














































































































































































































































































































































































































































  

 

(a) Busbar voltage waveform (substation entrance) 

 

(b) Busbar voltage waveform (center of the bus)  

 

(c) Busbar voltage waveform (transformer end)  

 

Figure 4 Results of analysis using XTAP (part 2) 

Time [us] 

 

Time [us] 

 

Time [us] 

 

N
o

d
e 

v
o

lt
ag

e 
[k

V
] 

 
N

o
d
e 

v
o
lt

ag
e 

[k
V

] 

 
N

o
d
e 

v
o
lt

ag
e 

[k
V

] 



  

Revision History 

Date 
Example File  

Version 
Content changes  

2014/11/19 2.0 
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XTAP – Example collection No. SSW-01 

Example 

Name  

Switching Surge Calculation of a 500-Kv Vertically Arranged Double-

Circuit Transmission Line 

Field Switching surge calculation 

References 

Because this example was created specifically for this induction course, 

there are no reference documents. 

* For general information on the switching surge calculation, please 

refer to the following. 

Central Research Institute of Electric Power Industry, Comprehensive 

Report 121, “Study on Switching Over-voltages in Power Systems” 
 

Outline 

A switching surge overvoltage is one of the important factors in 

determining the insulation level of the transmission lines and power 

station/substation equipment.  

In this example, an input surge calculation is conducted on a 500-kv 

vertically arranged double-circuit transmission line, which is commonly 

used in Japan. 

Assuming a 500-kV transmission line connecting an upper substation 

and a lower substation, the waveform of the overvoltage generated at 

the start and end of the line is calculated when the circuit breaker of the 

first line (1L) is closed at the upper substation. In the actual 500-kV 

system, to reduce the input surge overvoltage, the resistance input 

method is adopted (first, energization is applied with a resistance of a 

few 100 and the resistance is then short-circuited after 

approximately 10 ms to complete the input). However, in this example, 

we tried setting the input with no resistance allowing the travelling 

wave phenomenon to be easily understood. In addition, a frequency-

dependent line model that takes into consideration the skin effect of the 

electric line and ground, as well as their frequency characteristics, is 

used. 
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Analysis Circuit and Conditions 

Figure 1 shows a skeleton diagram of the system in which an input surge calculation is 

conducted, and Figure 2 shows the assembly of a 500-kV transmission line.  

 

Figure 1 Skeleton diagram of a grid in which an input surge calculation is conducted 
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Figure 2 Assembly of 500-kV vertically arranged double-circuit transmission line 

 

 

Further, the assembly in Figure 2 is same as that of example TL-02. 

 

[Analysis Phenomenon] 

When closing the 1L circuit breaker at the upper substation, a voltage is applied to the 

starting-edge of the transmission line 1L. If the closing timing is close to 90º of the system 

Upper substation Lower 
substation 

Rear impedance System 
voltage 

Closed at 
t = 5 ms 

500-kV transmission line, 200 km 

1L 

2L 
50 Hz 
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voltage (sine wave) in any one of the three phases, a large voltage will be applied to that 

phase. In this example, assuming a system frequency of 50 Hz, an initial part of phase-a of 

the system voltage of 0º, and a circuit breaker closing time t of 5 ms, phase-a of 1L is set to 

the peak value, which is the most severe input condition. Because it is difficult to intuitively 

understand the travelling wave phenomenon on a constant multi-phase distributed line, we 

tentatively consider only a single-phase distributed constant line, namely, phase-a of 1L. The 

voltage applied at phase-a of 1L propagates along the transmission line as a travelling wave 

and reaches the remote end after approximately 670 s (as estimated from the line length 

with the propagation speed being the speed of light). Because the remote end has an open 

condition (impedance of ), the traveling wave voltage that reaches the end is specularly 

reflected and generates a double overvoltage. This overvoltage is generated between the inter-

electrode gap of the circuit breaker in the lower substation 1L, which is under an open 

condition, and between the insulators of the bus bar and the transmission line within the 

vicinity, which becomes a problem in terms of the insulation design. The travelling wave is 

then reflected back and forth along the transmission line and displays an oscillatory 

waveform determined by the line length. In lines other than phase-a of 1L, an induced voltage 

is generated, which is also reciprocally reflected. 

  Considering the above description, at the time of normal operation, although an overvoltage 

of twice the ground voltage peak value will be generated, in practical terms, the overvoltage 

value varies depending on the skin effect of the electric wire and ground, its frequency 

characteristics, and the induction phenomena with other phases and other lines. Moreover, 

when another transmission line is connected to the busbar of the upper or lower substation, 

the reciprocating reflection phenomenon occurring in these lines is also superimposed, 

resulting in a more complex overvoltage waveform. Because it is almost impossible to obtain 

such an overvoltage waveform through manual calculations, a program such as XTAP is 

required. During the actual input surge analysis, taking into consideration the randomness of 

the circuit breaker input timing, a Monte Carlo calculation (a statistical calculation) is 

conducted. Although the current XTAP does not have a function to automate this process, 

such a function is expected to be added in the near future.  

 

[Line Model Preparation] 

A frequency-dependent line model that takes into consideration the skin effect of the electric 

wire and ground, as well as the frequency characteristics, is used. Because it is identical to 
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the line used in example TL-02, please refer to that example. 

 

[Circuit Elements other than the Line Model] 

A “SIN wave voltage generator” is used for the system voltage simulation. By calculating the 

inductance equivalent as 5%, taking 50 Hz, 500 kV, and 1000 MVA as the base, the 

impedance behind the upper system is set to 39.8 mH. For the circuit breaker, a “switch with 

a circuit breaker logic” is used, and its input is set at time t = 5 ms.  

 

[Analysis conditions] 

    The analysis conditions are as follows: 

ꞏ Calculation time step              10.0 s 

ꞏ Calculation end time   20.0 ms 

ꞏ Display start time    0.0 ms 

ꞏ Display end time    20.0 ms 

 

[XTAP Input Example] 

 Figure 3 shows an example of creating this example using XTAP. 

 

Analysis Results 

                   The results of this example executed using XTAP are shown in Figures 4 and 5.  

 

 

END 
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Figure 3 Example of XTAP input 

Example Name: Switching surge calculation of a 500-kv vertically arranged double-circuit transmission line, 

                                            no. SWS-01 

Circuit breaker 

to be closed 

Upper substation 

System voltage and  

rear impedance 

Circuit  
breaker 

Circuit  
breaker 

Circuit  
breaker 

5% with 1000 MVA  
as the base 

Closed at 
t = 5ms 

Power transmission line 

Analysis conditions 

 

Calculation time step:10.0s 

Calculation end time:20.0ms 

Display start time:0.0ms 

Display end time:20.0ms 

Line constants are calculated using XTLC under the following conditions 

* Frequency-dependent line model 

* Frequency samples 0.1 Hz to 10 MHz(400 points) 

* For the pillar assembly, refer to the example table 

Frequency dependence 

Lower substation 
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      (a) System voltage waveform 
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                                     (b) 1L Starting-edge voltage waveform 
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    (c) 1L Remote-end voltage waveform  

Figure 4 XTAP analysis results (1L voltage waveform) 
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     (a) System voltage waveform 
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                                 (b) 2L Starting-edge voltage waveform 
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               (c) 2L Remote-end voltage waveform 

Figure 5 XTAP analysis results (2L voltage waveform) 

 

Node 
voltage 
[kV] 

B
ra

nc
h 

vo
lt

ag
e 

[k
V

] 

Time [s] 

Time [s] 

N
od

e 
vo

lt
ag

e 
[k

V
] 

Time [s] 

219



Revision History 

Date 
Example file 

Version 
Content changes  

2014/11/19 2.0 

Update for XTAP Version 2.00 

Recalculation of line constants owing to changes in 

XTLC 

2012/07/19 1.2 Update for XTAP Version 1.20 

2011/10/18 1.1 

Update for XTAP Version 1.11 

The line constant file was modified because the 

number of valid digits of XTLC was modified.  

2010/07/16 1.0 Initial version created (for XTAP Version 1.10) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

220



 

 

XTAP Example Collection No. SSW-02 

Example 

Name  
Switching surge Analysis of a 275-kV System 

Field Switching surge calculation, switching surge calculation, overvoltage analysis 

References 

“Review of Simulation Methods for Electromagnetic Transients in Power Systems 

and Simulation Cases Using XTAP (Part 1) Switching Transient Overvoltage 

Simulations,” Survey Report H12005, Central Research Institute of Electric Power 

Industry 

Outline 

After elucidating the concept of a switching surge, the principle of occurrence, and 

the simulation method of each element of the power transmission system, we 

introduce an example switching surge analysis of a 275-kV system using XTAP 

(excerpted from the above reference). 

 

 

1 Switching surge 

1.1 Concept [5] 

When newly starting the operation of a power transmission line or restarting the operation after construction, 

voltage is applied to the power line by keeping the transmission line without a load and closing the circuit 

breakers on the power supply side.  

  Further, when ground faults occur in the transmission lines from lightning strikes or similar events, the circuit 

breakers on both sides of the line are temporarily opened to remove the continuous current arc owing to a ground 

fault, and the circuit breakers are closed again to resume the power transmission (called reclosing). Thus, when 

applying voltage to a power transmission line, it is often kept without a load. When applying voltage to a no-load 

transmission line, an overvoltage called a switching surge occurs in the line. Therefore, the insulation of the 

transmission line must be designed to withstand the overvoltage owing to this switching surge. 

  The magnitude of the overvoltage owing to a switching surge depends significantly on the supply voltage at 

the moment when the circuit breaker is closed. Because a circuit breaker is a device that applies the opening and 

closing of the electrodes using a mechanical mechanism, its operation is slower compared to the commercial 

frequency and the variation is also large. That is, because the phase of the supply voltage at the moment the 

circuit breaker is closed cannot be predicted, it is reasonable to think that it is determined (randomly) based on 

probability. Therefore, in the study of the actual switching surge, the switching surge calculations are conducted 

a number of times by randomly changing the closing timing of the circuit breaker, and the result is displayed in 
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the form of a cumulative frequency distribution of 

the generated voltage, as shown in Figure 1. In this 

way, it is possible to evaluate the probability of 

occurrence of a certain overvoltage. A method for 

obtaining the statistical results based on many 

simulations conducted when randomly changing the 

parameters described above is called the Monte 

Carlo method. Although the maximum value of the 

generated voltage tends to increase as the number of 

simulations increases, the value at which the 

generation probability reaches 2% tends to be a 

constant regardless of how frequently the number of 

simulations is greater than or equal to a certain value. 

Hence, this value is often used as the representative 

figure. The value at which the generation probability 

becomes 2% is called the “2% value.” The 

cumulative frequency distribution of the generated 

voltage is often plotted on a type of graph called a 

normal probability plot, as shown in Figure 1. In this 

type of plot, the vertical axis is scaled such that the 

plotted points become a straight line in the case of a 

normal distribution. 

An overvoltage from a switching surge is often represented as a multiple of the nominal voltage when the ground 

wave peak value is 1, which is called the overvoltage multiple. It is important to note that, although pu is used as 

the unit, it is unrelated to the pu used in a system analysis (where the effective value of line voltage is set to 1). 

Strictly speaking, the term “switching surge” must be used as a generic name for not only for a switching surge 

but also for a surge generated by the opening and closing of a switch, such as a cut-off surge or capacitor 

switching surge. However, the term “switching surge” is commonly used in the sense of a switching surge. 

Hence, the above-mentioned overvoltage multiple is also called as a switching surge multiple.  

1.2 Principle of Switching Surge Generation 

An overvoltage from a switching surge can be broadly classified into two types: one occurring as an oscillation 

phenomenon of the inductance of the power supply side and the capacitance of the transmission side, and the 

other caused by a specular reflection of the progressive waves propagating on the transmission line at the open 

far end. The former occurs when the line can be treated as a lumped constant capacitance because the inductance 

of the line is small whereas the capacitance is large, such as with a cable line. In contrast, the latter occurs when 

the distribution constant characteristics of the line become remarkable, such as in a long-distance overhead 

 
 

Figure 1 Cumulative frequency distribution of 

voltages generated by switching surge 
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power transmission line. From now, we will explain 

these circuit phenomena.  

First, we will describe the switching surge 

phenomenon occurring as the oscillation 

phenomenon of the power source side inductance 

and transmission line capacitance [1]. We assume 

that, in a power station or a substation, a no-load 

transmission line is energized by closing the circuit 

breakers. The power source on the upper side of the 

circuit breaker is simulated using a sine wave 

voltage source e(t) = E sin(t + ) and an inductance 

L connected in-series. Assuming that the 

transmission line can be regarded as the capacitance 

of the lumped constants, it is simulated with 

capacitance C. The equivalent circuit of the above is 

illustrated in Figure 2. When the circuit breaker S is 

closed at t = 0 under the conditions of the initial 

phase of the power supply  at 90° and the residual 

voltage of the transmission line at zero, the voltage v 

of the transmission line is given by the following 

equation. 

2

1
( ) cos cos

1

E
v t t t

LC LC

 
     

 (1) 

In the above equation, the first term corresponds to a 

steady supply voltage, and the second term 

corresponds to the oscillation owing to L and C. It 

should be noted that, in the above calculations, 

because the losses in the power supply side and the transmission line are ignored, the second term does not 

attenuate. In reality, however, it attenuates because of the losses. As an example, when calculated according to 

equation (1) for the case of  = 2 60, L = 15 mH, and C = 2 F (for an underground cable of a few kilometers), 

Figure 3 is obtained as the waveform of the transmission line voltage v (voltage value normalized using E). It 

can be observed that the voltage owing to an LC oscillation is superimposed on the supply voltage. Usually, 

because the value of 2LC in equation (1) is much smaller than 1, it is understood that the peak value of v 

reaches approximately 2E (that is, 2 pu).  

In equation (1), the amplitude of the term owing to the LC oscillation of the second term is approximately equal 

to the voltage applied before closing the circuit breaker S. This holds well even when there is a residual voltage 

in the transmission line. For instance, assuming that the circuit breaker was opened at the moment when the 
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Figure 2 Equivalent circuit for energization of a 

no-load transmission line  

(lumped constant capacitance approximation) 
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Figure 3 Voltage waveform when energizing a 

no-load transmission line  

(lumped constant capacitance approximation) 
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power supply reached a negative peak value, namely, E, if the circuit breaker is closed at  = 90° from the state 

in which the residual voltage of V0 = E exists in the transmission line, as the voltage waveform v of the 

transmission line starts from E and oscillates at an amplitude of approximately 2E, it takes a peak value of 

approximately 3E (3 pu).  

 Next, we describe the switching surge phenomenon occurring from the specular reflection of progressive 

waves propagating along the transmission line at the open far end. In the same manner as above, the no-load 

transmission line is energized by closing the circuit breakers in the power station or substation. The power source 

on the upper side of the circuit breaker is simulated using a sine wave voltage source e(t) = E sin(t + ) and an 

inductance L connected in-series. The transmission line is simulated using a no-loss distributed constant circuit 

with a line length l, propagation velocity c, and characteristic impedance Z0. The equivalent circuit is shown in 

Figure 4. We assume that the circuit breaker S is closed at t = 0 under the conditions of the initial phase of the 

power supply = 90°, and the residual voltage of the transmission line is zero. In this case, because the voltage 

of the power supply increases in a step form, it is considered a step wave with amplitude E immediately after t = 

0. Because the waveform of voltage v1 at the starting edge of the transmission line is obtained by dividing the 

voltage of the step wave by L and Z0, it becomes a stepped waveform with an amplitude E vanishing at a time 

constant of L / Z0. This waveform v1 propagates along the transmission line as a traveling wave and reaches the 

remote end after a propagation time of  = l / c. According to the distributed constants circuit theory[6], because a 

voltage wave is specularly reflected at the open end producing twice the voltage, a voltage of 2E (2 pu) is 

generated at the remote end of the transmission line. Further, after time , the specular reflected traveling wave 

reaches the starting edge. Because the impedance of the power supply side is only L, which is small, the voltage 

wave is almost negatively reflected at the starting edge, and thereafter this reciprocating reflection repeats. 

Although the supply voltage was considered a step wave immediately after t = 0, because it changes to a 

sinusoidal wave when viewed over the long term, the voltage actually generated on the transmission line is the 

sinusoidal supply voltage superimposed through the above-mentioned reciprocating reflection. As an example, 

assuming an overhead power transmission line equivalent to 100 km, the waveform of the remote-end voltage v2 

is calculated using  = 2 60, L = 50 mH, l = 100 km, c = 300 m/s, and Z0 = 400 when applying the 

Bergeron method [2], the results of which are shown in Figure 5 (the voltage values are normalized by E). The 

reciprocating reflection resulting in a peak voltage of approximately 2 pu at the remote end is superimposed over 

the supply voltage. In the above calculation, because the losses in the power supply side and the transmission 

line are ignored, the reciprocating reflection continues. However, considering the losses, the reciprocating 

reflection will gradually attenuate. Therefore, the peak voltages occurring near 9 and 17 ms are actually much 

smaller, and the first peak near 1 ms is often the maximum value. The spike-like voltage waveform of the portion 

surrounded by the dotted line in Figure 5 is generated owing to a sudden change in the current flowing through 

the inductance L when the traveling wave returning from the remote end reaches the starting edge. It should be 

noted that, because the transmission line is treated herein as a distributed constant circuit, in the initial phase of 

the reciprocating reflection of the traveling wave, oscillations with a period of 4 were observed owing to the 

reciprocating reflection phenomenon. In contrast, as the frequency decreases, the behavior of the open-ended 

distributed constant circuit approaches the capacitance. In other words, when the high-frequency components are 
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lost by repeated reciprocating reflections, the 

oscillation period approaches a value determined by 

the inductance and capacitance of the transmission 

line added to the inductance of the power source side 

(for details of this phenomenon, refer to Section 

2.3.2 of [5]). 

 Because the concept of a residual voltage is the 

same as that of the switching surge, which occurs as 

the oscillation phenomenon of the inductance of the 

power supply side and transmission line capacitance 

described above, it is omitted herein. 

1.3 Residual Voltage and Input Conditions 

 As mentioned in the previous section, an 

overvoltage from a switching surge varies depending 

on the magnitude of the residual voltage. Therefore, 

in an actual analysis, to reproduce a realistic residual 

voltage, it is necessary to set the input conditions 

according to the operation of the actual equipment. 

The input conditions used in the analysis of [7] are 

shown below.  

(1) Three-phase input – Under this analysis 

condition, the input is simulated in a state where 

there is no residual voltage in the transmission 

line, such as when newly starting the operation 

of a power transmission line or restarting the 

operation of the power transmission line after 

construction. Using a circuit breaker of the load-

end under an open condition, the three phases of the circuit breaker on the supply side are closed 

concurrently. When parallel lines are in operation, the induced voltages from these lines will be 

superimposed.  

(2) Three-phase reclosing – Under this analysis condition, we simulate the cutoff and reclosing of all three 

phases of the circuit breaker together in the transmission lines where accidents have not occurred. After 

cutting off all three phases at both ends of the transmission line, using the circuit breaker at the load-end in 

an open state, the three phases of the circuit breaker at the power supply side are all closed concurrently. 

Normally, because a large residual voltage remains during all three phases, it gives the most severe 
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Figure 4 Equivalent circuit for energization of a 

no-load transmission line 

(simulation using a no-loss distributed constant 

circuit) 
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Figure 5 Remote-end voltage waveform when 

energizing a no-load transmission line 

(simulation using a no-loss distributed constant 

circuit) 

 

225



 

overvoltage. Because this analysis condition includes the cutoff and reclosing of the transmission lines 

where accidents have not occurred, such a voltage does not exist during an actual switching operation. 

However, it is used to obtain the most severe overvoltage as a reference value.  

(3) Selective reclosing – This analysis condition is for ultra-high voltage transmission lines where both ends of 

the transmission line are cut off only for the phase that caused the accident. The circuit breaker at the load 

end is kept as is, whereas the circuit breaker at the supply side is switched on.  

 

Furthermore, when analyzing a specific case, the analysis is conducted by setting the residual voltage assumed 

for the case without being limited to the above three conditions.  

1.4 Simulation of the Power Supply Side 

Both ends of power transmission lines are usually connected to a power generation station, a substation, or a 

switching station. Among the two ends of the power transmission line, the circuit breaker at the power supply 

side is closed and a switching surge is generated. When considering an exclusion of the lightning arrestors and 

transmission lines of other routes, which are described later, if the power supply side is a power plant, there will 

be a power generator and a step-up transformer behind the circuit breaker. If the power supply side is a 

substation, there will be a transformer behind the circuit breaker and transmission lines further spreading the 

system. If the power supply side is a switching station, there will be transmission lines directly behind the circuit 

breaker from where the system spreads. 

 If the power supply side is a power station or a substation, the system behind the circuit breaker is often 

simulated using an equivalent circuit, as shown in Figure 6. This equivalent circuit is a simplified circuit that 

simulates the voltage generated by the system behind the circuit breaker and its impedance. The three-phase 

voltage sources, namely, ea(t), eb(t), and ec(t), simulate the sinusoidal voltage generated in the busbar of the 

power source side with the circuit breaker to be closed under an open condition. Further, the impedances Z1 and 

Zn simulate the impedance of the system behind the circuit breaker. In contrast, when the power source side is a 

switching station, the transmission line behind the circuit breaker is simulated as a transmission line model using 

the method described in section 1.5, and the power station before or the substation after is simulated using the 

equivalent circuit shown in Figure 6. Fo the tip of a transmission line or a switching station, we first simulate the 

transmission line up to the power station or substation as the transmission line model. For a switching station, the 

reason for simulating the transmission line behind it as a transmission line model is that the transmission line at 

the instant the circuit breaker is closed appears to have a characteristic impedance corresponding to a resistance 

of several hundreds ohms, which may result in an error in the equivalent circuit shown in Figure 6.  
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 Although the amplitude of the three-phase voltage 

source can be easily obtained from the operating 

value, the resistance and impedance of the 

impedances Z1, and Zn will become a problem. In the 

guidelines[8] compiled by the IEEE Working Group 

on a switching surge analysis, Zn is omitted (short-

circuited), and the resistance and impedance of Z1 

are determined from the short-circuit capacity of the 

system behind the circuit breaker. In other words, 

the short-circuit impedance is obtained from the 

positive-phase equivalent circuit of the system 

behind the circuit breaker. Taking its real part as the 

resistance and the value obtained by dividing the 

imaginary part by namely, 2f, where f is the 

commercial frequency) as the inductance, we obtain 

Z1. However, in the guidelines [9] compiled by the 

CIGRE Working Group, the impedance of the rear 

system is obtained by adding the impedances of the 

generator, transformer, and transmission lines that 

are present behind the circuit breaker, taking into 

consideration the zero-phase impedance. Because 

the equivalent circuit of the generator is complex, it 

is simulated by approximating the d-axis sub-

transient reactance Xd". In addition, because the 

positive-phase component impedance obtained 

through an integration corresponds directly to Z1, the 

resistance and inductance can be obtained from the real and imaginary parts. Taking the zero-phase impedance 

obtained through an integration as Z0, the value of Zn is obtained from  

0 1

1
( )

3nZ Z Z   (2) 

The resistance and inductance values are obtained from its real and imaginary parts. Further, in the CIGRE 

guidelines, the frequency-dependent effect, that is, the effect of the increase in the resistance component of the 

generator and transformer, as the frequency increases, is taken into consideration, and the typical frequency 

characteristics of the generator and transformer are indicated. Because transformers, transmission lines, and 

generators are present behind the circuit breaker, it is not easy to obtain their comprehensive frequency 

characteristics. Moreover, it is also not easy to obtain the frequency characteristics of each generator or 

transformer. However, if the frequency characteristics of the system behind the circuit breaker are roughly 
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known, the frequency-dependent effect can be approximated [3], [10] using an equivalent circuit similar to that 

shown in Figure 7.  

In equation (2) above, the imaginary part of Z0  Z1 may become negative in certain cases, and a simulation 

using the inductance may become impossible. To handle this problem, a simulation method using an ideal 

Ytransformer for coupling is introduced in [9]. If the neutral point of the transformer behind the circuit 

breaker is directly grounded, it becomes Z0  Z1, and Zn can be omitted (short-circuited).  

Reference [5] compares the calculation results of the case in which the value of inductance L is only the leakage 

inductance of the transformer just behind the circuit breaker, and the case in which it is the inductance obtained 

from the short-circuit capacity of the system behind the circuit breaker, with the measured results. An actual 

measurement was carried out at the Shikoku Electric Power Nagagawa trunk line and Kansai Electric Power 

Okutataragi trunk line, and in both cases, it was concluded that the calculation results closer to the actual 

measurements can be obtained if L is simulated using only the leakage inductance of the transformer just behind 

the circuit breaker. Although this conclusion may not be necessarily consistent with the IEEE or CIGRE 

guidelines, as an important research result, we introduce it here. From this, conducting a calculation by changing 

the inductance as a parameter is considered realistic in an actual analysis. 

  When conducting a detailed analysis, instead of using the equivalent circuits of Figures 6 and 7, the system 

behind the circuit breaker may also be assembled and analyzed. 

1.5 Simulation of Transmission Line 

In a switching surge calculation, it is necessary to accurately reproduce the phenomena from the peak voltage 

observed immediately after closing the circuit breaker until it settles at the supply voltage of the commercial 

frequency after the attenuation of the reciprocating reflection and LC oscillation. In other words, because it is 

necessary to reproduce within the line model characteristics of a wide frequency range, from the commercial 

frequency to a high frequency corresponding to the peak voltage, it is standard to use a frequency-dependent line 

model. However, when a switching surge occurs as an oscillation phenomenon of the power supply side 

inductance and transmission line capacitance described in the first half of Section 1.2, such as when the line to be 

energized is a comparatively short underground cable, a sufficient level of accuracy can be obtained using a 

constant parameter line model. Because the capacitance of the transmission line does not have a frequency-

dependent effect, in such a case, the frequency used to calculate the line constants does not significantly affect 

the calculation results.  

 Because two or more lines assembled in the same tower will have a relatively large mutual induction between 

them, they are simulated as a single transmission line model. When considering the mutual induction between 

two or more transmission lines running parallel within the neighborhood, all lines are integrated into a single 

transmission line model. In a switching surge analysis, to simulate the line from the start to end as a single line 

model, the line constants are usually calculated when assuming an average pillar assembly over the entire span. 

Further, when the presence of the overhead ground wire is considered, it is eliminated from the matrix of the line 

constants. In XTAP, frequency-dependent line models with span lengths of 25, 50, 75, and 100 km are prepared 
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for each standard pillar assembly of each voltage class introduced in [4]. When the pillar assembly and span 

length differ from these, the analyst must create a frequency-dependent model using the line constant calculation 

routine, XTLC, included in XTAP. At that time, it is recommended to set the samples of the line constant 

calculation frequency to 400 points within the range of 0.1 Hz to 10 MHz. 

1.6 Simulation of Lightning Arrestor 

 In recent years, zinc-oxide type lightning arrestors have been used not only to suppress a lightning surge 

overvoltage, but also a switching surge overvoltage [7], [11]. In addition to the non-linear voltage-current 

characteristics, which are the basic characteristics of a zinc-oxide type lightning arrestor, the limiting voltage 

slightly increases for sharp waves within an order ofs. However, even in a lightning surge analysis targeting a 

steeper phenomenon as compared to a switching surge analysis, because the influence of the sharp wave 

characteristics is insignificant in the analysis of a system of 500 kV or less, it is ignored. That is, the zinc-oxide 

type lightning arrestor is simulated using only a non-linear resistance that reproduces the non-linear voltage–

current characteristics [4]. In the lightning surge analysis of a 1,000 kV system, there are examples in which the 

sharp wave characteristics are taken into consideration [12], [13]. 

 As the target phenomenon of the analysis is gentle in the case of a switching surge analysis as compared to a 

lightning surge analysis, it is natural to ignore the sharp-wave characteristics of a zinc-oxide type lightning 

arrestor and simulate it using only the nonlinear resistance. The representative voltage–current characteristics of 

a zinc-oxide type lightning arrestor are summarized in [4], and their models are available in XTAP. Grasping the 

processing energy of the arrestor that follows the switching surge is also an important item of an analysis. 

Because the available voltage–current characteristics may be the upper limit of the actual arrestor characteristics, 

it is necessary to take this into consideration when analyzing the processing energy. 

1.7 Simulation of Transmission Line on Another Route 

 In an analysis of a switching surge overvoltage, because the circuit breaker at the far end of the transmission 

line to be analyzed is open, there is no need to simulate the remote system. If there is a zinc-oxide type arrestor 

at the service line entrance of the substation at the far-end side, it may be simulated. Meanwhile, in the starting-

edge of the transmission line, it is necessary to simulate the following equipment. First, the system present in the 

power supply side of the circuit breaker to be closed, in other words, the system behind the circuit breaker, is 

simulated using the equivalent circuit shown in Figure 6 or 7, as described in Section 1.4. If there is a zinc-oxide 

type arrestor in the line side of the substation at the starting-edge, it must be simulated. In addition, if a power 

transmission line of another route is connected to the busbar on the line side of the substation (which is 

hereinafter simply referred to as the “transmission line of another route”), it must be simulated. 
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The simulation of the transmission line of another route is not easy. Because the analysis is carried out under 

the assumption that the transmission line of another route is normally operated, the problem is to determine how 

far the system extending further from its far end must be simulated. Although an example that deeply examines 

this problem has not been found, a simulation is usually conducted through the following procedure. First, 

following the transmission line of another route and examining the type and length of the transmission line, the 

substation whose influence on the analysis results is large is determined, and the simulation is conducted in 

detail up to that substation. The transmission lines falling under the scope of this detailed simulation are 

simulated as they are as transmission line models using the procedure described in Section 1.5. The transformers 

in the substations along the way are simulated, including the secondary side, using the procedure described in 

example SSW-03. Further, if there is a lightning arrestor installed at the substation, it needs to be simulated. 

Systems far from the substation located at the end of the detailed simulation range are simulated using the 

appropriate equivalent circuits, while taking into consideration whether the system seen from there is a power 

source or a load. For example, in the case of the power source, the equivalent circuit in Figure 6 or 7 is often 

used. The values of the source voltage E and the impedances R and L in the equivalent circuit are obtained using 

the method described in Section 1.4. In contrast, if there is a load far from the terminal substation, the equivalent 

circuit shown in Figure 8 is used in the IEEE guidelines [8]. In this equivalent circuit, the impedance of the 

transmission line and the transformer up to the actual load is expressed by Rs and Ls, the effective power of the 

load is expressed by the resistance RP, and the reactive power is expressed by the inductance LQ (if the value of 

the reactive power is negative, it is simulated using capacitance CQ). The simulation method stated here is just an 

example, and in practice, the analyst makes a judgement individually and then conducts a simulation. Further, 

because it is not easy to specify the range of the system that must be simulated in detail, in reality, trial switching 

surge calculations are conducted to observe the influence. Hence, this is often determined through trial and error. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rs 

Ls 

RP LQ CQ 

Rs 

Ls 

RP LQ CQ 

Rs 

Ls 

RP LQ CQ 

 
 

Figure 8 Equivalent circuit of a load 
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1.8 Simulation of Circuit Breaker and Statistical Calculation 

 As described in Section 1.1, the magnitude of the switching surge overvoltage is statistically evaluated from 

the results of the multiple switching surge calculations conducted by randomly changing the closing timing of 

the circuit breaker. Therefore, the circuit breaker is simulated as an ideal switch that can randomly change the 

closing timing for each simulation.  

 First, we describe the simulation of a circuit breaker that does not have an input resistance. As shown in 

Figure 9(a), a close command is first given to the circuit breaker. The timing at which this close command is 

issued is assumed to be evenly distributed between 0° and 360° of the phase of the power supply voltage, and in 

the simulation, it is determined using a uniformly distributed random number. Next, taking the point in time after 

a certain time T has elapsed from the close command as a reference, the time until the electrodes inside the 

circuit breaker really connect is assumed to fluctuate according to the normal distribution with a standard 

deviation of . This fluctuation is generated using a random number following a normal distribution. Taking the 

inherent variation of the simulation resulting from the random number generation as  the ideal switch that 

simulates the circuit breaker will close at the instant 

T +  has elapsed from the close command. In the 

above, T is the average value of the time required for 

the electrodes inside the circuit breaker to connect 

after the close command is issued. Although a close 

command is simultaneously given to the three-phase 

circuit breaker, because  is generated using random 

numbers for each phase, the values in the three 

phases differ.  

 A circuit breaker with an input resistance is 

simulated as follows. Similar to the case of closing 

with no-resistance, a close command is given to the 

circuit breaker, and its timing is determined using a 

random number uniformly distributed between 0° 

and 360° of the phase of the supply voltage, as 

shown in Figure 9(b). Next, taking the point in time 

after a certain time T1 has elapsed after the close 

command as a reference, the time until the resistance 

is actually turned on is assumed to fluctuate 

according to the normal distribution with a standard 

deviation of 1. Further, taking the time point after a 

certain time T1 + T2 has elapsed after the close 

command as a reference, the time until the resistance 

is really short-circuited is assumed to fluctuate 
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Figure 9 Simulation of circuit breakers 
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according to the normal distribution with a standard deviation of 2. These two fluctuations are generated as 

random numbers that follow their respective normal distributions. Taking the inherent variation of the simulation 

obtained as a result of a random number generation as 1 and 2, the ideal switch for turning on the resistance is 

closed when T1 + 1 has elapsed from the close command, and the ideal switch for short-circuiting the resistance 

is closed when T1 + T2 + 2 has elapsed from the close command. Here, T1 is the average value of the time 

necessary for turning on the resistance after the close command is issued, and T1 + T2 is the average value of the 

time required for short-circuiting the resistance after the close command is issued. Although a close command is 

simultaneously given to the three-phase circuit breaker, because 1 and 2 are generated by random numbers for 

each phase, the values in the three phases differ.  

  In [5], by conducting experiments on the closing timing of the circuit breakers, it has been concluded that the 

variations follow a normal distribution, and there are no differences owing to the type or voltage class of the 

circuit breaker. Further, the standard deviation of the variations was between 0.5 and 1.5 ms, and the average was 

approximately 1 ms. However, because a considerable amount of time has elapsed since the experiment was 

conducted, whether the above findings can be applied to the latest circuit breaker is unknown.  

  Because XTAP is equipped with statistical calculation functions (functions applying a Monte Carlo 

simulation) that automatically conduct numerous switching surge calculations by providing random numbers to 

the timing of the close command and the variation of the closing circuit breaker, the calculation of the 

cumulative frequency distribution of the maximum value of the generated voltage is automated.  

1.9 Example Analysis using XTAP 

We introduce an example of calculating a switching surge overvoltage generated when power transmission line 1 

is energized in a 275-kV system, as shown in Figure 10. The system on the power supply side of substations 1, 3, 

and 4 was simulated using the equivalent circuit shown in Figure 6. In the calculation of the switching surge, all 

voltage source components in the equivalent circuit were set to a 275-kV three-phase power supply of the same 

phase, and thus the tidal current does not become a problem. If the conditions are set such that the tidal currents 

do not occur, a Ferranti effect will occur, and the evaluation will become rigorous. For the impedance part of the 

equivalent circuit, we calculated the respective inductance values from the assumed short circuit capacities and 

added realistic resistance values. These resistance and inductance values are shown in Figure 10. Assuming that 

the transmission lines 1, 2, and 3 are overhead lines with the standard assembly stated in [4] and the earth 

resistivity as 100 m, we conducted the simulation using a frequency-dependent line model. The lengths of 

transmission lines 1, 2, and 3 were 100, 50, and 70 km, respectively, and the samples of the line constant 

calculation frequency at the time of the creation of the frequency-dependent line model were set to 400 points 

within the range of 0.1 Hz to 10 MHz. The circuit breaker to be closed was the circuit breaker 1 at the 

substation-1 side of transmission line 1, and the circuit breaker was assumed to have no input resistance, as 

shown in Figure 9(a). The average time from the close command to the time of closing T was set to 10 ms, and 

the variation in the closing time  was set to 1.5 ms. Moreover, in this analysis, we assumed the condition in 

which there is no lightning arrestor. Figure 11 shows the data created by XTAP .  
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 Using these, we conducted 300 simulations by taking the timing at which the close command is issued as a 

random number uniformly distributed between 0° and 360° of the power supply phase. The calculation time step 

was set to 0.5 s from the propagation time of the transmission line. Figure 12 shows the maximum value of the 

voltage generated at the end of transmission line 1 (substation 2 side) in pu plotted on a normal probability plot 

(taking the peak of the nominal voltage to ground as 1 pu). Here, the largest among the maximum values of the 

voltage waveform of each phase was taken. From Fig. 12, the 2% value, which is the maximum value of the 

generated voltage corresponding to a cumulative frequency of 2%, is approximately 2.7 pu. Figure 13 shows a 

plot of the voltage waveforms of each phase corresponding to the 2% value. From the figure, it can be confirmed 

that the maximum voltage is generated in the b-phase. 
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Figure 10 Example circuit for switching surge calculation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 XTAP data for switching surge calculation 
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Figure 12 Cumulative frequency distribution of 

the voltages generated at the end of 

transmission line 1 
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(b) Phase-b voltage 
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(c) Phase-c voltage 

 

Figure 13 Waveforms of the voltages generated 

at the end of transmission line 1 in the case 

corresponding to the 2% value  
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XTAP Example Collection No. SSW-03 

Example 

Name  

Analysis of Input Surge Owing to Block Energization during Large-scale System 

Restoration 

Field 
Large-scale system restoration, input surge calculation, switching surge calculation, 

overvoltage analysis 

Reference 

“Review of Simulation Methods for Electromagnetic Transients in Power Systems and 

Simulation Cases Using XTAP (Part 1): Switching Transient Overvoltage 

Simulations,” Central Research Institute of Electric Power Industry, Study Report 

H12005. 

Outline 

After describing the concept, the principle of occurrence, and the simulation method of 

each element of the transmission system for the case of an input surge owing to block 

energization during a large-scale system restoration, we introduce an example 

analyzing a 500/275-kV line using XTAP (excerpted from the above document). 

 

 

 

1 Input Surge Owing to Block Energization during Large-scale System 

Restoration 

1.1 Concept , [2] 

 When a power outage occurs across a system of a power company within the entire area (hereinafter referred 

to as a “complete outage”), it is necessary to restore the system by starting from the voltage of the adjacent 

interconnected power company or from a self-starting generator. When adding voltage to a normal transmission 

line, as described in example SSW-02, we conduct an operation of setting the power transmission line to a no-

load and turning on the circuit breaker at the power supply side for each transmission line. However, when 

restoring a complete outage, because a large amount of time is needed until restoration if the lines are energized 

one by one, as in the case of a normal voltage addition, we follow a procedure in which the system is divided 

into several blocks and the blocks are energized individually [3] (in this case, each block is set to no-load). 

Because many transmission lines and substations are included in a single block, the length of the transmission 

line becomes long, and its inductance and capacitance also increase. Further, the inductance and capacitance of 

the transformers in the substation add to this. Thus, in the case of energizing each block, as the stored 

electromagnetic energy increases owing to an increase in the equivalent inductance and capacitance, problems of 

an overvoltage and the processing energy of the arrestors tend to occur more frequently compared to the case of 

adding voltage to each line [4]. Therefore, for the purpose of examining the appropriate block division during a 
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large-scale system restoration, and to grasp the overvoltage and processing energy of the arrestors in the 

determined block division, it is necessary to analyze the input surge phenomenon from a block energization.  

1.2 Simulation of Each Element 

The method of analysis of the input surge generated through block energization for a large-scale restoration is 

basically the same as the analysis method of the normal input surge described in SSW-02. However, considering 

the substation equipment included in the energized block, it is necessary to simulate the transformers and phase-

modifying equipment not present in the normal input surge analysis. Therefore, beginning from the next section, 

we will describe the method for simulating the 

transformers and phase-modifying equipment. 

1.3 Transformer Simulation  

 The transformer is simulated using the “basic 

equivalent circuit of a transformer,” which is a 

well-known circuit available in text books. Figure 

1 shows its one-phase component. The equivalent 

circuit is composed of a winding resistance, 

leakage inductance, excitation resistance, 

excitation inductance, and an ideal transformer. In 

the case of a two-winding transformer, the leakage 

inductance is either equivalently placed on the 

primary side or divided between the primary and 

secondary sides in an appropriate ratio. In the case 

of a three-winding transformer, as the leakage 

inductances between the primary and secondary 

sides, secondary and tertiary sides, and tertiary and 

primary sides are given as the test results, the 

inductances of the primary, secondary, and tertiary 

sides are calculated from these data and used. The 

leakage inductance on the secondary side often has 

a negative value, and when this value is used as is, 

a numerical instability may occur in the simulation 

in certain cases [5. In some cases, it is 

recommended to input a small positive inductance 

value while conducting an analysis using XTAP. 

Assuming the excitation resistance as linear, the 

resistance obtained from the result of the no-load 

test at the rated voltage is set. Simulating the 

 

R1, L1: Resistance and leakage inductance of the primary winding 
R2, L2: Resistance and leakage inductance of the secondary winding 
R3, L3: Resistance and leakage inductance of the tertiary winding 

Excitation 
inductance 

Ideal transformer 
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R3 L3 

Tertiary 
side

 

* The figure above shows a one-phase component 
of a three-winding transformer. In the case of a two-
winding transformer, the tertiary winding is not 
needed.  

Figure 1 Fundamental equivalent circuit of a 

transformer  
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Figure 2 Hysteresis characteristics of iron core 
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excitation inductance as non-linear, saturation 

characteristics (current–magnetic-flux 

characteristics) of the iron core provided by the 

manufacturer is set. If the saturation characteristics 

of the iron core provided by the manufacturer also 

include the hysteresis characteristics, the 

characteristics passing through the center is used as 

shown in Figure 2. In this manner, the equivalent 

circuit for the phase of a transformer is obtained. 

This is prepared for the three phases, connected in 

patterns such as Y or YYand taken as the 

transformer model. In XTAP, because models of 

these three-phase transformers have been prepared 

in advance, an analyst does not have to apply the 

wiring (however, the excitation inductance is 

simulated as an exterior non-linear inductance). 

1.4 Simulation of the Phase-modifying 

Equipment 

 In the course of a large-scale system restoration, 

when energizing the blocks of the system one by 

one, each block is set to no-load. Therefore, to prevent a steady overvoltage owing to the Ferranti effect after 

energization, a shunt reactor, which is a type of phase-modifying equipment, may be added in certain cases [1], 

[4]. As shown in Figure 3, in the shunt reactor model, each phase of the reactor is simulated using a series 

connection of the inductance and resistance representing a loss, and these models are connected and used as the 

actual machine. If the saturation characteristics of the iron core is available, the inductance is taken as non-linear. 

Because shunt reactors are connected to the tertiary side of the main transformer, even in the model, they are 

connected in the same way as the actual machine. In addition, because the models of the shunt reactors are 

already available in XTAP, the analyst does not need to build an equivalent circuit. 

1.5 Harmonic Overvoltage 

In the block energization during a large-scale system restoration, a sustained harmonic overvoltage with low 

attenuation occurs owing to a different principle from the input surge overvoltage explained here, of which 

studies are ongoing in Japan and abroad [4], [6]. This is an overvoltage caused by the flow of the excitation 

inrush current of the transformer at the timing that strengthens the natural vibration at each cycle when the 

natural frequency of the block to be energized matches an integral multiple of the lower order of the commercial 

frequency. Because the natural vibration is excited as long as the above-mentioned timing is met, and the 

damping is small as long as the block that is energized is on a no-load, the attenuation is small.  

 

 

(a)  Connection 

 

 

 

(b) Y Connection 

 

Figure 3 Shunt reactor models 
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1.6 Example of Analysis using XTAP 

Considering the 500 / 275-kV system shown in Figure 4 as one of the blocks during a complete outage restoration, 

we calculate the overvoltage generated at the time 

of energizing this block. The power source side of 

the circuit breaker to be closed is simulated using 

the equivalent circuit of example SSW-02 shown 

in Figure 7, taking into consideration the 

frequency characteristics. Here, assuming the 

frequency characteristics to be same as the 

characteristics of a transformer with a 500-MVA 

capacity indicated in the CIGRE guidelines [7], 

the constants of the equivalent circuit are 

calculated from the assumed short circuit capacity 

(10,000 MVA) (the calculated constants of which 

are shown in Figure 4). 
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Figure 4 Example circuit for the calculation of input surge owing to block energization 

 

 

 

R1, L1: Resistance and leakage inductance of the primary winding 
R2, L2: Resistance and leakage inductance of the secondary winding 
R3, L3: Resistance and leakage inductance of the tertiary winding 

Excitation 
inductance 

Ideal transformer 

R1 L1 

Excitation 
resistance 
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R3 L3 

Tertiary 
side

R2 L2 

Secondary 
side

 

* The above figure shows one phase in the case of 
a three-winding transformer 

 

Figure 5 Basic equivalent circuit of an 

autotransformer 
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Because the circuit breaker to be closed has the closing resistance of example SSW-02 shown in Figure 9(b), the 

value of the input resistance is set to 1,000 . 

The average time T1 from the close command to the resistance input, and the average time T2 from the resistance 

input to the resistance short-circuit, are both set to 10 ms, and the variation of the resistance input 1 and the 

variation of the resistance short-circuit 2 are both set to 1.5 ms. Transmission lines 1 and 2 are both 500-kV 

overhead transmission lines with lengths of 100 and 75 km, respectively. Further, transmission line 3 is a 275-kV 

overhead transmission line with a length of 50 km. Assuming the pillar assembly of the transmission lines to be 

the standard pillar assembly in [8], and the earth resistivity as 100 m, we simulated the assembly using a 

frequency-dependent model. The line constant calculation frequency samples for the creation of the frequency-

dependent model are set to 400 points within the range of 0.1 Hz to 10 MHz. Transformers 1, 2, and 3 are 500-, 

275-, and 77-kV autotransformers, respectively, having the same constants, and are simulated using the 

equivalent circuit shown in Figure 5. Although the basic concept of this equivalent circuit is the same as the 

basic equivalent circuit of a transformer described in Section 1.3, compared with Figure 1, this is modified to an 

autotransformer connection where the low-voltage side of the primary winding and secondary winding are 

common. Transformer 4 is a three-winding transformer of 275 / 77 / 22 kV, which is simulated using the basic 

equivalent circuit of Figure 1. In all transformers, the saturation characteristics of the excitation inductance is set 

to a two-line approximation, as shown in Figure 6. Further, it is assumed that shunt reactors are connected to the 

tertiary side of each transformer, and are simulated using the -connection model shown in Fig. 3 (a). For 

simplicity, the inductance and resistance values are calculated from the assumed capacity without considering the 

non-linear characteristics of the reactor. The constants of the transformer and the shunt reactor above are shown 

in Table 1. The lightning was simulated using a non-linear resistor having the characteristics of a 30% reduced 

high-performance lightning arrestor described in [8]. Regarding the installation location and quantity, a resistor 

was installed on buses 1 through 5. The XTAP data thus created are shown in Figure 7. 
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 Using these data, we conducted 300 

simulations with the timing at which the close 

command is issued as a random number 

uniformly distributed between 0° and 360° of the 

power supply phase. The calculation time 

increment is set to 0.5 s. Figure 8 shows the 

maximum value of the voltage generated in bus 5 

plotted in pu on a normal probability plot (taking 

the peak of the nominal voltage to ground as 1 

pu). Here, the largest among the maximum values 

of the voltage waveforms of each phase was taken 

as the maximum. From Figure 8, the 2% value, 

which is the maximum value of the generated 

voltage corresponding to a cumulative frequency 

of 2% is approximately 1.8 pu. A plot of the 

voltage waveform of each phase of the case 

corresponding to this 2% value is shown in Figure 

9. In the case corresponding to the 2% value, it 

can be confirmed that the maximum voltage is 

generated in phase-b. 
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Figure 6 Saturation characteristics of excitation 

inductance 

 

 

Table 1 Transformer and shunt-reactor constants 

used in analysis 

(a) Transformers 1–3 

R1 0.152  L1 87.6 mH 

R2 0.227  L2 17.8 mH 

R3 0.178  L3 4.30 mH 

Excitation resistance 400 k 

(b) Transformer 4 

R1 0.756  L1 60.2 mH 

R2 0.237  L2 0.001 mH 

R3 0.0484  L3 1.93 mH 

Excitation resistance 150 k 

(c) Shunt-reactor 

Transformers 1–3 (per phase)  

R 0.741  L 590 mH 

Transformer 4 (per phase) 

R 0.121  L 96.3 mH 
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Figure 7 XTAP data for the calculation of input surge owing to block energization 
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Figure 8 Cumulative frequency distribution of the 

voltages appearing in busbar 5 
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XTAP Example Collection No. SSW-04 

Name of the 

Example 

Comparison of the Ground-fault Surge Analysis of a 500-kV Power Transmission 

Line with the Actual Measurements 

Field Ground fault surge calculation, switching surge calculation, overvoltage analysis 

References 

Central Research Institute of Electric Power Industry, Survey Report H12005, 

“Review of Simulation Methods for Electromagnetic Transients in Power Systems 

and Simulation Cases using XTAP (Part 1): Switching Transient Overvoltage 

Simulations” 

Outline 

We describe the concept of a ground-fault surge, its principle of occurrence, and 

the method of simulation of each element in the power transmission system, and 

introduce an example of the ground-fault surge analysis of a 500-kV transmission 

line using XTAP (excerpted from the above reference). 

 

 

1 Ground-Fault Surge 

1.1 Concept [1]-[4] 

 When a ground-fault occurs in the transmission lines from a lightning strike or similar event, an overvoltage 

occurs during a healthy phase. In the case of multi-line transmission lines, an overvoltage also occurs in each 

phase of the circuits other than the circuit where the fault occurred. This is called the ground-fault surge. If the 

insulation level of the transmission line is inadequate, there is a risk of a one-phase ground fault accident 

progressing into a multi-phase or a multi-circuit ground fault accident. Hence, from this perspective, an 

overvoltage needs to be considered during the insulation design. In particular, if an overvoltage from an input 

surge is kept low by a resistance input or by the effect of arrestors in the substation, the ground-fault surge 

becomes a problem in the insulation of the transmission lines. Because an overvoltage from a ground-fault surge 

is an overvoltage that occurs in transmission lines rather than in substations, the unavailability of an effective 

suppression method such as the installation of an arrestor is also a feature.  

 Herein, we briefly summarize the difference of this concept from the input surge. As described in example 

SSW-02, the magnitude of an input surge overvoltage is statistically evaluated from the results of numerous 

input surge calculations conducted by randomly changing the closing timing of the circuit breaker. Specifically, 

in the case of no closing resistance, the magnitude of the input surge overvoltage is determined based on the 

timing of the close command as well as the closing timing of the three circuit breakers that is stochastically 

determined based on this timing. If a closing resistance is present, the magnitude of the input surge overvoltage 

is determined based on the timing of the close command as well as the close timing of the six circuit breakers 
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stochastically, which is also determined based on this timing. Further, the timing of the close command is also 

determined stochastically. Thus, because the magnitude of the input surge overvoltage depends on the multiple 

timings that are stochastically determined, the probability of occurrence of the combination of the closing timing 

that can cause a maximum overvoltage is extremely low. Therefore, rather than finding the maximum value of 

the overvoltage whose occurrence frequency is 

extremely low, it is considered reasonable to 

conduct a statistical evaluation. In contrast, in the 

case of a ground-fault surge analysis, because the 

problem is a single-line ground-fault that occupies 

the majority of ground-fault accidents, the phase of 

the power supply voltage that causes the ground-

fault is gradually changed to obtain the maximum 

value of the overvoltage. Although the timing at 

which the event that causes a ground-fault, such as 

lightning, is probabilistic, it does not depend on 

stochastically determined multiple timings, as in 

the case of an input surge, but depends only on the 

timing at which a single-line ground fault occurs. 

Hence, it is considered that the ground-fault at the 

phase that gives the maximum overvoltage may be 

sufficient. Usually, an overvoltage becomes 

maximum when a ground-fault occurs just after the 

instant when the power supply voltage of the 

ground-fault phase attains the peak value. 

1.2 Principle of Occurrence of Ground-fault 

Surge [1], [2], [4] 

 The mechanism of occurrence of a ground-

fault surge can be easily understood by 

considering it as the overlap of a transient 

voltage caused by a ground-fault of a steady 

voltage from a source voltage. The steady 

voltage corresponds to the voltage before the 

occurrence of the ground-fault. However, 

considering a transmission line where the source 

voltage is virtually zero and the voltage 

occurring in the ground-fault phase before the 
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 || 

 

Z0ss Va 

Power 
transmission line a 

b 

c 

Vb Vc 

 

(b) Steady voltage 

+ 

 

Z0ss t = t0 

Power 
transmission line a 

b 

c 

Va 

 

(c) Transient voltage 
 

* A ground fault is assumed to be at the center of 
the transmission line 
* The impedance of the power supply side is 
simply displayed with only the inductance  
* Z0ss is the combined value of the characteristic 
impedance of the transmission line connected to 
the load side substation 

 

Figure 1 Mechanism of occurrence of ground-

fault surge 
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ground-fault is V(t), the transient voltage is the voltage occurring in each phase when a voltage of V(t) is 

superposed on the ground-fault phase at the time of the ground fault. 

Considering the superposition of the steady voltage and the transient voltage, the voltage of the ground-fault 

phase will become zero (ground-fault condition) owing to the cancellation of V(t) by V(t), and the voltage of 

the healthy phases will be the sum of the transient voltage generated by applying V(t) to the ground-fault phase 

and the steady voltage. Taking the case of a ground-fault of phase-a of a single-circuit transmission line as an 

example, Figure 1 shows an illustration of the mechanism of occurrence of the above-mentioned ground-fault 

surge.  

 Here, we discuss the transient voltage component in more detail. Because the largest overvoltage is generated 

when a ground fault occurs at the center of the transmission line owing to reasons to be described later, we 

consider the ground fault to be at the center of the transmission line. First, the transient voltage component of the 

ground-fault surge is the voltage that occurs in each phase when the voltage in the ground-fault phase before the 

ground-fault is V(t) and when a voltage of V(t) is applied on the ground-fault phase at the time of occurrence 

of the ground fault, when considering a transmission line with a source voltage of virtually zero. For example, if 

the ground-fault occurs when the voltage of the ground-fault phase has a positive peak value, V(t) rises 

stepwise from zero to the negative peak value Vmax, and thereafter varies sinusoidally. However, because the 

overvoltage in question occurs within a time region shorter than a cycle of the commercial frequency, V(t) can 

be approximately regarded as a step wave rising from zero to Vmax without any problem, as shown in Figure 

2(a). When such a step wave is applied to the ground-fault phase at the center of the transmission line where the 

supply voltage is virtually taken as zero, an overvoltage represented by the following equation occurs during the 

induction phase.  

0
max

0

m
m

s

Z
V V

Z
   (1) 
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However, Z0s is the component of the ground-fault 

phase of the characteristic impedance matrix, and 

Z0m is the mutual component between the induction 

phase in focus and the ground-fault phase of the 

same matrix; in addition, although Z0m / Z0s depends 

on the type and arrangement of the line, it normally 

takes a value of between 0.1 and 0.35. From the 

above, the waveform of the voltage Vm of the 

induction phase at the center of the transmission 

line can be illustrated, as shown in Figure 2(b). 

Next, we consider the waveform of this surge when 

it has propagated to a point of distance x. It is 

known that when a surge propagates along a 

transmission line, it splits into several line waves 

and ground return waves. A line wave is a 

propagation mode where the forward and return 

paths of the current flow are the phase conductors 

of the transmission line and the propagation speed 

is almost equal to the speed of light. Precisely, 

although several line waves exist, for simplicity, 

we collectively refer to them as a line wave. In 

contrast, the ground return wave is a propagation 

mode where the three phase conductors of the 

transmission line are collectively taken as the 

current forward path and the ground is taken as the 

return path. The propagation speed of the ground 

return path is approximately 90% of the speed of 

the line wave. Taking the propagation speeds of the 

line wave and the ground return wave as v1 and v0 

respectively, the time required for the arrival of the 

line wave and the ground wave to point P at 

distance x from the ground-fault point is 1 = x / v1 

and 0 = x / v0, respectively. That is, at point P, as 

shown in Figures 2(c), and 2(d), the line wave 

arrives at a time 1 after a ground-fault, after which 

the ground return wave arrives after the time  = 

0  1 has elapsed. Because the line wave that 

arrives earlier takes the ground-fault phase as the forward path and the induction phase as the return path, the 
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voltage of the induction phase is opposite in polarity to the ground-fault phase. The earth return wave has the 

same polarity because both the ground-fault phase and the induction phase are forward paths. Therefore, during 

 when the line wave has arrived, if the induction phase has an opposite polarity to the ground-fault phase, that 

is, when V(t) is a step wave that rises negatively, as currently considered, a positive surge occurs. If the 

underground cable and many overhead transmission lines are connected to the busbars of the substations (or the 

power stations) at both ends of the transmission lines, and if the condition in which the characteristic impedance 

seen from the transmission line causing the ground-fault is sufficiently small is satisfied, the line wave surge 

with a positive polarity will return to the center of the transmission line as a negative surge owing to a negative 

reflection at both ends of the busbars. At this time, because the source voltage of the ground-fault phase is near 

the positive peak, the source voltage of the induction phase is negative, and hence, a negative overvoltage 

determined by the surge impedance shown in Figure 2(b) is superimposed. Here, a negative surge that is 

negatively reflected from both sides of the above-mentioned transmission line is superimposed, and further, 

when the surge is reflected at the ground-fault point, the negative surge of the inductance phase increases. In 

detailed surge calculations, the overvoltage of inductance phase can theoretically bridge up to a maximum of 

approximately 2 pu. However, this is the most severe case in which the ground fault occurs exactly at the center 

of the transmission line, and the condition in which the characteristic impedances of the busbars at both ends of 

the transmission line are extremely small was satisfied. The ground-fault surge occurring in reality will be 

smaller. The reason why the overvoltage reaches the maximum when the ground-fault occurs at the center of the 

transmission line is because the line wave surge negatively reflected from both sides of the transmission line is 

superimposed at the same timing. 

 Because the propagations of multiple line-waves are not the same, the propagation of few tens of kilometers 

causes a difference of approximately a few s in the propagation time. Thus, although it depends on the line 

length, protrusions on the order of a few s to a few tens of s occur in the voltage waveform, which may 

become the peak value. However, because the duration of these protrusion-like voltages is within the time range 

of the lightning surge rather than the switching surge, considering the characteristics (V  t characteristics) where 

the insulation performance of the insulator becomes higher as the time of voltage application becomes shorter, it 

can be ignored as a switching surge-like overvoltage. 

1.3 Simulation of Each Element  

The simulation of each element in the ground-fault surge calculation can be basically considered similar to the 

input surge calculation described in example SSW-02. Similar to the case of an input surge calculation, the 

difficulty is to determine how far the system must be simulated. Basically, we follow each transmission line from 

both ends of the transmission line to be analyzed, and simulate in detail up to those substations that are 

determined to have a large influence on the analysis results, taking into consideration the type and length of the 

transmission line, as described in example SSW-02 of section 1.7. The systems far from the substation located at 

the end of the detailed simulation range are simulated with the appropriate equivalent circuits, considering 

whether the system seen from there is a power source or a load. Because it is not easy to specify the range of the 
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system that must be simulated in detail, in reality, trial ground-fault surge calculations are conducted to observe 

its influence. Hence, it is often determined through trial and error. In the calculation of a ground-fault surge, 

because the calculation results will be toward the severe side as the impedance of both ends of the transmission 

line becomes smaller, upon knowing that the results of the severe side can be obtained, a practical way to 

connect a voltage source and a small impedance on both the ends of the line is also possible. 

1.4 Example Analysis using XTAP 

 We introduce an example of calculating the ground-fault surge overvoltage for the case of a ground-fault 

occurring in phase-b of the first circuit, exactly at the center of power transmission line A, in the 500-kV power 

transmission system shown in Figure. 

  Here, G1 and G2 are the power stations simulated using the equivalent circuit of Figure 6 in the example 

SSW-02. The value of the inductance is calculated from Xd" of the assumed generator and the impedance of the 

step-up transformer. Here, G3 and G4 are the contracted representations of the systems far from busbars 3 and 4, 

respectively, and are simulated using the equivalent circuit of example SSW-02 shown in Figure 6. Assuming 

that the power source frequency is 60 Hz and the tidal current does not affect the overvoltage, the phases of the 

four three-phase voltage are assumed to be the same. Assuming all power transmission lines to be standard 

columns for 500 kV, as mentioned in [6], and the ground resistivity to be 100 m, the simulation is conducted 

using a frequency-dependent line model. Samples of the line constant calculation frequency for creating the 

frequency-dependent line model were set to 400 points within the range of 0.1 Hz to 10 MHz. The ground-fault 

resistance, which simulates the arc resistance at the time of a ground-fault and the tower foot grounding 

resistance, is set to 1 . For the sake of simplicity, the load was not simulated. The XTAP data simulated in this 

manner are shown in Figure 4. Using these data, we conducted a simulation by changing the timing at which the 

ground-fault occurs from 0° to 180° of the phase of the power source voltage in increments of 1°, and 

determined the characteristics of the maximum overvoltage with respect to the phase of the power source at the 

time of occurrence of the ground-fault. The pu (the peak value of the nominal voltage to the ground is 1 pu) of 

the results is shown in Figure 5. Because the protrusion-like voltage waveform generated by the propagation 

time difference between multiple line waves is also simulated, the calculation time step is taken as 1 s. From 

Figure 5, if the ground-fault occurs when the phase of the power source is 50°, the generated overvoltage attains 

the maximum value. Figure 6 shows the voltage waveforms of each phase calculated under this condition. The 

maximum overvoltage is generated in phase-c of the first line. The file name of this example is SSW-04-A.xsf. 
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Figure 3 Example circuit of ground-fault surge calculation 
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Figure 4 XTAP data for ground-fault surge calculation  
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Figure 5 Maximum voltage versus phase of source voltage at time of occurrence of ground-fault 
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Figure 6 Calculation results at the time of occurrence of ground-fault when the phase of the source 

voltage is 50° 
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1.5 Comparison with Actual Measurement 

Results 

 To reproduce the results of the ground-fault 

surge test [5] conducted at the 500-kV Kaga-

Reinan line connecting the Hokuriku Electric 

Power Kaga Substation and Kansai Electric Power 

Reinan Substation, we introduce an example 

simulation using XTAP. As described in Section 

1.2, the transient voltage component generated by a 

ground-fault surge is obtained as the voltage 

generated when the voltage of the ground-fault 

phase before the ground-fault is V(t) and when a 

voltage of V(t) is applied to the ground-fault 

phase at the time of occurrence of the ground-fault, 

when considering a transmission line where the 

source voltage is virtually zero. Therefore, in this 

surge test, the source voltage is made zero by 

grounding each phase of the busbars in both ends 

of the Kaga-Reinan line to an impedance, and a 

voltage corresponding to the above-mentioned 

V(t) is applied to the ground-fault phase at the 

ground-fault point such that only the transient 

voltage component is generated. The impedance 

that grounds each phase of the busbars at both ends 

of the line simulates the impedance of the system 

far from it in a simple manner, and herein we 

compare the actual measurement result with the 

calculation result when this is set to a resistance of 

50 . Figure 7 shows the test circuit, the equivalent 

circuit of the impulse generator used for the 

voltage application, and the conductor arrangement 

of the Kaga-Reinan line. The ground-fault point is 

not the exact center of the line but is only 3.5 km 

from the center toward the Kaga Substation side. 

Further, the phase of the ground-fault is phase-b of 

the first line. Figure 8 shows the XTAP simulation 

data of this test circuit. The transmission lines are 
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simulated using a frequency-dependent line model, and the frequency samples for a constant line calculation 

were set to 400 points within the range of 0.1 Hz to 10 MHz. The calculation time step of the simulation was set 

to 0.5 s. Figure 9 shows the results of the actual measurement, and Figure 10 shows the calculation results. 

Including the protrusion-like voltage waveform caused by the difference in the propagation time of multiple line 

waves, the calculation results agree well with the actual measured results. The file name of this example is SSW-

04-B.xsf. 

257



 

 

 

 

Figure 8 XTAP data reproducing the ground-fault surge test of Kaga-Reinan line 

 

 

 

 

 
 
 

 

 

 
 
 
 

 
 
 

 
 

 

Figure 9 Measured results of ground-fault surge test at Kaga-Reinan line 
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Figure 10 Calculation results of Kaga-Reinan line ground-fault surge test using XTAP 
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XTAP Example Collection No. SSWD-01 

Example 

Name 
Ground-fault Surge Propagation Analysis of a 6.6-kV Power Distribution Line 

Field Ground fault surge analysis 

References 

(1) Electric Technology Research Association, Advanced Technical Committee on

Distribution Automation Technology, “Advancements in Power Distribution

Automation Technology,” Vol. 72, No. (2016)

(2) Kyushu Electric Power Co., Ltd., Kyushu Technosystems Co., Ltd., The

Method of Calculating Surge Propagation Speed in Accident Point Locating

System, Japanese Patent No. 5085111, 2012.11.28

Outline 

At present, if a ground-fault accident occurs in a distribution line, it takes a 

significant amount of time to locate the accident site. To solve this problem, various 

ground fault location methods have been proposed. In this example, we describe the 

principle of standardization using the “ground-fault surge arrival time difference 

analysis method,” which is one of the ground-fault location standardization 

methods. Next, we describe the modeling of various types of power distribution 

equipment and finally conduct a ground-fault surge propagation analysis of the 

system created by combining the modeled distribution equipment. Based on the 

results, we study the standardization using the “ground-fault surge arrival time 

difference analysis method.”  

1 Ground-fault Surge Arrival Time Difference Analysis Method 

1.1 Standardization Principle 

In the ground-fault surge arrival time difference analysis method, the surge wave caused by a ground-

fault is measured using sensors located at two points between which the ground-fault location is 

sandwiched, and the ground-fault location is determined from the difference in the arrival time [1]. As 

shown in Figure 1, when a ground-fault accident occurs in a distribution line, a ground-fault surge 

propagates along the distribution line from the fault point to both the power supply side and the load side. A 

ground-fault surge is basically a zero-phase component that takes each phase of the electric line as the 

forward path and the ground (or the overhead ground wire) as the return path. It is assumed that the ground-

fault occurs in a section of length l [m] sandwiched between two sensor-equipped switches, and that the 
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ground-fault surge is detected by these two switches. Taking the time detected by the sensor equipped 

switch closer to the ground-fault point (near side) as t1 and the time detected by the sensor equipped switch 

far from the ground-fault point (far side) as t2, the difference in the arrival time is t = t2 – t1 [s]. At this 

time, if the surge propagation velocity v [m/s] in the section is known, the distance from the far-side 

sensor to the ground-fault, that is, the standard distance x [m], can be obtained from equation (1). 

2

vΔt l
x


  (1) 

Here, according to the distributed constant circuit theory, if the distribution line does not have 

any incidental facilities, the surge propagation speed will be close to the speed of light (300 m/µs). 

However, in actual distribution lines, because the measured surge waveform is complexly distorted 

owing to the occurrence of branching, as well as the characteristics of various distribution 

equipment and current detection sensors, the speed calculated from the difference in surge arrival time is 

different from the speed of light. Although this propagation speed is referred to as the “apparent surge 

propagation speed,” for simplicity, we refer to it as the “surge propagation speed” in this example. 

To know the surge propagation speed within the section that differs from the speed of light, it is 

not practical to conduct an artificial ground-fault test in an actual distribution line. Therefore, the 

method shown in Figure 2 is used, in which the switch outside the target section is operated, and 

from the difference in arrival time measured when the switching surge caused by this passes through the 

section, the surge propagation velocity v [m/µs] within the section is calculated. 

  Thus, the surge propagation velocity within the section is calculated in advance, and at the time of a 

ground-fault, this surge propagation velocity is substituted in equation (1) to standardize the ground 

fault location. Please note that this method is patented [2]. 

As mentioned above, the surge propagation velocity v, which changes depending on the branching, and 

the characteristics of various accessory power distribution equipment and current detection sensors, can be 

considered an important parameter that directly influences the accuracy of the standardization. 
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1.2 Modeling of Various Distribution Equipment 

As mentioned earlier, the surge propagation velocity of the power distribution line varies depending on 

the branching, as well as the characteristics of various distribution equipment and the current detection 

sensors. Further, this surge propagation velocity has a significant influence on the standardization accuracy 

of the ground-fault surge arrival time-difference analysis method. Hence, to examine the realistic accuracy 

of the standardization, it is necessary to reproduce the model of the actual distribution line by reproducing 

the branching on the analysis program, and conduct a simulation taking into consideration the 

characteristics of the various distribution equipment and current detection sensors. To do so, an analysis 

model must first be created for the various distribution equipment and current detection sensors. In the 

ground-fault surge arrival time-difference analysis method, focusing on the point in which the 

standardization of the ground fault location is conducted using the zero-phase component of the ground-

fault surge, we modeled the following distribution equipment that influences the zero-phase circuit by the 

ground capacitance. The modeling of each distribution facility is described in Sections 1.3 and 1.4. 

Furthermore, in Section 1.5, we describe the modeling of the current detection sensor used to measure the 

ground-fault surge.  

 Distribution line (overhead ground wire and cable portion)

 Pole-mounted transformer and high-voltage receiving transformer

Fig. 1 Standardization principle of ground-fault surge arrival time difference analysis method 
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1.3 Modeling of Distribution Line 

To analyze the surge propagating from the ground-fault point, it is necessary to treat the distribution line 

as a distributed constant circuit. Therefore, we created the distribution line model, as shown in Figure 3, 

using the fixed parameter distributed constant line model. The earth resistivity is taken as 100 m, and the 

line constant calculation frequency is taken as 100 kHz. For an overhead ground wire, the concrete pillars 

are arranged such that the overhead ground wire is grounded once every 200 m or less. The grounding 

resistance was set to 40  and an impedance of 12 H of the ground wire was also simulated. 

A fixed parameter distributed constant line model was also used for the cable portion, and its line 

constant was calculated using XTLC. Similar to the overhead ground wire, one end of the metal sheath in 

the cable part is grounded with a grounding resistance of 40 through an inductance of 12 H simulating 

the inductance of the grounding wire. 

1.4 Modeling of Pole-mounted Transformer and High-voltage Receiving Transformer 

From the viewpoint of simulating the surge response corresponding to the zero-phase component, the 

capacitance between the primary winding and the casing is considered to be the most important factor in 

the modeling of the pole-mounted transformer and high-voltage receiving transformer. Therefore, this 

capacitance was proportionally allocated to the primary side terminals and connected between the casing, 

and the resistance corresponding to the load on the secondary side was connected between the primary side 

terminals. The models of the pole-mounted transformer and high-voltage receiving transformer created in 

this manner are shown in Figures 4 and 5, respectively. For the capacitance between the primary winding 

and the casing, from the capacitance value actually measured on a pole-mounted transformer with a 

capacity of 5 to 50 kVA, an approximate equation of the following formula was created, of which the 

capacitance value Cs [pF] was determined from the transformer capacity Srate [kVA] (the capacity of the 

power receiving transformer is the contract capacity).  

High-voltage line 
: ACSR - OC 120 mm 2 

11 m

1 m 0 . 8 m0 . 8 m

Figure 3 Pillar assembly of high-voltage cable and overhead ground wire      

Ground 

GW: 22 mm2 
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21.64 ln( ) 22.42rateCs S    (2) 

1.5 Modeling of Current Detection Sensor 

For the purpose of measuring the zero-phase current, a zero-phase current transformer (ZCT) is 

incorporated in the sensor-equipped switch. Because the primary purpose of the ZCT is to measure the 

zero-phase current at a commercial frequency, it is not designed to measure high-frequency components 

accurately. Therefore, by applying a lowpass filter (LPF) with a cut-off frequency of 100 kHz in the ZCT 

output, the frequency characteristic of the ZCT is simulated. Furthermore, by adopting an LPF, variations in 

the frequency characteristics based on the type and individual differences of the ZCT can be avoided.  

2 Analysis Circuit and Conditions 

Figure 6 shows the 6.6-kV distribution system to be analyzed. Here, we assume a case in which the 

ground fault occurs at a location sufficiently far from the distribution substation. In this system, three 

sensors, from sensor 1 on the substation side to sensor 3 at the end, are installed uniformly at a distance of 

2,000 m from each other, and the section between sensors 1 and 2 is called Section A, whereas the section 

between sensors 2 and 3 is called Section B. Using this system, we conducted an analysis of the ground-

fault surge propagation and examined the standardization using the “ground-fault surge arrival time 

difference analysis method.”  

The other analysis conditions are as follows. 

ꞏ Calculation time step: 10 ns 

ꞏ Ground-fault occurrence time: 1 s 

ꞏ Ground-fault phase: Phase-a 

ꞏ Calculation start time: 0 s 

ꞏ Calculation end-time: 40 s 

Figure 4 Pole-mounted transformer model Figure 5 High-voltage receiving transformer model 
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3 Calculation of Section Propagation Velocity 

To calculate the standardized distance using the ground-fault surge arrival time-difference 

analysis method, it is first necessary to calculate the propagation velocity v of each section from the 

arrival time difference when a surge is from the outside of the section targeted by the ground-

fault location standardization sandwiched between the sensors. In an actual distribution line, the 

above-mentioned method of operating the switch outside the target section and calculating the 

propagation velocity of the section from the arrival time difference of the switching surge will not 

cause a ground-fault, which can hinder the supply. In a simulation study, it is easy to cause a ground-

fault. Therefore, propagation velocity v of each section is obtained by causing a ground-fault at the end 

of the system, indicated as “ground-fault point Case 1,” and determining the ground-fault surge 

propagating from the ground-fault point toward the substation side. The instant at which the sensor output 

exceeds 0.3 A is determined as the surge arrival at each sensor, and the section propagation velocity is 

calculated from the time difference.  

Figure 7 shows the analysis results of the case in which the ground-fault occurred at the point indicated 

as “ground-fault point Case 1.” From the figure, the propagation velocity vA of Section A calculated from 

the surge arrival time difference of 21.69 µs was approximately 92 m/µs, and the propagation velocity vB 

of section B calculated from the arrival time difference of 7.49 µs was approximately 267 m/µs, 

which indicates that the propagation velocity of the sections differs significantly. The difference is due to 

the cable portion. Owing to the influence of the large ground capacitance of the cable, a surge reflection 

occurs, and the surge passing through the cable greatly decreases. Therefore, in Section A, which has the 

cable portion, the propagation velocity decreases significantly.  
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Figure 7 Output of each sensor and surge arrival time difference when ground-fault occurs at “ground-fault 

point Case 1” 

4 Standardization of Ground-fault Location 

4.1 Standardization of Ground-fault Location in Section A 

In this section, using the propagation velocity vA of Section A calculated above, we apply 

a standardization for a case in which a ground-fault occurs at the location indicated as “Ground-fault 

point Case 2” in Section A. From the analysis results shown in Figure 8, the difference in surge arrival 

time ∆t between sensors 1 and 2 is 12.10 µs. From this result, when calculating the standardized 

distance x by  substituting v (= vA = 92 m/µs) and ∆t (= 12.10 µs) in equation (1), the ground-fault point is 

determined to be at 1,557 m from sensor 2. In the analysis setting, because the location set as the ground-

fault point (true value) is 1,800 m from sensor 2, the error of the standardized distance is 243 m, and its 

error rate is 14%. 
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Figure 8 Output of sensors 1 and 2 and difference in surge arrival time when the ground-fault occurs in 

“ground-fault point Case 2” 

4.2 Ground-fault Point Standardization in Section B 

In this section, using the propagation velocity vB of Section B calculated above, we apply 

a standardization for the case in which a ground-fault occurs at the location indicated as “Ground-fault point 

Case 3” in Section B. From the analysis results shown in Figure 9, the difference in surge arrival time 

∆t between sensors 2 and 3 is 1.31 µs. From this result, when calculating the standardized distance x 

by  substituting v (= vB = 267 m/µs) and ∆t (= 1.31 µs) in equation (1), the ground-fault point is 

determined to be 1,175 m from sensor 2. In the analysis setting, because the location set as the ground-

fault point (true value) is 1,200 m from sensor 2, the error of the standardized distance is 25 m, and its 

error rate is 2%. 
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XTAP Example Collection No. STL-01 

Name of 

the 

Example 

Simulation of Surge Propagation of a 500-kV Horizontally-arranged Single Circuit 

Transmission Line  

Field Surge analysis (overvoltage analysis), line model 

References 

Central Research Institute of Electric Power Industry, Research Report H07005 

A Transmission Line Model for Electromagnetic Transient Analysis Based on the 

Frequency Region Partitioning Algorithm 

Outline 

 In various surge analyses (overvoltage analyses), it is important to accurately 

simulate the surge (high-voltage traveling wave) propagating through the 

transmission lines and underground cables. For an accurate simulation of a surge, 

an accurate verification of the transmission line model used in the instantaneous 

value analysis is indispensable. 

 In this example, we compare the results of a surge propagation characteristic test 

conducted on a 500-kV horizontally arranged single circuit transmission line 

(Azumo main line of Tokyo Electric Power), and the results of a surge propagation 

simulation conducted by modeling the transmission line using a frequency-

dependent line model of XTAP. Because the results agree well, it can be understood 

that the frequency-dependent line model of XTAP has a sufficient analysis 

accuracy.  
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Analysis Circuit and Conditions 

 Figure 1 shows the assembly of the 500-kV horizontally arranged single circuit transmission line to be 

analyzed, and Figure 2 shows the results of the surge propagation characteristic test. 

22 m 

14 m 

28.5 m 

38.5 m 40 cm 

GW GW 

a b c 

IACSR 

120 

IACSR 

240 

Line length of 83.212 km 

Earth resistivity of 200 m 

Figure 1 Assembly of 500-kV horizontally arranged single line transmission line 

415  

10 
F

83.212 km a 

b 

c 
15 k 

A resistance of 15 k is inserted 

between the starting and ending edges 

of the lines in each phase and the 

ground, respectively

Figure 2 Surge propagation characteristic test circuit 
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[Analysis Phenomenon] 

 When a surge propagates on a n-phase transmission line, its waveform can be broken down into n 

propagation modes. Such a three-phase transmission line can be broken down into a first line-wave mode, a 

second line-wave mode, and a ground return mode. The first line-wave mode is a propagation mode where 

both ends of the power line (phase-a and phase-c) are set as the forward and return paths, respectively, and 

the second line-wave mode is a propagation mode where both ends of the power line (phase-a and phase-c) 

are the forward paths, and the central power line (phase-b) is set as the return path. Because the current 

flows through the conductors in both the forward and return paths, the attenuation is small, and the 

propagation speed is almost the speed of light. In contrast, in ground return mode, because the three power 

lines form the forward path and the ground becomes the return path, the current flows through the ground. 

Hence, the attenuation is large, and the propagation speed is less than the speed of light. 

 As shown in Figure 2, when a voltage charged in a capacitor is applied to the starting edge of a phase, a 

rectangular voltage is applied. As the rectangular voltage propagates along the transmission line, it splits 

into the above three modes (the branching phenomenon), and at the far-end, the arrival of the two line-wave 

modes can be first observed followed by the arrival of the ground return mode. 

[Creation of the line model] 

Using the line constant calculation program XTLC included in XTAP, and inputting the pillar assembly 

shown in Figure 1, we create a frequency-dependent line model (for the different types of line models, refer 

to the “Modeling of Transmission/Distribution Lines and Underground Cables”). By using the frequency-

dependent line model, the skin effect of the transmission lines and ground and its frequency characteristics 

(which causes the branching phenomenon) can be reproduced. 

 The conditions for creating a frequency-dependent line model are as follows. We input the pillar 

assembly in Figure 1 and the parameters below to create the model file of the frequency-dependent line 

model (.xmf). At this time, from the graph displayed on the screen, we confirm whether the frequency 

characteristics of the line calculated using XTLC from the pillar assembly (frequency characteristics of the 

propagation function and the characteristic admittance) match the frequency characteristics of the line 

model (Figures 3 and 4). 

· Frequency range: 0.1 Hz to 10 MHz 

· Number of frequency samples: 400 points

· Earth resistivity: 200 m 
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Figure 3 Approximation of frequency 

characteristics of the propagation function matrix 

component (1, 1) 

 

 

Figure 4 Approximation of frequency 

characteristics of the characteristic admittance 

matrix component (1, 1) 
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(b)  Phase characteristics 
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Example file 

version 
Content changes 

2014/11/19 2.0 
Update for XTAP Ver. 2.00 

Recalculation of line constants owing to changes in XTLC 

2012/07/19 1.2 Update for XTAP Version 1.20 
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Update for XTAP Version 1.11 

Change in line constant file owing to changes in the number of 

valid digits of XTLC 

2010/07/16 1.0 Creation of first edition (for XTAP Version 1.10) 
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Analysis Results 

The inter-electrode distance D of the arcing horn was set to 3 m, and the arc resistance R_arc was set to 5 

Ω (the other parameters were set to their default values). The results of the calculation conducted on the 

analysis circuit of Figure 1 are shown in Figure 3. In addition to the voltage between arcing horns and the 

leader current, the leader length and leader propagation velocity are shown (the leader length and leader 

propagation velocity are outputs with the variable names XLAVE and VLAVE, respectively). The 

calculation results are consistent with the calculation results of the detailed model described in example 

STL-03 and with the actual measured results within the range in which no problem occurs in terms of 

practical use. 

Figure 4 shows the calculation results of the V − t curve for the cases of positive and negative polarities by 

changing the inter-electrode distance of the arcing horn D to 1, 2, and 3 m. In the simplified model of this 

example, because there is no distinction between the positive and negative polarities, the same results can 

be obtained in both cases. The calculation results agree well with the calculation results of the detailed 

model and the actual measured results shown in the following reference document within the range in 

which no problems occur in terms of practical use.  

M. Aoshima, “Flashover Characteristics of Air Gaps by Lighting Impulse Voltages with Short Tail,” 

Research report T87041, Central Research Institute of Electric Power Industry, April 1988.  
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(c) Leader length 

 

 
(d) Leader progression velocity 

        Figure 3 Analysis results 
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      (b) Negative polarity 

 

Figure 4 V -t curve of calculation results 

 

Revision History 
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Example file 

Version 
                   Content changes 

2022/10/18 2.1 Name changed from SLS-03 to STL-04 

2014/11/19 2.0 Update for XTAP Version 2.0 

2012/07/19 1.1 Update for XTAP Version 1.20 

2011/12/06 1.0 Initial version created (for XTAP Version 1.11) 
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XTAP Example Collection No. PV-01 

Example 

Name  
Simulation of Single-phase Inverter Circuit for Solar Power Generation 

Field Power Electronics 

References 
“Development of Inverter Simulation Program (Part 2): Verification of Analysis 

Accuracy by Comparison of Actual Measurements,” Research Report R07016 

(June 2008), Central Research Institute of Electric Power Industry  

Outline 

With an increase in the amount of power electronic equipment and complexity, the 

importance of a simulation analysis of the power electronic equipment is 

increasing.  

In this example, we simulate an inverter for a recently introduced solar power 

generation. We simulate the solar power generation panels with a DC power supply, 

boost it with a boost chopper and connect it to a single-phase 200-V AC system 

through an inverter. The switches and diodes in the circuit are simulated using the 

simplified characteristics of ON- and OFF-resistors.  
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Analysis Circuit and Conditions 

Figure 1 shows the analysis circuit.  

 
Figure 1 Analysis circuit 

 

[Circuit Operation] 

The DC voltage generated by the DC voltage source on the left side of Figure 1 is boosted to 380 V 

using a boost chopper. Subsequently, an AC voltage is output using a single-phase inverter and linked to the 

200-V system. In this example, because the chopper applies the current control, the ON/OFF timing of the 

switch is adjusted such that the current flowing through the chopper smoothing reactor follows the 

command value. The inverter applies a constant DC voltage control and adjusts the output power to the AC 

system such that the average value of the DC voltage also follows the command value. Further, to remove 

the higher harmonics superimposed on the voltage and power waveforms output from the inverter, it is 

connected to the system using an AC filter.  

The main circuit parameters of the analysis circuit are as follows: 

Chopper smoothing reactor: 1 mH 

DC capacitor for energy storage: 5 mF 

Reactor for AC filter: 3 mH 

Capacitor for AC filter: 30 μF 

 

 

[Analysis Conditions] 

The analysis conditions are as follows: 

· Calculation time step         0.2 μs 

· Calculation start time  0 ms 

· Calculation end time  40 ms 

· Display start time  20 ms 

· Display end time   40 ms 

 

DC Power Supply 
Chopper 

Inverter

AC SystemAC Filter
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[Example of XTAP Input] 

An instance of creating this example using XTAP is shown in Figure 2. 

 

 
Figure 2 Example of XTAP input 

 

 

 

 

 

Analysis Results 
The results of executing this example using XTAP are shown in Figure 4. Based on the results of the 

simulation, it can be confirmed that a single-phase AC current flows through the inverter to the system side, 

and that the current after passing through the AC filter is cleaner than the current waveform before passing 

through the AC filter over which the higher harmonic wave was superimposed. 

 

 

 

 

 

 

(a) AC Voltage Waveform at the AC Filter Outlet 

 

 

 

 

 

 

(a) AC voltage waveform at outlet of AC filter 
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Blue line, AC current before passing through the filter; red line, AC current after passing through the 

filter  

(b) Inverter current waveform 

Figure 3 Analysis results 
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XTAP Exercises Number PV-02-A 

Exercise 

name 
Simulation of a system fault using a basic transient analysis model of PCS for utility-

scale solar power station (Switching model) 

Fields Power system analysis, System interconnection, Power electronics 

Reference 

documents 

The main references include: 

[1] Technical Committee on Massively Interconnected Analysis Model for 

Distributed Generation, "Massively Interconnected Analysis Model for 

Decentralized Generating Plants", I.E.E. Japan Technical Report No. 1487, 

2020. 

[2] Yonezawa, Fukushima, Noda, Sekiba, Ito, Misawa, Chida, Yamaguchi, 

Nakajima, Utsunomiya, and Takeuchi, "Development of a large-scale PV power 

generation system model for electromagnetic transient simulations under grid 

faults", I.E.E. Japan Joint Workshop on Electric Power Technology/Power 

System Technology, PE-15-151, PSE-15-173, pp. 99-104. 2015-09. 

Other reference documents are listed at the end of this document. 

Outlines 

This exercise simulates the transient response in a utility-scale solar power station 

when a system accident occurs in a high-voltage distribution system where the 

power station is interconnected. The model for the utility-scale solar uses a basic 

instantaneous value analysis model of PCS for utility-scale solars, and generates a 

disturbance assuming 3LGO in the upper level system and 3LS in the high voltage 

distribution line as the system accident. The model operates normally by outputting 

a constant active power during a normal condition in the system voltage, but once 

the voltage drops due to a system accident, depending on the degree and time of the 

drop, the model continues to operate, or performs operations such as gate block 

function to stop the operation of the switching device or performing parallel-off 

from the system. Also, when the voltage drops, the control to limit the output current 

will work. 

Distributed power sources such as utility-scale solars normally have various 

requirements stipulated by the system interconnection regulations, but the purpose 

of this exercise is to simulate the transient response characteristics when an accident 

occurs. Therefore, the PCS model uses the basic model as it is and does not include 

various system protection functions. The FRT requirement also considers only the 

simple LVRT (voltage drop tolerance). 
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Circuit to be analyzed and analysis conditions 

Fig. 1 shows the circuit diagram of the high-voltage distribution system simulated on the XTAP and the 

utility-scale solar connected to it. The system frequency is 50 Hz. 

A Distribution substation is simulated as a series connection of 0.0001+j0.08 p.u. impedance and voltage 

sources with its transformer for distribution and back system together, and the neutral point is grounded with 

a resistance of 30 kΩ, which is the value of the limiting resistance of the GPT from the primary side [1]. 

There are two feeders from the distribution substation and a 500 kW utility-scale solar is interconnected at 

the end of one of the feeders (4 km away). A 3 MW resistive load is connected at the end of the other feeder. 

Fig. 1 Circuit diagram of the high-voltage distribution system simulated on 

the XTAP and the utility-scale solar system connected to it. 

The utility-scale solar consists of PV panels with a DC output voltage of about 350 V and an output of 

about 500 kW, a PCS model for basic transient analysis, and a 500 VA step-up transformer to boost the 

voltage to high voltage. A three-level NPC bridge is used as a inverter inside the PCS, and the switching 

frequency of the PWM control is set to 4.5 kHz. The PCS employs DCAVR for d-axis current control and 

AQR for q-axis current control, and specifies 1.0 for the DC voltage command value and 0.0 for the reactive 

power command value. Since the PCS model does not include the MPPT control, the DC voltage command 

value does not change even if the maximum power output point of the PV panel changes due to changes in 

solar irradiation, etc. (To simulate changes in solar irradiation, the MPPT control must be added to the PCS). 

For the LVRT, which controls implementation of continuous operation and gate blocking, etc., when the 

system voltage drops, gate blocking starts at 0.3 p.u. (gate block time: 0.1 s), and the PCS is disconnected 

from the system when gate blocking continues for 0.3 s. The current limit will operate when the system 

voltage drops less than 0.9 p.u. 

Exercise name: Basic transient analysis model of PCS for utility-scale solar system (Switching model) 

PV-02-A 

1-1) 
Voltage drop at 0.3 s (1.0→0.7 p.u.) 
Voltage restored at 0.37 s (0.7→0.95 p.u.) 
1-2) 
Voltage drop at 0.6 s (0.95→0.2 p.u.) 
Voltage restored at 0.67 s (0.2→1.0 p.u.) 

2-2) Released at 0.8 s 

Breaker 

Breaker 

Breaker 

Load

2-1) Accident at 0.3 s 
Fault point(3LS)

Intensity of 
solar radiation
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The following two types are assumed as the system faults. 

(1) Assuming 3LG-O in the upper system, the amplitude value of the supply voltage at the distribution

substation will vary as follows.

<1> 0.3 to 0.37 s ... drops to 0.7 p.u.

<2> 0.6 to 0.67 s ... drops to 0.2 p.u.

(2) Assuming 3LS in the high voltage distribution line, three-phase short circuit occurs at 0.3 s at a point

0.2 km from the distribution substation of a feeder where utility-scale solar is not interconnected, and

then the feeder is shut down 0.5 s later (0.8 s).

The PCS model used in this exercise is a model that actually performs switching, and the calculation time 

step is set to 2 μs to ensure sufficient simulation of the switching in semiconductor devices. 
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Analysis results 

I. Instantaneous voltage drop assuming 3LG-O in the upper system

Fig. 2 shows the system voltage and output current of each phase on the AC side of the PCS, voltage on 

the DC side, the active and reactive power output by the PCS, the d-axis current command value (DCAVR 

output), the effective value of voltage to determine the voltage drop, and the gate block signal. Each time 

zone will be discussed below. 

(1) 0 to 0.3 s: Operation start to steady state

The PCS will be initialized since it is not initialized at t = 0 (except for the DC capacitor). The DC voltage

rises as power is supplied from the PV panels, but when the active power is output to the AC side, the DC 

voltage gradually decreases and converges to the commanded value of 1.0 p.u. (350 V). 

(2) 0.3 to 0.6 s: Time from which the fault occurs (system voltage drops down to 0.7 p.u.) through recovery

Due to the occurrence of a fault (drop in the system voltage amplitude value simulating the fault), the

voltage on the AC side of the PCS drops. This lowers the active power that can be transmitted to the AC side, 

and the DC power rises. Due to the voltage falling below 0.9 p.u., the current limit is activated to prevent 

overcurrent, limiting the d-axis current command. Furthermore, since the voltage is above 0.3 p.u., the PCS 

will continue to operate. 

The voltage recovers at 0.07 s after the fault, but since the gate block time is set to 0.1 s, the gate block 

continues for 0.1 s after the fault and then recovers. After recovery, the active power output is restored and it 

returns to the steady state. However, the system voltage of 0.95 p.u. after the recovery means the d-axis 

current command value is controlled to a larger value than before the fault. 

(3) 0.6 to 1.0 s: Time from which the fault occurs (system voltage drops down to 0.2 p.u.) through recovery

Due to the occurrence of an fault (drop in the system voltage amplitude value simulating the accident), the

voltage on the AC side of the PCS drops. In the output current, a whisker-shaped overcurrent flows into the 

system momentarily, but is quickly suppressed by the fast ACR. Since the system voltage has dropped below 

0.3 p.u., the gate block signal is output, and then the active power output to the AC side becomes zero. During 

the gate block, the breaker remains turned on, generating transient voltages and currents due to the interaction 

between the system interconnection reactor and filter capacitor. Since no active power is output to the system, 

the DC voltage rises due to the power supply from the PV panels and reaches about 427 V, which is the 

maximum open circuit voltage of the PV panels. 

Since the voltage recovers from the accident in 0.07 s, it recovers after the gate block time elapsed similar 

to 2) and returns to the steady state. 
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Voltage of each phase on the AC side of the PCS 

(line voltage) 
Active power (blue)and reactive power (red) that 

the PCS outputs 

Current at each phase on the AC side of the PCS D-axis current command value (DCAVR output)

Voltage on the DC side of the PCS Voltage effective value (blue)and gate block signal 

(red) 

Fig.2. PCS response when an instantaneous voltage drop occurs, assuming 3LG-O in the upper system 

II. Instantaneous voltage drop assuming 3LS in the high voltage distribution line

Fig. 3 shows the system voltage and output current of each phase on the AC side of the PCS, voltage on 

the DC side, the active and reactive power output by the PCS, the d-axis current command value (DCAVR 

output), the effective value of voltage to determine the voltage drop, and the gate block signal. Each time 

period will be discussed below (0 to 0.3 s is omitted because it is the same as I.). 

(1) 0.3 to 0.8 s: Time from which the fault occurs (system voltage drops down to 0.3 p.u.) through recovery

Due to occurrence of the 3LS fault at a feeder coming out of the transformer for distribution, the voltage

on the AC side of the PCS connected to another feeder in the same bank drops. In this case, since the voltage 

drops below 0.3 p.u., the PCS will be gate-blocked. 

Since the lowered voltage persists even at about 0.61 s, which is 0.3 s after the gate block, the PCS parallels 

off the breaker on the AC side. As a result of this, the PCS will be disconnected from the system. 
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(2) 0.8 to 1.0 s: After accidental feeder shutdown

The feeder where the fault occurred is disconnected and the voltage of the feeder to which the utility-scale

solar is connected will be restored. However, this model does not incorporate the PCS into the recovery 

operation once it has been paralleled off, so it remains stopped. To simulate the recovery operation after it 

has been paralleled off, this control system needs to be added. 

Voltage of each phase on the AC side of 

the PCS (line voltage) 

Active power (blue)and reactive power (red) that 

the PCS outputs 

Current at each phase on the AC side of the PCS D-axis current command value (DCAVR output)

Voltage on the DC side of the PCS Voltage effective value (blue)and 

gate block signal (red) 

Fig.3. PCS response when an instantaneous voltage drop assuming  

an 3LS fault in the high voltage distribution line. 

This model does not take 
into account the operation 

of the control system after it 
has been paralleled off. 
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Reference Document 

[1] Investigating R&D Committee on Models for Power System Analysis with Integration of Distributed

Generators, "Models for Power System Analysis with Integration of Distributed Generators", I.E.E.

Japan Technical Report No. 1487, 2020.

[2] Yonezawa, Fukushima, Noda, Sekiba, Ito, Misawa, Chida, Yamaguchi, Nakajima, Utsunomiya, and

Takeuchi, "Development of a large-scale PV power generation system model for electromagnetic

transient simulations under grid faults", I.E.E. Japan Joint Workshop on Electric Power

Technology/Power System Technology, PE-15-151, PSE-15-173, pp. 99-104. 2015-09.

[3] Nagashima and Noda, "A Dynamic Voltage Simulation Method for Power Distribution Systems by Using

Electromagnetic Transient Analysis (Part 1): Modeling of Distribution Substation and SVR", Central

Research Institute of Electric Power Industry Research Report H13007, 2013.

[4] Investigating R&D Committee on Control Technology for Power Electronics Equipment, "Control

Technology for Power Electronics Equipment," IEEJ Technical Report No. 1084, 2007.
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Revision History

Date 
Exercise file 

version 
Details of changes

2021/06/22 1.0 First version created (for XTAP Version 3.3) 
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XTAP Exercises Number PV-02-B 

Exercise 

name 
Simulation of a system fault using a basic transient analysis model of PCS for utility-

scale solar power station (average value model) 

Fields Power system analysis, System interconnection, Power electronics 

Reference 

documents 

The main reference documents include: 

[1] Investigating R&D Committee on Models for Power System Analysis with

Integration of Distributed Generators, "Models for Power System Analysis with

Integration of Distributed Generators", I.E.E. Japan Technical Report No. 1487,

2020.

[2] Yonezawa, Fukushima, Noda, Sekiba, Ito, Misawa, Chida, Yamaguchi,

Nakajima, Utsunomiya, and Takeuchi, "Development of a large-scale PV power

generation system model for electromagnetic transient simulations under grid

faults", I.E.E. Japan Joint Workshop on Electric Power Technology/Power

System Technology, PE-15-151, PSE-15-173, pp. 99-104. 2015-09.

Other reference documents are listed at the end of this document. 

Outlines 

In Exercise PV-02-A " Simulation of a system fault using a basic transient analysis 

model of PCS for utility-scale solar power station (Switching model)", the analysis 

was performed using a model that takes into account the switching behavior of the 

semiconductor devices inside the PCS similar to the actual PCS. In this model, 

however, it is necessary to take a smaller analysis time step to simulate the 

switching, resulting in too long calculation time. An average value model that 

averages the on-off switching of semiconductor devices and simulates the voltage 

of each arm as a voltage source to accelerate the calculation is known. The average 

value model does not simulate the harmonics associated with switching, but it takes 

a longer time step, enabling faster operation. Therefore, this exercise simulates the 

case where the PCS model used in Exercise PV-02-A is replaced by the average 

value model, and compares its operation with the switching model. 

Please refer to the exercise slip for Exercise PV-02-A for the circuit conditions, 

etc. 
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Circuit to be analyzed and analysis conditions 

Fig. 1 shows the circuit diagram of the high-voltage distribution system simulated on the XTAP and the 

utility-scale connected to it. The system frequency is 50 Hz. Except for the PCS model being the average 

value model, it is identical to Exercise PV-02-A. 

Fig. 1 Circuit diagram of the high-voltage distribution system simulated on the XTAP and the utility-scale solar 

system connected to it. 

Fig. 2 shows the internal configuration of the three-phase PCS (average value model). Except for the part 

in the frame with the red dashed line in the figure, it is identical to the switching model. In the average-value 

model, the voltage output of each arm is simulated by a voltage source as described later, PWM is not 

necessary, and the command value of the output voltage of each phase is input to the bridges as it is. 

1-1) 
Voltage drop at 0.3 s (1.0→0.7 p.u.) 
Voltage restored at 0.37 s (0.7→0.95 p.u.) 
1-2) 
Voltage drop at 0.6 s (0.95→0.2 p.u.) 
Voltage restored at 0.67 s (0.2→1.0 p.u.) 

2-2) Released at 0.8 s 

Breaker 

Breaker 

Breaker 

Load

2-1) Accident at 0.3 s
Fault point(3LS)

Intensity of 
solar radiation

Exercise name: Basic transient analysis model of PCS for utility-scale solar system (average value model) 
PV-02-B 
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Fig. 2 Internal configuration of the three-phase PCS (average value model) 

Fig. 3 shows the average value model for the three-level NPC bridge. A current source is placed on the DC 

side and a voltage source is placed on the AC side. The current source on the DC side flows current with a 

value of the current flowing in the voltage source on the AC side multiplied by a signal k equivalent to the 

ratio of PWM on/off (equal to the output voltage signal), and the voltage source on the AC side applies a 

voltage of the DC voltage (voltage of the DC capacitor) multiplied by k. This makes the power on the DC 

side equal to the power on the AC side. Various methods have been proposed to implement the averaging 

model for [3] to [5]. In this exercise, in order to simulate the transient characteristics of the three-level NPC 

bridge, six current sources are placed in parallel with two capacitors, and six voltage sources are placed on 

the AC side, as shown in Fig. 3, where the upper and lower sources correspond to the positive and negative 

sides of the output voltage signal respectively. By configuring the circuit in this way, as described later, 

transient characteristics equivalent to those of the switching model can be simulated. 

When the gate is blocked, the output of each current source and voltage source is set to zero, and the switch 

located on the AC side is opened to simulate the gate block operation in a simplified manner. If it is necessary 

to correctly simulate the transient behavior of diodes (rectifier circuits) connected in parallel to 

semiconductor devices when the gate is blocked, a model that can take this into account should be used (e.g., 

[6] and [7]).

3-level NPC bridge

Output voltage signal of 
each phase 

Breaker

Breaker

Breaker

Three-level NPC bridge PCS model for mega-solar 
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Fig. 3 Average value model for the three-level NPC bridge. 

Since this exercise uses the average value model, the calculation time step is set to 40 μs. 
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Analysis results 

Here, it is explained that only the operation of the on-delay voltage drop assuming 3LG-O in the upper 

system. 

Fig. 4 shows the results of the switching model (PS-02-A results) cascaded with the results of the average 

value model in this exercise for the line voltage Vc,ab between ab-phases closer to the inverter side rather than 

the system interconnection reactor of the PCS and the line current Ic of each phase during steady state 

operation (0.2 to 0.24 s). As can be seen clearly from the figure, the voltage waveform in the switching model 

is square-wave-like (due to three levels, three levels of square waves appear in the phase voltage and five 

levels in the line voltage), while the voltage waveform in the average value model is a clean sinusoidal 

waveform with no noise. Regarding the current, it can be confirmed that the harmonics originated from 

switching are superimposed in the switching model, while the average value model exhibits a clean waveform 

without these harmonics. 

a) Line voltage between ab-phases

b) Line current of each phase

Fig. 4 Comparison 1 of the switching model and average value model 

(Blue: switching model, Red: average value model) 

PCS3phNPC1/Vc_ab: u(PCS3phNPC1/Vca)-u(PCS3phNPC1/Vcb) #1* PCS3phNPC1/Vc_ab: u(PCS3phNPC1/Vca)-u(PCS3phNPC1/Vcb) #2*
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Fig. 5 shows the results of the switching model (results for PS-02-A) cascaded with the results of the 

average value model in this exercise for the system voltage between the ab-phases on the PCS AC side, the 

output current of the phase a, the voltage on the DC side, and the active and reactive power output by the 

PCS. As can be seen clearly from the figure, the switching model and the average value model of this exercise 

coincide well for all voltage waveforms, current waveforms, and control signals (output power). (The 

waveforms almost overlap. Please calculate each exercise to verify it by yourself.) 

a) AC voltage (between ab phases)

b) AC current (phase a)

c) DC voltage

d) Active power
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e) Reactive power

Fig. 5 Comparison 2 of the switching model and average value model 

(Blue: switching model, Red: average value model) 

Fig. 6 shows the results of calculation of the DC voltage and active power by each model when the input 

signal (solar irradiation) to the PV panels is changed in a stepwise manner from 1000 to 600 at 0.3 s instead 

of causing a fault using the same circuit (in an actual PCS, the commanded value of the DC voltage changes 

by MPPT control when such change in solar radiation occurs; however, this analytical example does not take 

MPPT control into account, resulting in the commanded value of the DC voltage being constant.). As can be 

seen clearly from the figure, the transient changes in each waveform are generally reproduced by the average 

value model even for steep changes in input. 

a) DC voltage

b) Active power output by PCS

Fig. 6 Comparison 3 of the switching model and average value model 

(Blue: switching model, Red: average value model) 
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