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Abstract—Worldwide many electrical equipment insulation 

failures have been reported caused by switching operations, while 

those equipments had previously passed all the standard tests and 

complied with all quality requirements. The problem is mostly 

associated with high-frequency overvoltages generated during 

opening or closing of a switching device. The transients generated 

during switching operations in a Gas Insulated Substation (GIS) are 

associated with high frequency components in the order of few tens 

of MHz.  

The frequency spectrum of the VFTO generated in the 220/66 kV 

Wadi-Hoff GIS is analyzed using Fast Fourier Transform technique. 

The main frequency with high voltage amplitude due to the operation 

of disconnector (DS5) is 5 to 10 MHz, with the highest amplitude at 9 

MHz. The main frequency with high voltage amplitude due to the 

operation of circuit breaker (CB5) is 1 to 25 MHz, with the highest 

amplitude at 2 MHz. 

Mitigating techniques damped the oscillating frequencies 

effectively. The using of cable terminal reduced the frequency 

oscillation effectively than that of OHTL terminal. The using of a 

shunt capacitance results in vanishing the high frequency 

components. Ferrite rings reduces the high frequency components 

effectively especially in the range 2 to 7 MHz. The using of RC and 

RL filters results in vanishing the high frequency components.  

 

Keywords—GIS, VFTO, Mitigation Techniques, Frequency 

spectrum, FFT, EMTP/ATP. 

I. INTRODUCTION 

AS Insulated Substations are widely used in power 

systems because of their high reliability, easy 

maintenance and small ground space requirements. The 

unique problem in GIS is that the generation of very fast 

transient overvoltages, VFTO, during the operation of 

disconnector and circuit breakers. The tip of which is very 

steep accompanied with high frequency oscillation. They have 

very short rise times, in the range of 4 to 100ns, and are 

normally followed by oscillations having frequencies in the 

range of 100 kHz to 50 MHz [1], [2].VFTO not only influent 

the operating reliability of GIS, but also causes great threat to 

the insulation of the high-voltage equipment, especially to 

windings of the transformer. This can referred to the fact that 

the instant of contacts breakdown can generate VFTO, whose 

tip is very steep, which make the voltage distribution on the 

windings uneven or the frequency of the oscillating wave can 
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matched to the natural frequency of the equipment in the 

VFTO, which causes an overvoltage with a very high 

amplitude, which can damage the insulation of the equipment 

[1]-[6].  

The frequency spectrum of the VFTO generated in the 

220/66kV Wadi-Hoff GIS is analyzed using Fast Fourier 

Transform, FFT [6]. The analysis is done for the worst case 

for disconnector and circuit breaker switching which 

generated high values of VFTO at the transformer terminals. 

Also, the frequency spectrums with using different mitigating 

techniques are presented and compared with those without 

using the mitigating techniques.  

II. MODELING OF THE 220 KV WADI-HOFF GIS 

Due to the traveling nature of the transients, the different 

components can be modeled by distributed parameter lines, 

surge impedances and traveling times. Each GIS section is 

simulated by its equivalent capacitance and inductance, which 

can be determined as follows [2], [3], [7]. 
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where, C and L are the capacitance and the inductance of the 

GIS busbar, respectively. d is the outside diameter of the GIS 

busbar and D is the inner diameter of the GIS enclosure. Z0 is 

the surge impedance and ν is the propagation velocity. 

The single line diagram of the substation under study is 

illustrated in Fig. 1. The 220/66/11 kV Wadi-Hoff substation 

under study consists of four incoming feeders, two feeders 

each of 30km length, and the other two feeders each of 3km 

length. The substation includes three 125 MVA, 220/66/11 

kV, power transformers. The feeders are connected in a two 

busbar arrangement with a bus coupler. The equivalent circuits 

of the different GIS components and the values of the different 
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parameters in the simulation can be summarized as follows; 

The characteristic impedance and the propagation velocity of 

GIS busbar can be taken as 70Ω and 270m/µs, respectively. 

The impedance of the circuit breaker in the closed position is 

taken as 70Ω, while in the opening position is taken as 90pF 

from both end to ground and 50pF between contacts. The 

impedance of the disconnector in the closed position is taken 

as 70Ω, while in the opening position is taken as 30pF from 

both end to ground and 30 pF between contacts. The 

impedance of the potential transformer is taken as 100pF 

towards ground. The characteristic impedance and the 

propagation velocity of current transformer can be taken as 70 

Ω and 270m/µs, respectively. The surge arrester is simulated 

by 200pF capacitance in series with a grounding resistance of 

0.1Ω. The characteristic impedance and the propagation 

velocity of the OHTL can be taken as 250Ω and 300m/µs, 

respectively. The elbows, spacers, and spherical shields are 

simulated by a lumped capacitance of 15pF towards ground. 

The bushings are simulated by an impedance of 70Ω and 100 

pF towards ground. The CB and DS restrikes are modeled as 

an exponentially decaying resistance in series with a small 

resistance reRt t
+=

− τ/)0()(R  , where R(0) is 
1210  ohm 

and the time constant τ is 1 ns. r represents the spark 

resistance after voltage breakdown and r is assumed to be 

0.5Ω for DS and .01 Ω for CB [2], [3].  

 

 

Fig. 1 Typical single line diagram for Wadi-Hoff GIS  

 

At high frequencies, the winding of transformer behaves 

like a capacitive network consisting of series capacitances 

between turns and coils, and shunt capacitances between turns 

and coils to the grounded core and transformer tank [1]-[3]. 

So, the transformers are simulated in this work by their surge 

capacitances. These equivalent capacitances are in the range 

from 2 to 10 nF [1], [2], [4], [6]. The transformer is modeled 

as a capacitor with 2 nF as given in [2]. EMTP/ATP is used to 

simulate the substation under study.  

III. FREQUENCY ANALYSIS OF OVERVOLTAGES DUE TO 

DISCONNECTOR SWITCHING 

The switching operation of (DS5) generates the largest 

values of VFTO at the transformer terminals. The VFTO 

generated at the transformer terminals by DS5 is shown in Fig. 

2. It is observed that the peak magnitude of the generated 

VFTO at Tr1is about 2.04pu, while it is about 1.60pu at Tr2, 

1.58pu at Tr3, 1.44pu at L2, 1.14pu at L3, 1.13pu at L4, 1.22 

pu at BB1 and 1.14pu at BB2. By analyzing the frequency 

spectrum of VFTO, components are inhibited obviously. Fig. 

3 shows the frequency spectrum of the VFTO at Tr1. it is clear 

that, the dominant frequency components at the switch (DS5) 

operation is up to 40 MHz. The main frequency with high 

amplitudes is in the range of 5 to 10MHz. Frequency 

amplitude of 9 MHz has a maximum magnitude. However, 

there are high frequency components with lower amplitudes in 

the range of 10 to 40 MHz. These high frequency components 

may be due to fast voltage collapse between the switching 

contacts during its operation. 

IV. FREQUENCY ANALYSIS OF OVERVOLTAGES DUE TO 

CIRCUIT BREAKER SWITCHING 

The switching operation of (CB5) generates the largest 

values of VFTO at the transformer terminals. Fig. 4 shows the 

VFTO at the transformer terminals when CB5 operates. It is 

observed that the peak magnitude of the generated VFTO at 

Tr1is about 2.83pu, while it is about 1.80pu at Tr2, 1.88pu at 

Tr3, 1.51pu at L1, 1.33pu at L2, 1.19pu at L3, 1.26pu at L4 , 

1.34pu at BB1 and 1.31pu at BB1.  
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By analyzing the frequency spectrum of VFTO, 

components are inhibited obviously. The frequency spectrum 

of the VFTO generated at Tr1 is shown in Fig. 5. It is seen 

that, the dominant frequency components at the switch CB5 

operation is upto 50 MHz. The main frequency with high 

amplitudes is in the range of 1 to 25MHz. Frequency 

amplitudes of 2 MHz has the maximum magnitude, while 

frequency amplitude of 3, 6, 7 and 9 MHz has considerable 

magnitudes. However, there are high frequency components 

with lower amplitudes in the range of 10 to 17 MHz and from 

25MHz to 50MHz. 

 

 

Fig. 2 VFTO at transformer terminals Tr1 

 

 

Fig. 3 Frequency spectrum of VFTO at Tr1 (Worst Case) 

 

 

Fig. 4 VFTO at transformer terminal Tr1 

 

 

Fig. 5 Frequency spectrum of VFTO at transformer terminal Tr1 

 

The comparison between the frequency spectrum of VFTO 

due to CB and DS switching operations is shown in Fig. 6. It 

is clear that, at a frequency range of 1 to 8MHz the VFTO is 

relatively higher amplitude at (CB5) switching than that at 

(DS5) switching. This is due to long length of gap between 

contacts of CB. Also at the dominant frequency components 

from 8 to 10MHz has lower amplitude of (DS5) than that with 

(CB5) operation.  

V. MITIGATION TECHNIQUES 

Up to date, the main challenges are the reduction of VFTO 

amplitudes and oscillation frequency. The researchers 

concerns on finding the optimum technique for suppressing 

VFTO. Several techniques are used to reduce the harmful 

effects of the VFTO [7]-[9], [11], [12], [14].  
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Fig. 6 Frequency spectrum of VFTO at transformer terminal Tr1 

A. The Appropriate Load Side Terminals 

The peak magnitude and frequency content of VFT depends 

on the terminal component connected to the GIS [8], [12]. The 

terminal components can be cables, or overhead transmission 

lines (OHTL).  

At Wadi-Hoof GIS, 5 m long of an OHTL is used on the 

source side terminals and 11m long of an OHTL is used on the 

load side terminals are used. Fig. 7 illustrates a comparison 

between the VFTO generated at Tr1 in cases of using 11m 

cable at load side terminal instead of 11m OHTL. It is clear 

that the lowest value of VFTO is about 1.26pu with using 

cable terminations. 

 Fig. 8 shows the analyzing of the frequency spectrum of 

VFTO. It is clear that, the dominant frequency components 

appear with using cable terminal is in range from 7MHz to 

13MHz but with lower amplitude. However, other high 

frequency component amplitude reduced until vanished. 

 Fig. 9 illustrates a comparison between the frequency 

spectrums of VFTO at Tr1 in the two load terminal cases. It is 

clear that the frequency component of VFTO when using 

cable is reduced until high frequency components vanished. 

These low frequency components are due to the high value of 

stray capacitance in cable. Therefore, the VFTO amplitude 

and oscillation frequency can be mitigated by replacement 

with the appropriate terminals. Simplicity, low cost 

implementation, and minimum changes in the installed GIS 

are the main advantages of this technique. 

 

Fig. 7 Comparison between the VFTO at Tr1 in case of OHTL and 

Cable load terminals 

 

 

Fig. 8 Frequency spectrum of VFTO at Tr1 with 11m cable terminal 

 

 

Fig. 9 Frequency spectrum at Tr1 in case of OHTL and Cable load 

terminals 

B. The Capacitance at Transformer Terminal 

Lumped shunt capacitance is used to damp the VFTO in 

many applications [2], [8]. Fig. 10 illustrates a comparison 

between the VFTO at Tr1 in case of without and with a 

capacitance of 10nF. It is clearly seen the high reduction of the 

value of VFTO from 2.04pu to 1.1pu.  
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The analyzing of the frequency spectrum of VFTO is shown 

in Fig. 11. It is clear that, there is no frequency components 

appears, i.e. high frequency component amplitude reduced 

until vanished. Fig. 12 illustrates a comparison between 

frequency spectrum of VFTO at Tr1 in case with and without 

using 10nF shunt capacitance. It is clear that the frequency 

component of VFTO when using capacitance is reduced until 

vanished. The use of capacitance reduces the circuit oscillation 

frequency. 

 

 

Fig. 10 Comparison between the VFTO at Tr1 in case of without and 

with shunt capacitance 

 

 

Fig. 11 Frequency spectrum of VFTO at Tr1 (using C=10nF) 

 

 

Fig. 12 Frequency spectrum at Tr1 in case of without and with shunt 

capacitance 

 

C. Ferrite Rings Technique 

Ferrite is a high-frequency nonlinear magnetic material. The 

ferrite rings is used around GIS conductors to absorb the 

transient energy when the DS restrikes to inhibit the VFTO 

[10], [12], [13]. 

The optimum result is found with using three rings [3]. Fig. 

13 illustrates the VFTO when 3 ferrite rings are used at Tr1. It 

is clearly seen that the reduction of the VFTO amplitude at 

Tr1 to 1.23pu. 

Fig. 14 shows the analyzing of the frequency spectrum of 

VFTO. It is clear that, the dominant frequency components 

appears when using three ferrite rings is in range from 2 to 

7MHz but with lower amplitude. However, other high 

frequency component amplitude reduced until vanished. 

 Fig. 15 illustrates a comparison between frequency 

spectrums of VFTO at Tr1 in the two cases. It is clear that the 

frequency component of VFTO when using three ferrite rings 

is reduced until high frequency components vanished. These 

low frequency components may be due to inductance which 

will reduce the rate of change of the current (di/dt). 

 

 

Fig. 13 VFTO at Tr1 with and without ferrite rings 

 

 

Fig. 14 Frequency spectrum of VFTO at Tr1 with three ferrite rings 
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Fig. 15 Frequency spectrum at Tr1 in case of without and with Ds 

ferrite ring 

D.  RC Filter 

RC filters (R in parallel with C) have been widely used to 

protect loads [13]. R is used to make energy attenuates and C 

reduces the circuit oscillation frequency. In this work RC filter 

is used as a shunt component next to the main transformer to 

protect it. R is varied from 50Ω to 400Ω and C is changed 

from 0.01 to 0.2µF. The optimum mitigation of the VFTO is 

found when R equal to 50Ω and at C equal to 0.01µF. Fig. 16 

illustrates the VFTO when RC filter is used at Tr1. It is clearly 

seen that the VFTO amplitude at Tr1 is reduced to 1.008pu 

with using RC filter. 

The analyzing of the frequency spectrum of VFTO is shown 

in Fig. 17. It is clear that, there is no frequency components 

appears, i.e. high frequency component amplitude reduced 

until vanished. Fig. 18 illustrates a comparison between 

frequency spectrum of VFTO at Tr1 in cases with and without 

using RC filter. It is clear that the frequency component of 

VFTO when using RC filter is reduced until vanished. 
 

 

Fig. 16 Comparison between VFTO at Tr1 with and without RC 

Filter 

 

 

Fig. 17 Frequency spectrum of VFTO at Tr1 with RC filter 

 

 

Fig. 18 Frequency spectrum at Tr1 in case of without with RC filter 

E. RL Filter (Shunted Inductor) 

VFTOs at transformer terminals are associated with high 

electric field, so the utilizing of a reactor will convert electric 

field into magnetic field which absorbs the energy of VFTO, 

resulting in the reduction of its magnitudes.  

Fig. 19 shows the VFTO at transformer terminal (Tr1) with 

and without using a shunt reactor. The inductance of the 

reactor is used as 1µH in series with a resistor of 10Ω, both 

shunted with the transformer to protect it and also to give an 

optimum solution. The maximum voltage to ground at 

transformer, Tr1 reaches a value of about 1.03pu. 

The analyzing of the frequency spectrum of VFTO is 

presented in Fig. 20, it is clear that, there are no frequency 

components appears, i.e. high frequency component amplitude 

reduced until vanished. Fig. 21 illustrates a comparison 

between frequency spectrum of VFTO at Tr1 in case with and 

without using RL filter. It is clear that the frequency 

component of VFTO when using RL filter is reduced until 

vanished.  
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Fig. 19 VFTO at Tr1 terminal with and without reactor 

 

 

Fig. 20 Frequency spectrum of VFTO at Tr1 (using RL filter) 

 

 

Fig. 21 Frequency spectrum at Tr1 in case of without and with RL 

filter 

VI.  CONCLUSION 

Many insulation failures have been reported worldwide due 

to switching operations. The problem is mostly associated 

with high-frequency overvoltages generated during circuit 

breaker and disconnector switching operations. The transients 

generated during switching operations in GIS are associated 

with high frequency components in the order of few tens of 

MHz.  

The main frequency with high voltage amplitude generated 

inside the 220/66kV Wadi-Hoof GIS due to the operation of 

disconnector (DS5) is 5 to 10 MHz, with the highest amplitude 

at 9 MHz. The main frequency with high voltage amplitude 

due to the operation of circuit breaker (CB5) is 1 to 25 MHz, 

with the highest amplitude at 2 MHz. 

Mitigating techniques damped the oscillating frequencies 

effectively inside the 220/66kV Wadi-Hoof GIS. The using of 

cable terminal reduced the frequency oscillation effectively 

than that of OHL terminal. The using of a shunt capacitance 

results in vanishing the high frequency components. Ferrite 

rings reduces the high frequency components effectively 

especially in the range 2 to 7 MHz. Also, the using of RC and 

RL filters results in vanishing the high frequency components. 
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