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Abstract - The high-voltage insulation technology encompasses the invention, selection, design, fabrication, operation, and
maintenance of high-voltage electrical equipment insulation structures. Advancements in insulation technology will be crucial to
modernizing energy systems in the future. There is an extensive variety of modern technology which includes high-voltage direct
current, state-of-the-art electricity garage systems, solar power, electricity-green offshore wind turbines, microgrids, and hybrid
renewable electricity. The use of all advanced technologies has meant that insulation systems must meet ever-increasing
regulations. The paper reviews the various developments in insulating materials since the early 20th century in terms of their
properties and applications, including FGM, electrical strength, and electrical conductivity. Also, this paper affords a precis of the
evolution of insulation substances for HVDC applications, in addition to the creation of thermoplastic polymers that enhance
product recyclability.
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I INTRODUCTION

While our electrical infrastructure has largely remained unchanged, technological advancements, especially in materials, have
opened doors we couldn't even imagine were possible. The advancements of this era have paves the way for major
improvements in electrical infrastructure during the next century and beyond. Because we put a more substantial load on the
electric grid every day, require increased computer processing, and push toward electric transportation, the redesign is
essential. Due to their advanced and miniaturised technology, these devices and infrastructure generate a lot of heat, causing
them to fail. In addition, these devices must be electrically remote controlled and weather- resistant[last ref.]. Electrical
insulation is being developed around the globe in response to theever-increasing reliability and performance requirements as
gadgets and infrastructure improve.Researchers from various Universities are analyzing new materials for electrical
insulation, or packaging, that can remove heat more effectively compared to today's insulation.Focusing on one asset alone,
which includes thermal conductivity, isn't sufficient to get the essential overall performance and lifespan from digital
devices. We want to make sure that substances have big electric resistance, tolerance to severe temperatures,cappotential to
address mechanical stress, and resistance to moisture, amongst differentthings. The grand assignment for substances builders
is to enhance a lot of these homes simultaneously, rather than the contemporary one-at-a-time approach [20]. If we increase
electric insulation in a holistic way, as researchers suggest, we will see enhancements in lots of elements of our lives.The
paper is composed as follows: area Il gives material modifications for improved performance of insulation like FGM,
Materials with Improved Electrical Strength, Materials with Decreased Electrical Conductivity;segment Ill portrays
Measurement Procedure for Dielectric Characterization of Outdoor Polymeric Materials,while segment V underlines the
conclusion and future research scope.

Il MATERIAL IMPROVEMENTS TO ENHANCE PERFORMANCE

A. Field Grading Materials
Electric field grading (FGM) — sometimes also denoted as stress grading — refers to the technique of efficiently and reliably
controlling the electric field distribution within or around a device. The classification of electric fields in HV and EHV
devices has evolved over the years from the application of simple geometries and homogeneous dielectrics with linear
properties to complex systems using materials. The FGM concept was later transferred to cable ends and couplings to
alleviate critical dielectric stresses. The use of FGM in the design of other electrical equipment including circuit breakers,
bushings, instrument transformers, arresters, and insulators is also highly desirable today.

The number one feature of field grading material is that its electric conductivity will increase above a threshold electric field
value[3]. This asset is then applied to lessen maximum field stress at crucial places in the insulation system. An FGM
composite is made up of a base polymer (such as silicone rubber SIR, ethylene-propylene-diene monomer EPDM rubber,
epoxy resin, or thermoplastic) with silicon carbide SiC, zinc oxide ZnO, or carbon black [3, 4, and 46]. However, the latest
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studies have centered on the skills of nano-fillers, in particulargraphenenano-platelets (GnP) and graphene oxide (GO).These
promise similar fieldgrading qualities with substantially lower filler loads and better material processing. Results produced by
the usage of LDPE-GnP primarily based totally nano-composites, for example, display the traits that would be beneficial in
enhancing the overall performance of polymer- primarily based totally insulation structures which include HVDC cable
terminations.
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Fig.1 Field dependency of electrical conductivity of LDPE &GnP

The area dependency of electrical conductivity for all samples studied is compared in Figurel. A crossover effect becomes
obvious atafield strength of approximately 20 kV/mm, and the nonlinear behaviour replaces the linear behaviour. According
to the results, filled nanocomposites had a lower conductivity than pure polymers at low fields and a higher conductivity at
high fields. When graphene oxide was added to a polydimethylsiloxanematrix, similar behaviour was observed[op].
Permeability to various gases is a significant feature for usage in composite equipment insulators. Monitoring gas
concentration in a closed volume of air at atmospheric pressurewas used to evaluate the penetration rates of SF6 and CO2
in produced nanocomposite materials [5, 6, and8 ]. The effect of adding GnP on permeation rates against filler content is seen
in Figure 2. The size of gas molecules influences this behaviour.
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B Electrical Strengthening Materials

Electrical treeing has been widely reported as a cause of degradation in cable and epoxy- based insulation systems. On the
other hand, even if the materials in composite insulators exhibit similar behaviour, the occurrence of this same degrading
process has been fairly rare. When developing composite apparatus insulators, where strong electrical stress applies radially
across the insulator's walls, it is vital to consider a material's resistance to electrical treeing [17, 19, and 21]. Although the
study used polyethylene (LDPE) as the polymermatrix, the conclusions are expected to be applicable to other polymer
systems, including silicones, because the treeing processes observed are similar. The electrical tree initiationlevel in
materials containing various types of stabilisers (e.g. fullerenes, benzil, melamine, and thioxanthone )was tested by the
authors of [8]. The majority of chemicals tested had a beneficial influence on resistance to electrical treeing, with increases
ranging from 30% to over 100% in the tree initiation field [op]. It was discovered that the electron affinity of these stabilisers
correlates well with their stabilising efficiency by connecting test results with their electrical inheritance [8]. This suggests
that electron scavenging is the main driver of the improvement.

C. Electrical Conductivity-Reduced Materials

In particular, low electrical conductivity is a feature suitable for HVDC applications. In contrast to virgin polymer systems,
which lack conductivity by nature, a nano-filler approach was used to improve conductivity. In the study, the findings were
related to how they affectedelectrical conductivity[23, 24]. Electrical treeing resistance was also evaluated. The researchers
investigated LDPE-based nano-composites comprising MgO, Al203, and ZnO inorganic particles, as well as graphene
nanoparticles [26, 41,and46]. All nano-composites had much lower measured current levels than the reference material,
indicating a deterioration in charge transfer as in Fig.3.[53]. The effect of nano-filler content on a material's electric
conductivity is also demonstrated[53]. Other researchers have additionally received comparable results.
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Fig.3 Time variation of charging current measured for reference LDPE and Al203[53]

With a filler content of 4% wt, the nano-composites investigated show a significant reductionin electrical conductivity[56].1t
appears that this effect is not related to the chemical nature of the nano-filler but rather to the formation of polymer-particle
interfacial layers. These provide deeper charge trapping sites and reduce long-range molecular mobility.

Il PROCEDURE FOR DIELECTRIC CHARACTERIZATION OF OUTDOOR POLYMERIC MATERIALS

Radio frequency measurement of complex dielectric properties of materials has grown in importance, especially in areas such
as material science research. Dielectric dimension is essential due to the fact it is able to offer the electric or magnetic traits of
the materials, whichhas proved beneficial in lots of studies and improvement fields [13].There are multiple methods available
to measure these complex properties, including time-domain and frequency-domain methods, methods involving one or two
ports, etc. Every method is limitedto specific frequencies, materials,and applications by its own constraints. These are known
as frequency domain spectroscopy (FDS) measurements in the frequency domain, and they allow extracting the complex
impedance of test objects under excitation by voltage signals of varying frequency[2]. FDS is employed in a range of
applications, including dielectric material selection and development for electrical insulation applications, where exact
knowledge of relative permittivity (r) and dissipation factor (tan d)is required. Intricate electrode configurations, on the
opposite hand, can impede material characterisation given that correct measurements necessitate electrodes that make good
enough touch with check objects.

Placing measured specimens among metallic plates is the most effective scenario. However, specimen surfaces are hardly
ever flawlessly easy and uniform in thickness. Because of the appearance of series resistance in the measurement circuit,
areas with no direct contact between the electrodes and the surface form current channels along with the test specimen,
resulting in a greater loss factor value[53]. Furthermore, in the case of soft-material specimens, the pressure produced by the
electrode arrangement can cause deformation and hence affect the observed permittivity. Furthermore, complicated
permittivity can be influenced by the series resistance of electrodes and cables, resulting in an additional loss peak at higher
frequencies that covers the true relaxation process[53].

To ensure optimal material surface contact, various electrode configurations have been proposed and implemented, each with
its own set of benefits and downsides. Deposition of conductive material at the specimen surface, along with steel or graphite
painting, steel sputtering and evaporation, fired-on metal films, utilization of conductive glue or grease with metal foils,
mercury, and NaCl water solution [53] are only some examples.All of these are standard answers, yet they all add to the level
of uncertainty. Avoiding direct contact between the material and parallel plate metal electrodes is a reliable and
straightforward way to avoid the contact problem in dielectric response characterization. In this way, the combined response
of the specimen and a small air gap is measured. Further, the electrode edge effect has a geometric influence on the
distribution of the electric field in this area, causing it to be distorted.
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Fig. 4. HTV’s electrical permittivity measured with contact and contact-free electrode

In the example of HTV silicone rubber, Figure 4 shows how the measuring process affects the estimation of material
dielectric permittivity using contact-free and contact electrode designs[53]. As a result, the materials tested with the contact
electrode configuration exhibit a distinct rise in actual permittivity as the testing temperature decreases. The contact
measurement may have been influenced by the thermal expansion of the materials.

IV CONCLUSIONS
For more than a century, insulating materials have been developed. The development of insulating materials has been
continuous since natural materials were discovered, then organic polymers, then pure polymers, and now nanocomposites,
and the properties of these materials have been significantly improved[1.A].In light of current composite insulator
technology, building reliable polymeric insulators and getting wide market adoption will take over 30 years. Researchers
have previously focused on finding reliable materials for line insulators as well as persuading consumers that they will
operate reliably in situations occurring outdoors. Other work was done in tandem to establish appropriate manufacturing
technologies, develop insulator design criteria, and develop test procedures for the newconcepts. Polymeric station post and
apparatus insulators, as well as elastomeric coverings, were developed later. As a result of all of this, composite insulation
solutions are now widely used in power engineering.
The research will focus on the improvement of polymeric materials, particularly as equipment insulators and cable
accessories for HVAC and HVDC applications. The purpose of these studies is to optimize the properties of polymeric
materials with additives so that their field evaluation, bio-resistance, fracture strength, and DC conductivity can be
improved.Additionally, it is crucial to develop suitable test methods for assessing the properties of thesenew materials.Global
concerns regarding environmental protection and advances in electrical, thermal, and mechanical properties are driving rapid
developments in insulating materials.
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