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Abstract--The magnitude and distribution of residual charge 

have significant effect on very fast transient (VFT) in gas 
insulated substation (GIS). So far, as we have known, references 
for researching on the effect of non-uniform distribution of 
residual charge on VFT were not found. Considered the effect of 
non-uniform distribution of residual charge, a hybrid method is 
presented in this manuscript by combining finite element method 
(FEM) and finite difference time domain (FDTD) for analyzing 
VFT. In this method the distribution of residual charge along no-
load line may be firstly analyzed at the moment before arc starts 
by using FEM. And then based on transmission line theory and 
considered the residual charge as initial value, VFT is analyzed 
by using FDTD. The validation of the method was performed by 
comparison against 3D-maxwell model based transient simulation. 
On the point of setting initial voltage, the proposed analysis 
process is more practical to actual VFT than EMTP and 
COMSOL analysis in references, and it is better to deeply 
research on mechanism of VFT generation, especially, effect of 
initial phase of operation on VFTs and suppression of very fast 
transient overvoltage in GIS. 
 

Index Terms--Non-uniform distribution of residual charge, 
switching, very fast transient (VFT), finite element method 
(FEM), finite difference time domain (FDTD), gas insulate 
substation (GIS). 

I.  INTRODUCTION 

HE GIS has been widely used due to its advantages, such 
as good performance of arc extinction, compact size, and 

high reliability [1-2]. Despite these advantages, the GIS also 
has some problems, including Very Fast Transient (VFT) 
caused by refraction and reflection of the transient waves, 
therefore leading to more severe transient ground potential rise 
[3].These transient waves can be harmful to transformer as 
well as secondary equipments in GIS [4-5]. Considering these 
issues, the research on VFT aims to avoid severe transient 
overvoltage. VFT is generated due to switching operations of 
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disconnects and circuit breakers in GIS. VFT has a very short 
rise time, in the range of 4-100 ns, having frequencies in the 
range of 100 kHz to 100 MHz [6]. There are various effect 
factors on the amplitude of these transient waves, such as the 
structure and shape of contacts, the distribution of residual 
charge on the contacts, the potential difference between 
contacts, phase of source voltage when breakdown occurs, and 
the velocity of movable contact, etc. Therefore, it can benefit 
VFT research to improve the modeling accuracy for critical 
influence factors, such as the non-uniform distribution of 
residual charge, variation law of residual voltage during 
switching process, as well as releasing response of residual 
charge along the line. 

It is essential to consider residual voltage into computation. 
However, the methods which have been used to consider such 
a critical factor are too simple to reflect actual effect of 
residual voltage. Most commonly used computing method is to 
add a grounded capacitance carrying with an initial voltage. 
The value of capacitance is the equivalent capacitance of no-
load line to the enclosure of GIS [7-9]. The method is easy to 
coordinate with simulation software, however, it ignores the 
fact that the distribution of residual charge is non-uniform and 
varies with time, and that the releasing process of residual 
charge on line is not concentrated but continuous and 
distributed. Since the modeling of charge releasing process is 
inaccurate, the time point of breakdown occurrence can’t be 
accurately found. Thus the full VFT waves simulated is also 
divorced from reality [10]. And for the case that the quantity 
of residual charge is zero, it always ignores the fact that the 
residual voltage of no-load line is not zero but time-varying 
with a small fluctuation before occurence of first breakdown. 

The manuscript presents a feasible method to compute the 
distribution of residual charge on line at every moment based 
on finite element method with Newton iteration. Regarded the 
distribution of charge density as initial value, the transient 
voltage responses along the line are analyzed by using a new 
transmission line model in which the charge density of 
transmission line and the current along the line are taken as 
variables. 

II.  A NEW TRANSMISSION MODEL BASED ON LINE 

CHARGE DENSITY AND ITS FDTD FORMULAS 

Before arc between contacts is ignited the no-load line in 
GIS can be considered as float conductor, and its potential will 
be varied with the motion of movable contact. Once the 
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breakdown occurs, the two lines lying at two sides of arc 
channel are connected by arc. The line at the source side of arc 
is called source line, and the line at the load side of arc is 
called no-load line due to one of its end being open. In this 
manuscript we consider the source line is uniform. Due to no-
load line in GIS being finite, it must be considered as non-
uniform line. If the no-load line’s end effect and end 
interaction are considered, the finite no-load line can be 
regarded as uniform no-load line. Assume that electromagnetic 
waves in enclose are TEM (transverse electromagnetic, TEM). 
This assumption of TEM will be discussed in Section Ⅴfor 
real-life GIS model. Because the difference of diameters is 
much smaller than the length of line and the terminal of line is 
open, the end of no-load line far from arc channel is modeled 
by the end effect and end interaction capacitances. The end of 
no-load line near arc channel is regarded as a part of 
transmission line once electric breakdown occurs. Therefore, 
the finite no-load line is considered as uniform line [11-12]. 

As for nonuniform lossless transmission line, the per-unit-
length inductance and capacitance vary with space position. 
The traditional time domain transmission line model equations 
[13], in which voltage and current are taken as variables, are: 
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where u and i are, respectively, the voltage and current along 
the transmission line; x is space variable and t is time variable. 
In condition that electromagnetic waves on such line propagate 
in the TEM mode, the relationship between charge density and 
voltage along the line is described as 

( ) ( ) ( )x C x u xt = g                                             (3) 

where τ and u are, respectively, line charge density and voltage 
along the line; C is per-unit-length capacitance. According to 
the relationship between the per-unit-length inductance and 
per-unit-length capacitance, the inductance can be obtained:  

( ) ( )1L x C xme -=                        (4) 

Taking the fomulas (3) and (4) into equations (1) and (2), 
and after arrangement, they can be turned into:  
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Through these equations, line charge density t  is taken as a 
variable, thus it makes possible for analyzing voltage response 
produced by residual charge releasing along the line. After 
discretization of these two equations, the FDTD (Finite-
Difference Time-Domain) formulas can be obtained. Assume 
Δx as discrete space step, Δt as discrete time step, and sample τ 
and i according to the space step Δx and time step Δt [14]. And 
for space sampling, there is an interval of half a step between 

each charge density sampling point and current point, as 
shown in Fig.1.Source line and no-load line have the same 
space step. The source line is divided into N1 segments and the 
no-load line is divided into N2 segments. The two lines are 
connected by the time varying resistance Rt. Rt represents 
equivalent resistance of arc channel when electric breakdown 
occurs. And so does time sampling, and there are 
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where the subscript m (m=1, 2) represents different 
transmission lines (source line and no-load line).The 
superscript n represents the number of time points, and the 
subscript km represents the number of space points. Lm and Cm 
represent per-unit-length inductance and capacitance in 
different sections of transmission lines. The per-unit-length 
parameters of source line L1 and C1 are constants. The per-
unit-length parameters of no-load line L2 and C2 vary with 
space position. 
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Fig. 1.  Discretization illustration of the two conductor line. 

 

The recursion formulas (9) and (10) about current and line 
charge density can be obtained from (7) and (8). 
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Next, consider incorporating the terminal conditions. The 
iterative formula of line charge density is represented as (11) 
and (12). 
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where iT represents current of terminal of line. 
Assume source terminal model as Thevenin equivalents 
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which is characterized by voltage source us and resistance Rs, 
and the load terminal model is characterized by resistance RL, 
that is, the terminal conditions are: 

s s(0, ) (0, ) (0, )u t u t R i t= -                        (13) 

( , ) ( , )Lu L t R i L t=                               (14) 

where L represents the load end of line. The analysis model 
built in the manuscript approximates to real physical model 
well. Internal impedance of source can indeed be function of 
frequency. Up to now we don’t consider this relation. We only 
assume the internal resistance is 5Ω. After discretization and 
arrangement, (13) and (14) can be turned into: 
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Combined with (11) and (12), the line charge density’s 
iterative formulas at the left end of source line and at the right 
end of no-load line are obtained as follow. 
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The condition of time varying resistance Rt is described as 

11, 1 2,1N R tu u i R+ - =                      (19) 

After discretization of time, it turns into 
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After simultaneously solving (11), (12) and (20), (21) can be 
obtained. 
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Using the formulas discussed in this section we can analyze the 

VFT in GIS by considering the non-uniform distribution of 
residual charge. 

III.  METHOD FOR SOLVING THE INITIAL CHARGE 

DENSITY ON NO-LOAD LINE 

If the distribution of charge density on the no-load line is 
known, the releasing response can be obtained using FDTD 
method based on formulas mentioned above. Thus in this 
section, a feasible method, which is combined electromagnetic 
numerical computation of FEM (finite element method, FEM) 
with the Newton iteration, will be given to solve the 
distribution of charge density on the no-load line at any 
moment. 

As the movable contact of disconnect is moving to the fixed 
contact, and the voltage of the no-load side (fixed contact side) 
varies as sine function with time, the distribution of residual 
charge on the no-load line also keeps varying from the 
beginning of switching process. So the charge distribution 
won’t be the same at every moment, and it depends on the 
electric potential of source side and load side (no-load line), 
the distance between the two contacts, as well as the structure 
and shape of contacts. The difficulty of solving the charge 
distribution at a certain moment is the determination of electric 
potential of no-load line. Now based on the known shape of 
contacts, electric potential of no-load line, as well as the 
charge distribution at one moment, can be calculated with the 
method which is combined electromagnetic FEM with Newton 
iteration, as the solving procedures shown in Fig. 2. The 
detailed description is as follows. 
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Fig. 2.  Analysis diagram for residual charge density. 
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1) According to the structure of contacts, build analysis 
model of FEM for electromagnetic computation. 

2) As the electric potential U0 at the time of last arc-
extinguish is known, the total residual charge Q0 on the 
no-load line can be obtained from the formula Q0=lCU0, 
where l is the length of no-load line; C is the per-unit-
length capacitance of no-load line to the enclosure of GIS. 

3) At time t of closing operation process, the electric 
potential u1(t) of source side follows u1(t)= 
Umsin(100πt+φ), and the distance d(t) follows d(t)=d0-vt, 
where d0 is the initial distance between contacts, and v is 
the velocity of movable contact. 

4) Assume U2
(1) and U2

(2) as two iterative initial values of 
initial potential of contact of load side. Then U2

(1) and U2
(2) 

can be separately used with u1(t) and d(t) to build contact 
model for analyzing surface electric field of no-load line 
with FEM calculation. Respectively, the total quantity of 
charge Q(1)

 and Q(2) on the no-load line will be obtained 
and then taken as iterative initial values of charge variable. 
The third iterative value U2

(3) of potential can be acquired 
from 

(1) (2) (2) (3)
2 2 2 2
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0
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where Q0 is the total residual charge of last arc 
extinguish in step 2). 

5) If the value of Q(3), which is resulted from FEM 
calculation with the value U2

(3), has much difference from 
Q0, then the iteration will continue according to the 
formula (23) and won’t quit until the difference between 
Q(3) and Q0 less than the iteration accuracy, ε, as shown in 
Fig.2. The value of ε can be adopted as 10-8 C to be 
enough to ensure computational accuracy. Through the 
entire iteration process, some significant results will be 
eventually obtained, including electric potential u2, as well 
as the distribution of charge density of bus at the moment 
arc starts. 
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6) The density of surface charge calculated from 
electromagnetic computation in step 5), should be 
transformed into line charge density in order to be used to 
analyze voltage response of no-load line with FDTD 
method based on formulas discussed in Section II. The 
way to turning surface charge density into line charge 
density is presented as follows: surface charge of different 
segments can be summed up and then divided by the 
length of one segment of bus. 

IV.  SIMULATION MODEL FOR FINITE TRANSMISSION 

LINE 

Transmission line to be discussed in this manuscript is finite 
line. According to reference [11], in order to accurately 
analyze the responses at the ends of finite line, the end effect 
and the end interaction of finite line must be considered. As 

for finite line, the inductance and capacitance can be 
equivalent to three parts respectively. The first part is per unit 
length inductance or capacitance for uniform line. The second 
part is end effect inductance or capacitance, and the last part is 
end interaction inductance or capacitance. After all these 
parameters are calculated, the finite line can be modeled as 
uniform line terminated with lumped network which consists 
of these inductances and capacitances. For open end finite line 
discussed in this manuscript, the lumped network can be 
modeled only by the end effect and end interaction 
capacitances. As for coaxial line, the end effect inductance can 
be calculated by (24) 
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where Le

 

is the end effect inductance. a1 and a2 are radius of 
inner conductor and inner radius of outer conductor, 
respectively. µ0 is permeability of vacuum. The end interaction 
inductance Li can be calculated by (25), 
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where l is length of the finite line. The end effect capacitance 
Ce can be calculated by (26) 
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Based on end effect inductance and end interaction inductance 
the sum of end effect capacitance and end interaction 
capacitance CT can be calculated by (27). 
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For uniform coaxial line per unit length inductance L0 and per 
unit length capacitance C0 are calculated by (28) and (29). 
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where ε0 is permittivity of vacuum. Neglecting loss, the 
characteristic impedance of uniform transmission line is 

0 0 0Z L C=                                  (30) 

V.  VERIFICATION AND SIMULATION 

 
Fig. 3.  The simplified GIS model. 
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Fig. 4.  The simulation model.                     Fig. 5.  Arc’s conductivity. 
 

The real-life GIS geometries are simplified shown in Fig.3. 
The radii of inner conductor and outer conductor are a1=0.07m 
and a2=0.168m, respectively. The length of respective sections 
of line are AB=0.56m, BC=0.11m, CD=0.6m, DE=0.3m, 
EF=0.3m. The total length of transmission line is l =1.76m. 
The capacitance of CT is 5.65nF according to (27). The source 
line is at the left end, and no-load right. Fixed contact is 
attached to no-load line and movable contact to source line. 
The contacts have the same radius as conductor. The distance 
of inter-contact gap at open state is 0.11m. The end of source 
line far from arc channel is marked as surface A. The end of 
no-load line near arc channel is marked as surface B. The end 
of no-load line far from arc channel is marked as surface C. 
Surface A, B and C correspond point a, b and c in a circuit-
equations-based simulation model shown in Fig.4,  
respectively. Between the contacts is the time varying 
resistance, which is used to model arcing channel, shown in 
Figs.3 and 4. When we analyze the VFT using COMSOL this 
resistance is modeled by time-varying conductive medium 
which conductivity is shown in Fig.5. 

Due to the highest frequency of VFT being 100MHz, 
therefore the minimum wavelength may be λ=3m. Comparing 
the dimensions of GIS model shown in Fig.3 with minimum 
wavelength we can see a1<<λ, a2<<λ. These can assure that 
TEM model is valid. Perhaps the ratio relation between radius 
of inner conductor and inner radius of outer conductor can 
show that TE or TM mode can exist. But it can be neglected. 

A.  Verification 

In order to verify proposed method, the comparisons are 
made against full-Maxwell wave 3D simulation of VFTs. 
COMSOL is the full-Maxwell wave simulation software which 
uses FEM method to simulate boundary value electromagnetic 
problem. Assume that the residual charge on no-load line is 
zero and source voltage is -1.0p.u. (-205.7kV) at the moment 
before arc starts. The internal impedance is equivalent to a 
resistance of 5Ω. The charge distribution along line can be 
analyzed by FEM discussed in Section ΙΙΙ. The surface charge 
density on no-load line is shown in Fig 6 (a). Horizontal 
ordinate in Fig.6 (a) is distance away from arc channel along 
no-load line.  
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Fig. 6.  Comparisons of VFTs at points of a, b and c shown in Fig. 4 
simulated by the proposed method  and by Full-Maxwell as residual charge on 
no-load line being zero. (a) Charge density distribution along no-load line. (b) 
Voltage responses at the point a. (c) Voltage responses at the point b. (d) 
Voltage responses at the point c. 
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It is observed from Fig.6 (a) that at start of no-load line the 
surface charge density is positive and is rapidly attenuated. 
The magnitude of surface charge density at sections having 
spacers rises, and it is negative and basically the same on other 
sections of no-load line. According periphery dimensions of 
conductors the surface charge density can be transformed into 
line charge density. Using line charge density as initial value at 
FDTD simulations the VFTs are simulated. Due to the charge 
near contact connected with no-load line partly induced by the 
other contact connected with source line, not induced by 
enclosure of GIS, this part of charge should be modeled by a 
lumped capacitor between two contacts with initial voltage. As 
it is, this part of charge can’t be modeled as a component of 
charge density variable of transmission line equation. This 
capacitor can be calculated by FEM. The VFT results at three 
positions compared with those by COMSOL are presented in 
Fig.6 (b), (c) and (d). The simulation conditions are not 
completely the same. The initial voltages on source and no-
load line are considered as zero at start of simulations by 
COMSOL, however, the initial voltages in simulations by the 
proposed method are calculated by electromagnetic analysis 
(FEM). The process in the proposed method is more consistent 
with restriking process of actual arc.  

From comparisons we can see the results have a good 
agreement not only in waveform, but also in magnitude. 
Different simulation conditions between COMSOL and the 
proposed method are that in COMSOL simulation the initial 
charge density along source and no-load line are not 
considered. So VFTs obtained with the Full-Maxwell have 
more oscillations than that with proposed method within first 
20ns. In this period due to the impedance between two 
contacts being very large and due to the voltages on no-load 
line and source line being built, the reflections and refractions 
are generated and oscillations are occurred. And the other 
reason of oscillations may be that TE and TM field modes are 
considered in COMSOL simulation. But this is not significant. 
In order to simulate VFT by COMSOL we must spend much 
more time than the method proposed by this manuscript and 
we should be careful to mesh the calculated region to avoid 
error. Especially we must take more attention for meshing arc 
channel and the arc channel is simulated by a block conductive 
medium with conductivity shown in Fig.5 which is calculated 
based on experiment data. 

B.  Comparisons with EMTP 

EMTP is the popular software in simulating transient 
response of circuit. It is always used to simulate VFTs in GIS 
when disconnect is operated. We compare the VFTs simulated 
by proposed method with that by EMTP under the condition of 
zero residual charge on no-load line. At this situation the initial 
voltage on no-load line is always considered as zero by EMTP, 
but it is not consistent with the fact. Actually, there is an initial 
potential on the no-load line. The initial potential of no-load 
line is calculated by iterative method discussed in Section ΙΙΙ. 
In simulations by the proposed method and EMTP we 
simultaneously consider the initial voltages or charge on no-

load line and source line. In Fig.7 the VFTs of two different 
methods match very well.  
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Fig. 7.  Comparisons between VFTs at points of a, b and c shown in Fig. 4 
simulated by proposed method and by EMTP as residual charge on no-load 
line being zero. (a) Voltage responses at the point a. (b) Voltage responses at 
the point b. (c) Voltage responses at the point c. 

C.  Example 

Assume that residual voltage on no-load line is -0.5p.u. (-
102.85kV). Let source voltage at the moment before arc starts 
be 1.0p.u. (205.7kV). Non-uniform distribution of residual 
charge and the VFT in GIS are simulated. Non-uniform 
distribution of residual charge along the no-load line at the 
moment before arc starts is shown in Fig.8 (a). Because the 
residual voltage on no-load line is negative, the surface charge 
density is negative. The other features shown in Fig.8 (a) are 
the same as shown in Fig.6 (a). The treatment of the non- 
uniform charge density near contact connected with no-load 
line is the same as above. Comparisons between VFTs 
simulated by the proposed method and by EMTP are made in 
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Fig.8. Comparisons between VFTs at points of a, b and c shown in Fig. 4 
simulated by proposed method and by EMTP as residual voltage on no-load 
line being -0.5p.u.. (a) Non-uniform distribution of residual charge along no-
load line with residual voltage being -0.5p.u.. (b) Voltage responses at the 
point a. (c) Voltage responses at the point b. (d) Voltage responses at the 
point c. 

 
Fig.8 (b)-(d). In VFT simulations by EMTP we consider the 
initial voltages along the bus and no-load line. These voltages 
are obtained from electromagnetic field analysis shown in 
Fig.2.  

VI.  CONCLUSIONS 

The analysis model and method are built for analyzing VFT 
considering the effect of non-uniform distribution of residual 
charge along the line in GIS. Many factors, including initial 
voltages on source line and no-load line, end effect, charge 
density distribution, the structure and motion of contact are 
considered in this analysis process. So the analysis almost 
completely models the real VFTs. From comparisons we can 
conclude that the proposed method takes advantage over 
COMSOL of saving more computation time because of circuit 
based model and it is more accurate than EMTP because of 
considering initial voltage generated by non-uniform 
distributed charge density. 

When the initial voltages before arcing due to motion of 
contact are considered on the source line and no-load line the 
results simulated by EMTP is the same as the proposed 
method. Although the non-uniformity of charge density along 
the line has no obvious effect on the VFTs, non-uniform 
distribution of charge density has more effect on initial voltage 
before arcing.  

From simulations we can see that remarkable non-uniform 
distribution of charge density along the line near contacts 
should be modeled into arc channel model by capacitor with 
initial voltage. And this non-uniform distribution of charge 
density has no obvious effect on VFTs. It is mainly resulted 
from the model of arcing channel. Within first 20ns its 
equivalent conductivity is almost zero. Due to coaxial structure 
of GIS end effect of line has little effect on VFTs.  

Because the analysis of VFTs by COMSOL has not 
considered the initial voltages along the source and no-load 
line, the difference is generated from the analysis of VFTs by 
the proposed method. So how to consider the initial voltage 
conditions in COMOSOL analysis should be studied in future. 
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