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Abstract—This paper presents guidelines for appropriate 

modeling of overhead transmission lines for trapped charge 

discharge simulations. At first instance, the traditional 

Frequency-Dependent model is compared to the more recently 

developed Wideband model, showing that the former may lead to 

inconsistent results when simulating a transmission line with 

trapped charge due to limitations of the inherent fitting 

approach. Secondly, a sensitivity analysis is presented over the 

parameters that can affect the trapped charge discharge rate of 

the transmission line. Once the model is demonstrated to have 

consistent results, simulations obtained with the resulting model 

are compared with the Numerical Laplace Transform method, 

resulting in a good match and validating the model.   
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I.  INTRODUCTION 

 reliable assessment of the trapped charge dynamics on   

transmission lines following its disconnection from the 

network is crucial for utilities during operation and 

maintenance of power systems, not only to avoid service 

interruptions or damage to equipment, but also and most 

importantly to establish safe distance practices. For these 

reasons, power utilities rely on performing electromagnetic 

transient (EMT) simulations to estimate the decay time of 

trapped charge in transmission lines as result of switching 

events. Also, different switching techniques have been 

developed for the mitigation of transient overvoltages by 

playing with the trapped charges, examples of such techniques 

can be found in [1] and [2] and references therein. 

There is a consensus in the literature that accurate 

representation of transmission lines for EMT-type simulations 

requires accounting for distributed-parameters and their 

frequency-dependent nature. Among the models that account 

for these two characteristics are the Frequency-Dependent 

(FD) model [3] and the Wideband (WB) model [4]-[6]. These 

two models are available in EMTP software [7] and are widely 

used by power systems utilities and researchers. 

Although the literature on transmission line modeling is 

rich, the study of overhead transmission line transient models 
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with particular emphasis on trapped charge studies is poor.  

Frequency-dependent line models such as the FD and WB 

models, are normally granted as adequate for most type of 

studies since they can cover a large range of frequencies, 

starting from a low-frequency region (near 0 Hz), including 

fundamental frequency points (50 or 60 Hz), and up to very 

high frequencies such as those required for switching 

transients, surge analysis, or lightning studies (around 100 

kHz and higher). However, as demonstrated in this paper, 

some modeling aspects require special attention to evaluate 

the decay rate of trapped charges.  

Moreover, the study of the decay rate of trapped charges 

has been mainly performed for underground cables while 

using simplified models for nearby transmission lines. For 

instance, in [8] the trapped charge is studied for an 

underground cable and a combined overhead line/underground 

cable transmission system, in both cases, the transmission line 

is modeled as a lumped-parameters circuit. In [9], the 

transmission line trapped charge decay rate is evaluated for 

lines connected to voltage transformers, but evidently, the 

inclusion of voltage transformers modifies the purely 

transmission line circuit dynamics, furthermore, a simplified 

lumped-parameters model is used to represent the line. In [10] 

and [11], the decay rate of trapped charges for underground 

cables is analyzed and compared with field measurements, 

however, the buried conditions and the line-to-ground path 

given by the cable insulator do not apply to overhead 

transmission lines. 

This paper presents a case study in which the transmission 

line transient model requires special treatment for the 

simulation of its trapped charge. The goal of the simulation is 

to assess the discharge rate of the trapped charge following the 

disconnection of the line. The parameters that affect the 

trapped charge discharge rate in simulations are analyzed. The 

geometry of the transmission line studied in this paper is 

depicted in Fig. 1 and it has been provided by Quanta 

Technology [12]. After a few simulation tests, inconsistent 

results were observed for this case, which motivated the 

authors of this paper for a deeper analysis of the trapped 

charge phenomenon. 

The rest of the paper is constituted as follows: a brief 

review of transmission line transient models is presented in 

section II. In section III, the FD and WB transient models are 

compared and analyzed for energization and trapped charge 

simulations; in section IV, a sensitivity analysis is performed 

over the parameters that influence the trapped charge 

discharge rate of the transmission line; in section V, a transient 

model is validated with the Numerical Laplace Transform 

simulation technique. 

A 
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Fig. 1.  Geometry of the double-circuit 550kV transmission line of study. 

II.  TRANSMISSION LINE TRANSIENT MODELS  

The frequency-domain equations for a transmission line k 

and m terminal voltages and currents are given by 

                   k c k c m ms s s s s s sV Z I H Z I V ,  (1) 

where  ,k m sV  and  ,k m sI  denote voltages and currents, 

respectively; and  c sZ  and  sH  denote the characteristic 

impedance matrix and the propagation function, respectively, 

defined as 

      ' 'c s s sZ Z Y   (2) 

      ' ' 
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where s j ,    ' ' ' s s sZ R L  and ' ' '  sY G C , 

being 'R  and 'L  the per-unit-length (p.u.l.) series 

resistance and inductance matrices, respectively; and 'G  and 

'C  being the p.u.l. shunt conductance and capacitance 

matrices, respectively. We refer to [14] for details. 

According to the traditional Line Constants formulas [14], 

'R  and 'L  are frequency dependent matrices, whereas 'G  

and 'C  are constant matrices given that only the spatial 

admittance component is considered. 

Note that in general, 'G  and 'C  are also frequency 

dependent if the earth return admittance path is considered as 

reported in [13]. However, as it is discussed in [13], the earth 

return admittance path only has a significant impact in the 

high frequency region (above several MHz), thus it is a 

common practice to neglect it. 

Alternatively, the insulators chain leakage current can be 

considered in the form of an additional shunt conductance 

component. This leakage current is however difficult to assess 

since it depends on several factors, such as the voltage level, 

the insulator material, the number of insulators in the string, 

and pollution and humidity conditions [15]-[16].  

In addition to the abovementioned Line Constants 

formulas, the transmission line p.u.l. parameters can be 

obtained using Finite Element-based methods [17]-[18] or via 

the MoM-SO technique [19]. In this paper the Line Constants 

routine from EMTP is used. Note that this routine, uses a 

predefined diagonal 'G  matrix to ensure numerical stability 

of simulations. The influence of this parameter is crucial in 

trapped charge simulations as demonstrated later in this paper. 

Electromagnetic transient simulations require solving (1) 

for the voltages and currents at the k and m ends of the line at 

every time-point. To do so,  c sZ  and  sH , are 

synthetized via a curve-fitting approach to obtain rational 

function models of the type 
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where iR  and iK  denote the residues matrices; ia  and 

ip  are the poles; matrices D  and Q  are constant, real 

matrices that dictate the asymptotic response to the rational 

functions; and N , M  denote the order of the corresponding 

approximations. 

Note that unlike  c sZ , the fitting of  sH  requires the 

travelling wave time-delay ( ) identification, we refer to [20] 

for details. Rational models in (4) and (5) can be readily 

discretized via numerical integration techniques for time-

domain simulations.  

In this paper, the Frequency-Dependent (FD) [3] and 

Wideband (WB) models [5]-[6] are compared. These two 

models represent the frequency dependent and distributed 

parameters of transmission lines. The main difference between 

them is that the former identifies the  c sZ  and  sH  in 

the modal domain using constant and purely real 

transformation matrices as an approximation, whereas the WB 

model identifies the line functions directly in phase domain 

(without any approximations). Also, note that the WB model 

fits the characteristic admittance  c sY  instead of the 

characteristic impedance. Another important difference is that 

the FD model uses a Bode-based fitting approach and employs 

a constant and arbitrarily imposed value of 'G  for improving 

the convergence of the fitting [21] whereas the WB model 

uses the Vector Fitting method [22] and there is no specific 

restriction on the choice of 'G . 

III.  FD AND WB MODEL COMPARISON 

The analysis of the transmission line in Fig. 1 is started 

with the comparison of the FD and WB models in EMTP with 

default settings. These settings include a frequency range from 

0.1 Hz to 10 MHz, with logarithmic sampling and using 10 

samples per decade. The default value for the shunt 

conductance parameter 'G  is 2×10-10 S/km. In most cases, 

these settings are well suited for switching transients. The 

circuit used for all tests in this paper is shown in Fig. 2. 
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Fig. 2.  Test circuit for the simulations of the transmission line of Fig. 1.  
 

As initial test, the energization of the transmission line is 

evaluated. The closing time of switches are 0.1ms, 0.1255ms 

and 0.1614ms for phases a, b, and c, respectively (generated 

randomly). The resulting voltages measured at BUS_top_m 

are shown in Fig. 3 for both the FD and WB models. This 

figure shows a close match between the two models, 

confirming that the default model settings are adequate for 

energization switching events. 
 

 
Fig. 3.  Transient voltages measured at bus BUS_top_m resulting from the 

energization of the line.  
 

As a complementary test for these models, the trapped 

charge in the transmission line is evaluated. For this new test, 

the circuit of Fig. 2 is initialized in steady-state with switches 

SW1 and SW2 closed. At time 0.5s, SW1 and SW2 are 

opened, leaving a trapped charge on the line. Note that the 

switches are set to open at the closest zero-crossing of the 

switch current from its opening time. The resulting voltages 

are shown in Fig. 4. Unlike previous test, Fig. 4 shows a large 

discrepancy between FD and WB models. Also, an unrealistic 

raise in the voltages for the FD model is observed, whereas the 

WB model shows a normal decay of the trapped charge.  

Note that the only possible manner that the voltages of an 

open circuited line could increase is due to the induced 

voltages from other phases, however, in Fig. 4 all phases show 

a raise in its voltage which is abnormal. The reason for this 

incorrect response comes from the fact that the FD model fits 

the frequency response of the line in the modal domain with a 

constant transformation matrix which is an approximation and 

leads to an error in the phase domain responses. Furthermore, 

the shunt conductance parameter is imposed with an intrinsic 

value for improving the stability of the fitting which is another 

source of error. Note that a more detailed analysis of the FD 

model is beyond the scope of this paper. 

 
Fig. 4.  Voltages measured at bus BUS_top_m after opening of switches 

SW1 and SW2 for FD vs WB models. 
 

Since the FD model was found with an unrealistic behavior 

for this example, the analyses in next sections are mainly 

focused to exploring the WB model. Also, note that the poor 

performance of the FD model could be improved by 

modifying some fitting parameters as explained later. 

IV.  SENSITIVITY ANALYSIS ON THE TRANSMISSION LINE 

MODELLING SETTINGS 

This section demonstrates how the decay rate of the trapped 

charge of the transmission line of Fig. 1, can be significantly 

affected by modifying two parameters of the transient model, 

namely minf  and 'G . The former refers to the lower bound 

of the frequency band of fitting, and the latter refers to the 

p.u.l. shunt conductance matrix of the transmission line, as 

described in section II. 

A.  Variation of the frequency range of fitting  

WB models with different minf  values as given in 

TABLE I are compared. Note that the number of decades is 

adjusted to maintain the upper frequency bound to 10 MHz for 

all models. The resulting trapped charge voltages for the 

models of TABLE I are shown in Fig. 5 (a), (b), and (c). From 

these figures, it can be observed that the model 1minf , shows 

a faster discharge rate compared to the rest of the models. Fig. 

5 also reveals that as minf  is reduced, the trapped charges 

curves converge as can be observed for models 3minf  and 

4minf , which are the closest among them. From this test, it 

can be concluded that for trapped charge discharge 

simulations, it is crucial to appropriately set the low frequency 

bound of the transient model for obtaining reliable results. For 

this case, minf = 1×10-5 Hz or lower should be selected.  

As for the FD model, modifying the fitting frequency range 

may also affect the trapped charge discharge rate (not shown 

due to the limited space) resulting in a more realistic behavior 

than in previous section. 

Alternative techniques for enforcing the line fitting at low 

frequencies are available in [6] and [23]. However, these 

methods are not explored in this paper since it is demonstrated 

that an appropriate selection of minf  is enough to obtain 

reliable results for the case study presented. 
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TABLE I 

TEST MODELS WITH DIFFERENT minf  VALUES 

Model 
minf  (Hz) Number of decades 

1minf  0.1 8 

2minf  1×10-3 10 

3minf  1×10-5 12 

4minf  1×10-7 14 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 5.  Voltages measured at bus BUS_top_m for models in TABLE I, (a) 

phase a, (b) phase b and (c) phase c. 

B.  Variation of the shunt conductance parameter 

From previous section, models 3minf  and 4minf  were 

observed to show consistent behavior. Then, model 4minf  is 

adopted here for the study of the impact of 'G . The values 

tested for 'G  are given in TABLE II. The transient voltages 

measured at BUS_top_m using these models are shown in Fig. 

6 (a), (b), and (c). These figures show how the decay rate of 

the trapped charge depends on 'G  and as it decreases, the 

trapped charge discharge rate also decreases as expected. 

As discussed in section II, the 'G  parameter represents 

the transmission line leakage current through the insulators 

string, which is difficult to assess. We refer to [11] and [15] 

for a more detailed study on the subject and for some values of 

'G  obtained from field measurements. Note that arbitrarily 

setting 'G  is not recommended [15]. However, this paper 

explores this alternative for demonstration purposes. 

TABLE II 

TEST MODELS WITH DIFFERENT SHUNT CONDUCTANCE ( 'G ) 

Model 'G  (S/km) 

1'G  1×10-12 

2'G  1×10-10 

3'G  1×10-9 

4'G  1×10-8 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 6.  Voltages measured at bus BUS_top_m for models in TABLE II, (a) 

phase a, (b) phase b and (c) phase c. 

V.  MODEL VALIDATIONS WITH THE NUMERICAL LAPLACE 

TRANSFORM METHOD 

At this stage, the parameters that affect the trapped charge 

discharge rate in transient simulations ( minf  and 'G ) have 

been analyzed. The only potential source of error remaining is 

from the curve-fitting procedure applied to the transmission 

line characteristic impedance and propagation function, 

 c sZ  defined in (2) and  sH  defined in (3), as 

discussed in section II. 

For the verification of any potential errors in the fitting of 

these functions, the Numerical Laplace Transform (NLT) 

simulation technique as reported in [24] is used. By using the 

NLT, the simulation of transmission line is directly performed 

in the frequency domain, i.e., without the need of identifying 

equivalent rational models. Details about the NLT 

implementation used in this paper are given in the Appendix. 



The model 4minf  from section IV.A is adopted for 

verification with the NLT simulation. The shunt conductance 

parameter 'G  is set to 2×10-10 S/km, as suggested by default 

in EMTP. With these settings, the WB transient model is once 

more calculated. The trapped charge voltages measured at 

BUS_top_m simulating the transmission line with EMTP and 

with the NLT are shown in Fig. 7 (a), (b), and (c).  

 

 
(a) 

 
(b) 

 
(c) 

Fig. 7.  Voltages measured at bus BUS_top_m using EMTP and the NLT 

method, (a) phase a, (b) phase b and (c) phase c. 

 

From Fig. 7 (a), a close match is observed between both 

simulation methods. From Fig. 7 (b) and (c), some differences 

are observed in the trapped charge (as given by the voltage 

magnitude), these differences occur because the opening of 

switches in NLT and EMTP simulations do not occur at 

exactly the same time sample since the zero-crossing of 

switches currents are slightly shifted. Despite these 

differences, the decay rate of the trapped charge presented in 

Fig. 7 (a), (b) and (c) between EMTP and NLT is similar and a 

good agreement can be declared. This test discards any 

significant errors in the fitting of the transmission line 

frequency response and validates the results obtained in this 

and in previous sections. 

As a complementary verification of the trapped charge 

decay rate obtained by simulations as shown in Fig. 7, the 

decay rate is verified with the time constant of the RC circuit 

formed by the shunt admittance branch of the transmission 

line as suggested in [8]. For this analysis, the single-phase 

trapped charge voltage is considered to behave as  

  
 

 
t t
RC

max maxV t V e V e    (6) 

The phase-a to ground capacitance for the model evaluated 

in this section is 119.7 µF and the resistance (calculated as 1/

'G ) is 5×109 Ω. Giving a time constant of 

 59.84 RC  s (7) 

The exponential decaying curve with the time constant 

obtained in (7) is shown in Fig. 8 and compared with EMTP 

simulation results. A good match with the decay rate obtained 

via simulation is observed. Note that this procedure is an 

approximation since the mutual capacitances (phase-to-phase) 

are neglected.  

 

 
Fig. 8.  Voltage measured at bus BUS_top_m phase a using EMTP and the 

analytical RC circuit discharge curve. 

VI.  CONCLUSIONS 

This paper presents an analysis of the parameters that affect 

the discharge rate of the trapped charge in transmission line 

transient models. From the tests presented, the following 

conclusions are obtained: 

1. When comparing the FD and WB line models in 

EMTP, the FD model resulted in unrealistic behavior 

for the trapped charge discharge rate. Therefore, the 

WB model is recommended for such studies. 

2. An inappropriate selection of the lower bound for the 

frequency band of fitting ( minf  in this paper) may 

lead to inaccurate results of the trapped charge 

discharge rate. The reason is that the decay rate of the 

trapped charge is a very low frequency phenomenon, 

and the fitting should ensure that these parameters are 

correctly represented in the model at near DC 

frequencies. Therefore, to minimize the inaccuracies 

due to out of band errors, a sufficiently low frequency 

point needs to be selected for fitting. It is 

recommended to perform a sensitivity analysis by 

decreasing minf  until observing convergence in the 

simulation results. 

3. The decay rate of trapped charge is directly related to 

the magnitude of the shunt admittance parameter. 

When the appropriate model and frequency band 

settings are selected, the p.u.l. shunt conductance 'G  

parameter will impose the trapped charge decay rate as 

expected. 



Simulation results for the WB model have been verified 

with the Numerical Laplace Transform technique, resulting in 

good agreement. Also, the decay rate was verified with a 

simple but efficient procedure using circuit analysis for the 

shunt admittance branch of the transmission line. 

VII.  APPENDIX 

The methodology adopted in this paper for the application 

of the Numerical Laplace Transform (NLT) technique is taken 

from [24]. The Laplace complex variable s is sampled from its 

DC component (0 Hz) up to the maximum frequency (fmax) 

appended to its complex conjugated part flipped, as follows 

 
1 1

* *
0

 
 max maxf f f fs s s s s s   (8) 

or, equivalently, 

 
[ 2

2 ] 

      

     

s j j jN

jj jN j

      
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  (9) 

where   is the Laplace damping coefficient,   is the 

frequency step, obtained by dividing the frequency range of 

observation by the number of samples, and N is the sample 

corresponding to fmax. 

A Hanning window, as illustrated in Fig. 9, is used to 

reduce the Gibbs oscillations when calculating the inverse 

numerical Laplace Transform. 

 
Fig. 9.  Hanning window used in the Numerical Laplace Transform method. 
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