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a b s t r a c t 

As different pollutants are deposited on the high voltage bushings, a dry band forms, which causes 

a flashover. The bushing’s contaminated layer will weaken its insulation and have an impact on its 

electrical characteristics. The performance of bushings in dry band conditions of various lengths 

was investigated in this proposed piece of work, and a dynamic arc model is presented for the 

arc process in polluted bushings. It shows satisfactory performance in modelling the arc variables 

for various dry band positions. The developed dynamic open model for contaminated bushings 

with and without RTV coating predicted the flashover voltage and dry band positions. Any type 

of contamination, such as sea salt, road salt, and industrial pollutants prevalent in several sites, 

can be studied using the established model. Ultimately, it was discovered that there was good 

agreement between the model’s results and the outcomes of the experiments. 

• Mathematical modeling of 22 kV bushing is conceded out for diverse polluted dry band loca- 

tion at lead-in, lead-out and middle region of bushing surface. 

• Dynamic arc modeling involved in bushing flashover process for different dry band location 

is done and flashover voltage is predicted 

• Experimental work is carried out to find FOV for the bushing with different dry location and 

compared with predicted FOV. 
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Specifications table 

Subject area: Engineering 

More specific subject area: Mathematical Modelling 

Name of your method: Mathematical Model for investigating dry band location 

Name and reference of original 

method: 

The methods and techniques used are in High Voltage Power Apparatus and the relevant references have been referred 

whenever needed 

Resource availability: This Method has been developed in MATLAB 

Introduction 

Bushings are designed for insulating the power transformer for indoor and outdoor applications. It is an insulated device that allows

the safe passage of electrical energy through an earthed wall. High voltage (HV) bushing must get operated in various pollution, hot,

cold, ambient, corrosive, and aggressive environmental conditions. When the bushings experience different atmospheric conditions, 

the pollutants get deposited on the surface of the bushings. This leads to dry band formation on the surface of the bushing and

undergoes a flashover mechanism [1] . 

Bushings are often made of porcelain-type ceramic materials. To endure the greater voltages and thwart surface erosion and

cracking, the porcelain components are covered with a glaze. In many substations, the insulators, bushings, and lightning arresters 

have typically been built with porcelain housings. Several research projects on high voltage insulators have been described by different

scholars [2–5] . Comparing porcelain bushing to polymeric bushings, porcelain bushing offers greater self-cleaning qualities. When 

compared to composite bushings, porcelain bushings feature robust chemical connections that resist ageing and have a long lifespan.

It is also simple to find the problem with porcelain bushings through visual investigation [6] . 

The severity of these polluted bushings relies on the deposition of bird secretions, natural dust, industrial contaminants, coastal

salt, drizzle, and dew [7] . Hence, in order to determine the level of pollution and the variables affecting the performance of the

pollution, the flashover performance of polluted bushings must be studied [8] . Pollutants that have built up on the surface of the

bushing throughout the course of its use do not conduct when the surface is dry.It turns into a conductive layer when it’s moist, which

may be what starts the leakage current [ 9 , 10 ]. When the voltage stress across the dry band is greater than the withstand capacity, an

arc may form. If the arc develops and flashover occurs frequently, the materials’ dielectric strength is reduced [11] . 

In order to assess the dielectric strength under polluted conditions, fake pollution testing was conducted to examine the pollution

behaviors on bushing surfaces. The most often utilized parameters for condition monitoring of HV bushings are the Equivalent Salt

Deposit Density (ESDD), Surface Conductance, Leakage Current, Air Pollution Measurements, Optical Measurements, and the Non- 

soluble Deposit Density (NSDD) [12] . At the start of the arc’s development, the magnitude of flashover voltage grew marginally,

and it dramatically increased when flashover really occurred. When the bushing is clean, the electric field component is vertical as

opposed to an overhead insulator, which results in a sliding sort of discharge. 

The solubility of the materials accounts for the variation in performance of the naturally and intentionally contaminated insulators,

even with the same ESDD. The contamination flashover voltage is significantly influenced by the surrounding temperature [13] . 

Moreover, the insulator configuration influences how well it performs during a flashover, so altering that configuration can raise the

flashover voltage [14] . Although hydrophobic polymer insulators often exhibit excellent contamination withstand voltage properties, 

a major lowering of withstand voltage can occasionally occur under rapid and intense wetting and contamination conditions [15] . 

During the flashover process, electrical field lines were confined in the dry band. When electric field intensity was high, discharge

started and it either covers partially or fully the surface of the bushing. The zero passage of alternating current (AC) current waveform

occurred before total flashover resulted in arc extinction. The restriking of arc was reformed after satisfying the reigniting condition

[16–19] . Effectively influencing the flashover process is the dry band formation. To forecast the flashover voltage under dry band

conditions, an arc model is investigated. The flashover rises as a result of incomplete arcs [20–22] . 

In this paper, dynamic modeling of HV bushing discharge under polluted conditions is done by a passive component of an electrical

network for different configurations such as pollution at lead-in region, lead-out region, and middle region of a 22 kV bushing with

and without RTV coating. Initially, the electrical component values are determined to describe the static stable model of the bushing.

The unstable flashover process of a bushing is then described using an extension of the static model, which can be used to calculate

the temperature, propagation velocity, leakage current, linear resistance, length and radius of the arc, and temperature. The findings

of the experimental procedure carried out in accordance with International Electro Technical Commission (IEC) 60507, solid layer 

pollution method, are then compared to the estimated flashover voltage and leakage current results. 

The structure of this work is as follows. The mathematical modelling of high voltage bushing for lead-in, lead-out, and middle

region single dry band creation as a result of pollution is covered in Section 2. Part 3 describes the experimental work linked to a

single dry band of HV bushing and provides a flowchart of the suggested work included in the dynamic arc modelling. Section 4

contains the findings and discussion. The paper is concluded in Section 5. 

Mathematical modeling 

For insulators, a variety of models, including static and dynamic models, have been put out to explain the pollutant flashover

process and forecast the flashover voltage [ 23 , 24 ]. The Obenaus model is a static model that takes into account an arc in series with

resistance [ 22 , 25 , 26 ], whereas dynamic models take into account an arc as time-dependent and an impedance made out of an RLC
2
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Fig. 1. Single dry band near lead-in region of HV bushing (a) without RTV coating (b) with RTV coating (c) Electrical equivalent circuit without 

RTV coating (d) Electrical equivalent circuit with RTV coating. 

 

 

 

 

 

 

 

 

 

 

 

 

 

circuit [27] . The creation of dry bands and the association between dry bandwidth and temperature were studied by Salthouse [28] .

This study takes into account contaminated bushing with single arc dry band formation on the surface close to the lead-in region,

lead-out region, and middle region. 

Single dry band near lead-in region 

The high electric field intensity at the electrode ends causes a mathematical model for bushing with a single dry band to form

close to the lead-in region due to pollution. The mathematical model for bushing having a single dry band near the lead-in region

due to pollution is formed near the electrode ends due to high electric field intensity at those regions. Fig. 1 (a) and 1(b) illustrate a

schematic representation of a rectangular bushing sample without RTV coating and a single dry band in series with pollution layer,

respectively (b). Fig. 1 (c) and 1(d) demonstrate the electrical equivalent circuit for a single dry band close to the Lead-in region with

and without RTV coating. 

This dynamic model consist of applied power frequency AC voltage 𝑉𝑎𝑝 ( 𝑡 ) , arcresistance ( 𝑅𝑦 ) , arc inductance ( 𝐿𝑦 ) , arc capacitance

( 𝐶𝑦 ) , pollution layer resistance ( 𝑅𝑝𝑜𝑙 ) . The value of arc resistance depends on discharge length which is a function of time which

is expressed in Eq. (1) [ 11 , 29 ]. The relationship between different circuit elements aids in finding the arc characteristics. The arc

resistance can be calculated using Mayor’s Equation [30] which is given by Eq. (1) . 

dRy 

dt 
=

Ry 

τ

( 

1 − Ry 
I2 y 
A 

) 

(1) 

where 𝐼𝑦 = Arc current, 𝜏 = Arc time constant, 𝐴 = Dynamic arc constant, 𝑅𝑦 = Discharge resistance, 𝑦 = Discharge length. The values

100μs is time constant and 10,000 is dynamic arc constant respectively [31] .The inductance involved is calculated using Eq. (2) in

[ 32 , 33 ]. 

𝐿𝑦 =
𝜇0 
2π

[ 
0 . 25 + ln 

( 

y 
rd 

) ] 
(2) 

Where rd is the discharge radius calculated using Eq. (3) is then used in Eq. (4) for calculating the capacitance value of the

discharge path. 

𝑟𝑑 =

√ 

Iy 
1 . 45π

(3) 

The discharge channel capacitance is calculated by using Eq. (4) [34] . 

𝐶𝑦 = 2 𝜋𝜀𝛼𝑦 
[ 
1 +

( 

𝑟𝑑 

𝐿 − 𝑦 

) ] 
(4) 

Where α𝑦 is calculated using Eq. (5) 

α𝑦 = 1 − 1∕

√ √ √ √ √ √ √ √ 

1 +
⎡ ⎢ ⎢ ⎢ ⎣ 
( w 

2L 

)⎛ ⎜ ⎜ ⎜ ⎝ 
1 

1 −
(

y 
L 

)⎞ ⎟ ⎟ ⎟ ⎠ 
⎤ ⎥ ⎥ ⎥ ⎦ 
2 

(5) 
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where 𝑤 is the width of the pollution. Wilkins model [24] is used to evaluate the ( 𝑅𝑝𝑜𝑙 ) using Eq. (6) for narrow band. 

𝑅𝑝𝑜𝑙 =
1 

2πσ

[ 
π( 𝐿 − 𝑦 ) 

w 

+ log 
( 

w 

2πrd 

) ] 
(6) 

Eq. (7) is used to calculate ( 𝑅𝑝𝑜𝑙 ) for wide band. 

𝑅𝑝𝑜𝑙 =
1 

2πσ

( 

log 2L 
πrd 

− log tan 
πy 
2L 

) 

(7) 

The insulation resistance is therefore calculated using Eq. (8) 

Rrtv =
ρ
2πl 

. ln (Rrtv ∕rd ) (8) 

The discharge current and flashover voltage are modeled using the state-space equation using Eq. (9) . 

dx 
dt 

= Ax + Bu (9) 

Eqs. (10) and (11) are the voltage and current governing equation for electrical equivalent circuit for lead-in dry band position

without RTV coating. 

𝑉𝑎𝑝 ( 𝑡) = 𝐼𝑦 ( 𝑡) 𝑅𝑦 ( 𝑦, 𝑡 ) + 𝐿𝑦 

𝑑𝐼𝑦 ( 𝑡) 
𝑑𝑡 

+ 𝑉𝑐 ( 𝑡) (10) 

𝐼𝑦 ( 𝑡) = 𝐶𝑦 
𝑑𝑉𝑐 ( 𝑡) 
𝑑𝑡 

−
𝑉𝑐 ( 𝑡) 

𝑅𝑝𝑜𝑙 ( 𝑦, 𝑡 ) 
(11) 

Eq. (12) shows the state-space equation for polluted bushing without RTV coating. [ dIy 
dt 
dVc 
dt 

] 

=
⎡ ⎢ ⎢ ⎣ 
−

Ry 
Ly 

− 1 
Ly 

1 
cy 

1 
Rpol Cy 

⎤ ⎥ ⎥ ⎦ 
[ 
Iy 
VC 

] 
+

[ Vap 
Ly 
0 

] 

(12) 

Eqs. (13) and (14) are the voltage and current governing equation for electrical equivalent circuit for lead-in dry band position

without RTV coating. 

𝑉𝑎𝑝 ( 𝑡) = 𝐼𝑦 ( 𝑡) 𝑅𝑦 ( 𝑦, 𝑡 ) + 𝐿𝑦 

𝑑𝐼𝑦 ( 𝑡) 
𝑑𝑡 

+ 𝑉𝑐 ( 𝑡) (13) 

𝐼𝑦 ( 𝑡) = 𝐶𝑦 
𝑑𝑉𝑐 ( 𝑡) 
𝑑𝑡 

−
𝑉𝑐 ( 𝑡) 

(
𝑅𝑟𝑡𝑣 + 𝑅𝑝𝑜𝑙 ( 𝑦, 𝑡 ) 

)
𝑅𝑟𝑡𝑣 ∗ 𝑅𝑝𝑜𝑙 ( 𝑦, 𝑡 ) 

(14) 

Eq. (15) shows the state-space equation for polluted bushing with RTV coating. [ dIy 
dt 
dVc 
dt 

] 

=
⎡ ⎢ ⎢ ⎣ 
− 𝑅y −Rrtv 

Ly 
− 1 

Ly 
1 
cy 

Rpol ∗ Rrtv 
(Rrtv + 𝑅pol )Cy 

⎤ ⎥ ⎥ ⎦ 
[ 
Iy 
VC 

] 
+

[ Vap 
Ly 
0 

] 

(15) 

Single dry band near lead-out region 

Due to the intensified electric field, the dry band forms close to the lead-out zone. Fig. 2 (a) depicts the creation of a dry band close

to the lead-out region of a contaminated bushing without RTV coating, and Fig. 2 (c) depicts the electrical equivalent circuit. Fig. 2 (b)

depicts the creation of a dry band close to the lead-out region of a dirty bushing with RTV coating, and Fig. 2 (d) depicts the electrical

equivalent circuit. 

Eqs. (16) and (17) are the voltage and current governing equation without RTV coating, and Eqs. (19) and (20) are used to describe

for RTV coated equivalent circuit. The equivalent circuit of pollution dry band formation near lead-out region of HV bushing without

RTV coating is given by Eq. (18) and bushing with RV coating is given by Eq. (23) . 

𝑉𝑎𝑝 ( 𝑡) = 𝑅𝑝𝑜𝑙 ( 𝑦, 𝑡 ) 𝐶𝑦 
𝑑𝑉𝑐 ( 𝑡) 
𝑑𝑡 

− 𝐼𝑦 ( 𝑡) 𝑅𝑝𝑜𝑙 ( 𝑦, 𝑡 ) + 𝑉𝑐 ( 𝑡) (16) 

𝑉𝑐 ( 𝑡) = 𝐼𝑦 ( 𝑡) 𝑅𝑦 ( 𝑦, 𝑡 ) + 𝐿𝑦 

𝑑𝐼𝑦 ( 𝑡) 
𝑑𝑡 

(17) 

[ dIy 
dt 
dVc 
dt 

] 

=
⎡ ⎢ ⎢ ⎣ 
−

Ry 
Ly 

1 
Ly 

1 
cy 

− 1 
Rpol Cy 

⎤ ⎥ ⎥ ⎦ 
[ 
Iy 
VC 

] 
+

[ 

0 
Vap 

𝑅𝑝𝑜𝑙 𝐶𝑦 

] 

(18) 

𝑉𝑎𝑝 ( 𝑡) =
𝑅𝑝𝑜𝑙 ( 𝑦, 𝑡 ) ∗ 𝑅𝑟𝑡𝑣 
𝑅𝑝𝑜𝑙 ( 𝑦, 𝑡 ) + 𝑅𝑟𝑡𝑣 

𝐶𝑦 
𝑑𝑉𝑐 ( 𝑡) 
𝑑𝑡 

− 𝐼𝑦 ( 𝑡) 
𝑅𝑝𝑜𝑙 ( 𝑦, 𝑡 ) ∗ 𝑅𝑟𝑡𝑣 
𝑅𝑝𝑜𝑙 ( 𝑦, 𝑡 ) + 𝑅𝑟𝑡𝑣 

+ 𝑉𝑐 ( 𝑡) (19) 
4
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Fig. 2. Single dry band near lead-out region of HV bushing (a) without RTV coating (b) with RTV coating (c) Electrical equivalent circuit without 

RTV coating (d) Electrical equivalent circuit with RTV coating. 

 

 

 

𝑉𝑐 ( 𝑡) = 𝐼𝑦 ( 𝑡) ( 𝑅𝑦 ( 𝑦, 𝑡 ) + 𝑅𝑟𝑡𝑣 ) + 𝐿𝑦 

𝑑𝐼𝑦 ( 𝑡) 
𝑑𝑡 

(20) 

[ 

𝑑𝐼𝑦 

𝑑𝑡 
𝑑𝑉𝐶 

𝑑𝑡 

] 

=
⎡ ⎢ ⎢ ⎣ 
−𝑅𝑦 + 𝑅𝑟𝑡𝑣 

𝐿𝑦 

1 
𝐿𝑦 

1 
𝐶𝑦 

− 𝑅𝑝𝑜𝑙 + 𝑅𝑟𝑡𝑣 
𝑅𝑝𝑜𝑙 ∗ 𝑅𝑟𝑡𝑣 ∗ 𝐶𝑦 

⎤ ⎥ ⎥ ⎦ 
[ 
𝐼𝑦 
𝑉𝐶 

] 
+

[ 

0 
𝑉𝑎𝑝 

(
𝑅𝑝𝑜𝑙 + 𝑅𝑟𝑡𝑣 

)
𝑅𝑝𝑜𝑙 ∗ 𝑅𝑟𝑡𝑣 ∗ 𝐶𝑦 

] 

(21) 

Single dry band in the middle region 

Fig. 3 (a) depicts the arrangement of a single dry band at the center of the HV bushing surface without RTV coating. This model

can be visualized as a combination of two single arcs, and Fig. 3 (c) depicts the electrical equivalent circuit. The electrical equivalent

circuit of the bushing with a dry band placed in the middle of an RTV coated bushing is shown in Fig. 3 (b) and 3(d). Eqs. (22 –29 )

determine the calculation procedure of equivalent circuit parameters with and without RTV coating. 

𝑉𝑎𝑝 ( 𝑡) = 𝑅𝑝𝑜𝑙1 ( 𝑦, 𝑡 ) 𝐶𝑦 1 
𝑑𝑉𝑐1 ( 𝑡) 
𝑑𝑡 

− 𝐼𝑦 1 ( 𝑡) 𝑅𝑝𝑜𝑙1 ( 𝑦, 𝑡 ) + 𝑉𝑐1 ( 𝑡) (22) 

𝑉𝑐1 ( 𝑡) = 𝐼𝑦 ( 𝑡) 𝑅𝑦 1 ( 𝑦, 𝑡 ) + 𝐿𝑦 1 
𝑑𝐼𝑦 ( 𝑡) 
𝑑𝑡 

+ 𝐼𝑦 ( 𝑡) 𝑅𝑦 2 ( 𝑦, 𝑡 ) + 𝐿𝑦 2 
𝑑𝐼𝑦 ( 𝑡) 
𝑑𝑡 

+ 𝑉𝑐2 ( 𝑡) (23) 

𝐼𝑦 ( 𝑡) = 𝐶𝑦 2 
𝑑𝑉𝑐2 ( 𝑡) 
𝑑𝑡 

−
𝑉𝑐2 ( 𝑡) 

𝑅𝑝𝑜𝑙2 ( 𝑦, 𝑡 ) 
(24) 

⎡ ⎢ ⎢ ⎢ ⎣ 
dIy 
dt 

dVC1 
dt 

dVC2 
dt 

⎤ ⎥ ⎥ ⎥ ⎦ =
⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 
−

Ry 
Ly 

1 
Ly 

− 1 
Ly 

1 
Cy1 

− 1 
Rpol 1 Cy1 

0 
1 

Cy2 
0 1 

Rpol 2 Cy2 

⎤ ⎥ ⎥ ⎥ ⎥ ⎦ 
⎡ ⎢ ⎢ ⎣ 
Iy 
VC1 
VC2 

⎤ ⎥ ⎥ ⎦ +
⎡ ⎢ ⎢ ⎢ ⎣ 

0 
Vap 

Rpol 1 Cy1 

0 

⎤ ⎥ ⎥ ⎥ ⎦ (25) 

𝑉𝑎𝑝 ( 𝑡) =
𝑅𝑝𝑜𝑙1 ( 𝑦, 𝑡 ) ∗ 𝑅𝑟𝑡𝑣 1 
𝑅𝑝𝑜𝑙1 ( 𝑦, 𝑡 ) + 𝑅𝑟𝑡𝑣 1 

𝐶𝑦 1 
𝑑𝑉𝑐1 ( 𝑡) 
𝑑𝑡 

− 𝐼𝑦 1 ( 𝑡) 
𝑅𝑝𝑜𝑙1 ( 𝑦, 𝑡 ) ∗ 𝑅𝑟𝑡𝑣 1 
𝑅𝑝𝑜𝑙1 ( 𝑦, 𝑡 ) + 𝑅𝑟𝑡𝑣 1 

+ 𝑉𝑐1 ( 𝑡) (26) 

𝑉𝑐1 ( 𝑡) = 𝐼𝑦 ( 𝑡) ( 𝑅𝑦 1 ( 𝑦, 𝑡 ) + 𝑅𝑟𝑡𝑣 1 ) + 𝐿𝑦 1 
𝑑𝐼𝑦 ( 𝑡) 
𝑑𝑡 

+ 𝐼𝑦 ( 𝑡) 
(
𝑅𝑦 2 ( 𝑦, 𝑡 ) + 𝑅𝑟𝑡𝑣 2 

)
+ 𝐿𝑦 2 

𝑑𝐼𝑦 ( 𝑡) 
𝑑𝑡 

+ 𝑉𝑐2 ( 𝑡) (27) 

𝐼𝑦 ( 𝑡) = 𝐶𝑦 2 
𝑑𝑉𝑐2 ( 𝑡) 
𝑑𝑡 

−
𝑉𝑐2 ( 𝑡) 

(
𝑅𝑝𝑜𝑙2 ( 𝑦, 𝑡 ) + 𝑅𝑟𝑡𝑣 2 

)
𝑅𝑝𝑜𝑙2 ( 𝑦, 𝑡 ) ∗ 𝑅𝑟𝑡𝑣 2 

(28) 

⎡ ⎢ ⎢ ⎢ ⎣ 
dIy 
dt 

dVC1 
dt 

dVC2 
dt 

⎤ ⎥ ⎥ ⎥ ⎦ =
⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 

−Ry −Rrtv 1 −Rrtv 2 
Ly 

1 
Ly 

− 1 
Ly 

1 
Cy1 

−𝑅𝑝𝑜𝑙1 ( 𝑦,𝑡 ) + 𝑅𝑟𝑡𝑣 1 
Rpol 1 Rrtv 1 Cy1 

0 
1 

Cy2 
0 

(
𝑅𝑝𝑜𝑙2 + 𝑅𝑟𝑡𝑣 2 

)
Rpol 2 Rrtv 2 Cy2 

⎤ ⎥ ⎥ ⎥ ⎥ ⎦ 
⎡ ⎢ ⎢ ⎣ 
Iy 
VC1 
VC2 

⎤ ⎥ ⎥ ⎦ ]] +
⎡ ⎢ ⎢ ⎢ ⎣ 

0 
( 𝑅𝑝𝑜𝑙1 ( 𝑦,𝑡 ) + 𝑅𝑟𝑡𝑣 1 )Vap 

Rpol 1 Rrtv 1 Cy1 

0 

⎤ ⎥ ⎥ ⎥ ⎦ (29) 
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Fig. 3. Single dry band near middle region of HV bushing (a) without RTV coating (b) with RTV coating (c) Electrical equivalent circuit without 

RTV coating (d) Electrical equivalent circuit with RTV coating. 

 

 

 

 

 

where Ly = Ly1 + Ly2 , Ry = Ry1 + Ry2 , 
𝑑Ry1 
𝑑𝑡 

=
Ry1 
𝜏
(1 −

Ry1 I2 y1 
𝐴 

) , 
𝑑Ry2 
𝑑𝑡 

=
Ry2 
𝜏
(1 −

Ry2 I2 y2 
𝐴 

) , Ly1 =
μ0 
2 𝜋 (0 . 25 + ln ( y1 rd1 

)) , Ly2 =
μ0 
2 𝜋 (0 . 25 + ln ( y2 rd2 

)) , Cy1 =

2 𝜋𝜀 α1 [1 + ( rd1 
𝐿 −y1 

) ] , and Cy2 = 2 𝜋𝜀 α2 [1 + ( rd2 
𝐿 −y2 

) ] . 
As it is represented using two arc model, suffix 1 and 2 represents the lead-out and lead-in portion of HV bushing. Eqs. (30) and

(31) are used to find the resistance of RTV coating bushing for narrow band equation and for wide band it is determined using

Eqs. (32) and (33) . 

For Narrow band: 

Rpol 1 =
1 

2 𝜋𝜎

[ 

𝜋
(
𝐿 − y1 

)
𝑤 

+ log 
( 

𝑤 

2 𝜋rd1 

) 

] 

(30) 

Rpol 2 =
1 

2 𝜋𝜎

[ 

𝜋
(
𝐿 − y2 

)
𝑤 

+ log 
( 

𝑤 

2 𝜋rd2 

) 

] 

(31) 

For Wide band: 

Rpol 1 =
1 

2 𝜋𝜎

( 

log 2 𝐿 

𝜋rd1 
− log tan 

𝜋y1 
2 𝐿 

) 

(32) 

Rpol 2 =
1 

2 𝜋𝜎

( 

log 2 𝐿 

𝜋rd2 
− log tan 

𝜋y2 
2 𝐿 

) 

(33) 

Flow chart of proposed work and experimental work 

The proposed work methodology is explained in Fig. 4 . 22 kV bushing is used in this work and dry band location is varied in

three different locations like lead in, lead out, and in the middle portion. Then, the proposed work is alienated into two segments. In
6
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Fig. 4. Proposed methodology. 

Fig. 5. Experimental setup. 

 

 

 

 

 

 

the segment one, mathematical modeling work is carried out and FOV, leakage current was predicted for different y/L ratio. In the

second section, experimental work is carried out for the same y/L ratio. The results were discussed and compared. The performance

of the bushing is analyzed with and without RTV coating. 

Experimental work 

The climatic and meteorological factors that lead to flashover on contaminated bushings have a major impact on the reliability of

power systems [ 35 , 36 ]. This causes system failures. In order to evaluate the bushings before employing them in a service, artificial

pollution is applied [37] . In this proposed work, artificial RTV is coated on the high-voltage bushing surface. The experimental

arrangement is displayed in Fig. 5 

Test specimen 

In this work, 22 kV bushing is taken as a test sample and artificial pollution is applied on the bushing with and without RTV

coating on the bushing surface. Fig. 6 shows the bushing taken for this work with and without RTV coating. 
7
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Fig. 6. (a) HV bushing without RTV coating on the surface (b) HV bushing with RTV coating on the surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Artificial pollution on bushing 

The test sample is washed with normal water, followed by distilled water. It is then cleaned with cotton. After that disodium

phosphate is applied to the bushing samples to remove unseen dust particles present on the surface of the bushing. Then RTV coating

is done on the sample. A mixture of 20 gm sodium chloride, 5 gm kaolin and 20 ml distilled water are used for artificial pollution

and it is applied by following solid layer method. The brushing method, as opposed to dipping or spraying, has been employed in

this study to apply pollution. It is crucial to use a dynamic approach, in which a model is based on the physical processes that make

up the phenomena, to construct a realistic arc model. In MATLAB, the suggested approach is used to compute flashover voltage.

The flowchart of arc propagation criteria and flashover voltage computation is described in Fig. 7 . In this proposed work, Wilkins

propagation criteria is used, which tries to extract maximum energy from source. 

ESDD measurement 

By using ESDD, pollutant severity is determined. Following testing, a little quantity of pollution layer is scraped off the bushing’s

surface, mixed in water for 30 to 40 min, and the solution’s temperature is recorded. IEC 60507:2013 is appropriate for the purpose

of the AC withstand characteristics of HV Bushing. Then, using IEC standard 60507, volume conductivity at a temperature of 200 °C

is determined using (34). 

𝑠20 = 𝑠𝜃[ 1 − 𝑎( 𝜃 − 20 ) ] (34) 

Where 𝜃 is the solution temperature (C), and 𝑎 is the influence contingents is calculated using Eq. (35) . 

𝑏 = −3 . 200 × 10 −8 ( 𝜃) 3 + 1 . 032 × 10 −5 ( 𝜃) 2 − 8 . 272 × 10 −4 ( 𝜃) + 3 . 544 × 10 −2 (35) 

The salinity of the pollution (Sa) is calculated using the Eq. (36) . 

𝑆𝑎 = (5 . 7 𝜎20 ) 1 . 03 𝑘𝑔∕𝑚 3 (36) 

ESSD is then calculated using salinity and area using the Eq. (37) . 

𝐸𝑆𝐷𝐷 = 𝑆𝑎 ×
𝑣 

𝐴 

𝑚𝑔∕𝑐𝑚2 (37) 

where V is the volume of solution(cm3 ) and 𝐴 is the area in the bushing surface corresponding to the pollution sample taken out

(cm2 ). 

Investigational arrangement 

Fig. 8 (a) depicts the experimental setup used to measure flashover in bushings without RTV coating, while Fig. 8 (b) depicts the

experimental setup for measuring flashover in bushings with RTV coating. An HV transformer, a capacitance voltage divider, and a

high voltage test specimen bushing make up the experimental setup. Control of the HV supply is done via the control panel. In this

proposed FOV is calculated using even rising method and leakage current is measured at the instant of HV discharge take place in the

bushing. In HV laboratory, initially the input supply is given to the HV coupling capacitor of rating 10,000 pF with the voltage rating

of 144 kV. Next to that, there is a HV transformer of rating 120/3 kV and rated current of 2 × 22.8/0.1 A. At last, testing bushing is

connected for testing with and without RTV coating for verification of mathematically derived breakdown voltage. The experimental 

test is conducted 10 times sequentially and the average value will be considered as a breakdown voltage. 
8
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Fig. 7. Mathematical Arc propagation dynamic model. 

Fig. 8. Flashover measurement of polluted bushing (a)Without RTV coating (b) with RTV coating. 

 

 

 

 

 

Results and discussion 

The pollution performance of single dry band near lead-in region, middle region, and lead-out region of 22 kV bushing is analyzed

for narrow and wide pollution band using FOV and discharge current. FOV and discharge current are predicted using mathematical

modeling for different y/L ratio. For measuring the effectiveness of Mathematical modeling, predicted FOV and discharge current 

are verified with the experimental results obtained in high voltage laboratory. The width of dry band for narrow and wide band is

quoted manually in the HV laboratory with dimension as mentioned in the Table 1 . 

Mathematical results 

Flashover voltage and leakage current for both narrow and wide pollution band are estimated from the mathematical model of a

single dry band located at the lead-in region, middle region, and lead-out region of 22 kV bushing. Table 1 shows the performance
9
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Table 1 

Mathematical results of FOV and Discharge current for single dry band at lead-in region of HV bushing. 

S. No. y/L Ratio Discharge current (mA) Flashover Voltage (kV) Discharge current (mA) Flashover Voltage (kV) 

Narrow band Wide band Narrow band Wide band Narrow band Wide band Narrow band Wide band 

Without RTV coating with RTV coating 

1 0.2 2.76 30.40 12.11 13.19 18.64 19.79 20.92 21.22 

2 0.3 3.16 34.13 12.18 14.01 20.35 21.32 29.49 29.88 

3 0.4 3.78 38.20 12.29 14.99 22.53 23.75 36.99 37.31 

4 0.5 4.67 42.70 12.46 16.20 25.45 27.31 43.30 43.54 

5 0.6 6.02 47.50 12.71 17.59 29.33 31.54 47.15 47.28 

6 0.7 8.80 54.12 13.21 19.43 30.95 33.25 51.28 51.98 

7 0.8 15.8 61.60 14.49 21.68 32.52 34.75 53.30 54.95 

Table 2 

Mathematical results of FOV and Discharge current for single dry band at lead-out region of HV bushing. 

S. No. y/L Ratio Discharge current (mA) Flashover Voltage (kV) Discharge current (mA) Flashover Voltage (kV) 

Narrow band Wide band Narrow band Wide band Narrow band Wide band Narrow band Wide band 

Without RTV coating with RTV coating 

1 0.2 2.74 30.30 24.14 25.17 0.2 24.79 26.69 59.14 

2 0.3 3.17 34.14 24.22 26.01 0.3 25.55 29.71 60.92 

3 0.4 3.78 38.20 24.29 26.98 0.4 29.37 32.13 62.49 

4 0.5 4.68 42.21 24.49 28.21 0.5 33.53 35.42 65.33 

5 0.6 6.06 47.76 24.87 29.74 0.6 37.44 37.79 68.91 

6 0.7 8.80 54.39 25.18 31.49 0.7 39.95 43.58 70.03 

7 0.8 15.80 61.80 26.43 33.79 0.8 42.51 45.32 72.25 

Table 3 

Mathematical results of FOV and Discharge current for single dry band at middle region of HV bushing. 

S. No. y/L Ratio Discharge current (mA) Flashover Voltage (kV) Discharge current (mA) Flashover Voltage (kV) 

Narrow band Wide band Narrow band Wide band Narrow band Wide band Narrow band Wide band 

Without RTV coating with RTV coating 

1 0.2 1.20 13.00 24.01 24.41 53.3 57.8 111.4 117.2 

2 0.3 1.28 14.00 24.03 24.70 57.2 60.1 117.9 121.9 

3 0.4 1.36 14.60 24.05 25.14 61.9 62.5 123.2 129.5 

4 0.5 1.40 16.06 23.59 25.95 65.2 67.9 109.6 113.7 

5 0.6 1.50 17.10 23.50 26.03 69.1 71.3 112.4 130.5 

6 0.7 1.70 17.23 24.21 26.37 72.7 77.9 133.5 141.9 

7 0.8 1.90 19.00 24.34 26.95 75.3 79.3 138.3 145.4 

 

 

 

 

 

 

 

 

 

 

 

 

of polluted bushing with and without RTV coating for different y/L ratios. The flashover voltage and discharge current increase with

the increasing y/L ratios. 

Both FOV and discharge current increase with an increase iny/L ratio for a narrow and wide band of the single dry band located

near the lead-in region of RTV coated and non-coated HV bushing because increase in dry band length results in increase of resistance.

For a single dry band located near the lead-out region, FOV and discharge current are calculated for RTV coated and non-coated HV

bushing are tabulated in Table 2 for with and without RTV coating. 

For increasing y/L ratios, FOV and discharge current increases in lead-out region exhibit similar behavior like lead-in region. On

comparing narrow and wide band of the single dry band for both lead-in and lead-out region, FOV and discharge is higher for wide

band due to increase in insulation resistance. Similarly for a single dry band located at the middle region of HV bushing, FOV and

discharge current are estimated for various y/L ratios and tabulated in Table 3 . 

FOV and discharge current increase with y/L ratio for narrow and wide band and magnitude for wide band dominates the narrow

band pollution in HV bushing. 

Experimental results 

The test specimen of a single dry band located at the lead-in region of HV bushing, for narrow and wide band of 0.8 y/L ratio is

shown in Fig. 9 . 

Table 4 contains the experimental findings and an analysis of the pollution performance of a 22 kV bushing with a single dry band

close to the lead-in region of the narrow and wide band. 

With an increase in discharge length in the HV bushing testing sample, the ESSD value decreases. FOV and discharge current are

increasing with an increase in y/L ratio for HV bushing with and without RTV coating. The experimental values are found to be good
10
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Fig. 9. Test specimen-22 kV bushing single dry band for 0.8 y/L ratio (a-b) without RTV coating, (c-h) with RTV coating (a-b) narrow and wide 

band near lead-in region, (c-d) narrow and wide band near lead-in region, (e-f) narrow and wide band near lead-out region, (g-h) narrow and wide 

band near middle region,. 

Table 4 

Experimental results of FOV and Discharge current for single dry band at lead-in region of HV bushing. 

S. No. y/L Ratio Discharge current (mA) Flashover Voltage (kV) Discharge current (mA) Flashover Voltage (kV) 

Narrow band Wide band Narrow band Wide band Narrow band Wide band Narrow band Wide band 

Without RTV coating with RTV coating 

1 0.2 0.123 2.35 28.74 11.65 11.87 17.52 17.49 18.29 

2 0.3 0.118 3.04 33.97 11.62 13.32 18.12 20.16 27.43 

3 0.4 0.115 3.38 37.95 11.85 13.85 20.35 21.75 34.98 

4 0.5 0.112 4.38 40.59 12.05 14.05 23.71 23.13 42.54 

5 0.6 0.104 5.95 45.33 12.35 15.35 27.32 29.95 44.54 

6 0.7 0.095 8.32 52.63 12.74 17.74 28.59 31.25 47.33 

7 0.8 0.089 14.43 58.50 13.96 20.23 30.23 33.37 48.41 

Table 5 

Experimental results of FOV and Discharge current for single dry band at lead-out region of HV bushing. 

S. No. y/L Ratio Discharge current (mA) Flashover Voltage (kV) Discharge current (mA) Flashover Voltage (kV) 

Narrow band Wide band Narrow band Wide band Narrow band Wide band Narrow band Wide band 

Without RTV coating with RTV coating 

1 0.2 0.123 2.55 28.03 22.15 23.65 22.36 24.59 57.22 

2 0.3 0.118 2.89 31.99 21.56 24.88 23.73 25.73 58.45 

3 0.4 0.115 3.52 37.27 22.31 25.62 27.15 27.18 60.12 

4 0.5 0.112 4.33 41.22 22.98 27.01 29.23 33.56 63.22 

5 0.6 0.104 5.86 45.89 22.55 28.41 34.32 34.79 66.98 

6 0.7 0.095 7.89 51.68 23.23 29.55 37.51 40.18 68.04 

7 0.8 0.089 13.99 58.33 24.12 31.66 41.15 42.38 71.89 

 

 

 

 

 

 

 

 

 

 

 

 

 

degree proximity with mathematical results. Experimental readings of FOV and discharge current of 22 kV bushing with the single

dry band near the lead-out region of narrow and wide band are shown in Table 5 . 

The ESSD value drops as the discharge length lengthens, but the FOV and discharge current lengthen as well. With an increase in

ESDD values, the FOV and discharge current magnitudes decrease. The wide band’s FOV and discharge current are larger than those

of the narrow band. The pollution performance of a 22 kV bushing with a single dry band in the midst of the narrow and wide band

is displayed in Table 6 . 

With an increase in discharge length, the ESSD value decreases but FOV and discharge current increases. Both the mathematical

and experimental results of the single dry band of the HV bushing at different locations are found to be in close agreement. As a

result, the mathematical model is created for the single dry band at various bushing locations. Each time the discharge length was

extended, the ESSD value decreased, while the FOV and discharge current increased. Increased discharge length causes flashover 

to fully extend, the resistive component leakage current to be the only one present, increasing the leakage current and (FOV). The

concordance between measured and calculated values of FOV and discharge current is shown in Fig. 10 . The measured results are

slightly lower than calculated. This is due to temperature rise, stochastic nature of flashover process, unassured uniform pollution

coating (after having great effort), discharge width role and vertical electrical field stress component. 

In bushing, the flashover process takes the form of sliding discharge as the electric field has a high-stress normal component

acting on the bushing surface. When flashover develops, the magnitude is characterized by inductance, arc resistance, and pollution

resistance connected in series whereas when the flashover gets fully elongated, this leakage current has resistive component current 

alone. With increase in ESDD, both FOV and discharge current decreases. With high ESDD, it facilitates the discharge current flow

resulting in high magnitude FOV and discharge current. Moreover, the mathematical values are slightly higher than experimental 
11
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Table 6 

Experimental results of FOV and Discharge current for single dry band at middle region of HV bushing. 

S. No. y/L Ratio Discharge current (mA) Flashover Voltage (kV) Discharge current (mA) Flashover Voltage (kV) 

Narrow band Wide band Narrow band Wide band Narrow band Wide band Narrow band Wide band 

Without RTV coating with RTV coating 

1 0.2 0.123 1.15 11.55 23.28 23.56 51.2 55.2 105.3 

2 0.3 0.118 1.02 12.32 22.15 22.23 55.2 58.2 109.2 

3 0.4 0.115 1.22 13.89 23.42 23.55 58.4 60.5 110.5 

4 0.5 0.112 1.31 14.22 21.22 24.26 61.2 65.6 105.4 

5 0.6 0.104 1.42 15.36 21.85 25.98 67.6 71.4 110.2 

6 0.7 0.095 1.67 15.89 22.36 25.42 71.4 75.2 128.8 

7 0.8 0.089 1.78 17.22 22.85 25.02 73.2 78.4 130.3 

Fig. 10. Comparison of FOV for narrow and wide pollution band without RTV coating (a) Narrow (b) Wide (Mathematical Model and Experimental). 

 

 

 

 

 

 

 

results as an increase in temperature, ESDD values, slight non-uniform pollution coating despite great effort, vertical electric field 

stress component are not accounted in the proposed dynamic model. Besides, the unique characteristics of experimental determination 

is also an added reason for the deviation in results. 

Conclusion 

The proposed bushing model developed for the single dry band at different locations namely lead-in, lead-out and middle region.

This model is used to characterize the discharge propagation process leading to flashover for AC voltages. Hence it aids in enumerating

the characteristic parameters which will tend to give a high flashover voltage. The mathematical model predicted the FOV and

discharge current for dry band location at lead-in, lead-out, and middle region of the contaminated bushing with and without RTV

coating. The influence of dry band location in HV bushing on flashover voltage is studied for different y/L ratios, dry band locations

and ESDD. The predicted flashover voltage and leakage current from the mathematical model for HV bushing for different dry band

locations are found to have a good degree of agreement with experimental values for HV bushing for different dry band locations. 
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