Advances in Technology Innovation, vol. 6, no. 1, 2021, pp. 21-30

Corona and Electric Field Distribution Analysis in 400 kV Line Insulators

Ragaleela Dalapati Rao"", Padmanabha Raju Chinda', Meduri Kiran®

'Department of Electrical & Electronics Engineering, P.V.P Siddhartha Institute of Technology, Vijayawada, India

%Electrical Design Engineer, Leoni, Waterloo, Canada
Received 03 July 2020; received in revised form 17 September 2020; accepted 05 November 2020
DOI: https://doi.org/10.46604/aiti.2021.5966

Abstract

The performance of insulator strings in transmission lines can be improved by corona rings owing to their
electric field grading property. The insulation performance of the string depends on the corona ring parameter
settings. In this study, the design of a corona ring for a 400 kV non-ceramic overhead line insulator is presented. Two
parameters were altered during the investigation, ring measurement (R) and ring tube breadth (r) while maintaining a
constant ring height (h). Based on electric field distribution, the proposed composite insulators were compared with
glass insulators. Simulation studies were performed for the insulator strings, including corona rings with different
design parameters. The corona discharge and optimal configuration results were analyzed, and it was found that the

electric field was lower with composite insulators.

Keywords: corona ring, electric field distribution, potential distribution, glass insulators, silicon rubber insulators,
COMSOL software

1. Introduction

Insulators can be categorized into suspension and line post insulators [1]. Suspension insulators (such as porcelain and
glass) are mainly used for stress stacking. However, generally non-ceramic insulators (NCIs) are used these days. NCI’s are
also called polymeric or composite insulators. Silicon rubber has good electrical properties and climate obstruction properties
over a wide range of temperatures and is utilized in lodging. It is resistant to oxidation and deterioration from ultraviolet
radiation and has low surface vitality. These properties settle on the silicon rubber and it can be effectively used for electrical
insulators [2]. Previous studies have shown that the electric field distribution along composite insulators can be enhanced by

incorporating various corona ring designs, which can also limit the corona ring related issues.

Extremely strong electric fields can offer ascent to a group of ionization in the encompassing air that comes full circle in
the arrangement of corona releases [3]. One of the key procedures engaged with the inception and improvement of releases is
the ionization of particles and atoms by high vitality electrons. Without any extremely applied electric field, the electrons move
arbitrarily colliding with the gas atoms [4]. Within the sight of the electric field, be that as it may, the electrons are excited by
the electric field and velocity toward the field [5]. The corona discharge occurs on the transmission-line conductors when the
strength of the electric field on the conductor surface is greater than a specific value. This results in power loss, audible noise,
production of gaseous effluents, and light [6]. In non-uniform fields, the self-sustained release is constrained within the air gap,
and the corona discharge occurs as a result of the “partial breakdown”. There are various modes of the corona discharge:
alternating current (AC) corona and direct current (DC) corona. The underlying process of the AC corona discharge in every

half cycle of the AC power frequency is fundamentally the same as those under DC voltages of the same polarity. Under AC
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voltage, the corona initially shows up in the negative half cycle as Trichel streamers. As the voltage is increased, Trichel
streamers begin to spark. In the following positive half cycle, the breakdown streamer follows the sparkle corona [7]. The
positive corona discharge is a significant source of the radio interference voltage (RIV) and audible noise, and it causes
deterioration of the rubber housing on the NCIs. Therefore, the corona should be avoided as much as possible while avoiding
too much over-designed. Contingent upon the utilization and physical layout of a silicon insulator, a corona ring is generally
introduced at the transmission line end to ensure line voltages of 230 kV. Nevertheless, the utilization of corona rings decreases
the dry arcing separation of insulators. Therefore, it is important to structure the corona ring for the ideal review of the electric

stress along the insulator.

This study investigates the electric field and potential distributions of glass and silicon rubber insulators. The results are
obtained by utilizing the COMSOL Multi-physics software. The simulation results demonstrate that for the values acquired for
the silicon rubber insulator with a corona ring (particularly for 220kV), the potential distribution along the insulator can be
improved. Moreover, the electric stress can be decreased further for the insulator with the corona rings, compared with those of
the insulators without corona rings and glass insulators [8]. To comprehensively understand the corona mechanisms and
provide potential mitigation solutions, the corona onset and corona ring optimization are discussed in Section 2. The COMSOL
modeling assumptions, related specifications, and the simulation results, including electric field, and potential distributions are
provided in Section 3. The corona ring design is optimized based on 15 different ring sizes. The conclusion in Section 4

summarizes this study.

2. Corona Onset

The corona onset is defined as the occurrence of a self-sustained discharge. Townsend’s law defines:

(1) The ionization coefficient a as the number of electron-particle sets formed in the gas by a single electron traveling through

a unit distance separation toward the development of the electron.

(2) The attachment coefficient 7 as the likelihood that a free electron will join itself to an unbiased molecule to form a negative

particle while moving through a unit distance separation through the gas toward the applied electric field.

Therefore, the equation can be expressed as

dn=n(x)(a—n)dx (1)
where a is the ionization coefficient and 7 is the attachment coefficient.
Integrating Eq. (1) on both sides:

dn x
o0~ o (@ mex @

Therefore, Eq. (2) becomes:

n=n e " 3

where n, is the number of electrons at x=0.

Now, if the electric field intensity is strong enough, the total number of electrons below approaches infinity (that is

self-sustained discharge), thereby causing breakdown:
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In other words, the breakdown occurs when
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where y is the secondary ionization coefficient in Eqgs. (4) and (5) [6].

As defined above, the corona onset is characterized as the phenomenon of a self-sustained discharge. An observational

equation was proposed in a previous study [9] based on smooth cylindrical conductors given in Eq. (6) [6]:

Ca

\/57] (6)

E, =mE, d1+

where
E,. is the corona onset gradient in kV/mm
Ey. is an empirical constant of 2.11 kV- rms/mm
C, is an empirical constant that Peek [9] determined to be 0.301 cm?
m is the conductor irregularity factor
0 is the relative air density, and
r. is the radius of the conductor in meters

For the purpose of simulations in this study, a corona inception threshold of 2.2kV-rms/mm has been considered [10].
2.1. Corona ring designs
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Fig. 1 Corona ring sizes along with their part numbers [11]

As a result of all the negative corona effects, an attempt has been made to control the field distribution along the strings
through the corona rings [12] and to protect the insulator string from direction power arcs [13]. Standard corona rings [14-15]
(manufactured by Hubbell Power Systems Inc.) for transmission insulators are shown in Table 1 and Fig. 1 [11]. (where kip is

Kilo pound and kN is Kilo newton).
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Table 1 Standard transmission corona rings by Hubbell

Recommended Corona Rings based on .
Line Voltage Line Voltage Corona Ring Part Numbers
*kV) . 25kip, 30kip, 120kN, 133kN 50kip, 160kN, 210kN
Ground End Line End Ground End | LineEnd | Ground End | Line End
220/230 None 8 inches (203mm) - 2717613001 - 2717613002
330/345 None 12 inches (305mm) - 2717053001 - 2717053002
400 8 inches (203mm) | 12 inches (305mm) | 2717613001 | 2717053001 | 2717613002 | 2717053002
500 8 inches (203mm) | 15 inches (381mm) | 2717613001 | 2717513001 | 2717613002 | 2717513002

2.2. Corona ring optimization

As shown in Fig. 2 [10], the different specifications of corona rings are given below [16]:
(1) Ring measurement (R)
(2) Ring tube breadth (r)

(3) Position of the ring in its vertical plane (h)

\ Coronaring
\

““Point A

Energizedend fitting

Fig. 2 Corona ring optimization specifications [17]

KL230HBS55 KL230BS25
NEW TYPE OLD TYPE

Fig. 3 New vs. old corona rings [18]

By changing any one or a combination of these specifications, the resulting electric field distribution can be modified

[19-22]. In this study, it is assumed that h is a constant and the R and r values are optimized. Before the further discussion on



Advances in Technology Innovation, vol. 6, no. 1, 2021, pp. 21-30 25

the simulation parameters and optimization, it is worthwhile to present a laboratory case study on a 133 kV dead-end line
insulator. To demonstrate the effect of corona on small and large ring sizes, the ring sizes of 4 inches and 8.25 inches have been
considered. Two different ring diameters have been considered as shown in Fig. 3 [7]. Table 2 illustrates that the smaller old
design based ring (4 inches) clearly exhibits more corona activities compared with the new design based ring (8.25 inches) for

133kV and 146kV, as observed using a laboratory camera.

Table 2 Laboratory results comparing new and old design based corona rings
With old corona ring (4 inches) With new corona ring (8.25 inches)

133kV
(100%
voltage)

146kV
(110%
voltage)

3. Results and Analysis

In this study, the overall analysis can be divided into two categories. One part of the analysis is based on the comparison
between the glass and silicon suspension insulators to study the electric field distribution (part 1). The other part (part 2) of the
analysis considers the silicon suspension insulators with corona ring optimization for 15 different ring sizes. The modeling
assumptions of the suspension insulators are outlined in Table 3. The mesh settings [23] for both glass and silicon rubber
insulators are shown in Figs. 4-6. The materials used for the simulations are listed in Table 4 [24-25]. The finite element

analysis in COMSOL has been performed using stationary and frequency domain (60 Hz) solvers.

Table 3 Modeling assumptions of suspension insulators

Insulator Number Length (mm)
Glass 20 (cap-and-pin) 3400
Silicon rubber | 50 (identical silicon sheds) 1700

¥ Mesh Settings

Sequence type:

‘ Physics-controlled mesh v ‘

Element size:

‘ Normal v ‘

Fig. 4 Mesh settings
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Table 4 Materials used in simulations
Material Electrical Characteristics
aterlals Relative permeability (ur) | Electrical conductivity () | Relative permittivity (er)
Steel AISI 4340 1 4.032E6 S/m 1000
Silicon 1 1E-12 S/m 3
Glass (quartz) 1 1E-14 S/m 4.2
Air 1 0S/m 1
3.1. Partl

The electric field distribution and potential distribution of glass insulators for the different scenarios are shown in Figs.

7-8 (COMSOL screenshots). The electric field and potential distributions of silicon rubber insulators for the different scenarios

are shown in Figs. 9-10. The 3-D plots of these insulators are shown in Figs. 11-12. The maximum electric field of the glass

insulator on the line-end conductor is obtained at 14.83kV/mm corresponding to r = 11 mm and h = -3400 mm as shown in Fig.

7. Similarly, Fig. 9 shows the maximum electric field on the line-end conductor of the silicon rubber insulator, obtained at 3.03

kV/mm, corresponding to r = 18 mm and h = -1700 mm.
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Fig. 7 Electric field distribution of glass insulators for different scenarios

Therefore, from these figures, it is noted that silicon rubber insulators are prone to less stress (minimum electric field

distribution) and the improvement of potential distribution along the insulator is contrasted with that of the glass insulators.
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Because the maximum surface conductor electric field is higher than the corona inception threshold of 2.2 kV/mm in the
silicon rubber insulator, the corona discharge will be observed. Accordingly, the application of corona rings to silicon rubber

insulators is discussed in Section 3.2.
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Fig. 8 Potential distribution of glass insulators for different scenarios
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Fig. 12 3-D plot of silicon rubber insulators

3.2. Part?2
For optimization, different corona ring diameters have been considered and compared (from Table 1). [11]. COMSOL

simulations have been performed for each ring specification and the corresponding obtained results are summarized in Table 5.

Table 5 Comparison of different corona rings

Dimension Characteristics . .. .
. - - Ring Position | Maximum E
Ring # Ring measurement | Ring tube breadth
(h) (kV/mm)
R) (1)
Without ring - - - 3.03
Ring #1 32 inches (816 mm) | 2.44 inches (62 mm) -1650 mm 1.82
Ring #2 28 inches (711 mm) | 2.44 inches (62 mm) -1650 mm 1.73
Ring #3 24 inches (610 mm) | 2.44 inches (62 mm) -1650 mm 1.96
Ring #4 20 inches (508 mm) | 2.44 inches (62 mm) -1650 mm 1.79
Ring #5 16 inches (406 mm) | 2.44 inches (62 mm) -1650 mm 1.77
Ring #6 12 inches (305 mm) | 2.44 inches (62 mm) -1650 mm 1.81
Ring #7 8 inches (203 mm) | 2.44 inches (62 mm) -1650 mm 2.37
Ring #8 6 inches (152 mm) | 2.44 inches (62 mm) -1650 mm 1.81
Ring #9 32 inches (816 mm) | 3.44 inches (87 mm) -1650 mm 1.77
Ring #10 28 inches (711 mm) | 3.44 inches (87 mm) -1650 mm 1.79
Ring #11 24 inches (610 mm) | 3.44 inches (87 mm) -1650 mm 3.00
Ring #12 20 inches (508 mm) | 3.44 inches (87 mm) -1650 mm 2.42
Ring #13 16 inches (406 mm) | 3.44 inches (87 mm) -1650 mm 1.77
Ring #14 12 inches (305 mm) | 3.44 inches (87 mm) -1650 mm 1.79
Ring #15 8 inches (203 mm) | 3.44 inches (87 mm) -1650 mm 1.67

E (kV/mm)

w=ii==Ring tube 2.44"

e=g==Ring tube 3.44"

6 8 12 16 20 24 28 32
Ring diameter (inch")

Fig. 13 Corona ring results of electric field distribution
Fig. 13 illustrates the electric field distribution results. The following points may be noted from the results:

(1) The electric field (1.67 kV/mm) is minimum in the case of Ring #15 where the ring diameter is 8 inches and the ring tube is

3.44 inches.

(2) Of the 15 rings simulated, 3 rings are observed to be still above the corona inception threshold: Ring #7, Ring #11, and Ring
#12.
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4. Conclusions

In this study, the electric field distribution and potential distribution over two suspension-type insulators (glass and NCI
(silicon rubber)) connecting to 400 kV transmission systems were studied. The most commonly used silicon rubber insulators
are prone to corona damages and they are generally used along with suitable corona rings with appropriate specifications to
ensure voltages above 230 kV. It is recommended that these simulations be accompanied by laboratory tests on various corona

rings to confirm the simulations results. The outcomes were empowered for also investigation toward thusly.

From Table 6, it can be seen that the estimations of the maximum electric field stress acquired by optimizing the corona
ring are within the corona inception threshold value and are indeed very low when compared with the values obtained for the
insulators without corona rings. From the results, it can be observed that the potential distribution along the insulator can be
increased and the electrical stress can be minimized by adding a corona ring. It can be concluded that the corona ring can

enhance the lifetime of an insulator.

In future studies, the effect of air temperature, humidity, and icing on the corona-related phenomena of the standard

silicon rubber insulators with corona rings should be investigated.

Table 6 Summary of corona ring optimization for silicon rubber insulator

Rine # Ring Ring tube Maximum E Descrintion
& measurement (R) | breadth (r) (kV/mm) p
. . Above corona
Without ring i i 3.03 inception threshold
. 8 inches 3.44 inches ..
Ring #15 (203 mm) (87 mm) 1.67 Minimum E
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