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Abstract

This paper addresses the electromagnetic transients in high strongly non-uniform overhead voltage
lines. For their simulation, a novel Laplace-domain approach has been introduced. The voltage and
current patterns in terms of location and complex frequency are determined by a set of simultaneous
algebraic and partial differential equations. To solve them numerically, an effective Mathematica code
is proposed. By contrasting the outcomes of their application to multiple case studies with those
acquired elsewhere using different methodologies, the model and related computer program are
validated. For contemporary power systems, electromagnetic transients in overhead high-voltage lines
pose special opportunities and challenges, especially in highly non-uniform setups. The basic causes,
mathematical modelling, and applications of these transients are examined in this article. Transient
behavior under non-uniform line conditions—such as changes in conductor shape, ground proximity,
and environmental factors—is highlighted. In order to improve grid stability and reliability, the paper
also examines mitigation strategies and suggests directions for further study.

Keywords: Electromagnetic, transients, simulation, non-uniform, high-voltage lines, Mathematica,
numerical solutions, Laplace inversion. parameter studies

INTRODUCTION

The analysis and mitigation of transient stresses in high-voltage power networks have attracted the
interest of researchers in recent years. A large percentage of the resulting investigations have focused
on issues related to overhead transmission lines and/or underground cables. Most numerical solution
approaches can be classified into time-domain and Laplace-s-domain-based techniques. The latter is
limited to situations involving linear elements. Nonlinear situations, such as those involving corona
discharges and magnetic saturation, require time-domain solutions.

However, special consideration is devoted to the location dependence of the circuit parameters of
transmission lines. Uniform lines can be approximated as independent, which is the mainstream or
default situation. Non-uniform lines with strong non-uniformity appear in several interesting cases, such
as river crossings, transformer wingdings, and high-voltage towers. There are no general analytical
solutions for such cases; therefore, only numerical time-domain or frequency-domain approaches are
possible. The stability and safety of power systems
depend heavily on the behavior of electromagnetic
transients in high-voltage (HV) transmission lines.
Transient phenomena are amplified by non-uniform
overhead lines, which are defined by notable
differences in the electrical and physical properties.
Accurate modelling and analysis are crucial because
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these changes may be caused by complicated line
geometry, a variety of terrain profiles, and
proximity to other infrastructures [1].

Figure 1 depicts one such example. It exhibits
dependence on the characteristic impedance of the
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line Zc(x) on coordinate x, which is the distance of the point under consideration from the line’s sending
end in meters [2].

Reference presented a possible solution based on the proper sectionalizing of the line into a proper
number of identical uniform cascaded sections and utilizing the well-known relations of linear two-port
theory [3]. This was followed by a numerical Laplace inversion of the derived voltage and current
expressions in the s-domain. Typically, this is implemented using a well-known method. Hosono’s
algorithm, the main drawback of this approach, is the relatively heavy computational burden in terms
of computation time and required computer memory. This study attempts to improve this situation and
presents an efficient, fast, and user-friendly technique in this area of power engineering research. It is
believed that this contribution will be helpful for practicing protection engineers and students. In power
systems, faults are a major source of electromagnetic transients, posing difficulties that require careful
consideration and mitigation. To ensure grid stability and resilience in a changing energy landscape,
utilities can reduce the impact of fault-induced transients by utilizing cutting-edge detection technology,
resilient system designs, and creative research [4].

Electromagnetic Transient Causes
The source of electromagnetic transients is:
e Switching actions: Unexpected modifications to the line setup, such as switching capacitors or
breaker actions.
o Fault conditions: Steep wavefronts are caused by lightning strikes or short circuits.
e Variations in load: The abrupt shifts in the load have the potential to spread temporary
disruptions.
o Line non-uniformity: Variations in tower height, sag, and uneven conductor spacing all worsen
transient behavior [5].

Attributes of Irregular Lines
There are various ways that strongly non-uniform lines vary from uniform configurations:
e Variations in impedance: Line impedance is affected by uneven conductor spacing and ground
proximity.
e Propagation speed: Wave propagation velocity is impacted by modifications in line geometry.
e Transient reflections and refractions are caused by interfaces between segments having disparate
electrical characteristics.

METHOD OF ANALYSIS

The first step in the proposed approach is to formulate the profile of the line’s characteristic or
surge impedance Zc(x), as indicated in the sample idealized overhead line shown in Figure 1.
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Figure 1. An Example for the dependence of the characteristic
impedance Zc(x) of a strongly non-uniform overhead line
on the distance x from the sending end.
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The following formulas can be used to describe the impedance characteristic for this specific line:

Z1(x) = 400 [0.3 + (%)] x

Z2(x) = 240 + 160[(x — 2200)/1000]?

Z3(x) = 400 [0.3 + (%)] (4400 — x) 1)
Where Zi(x), Z2(X), and Zs(x) are the impedance expressions for the left, middle, and right-line

sections, respectively.

From the well-known relations among the speed of light, surge impedance, and line parameters/m |

and c, the following relations can be derived:

pl

1

C(x) = speed.zo(x) (2)
I(x) = pig ®)

This leads to the distributions of the line’s capacitance and inductance per meter, as indicated in the

ots shown in Figure 2(a) and (b), respectively.

The line’s transient response is governed by the following simultaneous differential equations:

2 = ()i, @)
And

=05 (5)

Subject to the boundary conditions, which are stated in terms of the line termination and the

anticipated source voltage. They can be solved for the voltage and current s-domain expressions using

th

e ParametricNDSolve software Mathematica (Version 14.0), [5, 6]. The time response can be

obtained using the previously mentioned Hosono’s algorithm for numerical Laplace inversion.

Useful Consequences

It

(a

Capacitance cap, pico-F/m

is essential to comprehend electromagnetic transients in non-uniform lines for:

e Making sure that there is enough insulation to resist brief overvoltage is known as insulation
design.
System protection is the process of creating defenses against temporary disruptions.

e Preventing cascading failures brought on by transient propagation is known as grid reliability.
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Figure 2. (a) The profile of the line’s capacitance per meter, (b) The profile of the line’s inductance
per meter.
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Strategies for Mitigation
A number of tactics deal with temporary problems:
e Surge arresters: Take in and release short-term energy.
e Line surge capacitors: Wavefronts that are smooth and temporary.
e Shielding wires: Lessen transients caused by lightning.
e Optimized line design: Reduce construction-related irregularities.

Behavior of Electromagnetic Transients in High-Voltage Transmission Lines
Modern power systems rely on high-voltage transmission lines to transmit electricity efficiently over
long distances. These lines are vulnerable to electromagnetic transients, which are high-frequency brief
disruptions caused by abrupt adjustments to the electrical system. It is crucial to comprehend how these
transients behave to guarantee system dependability and avoid equipment damage [6-10]. The
operation of power systems is seriously hampered by electromagnetic transients in high-voltage
transmission cables. In power systems, electromagnetic transients are unavoidable occurrences that are
usually caused by external events such as lightning strikes, faults, or switching activities. Fault
circumstances such as equipment failures, ground faults, and short circuits are important contributors
to this problem. Transients caused by faults can spread quickly throughout transmission and distribution
networks, which presents problems for protective systems, equipment insulation, and grid stability in
general. Utilities can improve grid resilience and stability by comprehending their behavior and using
sophisticated modelling and mitigation strategies [11]. Addressing new issues in the ever-changing
energy sector requires ongoing research and technological development. Current studies concentrate on
the following:
e Smart grid integration: Using Internet of Things (IoT) and sophisticated sensors to detect
transients in real-time.
e Machine learning: Forecasting ephemeral behavior for preventative action.
Creating conductors and insulators with improved transient resistance is an example of material
innovation.
o Enhancing models to better capture fleeting phenomena at higher resolutions is known as high-
frequency modelling.

SAMPLE RESULTS

This section presents the line’s transient response in various case studies considering the line data,
its termination impedance, and the waveform of the voltage source initiating the transient consideration.
The plots in Figure 3 depict the waveforms of the transient voltage at 660 m from the source are shown
in Figure 4 [12]. The source voltage had a unit step waveform. The case of short-circuit termination,
described by plot in Figure 3(d), is of special interest. It can be seen that the final value agrees with the
results available from the simple DC analysis, and the result is in acceptable agreement with those
shown in Figure 5, which is obtained using the sectionalization technique implemented in reference in
Figure 6 [13].

Prospective Research Paths
To improve our knowledge of electromagnetic transients in non-uniform lines, we need to
¢ Improved simulation tools: Creating algorithms that balance computing efficiency and accuracy.
Investigating transient behaviors in grids with dispersed generation is the focus of smart grid
integration.
e Material innovation: Researching cutting-edge materials to enhance insulation and conductivity.
o Field measurements: Increasing the scope of empirical research to support and improve
theoretical models.

The acceptable agreement between the two current plots in Figures 3(a) and (b), addressing the short-
term conditions using both sectionalization and the proposed technique, can be easily recognized. The
rate of current increase with time in cases Figure 6-(a) and 6-(b) pertinent to the short-circuit case are
almost identical [14].
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Figure 3. (a)—(d) Transient response of the voltage at x=660 meters for different line’s terminations.
The considered time range is from zero to 1000 microseconds, using the suggested technique.
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Figure 4. (a)—(d) Transient response of the current at x=660 meters for different line’s terminations.
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Figure 5. The transient voltage as determined using
the sectionalization technique. Source: Adopted

from [8].
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Figure 6. (a) and (b) Transient current determined using sectionalization technique. (a)
Proposed technique.

An intricate yet crucial field of research for contemporary power systems is electromagnetic transients
in very non-uniform overhead high-voltage lines. The power sector can improve grid resilience and
guarantee dependable energy delivery under increasingly unpredictable conditions by advancing
modelling methodologies, honing mitigation strategies, and encouraging innovation [15, 16].

CONCLUSIONS

A new model for analyzing electromagnetic transients in strongly non-uniform overhead lines is
presented. The proposed approach considers the non-uniform lines' circuit parameters, their loading
conditions, and the waveform of the source voltage. A Mathematica program was developed and
applied to several case studies. The results illustrate the various transient voltages and currents along a
typical strongly non-uniform line. Several computer runs were performed to validate the proposed
model and results. The proposed procedure is simple, accurate, direct, and user-friendly. For practicing

engineers, as well as graduate and undergraduate power engineering students, it can be a useful and
efficient teaching and training tool.
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