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ABSTRACT Fast and very fast transient overvoltages generally appear during switching operations within 

electrical substations. The oscillatory nature of such phenomena with frequencies that can reach several tens 

of megahertz tends to degrade the lifetime of high voltage equipment such as bushings and transformers, 

inducing partial discharges activity or breakdown of the insulation system. According to several case studies, 

bushings are one of the most sensitive parts to such overvoltages, indeed, a failure in a bushing will in most 

cases lead to a failure of the transformer, often catastrophically. Generating such overvoltages with a very 

high frequency character and considerable amplitude can be very difficult, moreover, studying the effect of 

such overvoltages on the insulated bushings is not easy, even experimentally. Therefore, a simulation of the 

fast transients in the system can be very useful to understand the consequences of such phenomena. In this 

context, this document aims to propose a model of high voltage capacitive graded oil impregnated paper 

(OIP) bushing based on a distributed electrical circuit. The equivalent circuit is constructed based on the 

geometric design and electrical properties of the materials. The model was developed and implemented using 

Matlab/Simulink® software, and was validated with experimental measurements based on impedance sweep 

frequency analysis. The modeling results are in a good agreement with the experimental ones. 

INDEX TERMS Bushing, distributed circuit model, high voltage, high frequency, impedance analysis, 

numerical modeling, overvoltage, power transformer, very fast transient.  

I. INTRODUCTION 

Bushings play a very important role in the conduction of 

electrical energy. They ensure the passage of electric current 

through the walls (structure of a transformer, walls of 

substations, etc.) as well as the connection between high 

voltage equipment, such as transformers, generators, Gas 

Insulated Switchgear (GIS), and the lines of the electrical 

network [1]–[3]. However, this very essential element in the 

electrical grid is known to be the most critical and sensitive 

[4], [5]. A failure can occur either locally or globally, 

resulting in a complete loss of bushing characteristics. A 

power transformer can have up to 10 bushings, and the 

failure of only one of them could induce total transformer 

failure [5]. In power transformers, the price of a single 

bushing is only a fraction of that of the transformer. This 

could lead to the conclusion that diagnosing the condition of 

the bushings is not economical because they can just be 

replaced in case of failure. However, about 41% of all high 

voltage bushing failures result in a transformer fire or 

explosion [5]–[7]. A bushing failure can damage a 

transformer in different ways. It has been found that the 

explosion of the upper porcelain insulator ejects fragments at 

tremendous speeds which possess a destructive effect. In 

addition, the bursting of the lower part modifies the internal 

dielectric characteristics of the transformer due to the burns 

and waste which pollute its active part [8]. Because of the 

fact that the oil inside the transformer is not static, the metal 

debris due to the explosion of the internal electrodes can be 

easily transported relatively far from the point of impact thus 

causing other damage such as the rupture of insulation or 

partial discharges [9], [10].  

It is known that all the high voltage equipment that makes 

up the substations are exposed to overvoltages of different 

forms. According to the IEC standard [11], these transient 

overvoltages are classified into three categories: Slow-front 

overvoltages usually caused by the commissioning and 

energizing of transformers, Fast-front overvoltages often 
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referred to as lightning surge and finally Very fast front 

overvoltages (VFTO: Very Fast Transient Overvoltage) 

which frequently appear during the switching operations of 

the disconnectors inside the GIS substations [12]–[14]. This 

last category is distinguished by its very low rise time of the 

order of 4 to 100 ns and is not yet covered by conventional 

acceptance tests. The bushings are the most sensitive parts 

during VFTO events due to their very compact and fragile 

structure [15], [16]. Faced with such a phenomenon, the 

distribution of the potential inside the capacitive body of the 

bushing becomes non-uniform, thus causing discharges 

which gradually degrade its internal insulation [10], [17]. 

Transients can also be responsible for disturbance of control 

command and communication circuits at weak currents by 

conduction or electromagnetic radiation, a drop in continuity 

of service and a danger to the safety of people. 

The impact of very fast transients on bushings has been 

observed for a long time, however, with the development of 

electrical network architectures and the tendency to integrate 

intermittent renewable energies and power electronic 

converters, the energy network becomes more complex and 

generates, consequently, more frequent operation of 

switching systems, which increases the likelihood of having 

very severe transients [3], [18]–[20]. 

These phenomena of non-standard transient overvoltages 

rise a lot of concern to ensure the performance of high 

voltage systems over the long term, and to understand the 

behavior and the constraints that these bushings can undergo 

under such high frequency waves. Carrying out such a study 

experimentally can be very difficult and complicated 

especially if it is a question of generating such very high 

amplitude overvoltages with a frequency character of the 

range of several tens of megahertz. Developing a high 

frequency model capable of simulating the bushing behavior 

under fast transients is a fundamental step to understand 

these phenomena and their consequences on the bushings 

and the transformers. This model must be able to give the 

same frequency response as that of the bushing under fast 

transient overvoltages. 

In the literature, the works dealing with bushing modeling 

in high frequencies are so few. The choice of modeling 

approach is a crucial step to get accurate results. The finite 

element method is one of the modeling approaches that can 

be used to study the electric field distribution in bushing 

under transient [21]. It makes it possible to have the electric 

field distribution in the bushing under different electrical and 

thermal conditions [16], [22]. Despite its high accuracy, it 

has a very high computation time especially when dealing 

with a complex system, high frequency and iterative 

computations [23]. Moreover, the knowledge of the internal 

design and the dimensions of each part of the bushing is 

necessary for the modeling part, because numerical 

modelling such as FE method and analytical formulas are 

based on geometrical dimensions and the materials 

properties. In this work, a distributed electrical circuit model 

has been carried out [16]. This model has several advantages 

such as reduced computation time and high accuracy [12]. It 

allows access to the electrical quantities such as voltage and 

current in each part and each layer of the bushing. Electric 

circuit based modeling approach has been employed 

efficiently for transformers modeling [24], [25]. However, 

this modeling approach based on electric circuits with 

lumped constants remains valid if the device remains small 

compared to the minimum wavelength of the maximum 

study frequency. That’s why a distributed version of the 

equivalent circuit model is used in this paper due to the size 

of the studied device. To achieve such a model, several study 

steps have been accomplished, they have been structured into 

three main sections: sweep frequency impedance analysis 

section where the experimental setup and protocols are 

described, bushing modeling section where the different 

steps for the circuit elements parameters determination and 

their frequency validity are presented, and results and 

discussion section where the results of both experimental and 

modeling studies are presented and discussed. 

 
II. SWEEP FREQUENCY IMPEDENCE ANALYSIS 

To validate a model, it is necessary to compare its response 

with the experimental response of the bushing. For the 

experimental study, the sweep frequency impedance analysis 

[26]–[29], which consists of measuring the impedance of the 

bushing over a wide range of frequencies, has been carried out 

in this work. This technique is considered as an efficient non-

intrusive tool for fault diagnosis in transformers and their 

accessories. 

A. EXPERIMENTAL SETUP 

The bushing under investigation is characterized by a nominal 

voltage of Un = 145 kV, and a nominal current In = 2 kA 

(Figure 1). Its active part (internal part) is based on oil 

impregnated paper (OIP) capacitive grading technology, with 

41 aluminum conductive layers. The bushing was installed 

horizontally in a wooden box insulated from the ground and in 

a suitable position while leaving the central conductor as well 

as the test tap accessible for measurement. To perform the 

measurements, a high-resolution KEYSIGHT AGILENT HP 

4294A impedance analyzer with a bandwidth ranging from 40 

Hz to 110 MHz was used. The analyzer is equipped with a 

measurement probe which offers the possibility of performing 

measurements with high precision. An impedance calibration 

kit is also used, essentially comprising open circuit, short 

circuit and 50 Ω load standards. The purpose of the calibration 

is to compensate some disturbances generated by the 

measurement cables and which appear at high frequency. To 

confirm the status or accuracy of the calibration, a 25 Ω 

resistive load is used, this impedance value was not used 

during the calibration phase. 

The objective of the experimental setup is to characterize 

the impedance of the bushing as a function of the frequency 

for three test configurations which are presented in Figure 1.  
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(a) 

(b) 

 

 

 

 

 

 

 

(c) 

(d) 
FIGURE 1.  Experimental configurations for impedance analysis. (a) 
Bushing image. (b) Configuration 1: Impedance analysis between the 
central conductor and the test tap on the lower side of the bushing 
(Transformer side). (c) Configuration 2: Impedance analysis between 
the central conductor and the test tap on the upper side (Line side). (d) 
Configuration 3: Impedance analysis between the terminals of the 
center conductor with the test tap connected to the ground. 

 

In the first configuration, the impedance is measured 

between the central conductor and the test tap on the lower 

side of the bushing (transformer side). In the second 

configuration, the measurement is made also between the 

central conductor and the measurement tap, but on the upper 

side of the bushing (line side). In the third configuration, the 

impedance is measured between the central conductor 

terminals with the test tap isolated from the ground. For this 

third configuration, preliminary measurements have shown 

that the connection of the test tap to the ground does not affect 

considerably the frequency response. 

B. MEASUREMENT PROTOCOL 

For accurate measurements, an experimental protocol of 

several steps was followed: 

1) Adjustment and configuration of the impedance analyzer by 

choosing the number of data to be collected (in our case, the 

choice was made on 801 points.), initial and final frequency of 

the Sweep as well as the logarithmic display scale. 

 

(a)  

(b)  

FIGURE 2.  Results of impedance measurement of 25 Ω resistor 
after the calibration over a wide range of frequency up to 20 MHz, (a) 
the amplitude, (b) the phase. 

 

2) A calibration process is carried out (open circuit, short 

circuit, and load) for each measurement configuration due to 

the length of the wires which changes for each test.  

3) Verification of the calibration quality with the minimum 

loss resistor of 25 Ω. 

4) Make the connection on the bushing and start the 

measurement of the impedance spectrum and save the data. 

6) Repeat the same steps for each measurement configuration 

shown in Figure 1. 

It should be noted that the maximum studied frequency is 

20 MHz. The compensation of all the disturbances for 

frequencies higher than 20 MHz was not possible. The results 

of the measurements of the minimum loss resistor of 25 Ω 

after the calibration is illustrated in Figure 2. One can see that 

the perturbations have been successfully compensated and 

eliminated over the entire frequency range. 

III. BUSHING MODELING 

In this work, a distributed electric circuit method is used 

because of its simplicity, and its proved applicability for 

modeling several electrical systems such as power 

transformers [24], transmission lines [30], etc. In this section, 

the analytical equations allowing the calculation of R, L and C 

elements of the equivalent circuit will be presented and 

validated by finite element simulation on COMSOL 
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Multiphysics®. The simulation aims to identify in which 

frequency range the analytical equations are valid. The 

equivalent circuit is implemented on Matlab/Simulink® and 

will be subjected to impedance analysis tests to extract its 

signature, which will be compared with the results of the 

experimental study. 

A. DISTRIBUTED CIRCUIT MODEL 

The distributed element model assumes that the circuit 

elements (resistance, capacitance, and inductance) are 

continuously distributed throughout the circuit material of the 

system to be modeled. In the distributed element model, each 

element of the circuit is infinitely small. Such a model assumes 

a non-uniform current along each branch and a non-uniform 

voltage along each wire. The distributed model is used where 

the wavelength becomes comparable to the physical 

dimensions of the circuit. This occurs at high frequencies, 

where the wavelength is very short [31]. 

The knowledge of the internal design and the dimensions of 

each part of the bushing is necessary for the modeling part, 

because all the analytical formulas are based on geometrical 

dimensions and the materials properties. The active part of the 

bushing under investigation is made up of multiple aluminum 

layers arranged in a staircase in the upper and lower part of the 

bushing. The last layer is connected to the test tap. These 

layers are isolated from each other by OIP (ɛr = 4.2). This 

arrangement of the layers makes it possible to better control 

both radial and axial distribution of the electric field, and keep 

it within the design rules limits. Figure 3 shows a simplified 

cross-sectional diagram of the bushing, and its equivalent 

circuit. The conductive parts such as the central conductor and 

the aluminum layers are modeled by an R-L series equivalent 

circuits. The dielectric parts are modeled using R-C parallel 

equivalent circuit at the early stage, then an equivalent series 

resistance has been added in order to improve the model at 

high frequencies (Figure 3.b). The circuit elements equations 

are described in the next section. 

B. ANALYTICAL EQUATIONS 

In the following, the elementary circuit parameters per unit 

length R, L, G and C of a coaxial line will be described.  

 

Capacitance and leakage conductance of insulating 

material: 

The capacitance per unit length in F/m and the conductance 

per unit length in S/m of an insulating material in coaxial 

geometry (which corresponds to a crossing section of the 

bushing with a single sheet) with the central conductor having 

radius a and the outer conductor having radius b, can be 

expressed by the equations: 

  

 
2πε

C  
ln b / a

        (1) 

(a) 

 

(b) 
FIGURE 3.  (a) Cross-sectional layout of the bushing, and its 
equivalent circuit. The blue segments are referring to the dielectric 
insulation between the aluminum sheets and the central conductor. The 
red segments are referring to the dielectric insulation between the 
aluminum sheets. (b) One single element of the equivalent circuit. 
 

 

 
2πσ

G  
ln b / a

      (2) 

 

Where, ɛ and σ are the permittivity and the electrical 

conductivity of the insulating material respectively. 

For a bushing composed of multiple layers, the linear 

capacitance and conductance between two successive layers 

can be expressed respectively as:  

 
    

2πε
C i  

ln D i 1 / D i




    (3) 

 

 
    

2πσ
G i  

ln D i 1 / D i




        (4) 

 
Where, i = 0, 1, …, n is the layer number. i = 0 for the inner 

conductor. D(i) is the inner diameter of the layer number i. 

 

Inductance and resistance of conducting material: 

The inductance per unit length of the central conductor (in 

H/m) with a magnetic permeability µ in a coaxial 

configuration is described by the equation: 
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b

c

a

μ μ b
L .dr   .ln  

2πr 2π a

   
    

   
    (5) 

 

With a being the outer radius of the central conductor, and b 

the inner radius of the outer conductor. This equation is 

generally referred to as the coaxial cable high frequency 

inductance. For the aluminum sheets, the current sheet theory 

can be used, the equation (6) suggested by [32] is employed to 

calculate the self-inductance: 

 

layerL μ A / h      (6) 

 

A represents the cross-sectional area of the sheet, and h its 

length. 

The resistance per unit length of the central conductor 

which has a cylindrical shape can be expressed as follows: 

 

c

1
R    

σ.S
      (7) 

 

With S being the section of the conductor and σ its electrical 

conductivity. 

The equation (8) presents the inherent resistance per unit 

length of each cylindrical aluminum sheet considering the 

internal and the external radiuses, b and b’ respectively of the 

layer:  

 

 
layer 2 2

R
πσ b b

1

 



    (8) 

Before establishing the high frequency circuit model, it is 

necessary to ensure in which frequency range the equations 

determined previously are valid. Due to the non-linear 

behavior in high frequencies, the behavior of the equivalent 

electric circuit can be very complex, this non-linearity is 

translated by the frequency dependence of the parameters of 

the circuit. In the following, finite element simulations of a 

crossing section have been carried out on COMSOL 

Multiphysics® to study the frequency behavior of each 

element of the circuit. 

C. NUMERICAL SIMULATION 

To determine the properties of the inductive and the 

insulating materials, an electromagnetic study was carried 

out on COMSOL Multiphysics® for a 2D geometry which 

represents an elementary section of a crossing Figure 4.  

To simulate the bushing conductive parts, five circles were 

designed in COMSOL Multiphysics® with radiuses of 40, 

41, 41.2, 42 and 42.2 mm. This geometry consists of a central 

conductor and two concentric aluminum sheets. The 

conductive parts are defined as Coils (single-turn coil in 

COMSOL Multiphysics®), to be able to excite them using  

 

 

(a) (b) 
FIGURE 4.  Cross-sectional geometry of the bushing (a) without and 
(b) with a mesh. 

 

TABLE I  

THE PHYSICS USED FOR FINITE ELEMENT MODELING AS 

WELL AS THE ASSOCIATED EQUATIONS. 

Physic Equations 

 

 

Magnetic and electric fields 

module 

 

 H J  

=B A  

  V jω  E A  

 

Electrostatics module 

 

ρ  D  

  V Ε  

an electric current. The length of the system along the z axis 

is fixed at 864 mm. Aluminum was used as conductive 

material in both central conductor and the sheets with a 

conductivity value per unit length of 36.9*106 S/m and 

relative permeability of 1. Oil impregnated paper is 

considered as insulating material with a lineic conductivity 

of 6.3*10-11 S/m and a relative permittivity of 4.2. The mesh 

adaptation is an essential step to get accurate results. In our 

case, a triangular mesh has been chosen, it is important to 

ensure that the mesh is refined enough at the interfaces. The 

meshed geometry is illustrated in Figure 4.b. The used mesh 

is composed of 32420 elements, with a size ranging between 

200 µm and 5 mm, depending on the region. 

To solve such a finite element model in frequency domain, 

two physics were used in COMSOL, "magnetic and electric 

fields" and "electrostatics", which allow the solution of 

Maxwell equations summarized in the Table I. In these 

equations, H represents the magnetic field, E: the electric 

field, D: displacement field, B: magnetic induction, A: 

magnetic potential vector, V: the electric potential, J: current 

density, ρ: the space charge which is neglected in this 

simulation. 

Inductances: 

By solving the above equations, the inductance of the 

conductive parts has been determined using the energy method 

based on the total magnetic energy of the system. The equation 

can be defined as [34], [35]: 
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m2

2
L W  dΩ

I
      (9) 

Where Wm being the magnetic energy density determined 

from an integrated function in COMSOL Multiphysics®. I is 

the current crossing the conductive part which equals to 1 A. 

The variation of inductance of the central inductor and the 

first aluminum sheet in a frequency range from 1 to 108 Hz is 

listed in the Table II. One can notice that the inductance value 

of the central conductor decreases as a function of the 

frequency then it stabilizes at high frequencies. The analytical 

calculation of the inductance using the equation (5) with b = 

41 mm, a = 40 mm and l = 864 mm give an equal value of 

4.2669*10-9 H. This value, according to simulation results 

presented in Table II, is not valid in the frequency range from 

1 to 105 Hz, nevertheless it is close to numerical values for 

frequencies higher than 105 Hz. This means that the equation 

(5) which will be used in the model is guaranteed only at high 

frequencies. This observation has also been affirmed in the 

literature [36]. 

The same approach was applied for the aluminum layers. 

By applying a current of 1 A, the inductance of the first layer 

was calculated for different frequency values (See Table II). 

These results show that the value of the inductance is almost 

constant up to 106 Hz, then it decreases for higher frequencies. 

This inductance was also calculated analytically using the 

same equation (5). The result of the calculation showed that 

this equation is not accurate for the aluminum layer. However,  

using the equation (6), the inductance of the first layer gives a 

value of 7.51*10-11 H. This value is a little bit higher than but 

in the same order of magnitude of the numerical values 

obtained using COMSOL Multiphysics® for frequencies 

lower than 106 Hz. It is observed that the used equations for 

the central conductor and the sheets are valid at different 

frequency ranges. The equation used for the sheets 

underestimates the inductance values for frequencies higher 

than 1 MHz. This can be explained by the fact that both 

equations do not consider the frequency effect. The 

assumption of not considering the frequency effect has been 

made in this work in order to simplify the problem. The 

complexity of the busing geometry and the interactions 

between the conductive layers makes it very difficult to get an 

accurate analytical equation for the inductance in a wide 

frequency range.  

 

Resistances: 

The electromagnetic simulations carried out previously make 

it possible also to calculate the resistances of the central 

conductor and the aluminum layers. Theoretically, this 

resistance varies considerably with frequency due to the skin 

effect. The results of the frequency domain study on 

COMSOL Multiphysics® confirm this as shown in Figure 5.a 

in which the skin effect is clearly visible through the surface 

distribution of the current density in the central conductor. 

Table III presents the resistance values obtained using 

numerical simulation for the central conductor and the first 

aluminum sheet. Modeling the skin effect endowed with a 

non-linear resistance behavior by an electrical circuit is very 

difficult. That said, for a first step, an assumption was made, 

neglecting the skin effect. Therefore, we have used the classic 

analytical equation (7) which is valid only at very low 

frequency and which gives a value of 4.66*10-6 Ω.  

The same numerical study has been applied to the aluminum 

layers except that the thickness of the latter is of the order of a 

micrometer. The skin effect in this case is almost negligible, 

this can be seen through the density distribution of current 

illustrated in Figure 5.b. The numerical calculated resistance 

values of the first aluminum layer are presented in the third 

column of Table III, one can see that the resistance is nearly  

(a) 

(b) 
FIGURE 5.  Illustration of the skin effect. (a) Distribution of the current 
density in the central conductor for a frequency of 1000 Hz. (b) 
Distribution of the current density in one aluminum sheet for a 
frequency of 1000 Hz. 

TABLE II   

SELF-INDUCTANCE OF THE CENTRAL CONDUCTOR AND 
THE FIRST ALUMINUM SHEET AS A FUNCTION OF THE 

FREQUENCY 

Frequency [Hz] Central conductor 

inductance [H] 

Aluminum sheet 

inductance [H] 

1 4.7442E-8 7.0073E-11 

50 2.9119E-8 7.0073E-11 

100 2.1983E-8 7.0073E-11 

1000 9.9212E-9 7.0073E-11 

10000 6.0578E-9 7.0073E-11 

1E5 4.8248E-9 7.0047E-11 

1E6 4.3134E-9 6.7525E-11 

1E7 4.2674E-9 1.4682E-11 

1E8 4.2669E-9 1.8525E-13 
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constant between 1 and 105 Hz. The analytical equation (8) 

was used to calculate the inherent resistance of the first layer 

and it gives a resistance value of 4.53*10-4 Ω. 

 

Capacitances:  

To study the variation of the capacitance of the dielectric (oil 

impregnated paper) as a function of the frequency, an 

electrostatic frequency domain study was carried out in 

COMSOL Multiphysics®. 

Let’s take as an example the dielectric located between the 

central conductor and the first layer. To calculate this  

capacitance (denoted C1), one of the conductors is put under 

voltage of 1 V while the other is put at zero potential. This 

allows to apply the energy method based on the total electrical 

energy density of the system defined by the equation (10) to 

deduce the value of the capacitance C1: 

 

1 e2

2
 C E  dΩ

V
                    (10) 

Where, Ee is the electric energy density determined from an 

integrated function in COMSOL Multiphysics®. V is the 

applied voltage which equals to 1 V. 

The same approach is applied to calculate the capacitance 

C2 of the dielectric between the first and the second layer. As 

the Electrostatic module was used to model the capacitances 

and none non-linear behavior was taken into account, the 

results show that the capacitances C1 and C2 are constant and 

their values are 8.17*10-9 F and 1.05*10-8 F respectively. The 

calculation of these capacitances by the analytical equation 

(3) gives the same results.  

This finite element simulation allowed us to verify the 

analytical equations and evaluate their accuracy over a wide 

range of frequency. Indeed, it has been found that each 

analytical equation is only valid over a very specific frequency 

range, for example, the calculation of the resistances has 

shown that it is only valid at low frequencies. In fact, the 

analytical equations don’t consider the frequency effect. 

Making such assumptions simplifies the study in terms of the 

complexity of the electrical circuit and simulation time. 

However, these assumptions can also have negative  

 

FIGURE 6. Electrical model of the test tap outlet added to the previous 

model. 

consequences on the accuracy of the model. In this work, we 

will be satisfied with these equations for the calculation of the 

elements of the equivalent circuit. However, to get a more 

accurate model, the frequency effect should be considered. 

Once these equations have been validated, the next task is 

to build up the model of the bushing based on the elementary 

electrical circuit. 

D. MODEL IMPROVEMENT ELEMENTS 

The results of the first modeling, which will be presented in 

the next section, were not satisfactory in high frequencies, so 

these model improvements have been made.  

To improve this model, an equivalent electrical circuit of 

the test tap which is connected to the last aluminum layer is  

considered. The test tap is essentially composed of a small 

multi-strand wire welded to the last aluminum sheet, this 

means that it can be modeled by a simple inductance Ltap. On 

the other hand, a parallel capacitance Ctap is also considered in 

this model which represents the capacitance between the 

grounded layer and the flange as shown in Figure 6. The 

calculation of these quantities was made approximatively, 

their values are 0.1 µH and 0.65 nF for the tap inductance and 

the capacitance respectively.  

On the other hand, a modification has been made in the 

elementary circuit of the dielectric material by adding an 

equivalent series resistance (ESR) [37], [38]. This series 

resistive element represents the energy losses through the 

heating generated by current. It depends on the type of the 

dielectric material and the electrodes; it is related to the 

dissipation factor of the dielectric. In other words, there is an 

expression that relates this dissipation factor (tan δ) with the 

capacitance of the dielectric and the ESR [39], and can be 

calculated using the equation : 

c

ESR
tan δ

Z
       (11) 

By knowing tan δ and the impedance Zc one can determine the 

value of the ESR, however the dissipation factor is frequency 

dependent, and the manufacturer provides it only at industrial 

frequency (equal to 2.4*10-3 at industrial frequency 50 Hz). To 

determine the ESR in this case, we will directly use the first 

two impedance measurements (measurements 1 and 2) on 

which we can extract the value of the impedance which 

corresponds to the natural resonance frequency (10 MHz in 

our bushing), this value corresponds to the series equivalent 

resistance of the entire bushing ESRT. Knowing that the  

TABLE III  

NUMERICAL CALCULATION OF THE RESISTANCE OF THE 

CENTRAL CONDUCTOR AND THE FIRST ALUMINUM SHEET 

AS A FUNCTION OF THE FREQUENCY 

Frequency [Hz] Central 

conductor 

resistance [Ω] 

Aluminum sheet 

resistance [Ω] 

1 4.6635E-6 4.5335E-4 

50 9.2293E-6 4.5335E-4 

100 1.2497E-5 4.5335E-4 

1000 3.6751E-5 4.5335E-4 

10000 1.1373E-4 4.5336E-4 

1E5 3.8881E-4 4.5421E-4 

1E6 0.0011461 5.3576E-4 

1E7 0.0012583 0.0022452 

1E8 0.0012597 0.0027141 
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(a) 

 

(b) 

FIGURE 6. Impedance frequency analysis of the bushing using the 
configuration 1, without improvement elements. Model results in blue 
and experimental results in red. (a) amplitude measurement, (b) phase 
measurement. 

crossing has 41 layers and each layer contains an ESR, then 

dividing ESRT by 41 will therefore give the value of the 

resistance for one layer. The accuracy of this simplified 

approach can be questioned, however, the simulation results 

have shown a remarkable improvement when ESR has been 

added at each layer, the results are presented in the next 

section. 

In addition to the test tap circuit elements and the ESR, an 

inductive element with a suitable estimated value has been 

added in series of the circuit in order to compensate additional 

inductive components of the measurement cables and the 

central conductor terminations. 

IV. RESULTS AND DISCUSSION 

In this section, the results of the impedance analysis of the 

bushing circuit model are analyzed and compared with the  

 

(a) 

 

(b) 

FIGURE 7. Impedance frequency analysis of the bushing using the 
configuration 2, without improvement elements. Model results in blue 
and experimental results in red. (a) amplitude measurement, (b) phase 
measurement. 

experimental results. The simulation has been carried out 

using Matlab/Simulink®, on the same configurations studied 

experimentally, with frequencies ranging from 0.1 to 

20MHz. The results of the model excluding the improvement 

elements are presented firstly, then the results of the model 

including the improvement elements. 

A. RESULTS WITHOUT MODEL IMPROVEMENT 
ELEMENTS 

The simulation and experimental results of the amplitude and 

the phase are presented in Figures 6, 7 and 8 for the 3 

configurations 1, 2 and 3 (check Figure 1) respectively. 

It can be seen from Figures 6, 7 that the curves from the 

model and the experiments are almost superimposed 

between 0.1 and 8 MHz with a pure capacitive behavior in 

terms of amplitude and a phase of – 90°. However, when the 

frequency reaches 8 MHz, the model results diverges from  
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the measurements with the appearance of several resonances 

and antiresonances of high amplitude at frequencies higher 

than 10 MHz. These deviations can be attributed to high 

frequency response of the equivalent circuit and the 

simplification assumptions considered. The responses 

obtained for the 3rd configuration (Figure 8) represent an 

inductive behavior with a phase equal to 90°, with the 

presence of some resonances for frequencies higher than 10 

MHz. Indeed, a difference of amplitude is observable 

between the model (blue curve) and the experimental results 

(red curve). The difference value depends on the frequency, 

it is smaller at low frequencies and larger at high frequencies. 

This may be due to the assumption that was taken into 

account in the modeling of the central conductor with a 

circuit R-L series which does not take skins effect into 

consideration. Neglecting such a nonlinear phenomenon 

could significantly affect the frequency response of the  

model. Another hypothesis to explain this offset may be due 

to the influence of the measurement circuit in these two 

configurations where the measurement cables are about 2 m 

long. The addition of an inductance in series with the 

measurement circuit could improve the response of these last 

two measurements. These two points will be discussed in the 

next section. 

B. RESULTS WITH MODEL IMPROVEMENT ELEMENTS 

The addition of the equivalent circuit of the test tap as well 

as the equivalent series resistance to the model has made it 

possible to further improve its response, this is clearly 

observable in Figures 9 and 10 which present the impedance 

frequency analysis of configuration 1 and 2 respectively. 

Indeed, the resonance peaks in the frequency range from 10 

MHz to 20 MHz has decreased thanks to the dumping effect 

caused by the series resistors. Now the response of the model  

 

(a) 

 

(b) 

FIGURE 8. Impedance frequency analysis of the bushing using the 
configuration 3, without improvement elements.  Model results in blue 
and experimental results in red. (a) amplitude measurement, (b) phase 
measurement. 

 

(a) 

 

(b) 

FIGURE 9. Impedance frequency analysis of the bushing using the 
configuration 1, with improvement elements.  Model results in blue 
and experimental results in red. (a) amplitude measurement, (b) phase 
measurement. 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3309702

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



 

VOLUME XX, 2017 9 

 

(a) 

 

(b) 

FIGURE 10. Impedance frequency analysis of the bushing using the 
configuration 2, with improvement elements. Model results in blue 
and experimental results in red. (a) amplitude measurement, (b) phase 
measurement. 

has been greatly improved over the entire frequency range 

with a frequency response that has the same appearance as 

that of the impedance experimental measurements. 

However, it still has some deviation related to other 

modeling or measurement imperfections. 

For the 3rd configuration, we discussed earlier that the 

offset could also be due to the measurement circuit which is 

essentially inductive (measuring cable), to compensate for 

this, an inductance of values 10-7 H has been added in series. 

The latter is estimated from the measurements made on the 

cables used. These results presented in Figure 11 show that 

the addition of this inductance improves considerably the 

response of the model. The inductive behavior is still present, 

however, the resonance peaks that have been in the first 

version of the model disappeared further improving the 

response of the model. Indeed, the difference in amplitude  

 

(a) 

 

(b) 

FIGURE 11. Impedance frequency analysis of the bushing using the 
configuration 3, with improvement elements. Model results in blue 
and experimental results in red. (a) amplitude measurement, (b) phase 
measurement. 

between the model and the measurement has been 

compensated. Nevertheless, in terms of phase we have 90° 

in the whole frequency range, the addition of the inductance 

of the measurement circuit did not modify the shape of the 

phase.  

V. CONCLUSION 

The aim of this work is to develop a model of high voltage 

bushings capable to simulate the bushing behavior till 20 

MHz. This model will make it possible to study the behavior 

of bushings under fast and very fast transient overvoltages. To 

model such a system, the equivalent electrical circuit approach 

has been adopted. This approach of modeling has the 

advantage of reduced computing time and it provides access 

to the electrical quantities in each part of the bushing. To 

determine each element of the equivalent circuit, analytical 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3309702

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



 

VOLUME XX, 2017 9 

formulas have been used. A numerical simulation by 

COMSOL Multiphysics® has been also carried out in this 

work in order to check the validity of these equations over the 

studied frequency range.  

The calculation of the model parameters as well as the 

modeling itself have been executed on Matlab/Simulink®. 

The main capacitor core of the bushing is composed of a 

central conductor, OIP insulation, and 41 aluminum layers. To 

characterize such a model, an impedance analysis has been 

performed over a wide range of frequencies, following the 

same configurations that were carried out in the experimental 

study. 

The model provides a response which is in a good 

agreement and accuracy compared to the experimental results 

of the impedance measurement. At the beginning, high 

frequency resonances were observed due to modeling 

imperfections and the assumptions made on the analytical 

equations. The model presented discrepancies in its frequency 

behavior between 10 and 20 MHz. Improvements have been 

proposed on the model by adding the equivalent electrical 

circuit of the test tap, the equivalent series resistances, as well 

as the inductance of the measurement circuit for the 3rd 

configuration. These modifications have largely improved the 

frequency response of the model. 

The use of this model could make it possible to know the 

distribution of the electrical voltage and the electric field 

within a transformer bushing and thus to understand the 

mechanisms of failures and possibly to allow improvements 

of the structure to homogenize the distribution of the electric 

field. Moreover, this equivalent circuit model can be added to 

other transformer circuit models and transmission lines to 

investigate transients and high frequency response of a more 

complex system. For future works, in order to improve the 

accuracy of the model, the frequency effect on the circuit 

elements values has to be considered. 
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