DI/view?
usp=sharing

The logical flowof the proposed researchmethodology is presented in the flowchart in figure 4, which
outlines the sequence of analyticalmodeling (ABCDandπ-model),MATLAB implementation, Simulink
simulations, and result validation.

3. Results and analysis

TheABCDparameters are calculated using hyperbolic functions that consider the distributed effects over the
line’s length. By using equations (6) and (??), we found the equivalentπ-model values of Is,Vs, transmission line
efficiency and voltage regulation of short,mediumand long transmission lines as shown in tables 2–4.

3.1. For short transmission lines
Table 2 compares the results obtained by using the twomethods; Using the derivedABCDparameters, and the
equivalentπ-model for a short transmission line, length of 50 km.

The sending-end voltage and current are nearly identical between theABCDparameters and theπ-model,
reflecting the fact that short lines can be accuratelymodeled by the proposedABCDmodel. Bothmodels show
high efficiency, with only a slight difference between them. The voltage regulation is very close in bothmodels.
So for a short transmission line, the equivalentπ-model and theABCDmodel can both be used to analyze a
transmission linewith almost identical results.

Figure 5 presents a comparative analysis of transmission line efficiency for short,medium, and long trans-
mission lines using both theABCDmodel and the equivalentπ-model. The results indicate that while both
models perform similarly for short transmission lines, significant discrepancies emerge as line length increases.
For long transmission lines (400 km), theπ-model predicts a low efficiency, highlighting its limitations in cap-
turing distributed effects. In contrast, the ABCDmodelmaintains a reasonable efficiency of 88.8%, aligning
with industry expectations. This confirms that ABCDmodeling is essential for long-distance power transmis-
sion, where the lumped-parameter assumption of theπ-modelmay lead to inaccurate predictions.
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3.2.Medium transmission lines
Acomparison of the two approaches’ findings is shown in table 3, whichmakes use of the equivalentπ-model
and the resultingABCDparameters for amedium-length, 150 km transmission line.

The voltage regulation and line efficiency values are very close between the twomodels, reflecting that
eithermodel can be used effectively formedium transmission lines.

Table 2.Comparison of results obtained byABCDparameters and
the equivalentπ-model for a short line, 50km.

DerivedABCD equivalentπ-model

IS 391.47A 391.40A

VS 103479.50V 103451.72V

Line Efficiency 97.53% 97.52%

Voltage regulation 4.35% 4.34%

Table 3.Comparison of results obtained byABCDparameters and
the equivalentπ-model for amedium line of length 150 km.

DerivedABCD equivalentπ-model

IS 240A 239A

VS 120500V 120300V

Line Efficiency 93% 92.8%

Voltage regulation 7.5% 7.3%

Figure 4. Flowchart of the researchmethodology.
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Figure 6 illustrates the comparison of voltage regulation for short,medium, and long transmission lines
using both theABCDmodel and the equivalentπ-model. The results indicate that while bothmodels produce
similar voltage regulation values for short andmedium transmission lines, the discrepancy between themodels
becomes highly pronounced for long transmission lines. TheABCDmodel predicts a significantly higher volt-
age regulation, reflecting the increased impedance and reactive power effects over long distances, whereas the
π-model underestimates these effects. This highlights the limitation of the lumped-parameter approximation
in capturing the full behavior of long transmission lines and reinforces the necessity of using distributed-para-
metermodels for accurate voltage regulation predictions.

3.3. For Long transmission lines
The outcomes of the twomethods are contrasted in table 4, which uses the equivalentπ-model and the resulting
ABCDparameters for a 400 km transmission line.

Table 4 illustrates that, over a long line, the voltage regulation and transmission line efficiency change sig-
nificantly between theABCDparameters and the equivalentπ-model. The dispersed character of the line’s
resistance, capacitance, and inductance over its whole length is appropriately taken into account using the

Figure 5.Comparison of transmission line efficiency.

Figure 6.Comparison of voltage regulation.
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ABCDparameters technique. Because of this, it offers amore thorough and precise depiction of the perfor-
mance of the line, particularly for long transmission lines.However, in long transmission linemodeling, the
analogousπ-model reduces the transmission line to lumped parameters, whichmay not adequately describe
the dispersed effects of the line.

Figure 7 illustrates the comparison of power losses in transmission lines of varying lengths using theABCD
model and the equivalentπ-model. The results indicate that while bothmodels predict similar losses for short
transmission lines, noticeable discrepancies emerge formedium-length lines, with theπ-model estimating
slightly higher losses.However, for long transmission lines (400 km), theπ-model predict nearly twice the loss
compared to theABCDmodel. This inaccuracy is attributed to theπ-model’s inability to accurately represent
distributed transmission line parameters, particularly at long distances. These findings demonstrate the super-
iority of theABCDmodel in providing realistic loss estimations, ensuringmore reliable power systemplanning
and efficiency optimization. The results further emphasize the necessity of adopting distributed parameter
models for accurate long-distance transmission analysis.

3.4. Transmission line analysis using simulink simulation
To evaluate the performance of transmission lines under various operational conditions, a Simulinkmodelwas
developed to simulate short,medium, and long transmission lines as can be seen in figure 8. The simulation
made use of several key blocks, as seen in figure 8, each ofwhich plays a specific role in analyzing transmission
line behavior.

Below is a detailed description of the key blocks used in themodel:

Figure 7.Comparison of power loss.

Table 4.Comparison of results obtained byABCDparameters and the
equivalentπ-model for a long line, 400km.

DerivedABCD equivalentπ-model

IS 163.12∠ -3.9 A 313A

VS 108694.18∠ 22.00V 76528.12∠-0.266V
Line Efficiency 88.8% 2%

Voltage regulation 64.99% 20%
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• Three-Phase Source Block. This block provided the three-phase voltage input to the system. It represents the
sending-end voltage of the transmission line and is the primary power source for the simulation. The three
phases (A, B, C) are connected to the transmission line to simulate real-world power delivery conditions.

• Three-PhaseVoltage andCurrentMeasurement Block. This blockmeasures the three-phase voltages and
currents at both the sending and receiving ends of the transmission line. The outputs are essential for
calculating power, efficiency, and voltage regulation. Themeasurementswere sent to other blocks for further
analysis.

• Distributed Parameters Line Block. This blockmodels the transmission line itself, incorporating the
distributed parameters of resistance (R), inductance (L), and capacitance (C) along the length of the line. It
simulates the real behavior of a transmission line over a distance,making it crucial for assessing the line’s
performance under various loads.

• Three-Phase Series RLCLoadBlock. This block simulates the load at the receiving end of the transmission
line. The load ismodeled using resistance (R), inductance (L), and capacitance (C) to reflect the real-world
behavior of electrical loads. The block is key for analyzing how the transmission line performs under
different loading conditions.

• RMSBlocks (Sending-End andReceiving-EndMeasurements). TheRMSblocksmeasure the root-mean-
square (RMS) values of the sending-end and receiving-end voltages and currents. These RMS values are
necessary for calculating the active, reactive, and apparent power of the transmission line. These blocks
provide stable andmeaningful voltage and current readings for further analysis.

• Apparent PowerCalculation Blocks. TheGain blocks are used to calculate the apparent power at both the
sending and receiving ends using the formula

=S VI

whereV is the voltage and I is the current. This gives an understanding of the total power being transmitted
by the line, including both real and reactive components.

• Active andReactive PowerCalculation (Three-Phase Instantaneous Power Block). This block calculates the
real (active) power and reactive power at the sending and receiving ends of the transmission line. The real
power represents the actual power consumedby the load, while reactive power is associatedwith the energy
stored in the system. These are criticalmetrics for evaluating line performance.

• Transmission EfficiencyCalculation Block. This block computes the transmission efficiency by comparing
the active power at the receiving endwith that at the sending end. The efficiency is expressed as a percentage
and is essential for determining how effectively the transmission line is operating.

Figure 8. Simulinkmodel for transmission line performance analysis.
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• Voltage RegulationCalculation Block. This block computes the percentage voltage regulation of the
transmission line, which indicates the difference between the sending-end and receiving-end voltages.
Voltage regulation is a crucialmeasure of howwell the linemaintains voltage levels under load conditions.

• Scope Block. This block is used to display thewaveforms of voltages and currents at different points in the
system. It helps visualize the system’s dynamic performance, showing how the voltages and currents behave
over time during the simulation.

• PowerGUIBlock. The PowerGUI block is essential for running the simulation in a phasor or time-domain
environment. It allows for the initialization of the system and ensures proper simulation of the power
components, especially in the context of three-phase systems.

3.5.Dynamic parameter adjustment and visualization
As part of themodel implementation, aMATLAB codewas developed to compute theABCDparameters,
transmission line efficiency, and voltage regulation. This code provides an automated approach to analyze
short,medium, and long transmission lines. The fullMATLAB script has been sent as an attachment and can be
obtained. This script integrates weather, aging effects, and dynamic load variations into the transmission line
performancemodel for short,medium, and long transmission lines.

Figure 9 shows the relationship between conductance and temperature. The conductance increases linearly
with temperature. This suggests that as the temperature rises, thematerial’s ability to conduct leakage current
also increases proportionally.

Figure 10 shows that capacitance decreases linearly with an increase in temperature. This trend suggests that
as the temperature rises, the ability of the transmission line to store charge per unit length diminishes.

Figure 11 shows that inductance increases linearly with aging over a 20-year period. This trend suggests that
as transmission lines age, their inductive properties change, which can impact power transmission efficiency.

Figure 12 shows a direct proportionality between inductance and temperature.

Figure 9.Variation of transmission line conductancewith temperature.

Figure 10.Variation of transmission line capacitancewith temperature.
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Figure 13 shows a linear increase in resistancewith aging (years). The increase in resistance implies that
older transmission lineswill have higher power losses (I2R losses). This can reduce system efficiency and
increase operational costs.

Figure 14 indicates a linear increase in resistance as temperature increases.
According to figure 15, the efficiency of all three transmission line types (Short,Medium, and Long) decrea-

ses as the line ages. Short Line (Red,Dashed Line) experiences the fastest and steepest decline in efficiency
over time.

In themedium line (Blue, Dash-Dot Line), efficiency is higher than the short line at all points, indicating a
better aging response.

Long Line (Green,Dotted Line) shows the slowest efficiency decline over time.
Figure 16 shows that the efficiency of short,medium, and long transmission lines decreases as temperature

increases. The decline follows a nonlinear trend,with amore noticeable drop at higher temperatures. Short line

Figure 11.Variation of transmission line inductancewith age.

Figure 12.Variation of transmission line inductancewith temperature.

Figure 13.Variation of resistancewith age.
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(Red,Dashed Line) experiences the fastest and steepest efficiency decline indicating high sensitivity to temper-
ature variations.Medium line (Blue, Dash-Dot Line) has amoderate efficiency decline but retains better perfor-
mance than the short line at all temperatures. Long Line (Green,Dotted Line) shows the slowest efficiency
declinewith increasing temperature suggesting better resistance to temperature-related losses.

Figure 17 shows that Voltage regulation for short,medium, and long transmission lines remains relatively
constant over time. There is a slight increase in voltage regulation for all line types as aging progresses, but the
change isminimal. Short line has the lowest voltage regulation since short lines have lower impedance and
voltage drop.

Long line has the highest voltage regulation. This is due to the higher impedance, reactance, and voltage
drop associatedwith long transmission lines.

Figure 14.Variation of resistancewith temperature.

Figure 15.Variation of transmission line efficiencywith time.

Figure 16.Variation of transmission line efficiencywith temperature.
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Figure 18 shows that the voltage regulation for short,medium, and long transmission lines remains rela-
tively constant as temperature increases.

Long line shows the highest voltage regulation possibly because long lines aremore affected by reactance
and resistance changes.

Figure 17.Variation of voltage regulationwith time.

Figure 18.Variation of voltage regulationwith temperature.

Figure 19.Comparison of sending-end current for short,medium, and long transmission lines.
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Figure 19 compares the sending-end current of short (50 km),medium (150 km), and long (400 km) trans-
mission lines using theABCDmodel andπ-model. For short andmedium lines, bothmodels produce similar
current values, indicating that theπ-model is sufficiently accurate when line length is relatively small. However,
for long lines, theπ-model significantly overestimates the sending-end current, while theABCDmodel pro-
duces amuch lower andmore realistic value. This divergence occurs because theπ-model treats the line para-
meters as lumped elements and cannot accurately capture distributed effects over long distances. In contrast,
the ABCDmodel incorporates the propagation constant and distributed nature of the line, resulting inmore
accurate current estimation. This result confirms that theπ-model becomes unreliable for long transmission
lines and highlights the importance of using theABCD-based hybrid approach proposed in this study.

3.6. Impact of abnormal conditions on transmission line efficiency and voltage regulation
Power transmission efficiency and voltage regulation are crucial indicators of systemperformance under both
normal and abnormal conditions. The transmission line’s ability tomaintain high efficiencywhile ensuring
minimal voltage deviations is affected by faults, overloads, voltage sags, and reactive power variations. To
analyze these effects, efficiency and voltage regulationwere computed for various conditions and presented in
figures 20 and 21. Figure 20 illustrates the variation in transmission line efficiency under normal and abnormal
operating conditions.

Under normal operation, the linemaintains the highest efficiency due tominimal losses and stable power
transfer.However, efficiency drops sharply during single-phase faults as unbalanced currents increase power
dissipation. Three-phase faults cause themost severe decline because they create large current surges that lead
to significant energy loss across all phases simultaneously. Although overload conditionsmaintainmoderately
high efficiency, the increased current still results in additional losses, indicating that prolonged overloads can
degrade systemperformance. Voltage sag and reactive power variations cause further efficiency reductions by
disturbing the power factor and increasing reactive power flow. These results highlight that abnormal network
conditions greatly compromise efficiency, emphasizing the necessity for robust protection schemes, con-
tinuousmonitoring, and accurate transmission linemodeling.Moreover, this figure justifies the inclusion of
the proposed efficiency-based alert system,which enables early detection of such performance degradation and
supports proactive faultmitigation.

Figure 21 presents the voltage regulation performance under normal and abnormal conditions.
Normal operation yields the lowest voltage regulation indicating stable voltage delivery to the receiving

end.However, as the system encounters faults, voltage deviations becomemore pronounced: A single-phase

Figure 20.Variation of efficiency under normal and abnormal conditions.
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fault increases voltage regulation due to the unbalanced nature of the fault, which disturbs normal voltage
levels. A three-phase fault results in the highest voltage regulation as it creates a severe voltage drop across the
transmission system. For line overload, voltage regulation increases as increased current flow across the line
reactance leads to additional voltage drops. Voltage sag causes voltage regulation to rise, while reactive power
variations lead to deviations of 5% to 12%, both affecting voltage stability.

These results confirm that fault conditions lead to excessive voltage drops, requiring compensation
mechanisms such as capacitor banks and voltage regulation devices to restore voltage stability.

Table 5 presents a comparative analysis of different transmission linemodels, evaluating thembased on
efficiency, computational complexity, fault accuracy, and suitability for real-time applications. The first col-
umn lists themodels, while the second column shows their transmission efficiency in percentage, highlighting
that the proposed equivalentπ-model (88.8%) performs better than the traditional lumped parameterπ-model
(85.1%) and is comparable to the distributed parametermodel (89.5%). The third column evaluates computa-
tional complexity, where simplermodels (lumped parameter) have lower complexity, whilemore detailed
models (distributed parameter) require higher computational resources. The fourth column assesses the accur-
acy of eachmodel in fault analysis, showing that the proposedmodel offers high accuracy, similar to the dis-
tributed parametermodel, but better than the lumpedπ-model. Lastly, the fifth column examineswhether
each approach is suitable for real-time applications, with the proposedmodel beingwell-suited due to its bal-
ance between computational efficiency and accuracy.

Figure 21.Variation of voltage regulation under normal and abnormal conditions.

Table 5.Comparison of transmission linemodels.

Model

Efficiency

(%)
Computational

Complexity

Fault

Accuracy Real-Time Suitability

Distributed ParameterModel 89.5 High High No (slow due to complex calculations)
BergeronModel 87.2 Moderate Moderate No (depends on number of iterations)
Traditional LumpedParameter

π-Model
85.1 Low Low Yes (used for basic power flow studies)

Proposed Equivalentπ-Model
Approach

88.8 Low-Moderate High Yes (fast execution, suitable for real-time
analysis)
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4. Conclusion

This study presents an advancedABCDparameter-based transmission linemodel, integrating an equivalentπ-
model to enhance accuracy, efficiency assessment, and voltage regulation analysis. ThroughMATLAB/
Simulink simulations, themodel has been validated across short,medium, and long transmission lines,
demonstrating its superior performance compared to conventionalmodels.While the equivalentπ-model
remainswidely used due to its simplicity and computational efficiency, particularly for short andmedium
transmission lines, its accuracy significantly deteriorates for long-distance transmissionwhere distributed
effects becomedominant. TheABCDparametermodel, on the other hand, offers a highly precise
representation of transmission line behavior by incorporating distributed parameters,making itmore suitable
for long transmission lines. However, the ABCDmodel requires higher computational complexity, which can
make it less practical for quick estimations in large-scale power system studies. The hybridmodel presented in
this study, which integrates both theπ-model and theABCDmodel, effectively leverages the computational
simplicity of theπ-model while retaining the accuracy of theABCDapproachwhere necessary. As
demonstrated in the efficiency comparison, theABCDmodel correctly predicts 88.8% efficiency for long lines
(400 km), whereas theπ-model severely underestimates efficiency ( 2%), leading to erroneous power loss
estimations and potentially excessive infrastructure investments. Conversely, for short transmission lines (50
km), theπ-model’s predictions closelymatch those of theABCDmodel,making the additional computational
burden of theABCDmethod unnecessary. The hybridmodel developed in this study intelligently switches
between the two approaches, ensuring accurate efficiency and voltage regulation calculationswhile optimizing
computational resources, thereby offering a superior and scalable solution formodern power systemplanning.

A key contribution of this study is the improvement in efficiency for long transmission lines, achieving
88.8%,which surpasses conventionalmodels and aligns closely with industry benchmarks. The study further
establishes that voltage regulation requires active compensation techniques tomaintain grid stability, reinfor-
cing the importance of advanced control strategies. Additionally, the integration of environmental factors, such
as temperature variations, aging infrastructure, and real-time load changes,makes thismodelmore adaptable
and practical formodern grid operations.

Froman engineering and operational perspective, thismodel introduces a proactivemonitoring frame-
work that provides automated alerts when efficiency drops below IEEE-recommended thresholds orwhen
voltage variations require compensation. Such a feature is crucial for grid reliability, reducing transmission
losses, and improving system resilience, particularly in regionswith extensive transmission networks. The find-
ings of this study hold critical implications for transmission systemdesign and expansion particularly for devel-
oping energy infrastructures where long-distance transmission is essential, and re-newable energy integration
ensuring the efficient transmission of solar andwind power over long distanceswithminimal losses.

5. Recommendations

The study highlights a significant efficiency drop in theπ-model for long transmission lines, primarily due to
the lumped parameter approximation. Future research should exploremodifiedπ-models incorporating
distributed parameter effects to improve accuracy in long-distance transmission analysis.

The study shows that faults, overloads, and reactive power variations significantly impact voltage regula-
tion.Utilities should implement reactive power compensation techniques such as static VAR compensators
(SVCs) or Flexible ACTransmission Systems (FACTS) tomitigate voltage instability in long transmission lines.
Futurework should explore the integration of voltage regulation control algorithms in power system simula-
tions. Futurework can focus on analyzing transmission line performance under varying loads and renewable
energy penetration, considering grid stability impacts and transient behavior.While the present study focuses
on a physics-based framework usingABCDparameters and the equivalentπ-model, the proposedmethodol-
ogy can serve as a foundation for future integrationwithmachine learningmodels. In particular, hybrid phy-
sics-informed deep learning approaches could combine the interpretability of analyticalmodels with the
predictive power of LSTMandTransformer architectures.
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Appendix.Detailedmathematical derivations and analysis

For clarity and readability, only the key equationswere provided in themain text, while the full derivations are
included here.

Assuming a transmission linewith the line characteristics shown in table 6, wewill compute theABCD
parameters analytically in this study, where A is the voltage transfer function (attenuation factor), B is the impe-
dance term (series effect), C is the admittance term (shunt effect), andD is the current transfer function (propa-
gation factor).

= + = +z r jX r j fL.2L

whereXL is the inductive reactance

= + × × ×
= + =

z j

j

0.1161 2 60 1.63 10

0.1161 0.6145 0.6254 79.3 km

3

1

/

= = × × × ×
= ×

y j fC j2 2 60 0.0075 10

2.827 10 90 S km

6

6

for thewhole length of the line,
Z= zl= (0.6254∠79. 3�Ω)× 400=250.16∠79. 3�Ω
and
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( )= = × ×
= ×

Y yl S

S

2.827 10 90 400

1130.8 10 90

6

6

The propagating constant,

[( )( )]

=

= ×
=

yz

2.827 10 90 0.6254 79.3
0.001330 84.65

6 1
2

As a result, the line’s constants A, B, C, andDmay be determined as follows:

( )= = +

=
+

=
+

=
+

= + =

A cosh l cosh j l

e e e e e l e l

A
e e e e

j

2 2

2
0.8641 0.025066 0.86445 1.66

l j l l j l l l

j j0.0496 0.52956 0.0496 0.52956

( )

[ ] [ ]

[ ]

= = +

= =

=

=

B Z sinh l Z sinh j l

Z
e e e e

Z
e l e l

2 2

470.34 5.35
1.0505 30.34 0.9516 30.34

2
238.74 79.81

c c

c

l j l l j l

c

l l

[ ]

=

= = ×

=

C Y sinh l

Z
sinh l

1 1

470.34 5.35
0.5076 85.16

0.0011 90.51

c

c

andD=A= coshγl= 0.86445∠1.66�

The hyperbolic functions coshγl and sinhγldescribewave propagation in lossy systems. They behave simi-
larly to exponentials but account for both attenuation and phase shift.

After finding theABCDconstants,more details about the transmission linewere found. These details
include the following:

( )

( ) ( )=

=

V

I
A B
C D

V

I

0.86445 1.66 238.74 79.81
0.0011 90.51 0.86445 1.66

76210.24 0
218.69 31.8

10

s L N

s

R L N

R

Consequently, the voltage at the sending end is

( )( ) )( )( ) = +
=

V

V

0.86445 1.66 76210.24 0 $238.74 79.81 218.69 31.8

108694.18 22.00
s L N

Table 6.Parameters of the transmission line.

Parameter Value

LineVoltage, V 132 kV

Line length, l 400 km

Line Inductance, L 1.63mH/km

LineCapacitance, C 0.0075μF/km
Line Resistance, R 0.1161Ω/km
LineConductance, G 0.00 Siemens/km/phase

Load(at receiving end) 50MWA

Frequency 60Hz

Receiving-end PF 0.85
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and

( ) ( )=
= +
=

V V3

188263.84 22.00 30
188263.64 52.00

s L L s L N

A line-to-line voltage is always 30� higher than its line-to-neutral voltage, hence this causes the angle to rise
by 30�. On the sending end, the current is

( )( ) ( )( )= +
=

I
A

0.0011 90.51 76210.24 0 0.86445 1.66 218.69 31.8
163.12 3.9

s

The power factor at the sending end is

= + =22.00 3.9 25.9s

=Cos 0.8996s

The sending-end power is

( )=

= × × ×

P V I Cos

kW

3

3 188263.64 163.12 0.8996 47850.20

s s L L s s

The power at the receiving end is

( )=

= × × × × =

P V I cos

kW

3

3 132 10 218.69 0.85 42, 499.36

R R L L R

3

Consequently, the line’s power loss is

= =P P P kW5350.8L S R

Efficiency is computed using power supplied at the sending and receiving ends. The transmission line’s
efficiency is

= ×

= × =

P

P
100

42499.36

47850.20
100 88.8%

R

S

Voltage regulation is calculated using the difference between the voltages at the sending and receiving ends.
The percentage of voltage regulation is

= ×

=

ofvoltageregulation%
76210.24

76210.24
100

64.99%

108694.18

0.86445
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