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The design consideration of two high voltage transformers 
connected to a GIS system, taking the VFTO characteristics into 
account.

Of all design elements in a power transformer, the insulation system 
is one of the most important. Its function is to dielectrically insulate the 
winding, ensuring that no discharge occurs during the field operation 
of the transformer.

The electric field distribution that may occur in the insulation system 
of power transformers connected to a GIS system is not covered in 
the IEEE and IEC standards. These standards only refer to the tradi-
tional methodology of connecting a transformer to the power grid and 
do not consider the special conditions when connected to a GIS system.

In verifying the transformer insulation during the final tests, the 
standards are a guide to executing tests of applied voltage, induced 
voltage, lightning impulse and switching impulse, depending on the 
equipment characteristics [1, 2]. Each test has its own purpose and all 
dielectric tests complement each other. While the tests of applied 
voltage and induced voltage are requirements for industrial frequency 
(low frequency), the tests of lightning impulse and switching impulse 
are required for high frequency and apply high voltage (HV) gradients 
to the windings.

On the induced voltage test, the voltage gradient distributes equal-
ly along the winding; while on the impulse test, the voltage initially 
distributes in one function of the winding capacitances and applied 
waveform characteristics in the frequency domain.

If the initial voltage distribution is different from the voltage deter-
mined by the low frequency inductive coupling, the associated energy 
of the high frequency impulse will oscillate between these two distri-
bution characteristics. This leads to internal winding voltage oscillations, 
based on its eigenfrequencies, which may reach twice the value of the 
applied voltage during the impulse test.

The presence of overvoltages on the GIS system is a result of the 
operation of the switching devices. It is also clear in situations where 
there are disruptions to ground inside the gas. The frequencies that 
show up in these cases are higher than in an ordinary system. The 
VFTO is a phenomenon of which the main characteristics are the oc-
currence of very fast front waves that consist of a high frequency 
spectrum. There is no standard for the values involved, but analysis of 
the available literature shows that the events have microsecond waves, 
frequencies of kHz up to MHz and typical amplitudes of 1,5 pu to  
2,5 pu [3, 4, 5].

Simulations
During the design stage, in order to define all the dielectric distances 
and insulation materials, it is necessary to analyse and simulate the 

electric field along the transformer winding for the voltage and frequen-
cy values [6, 7, 8]. For low frequencies, the results may be analytically 
verified through simple mathematical calculations involving voltages 
and dielectric distances. However, in high frequency, the transformer 
is a complex circuit of leakage and mutual inductances, capacitances 
and resistances, presenting a great number of resonance frequencies. 
If a transient with sufficient energy excitates one of these resonance 
frequencies, the amplification of the internal voltage and the possibili-
ty of a dielectric breakdown is inevitable. It is possible to change the 
winding voltage distribution during high frequency tests through the 
use of different winding built models (eg interleaved windings). In this 
way, the design has to be done in a manner that permits a more linear 
voltage distribution in order to reduce the transient’s HV energy that 
will occur during the tests and operation.

The design procedure will require detailed prior modelling of the 
winding and simulations using specific mathematical tools and software.

Lightning impulse simulation
Usually, in lightning impulse simulations, where the predominant fre-
quency is between 0,1 and 5 MHz, a simplified model of the winding 
is sufficient for the analysis (see Figure 1).

For the transformer dielectric design, it is undesirable to have a high 
intensity electric field at the first discs of the winding. Since all this is 
likely to occur in the case of VFTO, the design should consider a circuit 
model with a high level of detail for the winding, in order to evaluate 
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GIS systems are known for their production of Very Fast Transient Overvoltages 
(VFTOs). Whereas GIS systems offer many advantages, power transformers installed 
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Figure 2: Example of voltage distribution along the winding, considering 
its capacitance.

Figure 1: Simplified model of the winding.
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with great accuracy the voltage in all critical points. The characteristics 
of the transformer response for ordinary lightning impulse and chopped 
waves (not involving VFT voltages) are shown in Figures 3 and 4 and 
offer a simple analysis that most software employed in review of 
equipment design is able to handle.

Figures 5 and 6 show the response of the transformer under a 

chopped wave impulse test. Figure 6 defines the response at a spe- 
cific point of the winding. This view is only achievable with specific 
software.

Figure 6: Simulation – chopped wave impulse on the air: difference 
between disc 1 and 2 2 (n°49 = points 45 and 40).

Figure 5: Simulation – chopped wave on the air.

Figure 4: Standard chopped impulse wave.

Figure 3: Standard lightning impulse wave.

Front time: Ts = 1.2 ± 0.36 µs
Time of half value: Tr = 50 ± 10 µs

Front time: Ts = 1.2 ± 0.36 µs
Chopping time: Tc = 2 µs to 6 µs

VOLTAGE TO GROUND

VOLTAGE DIFFERENCE

The presence of overvoltages on the GIS system is a result of 
the operation of the switching devices.
The presence of overvoltages on the GIS system is a re-
sult of the operation of the switching devices.
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Figure 7: Detailed model of the first discs of a 
continuous disc winding.

Figure 9: VFTO wave shape for the GIS system.

Front time: Ts = 1.2 ± 0.36 µs
Time of Half value: TC  2 µs

Figure 10: Simulation of VFTO response.

VOLTAGE TO GROUND

VFTO simulations
In the case of VFTO simulations, where the prevalent frequency is 
between 30 and 100 MHz, a more detailed winding model is necessary. 
This modelling represents only the first discs of the winding, since the 
voltage distribution is concentrated at the beginning of the winding 
(see Figure 7). The model to be analysed is reduced to ensure a more 
detailed analysis of the most important regions. The simulations that 

are executed take into 
account the detailed 
model of the first discs 
where the characteris-
tics of the phenomenon 
must be reproduced 
with as much accuracy 
as possible. The wave-
form of the VFTO (see 
Figure 9) reflects the 
measurements execut-
ed on the GIS system. 

The input wave shape for 
the VFTO simulations 
considers the reduced 
time for chop (2 µs) and, 
mostly, the fast fall time 
duration (10 ns) that rep-
resents the most critical 
condition for the trans-
former dielectric insula-
tion. Some simulation 
results of VFTO on the 
transformer under study 

can be 
seen in Figure 10. Figures 10 and 11 represent simulation examples 
based on winding points being analysed. To analyse the adaptation of 
the dimensions and the dielectric arrangement adopted for the winding, 
an accurate analysis has been done of the different points for each 
winding.

Comparing Figures 5 and 10, it can be noted that the oscillation 
after the chop in the gas is much higher than in the air. Comparing 
Figures 6 and 11 it can be seen that the voltage at the first discs is 
much higher than when chop occurs in the air.

VFTO test
The most critical aspect of this analysis is the 
practical evaluation of the transformer under 
the VFTOs. A specific laboratory test device 
has been developed to execute the chop in 
the gas (see section on ‘chopping device’) and 
to do complementary tests in order to prove 
the final performance of the transformer. An-
other important consideration is the fact that 
the HV bushing is reduced once the transform-
er is connected to the bar through the SF6 
bushing. This constructive characteristic re-
quires the installation of an appropriate bush-
ing for this test: adapting the original condition 
of the transformer from insulation oil-gas to 
gas-air, which represents one of the most 
critical items of the test system. Figure 12 
indicates the transformer with the original 
bushing and the transformer prepared for the 
test.

The practical tests in the laboratory are 
critical and absolutely new in the final evalua-
tion of power transformers under VFTO during 
the manufacturing process. They are, there-
fore, without any standard reference and a 
preliminary guide for application of the VFTO 
was established (voltage levels and chop 

Figure 8: Model of the first discs of the inter-
leaved winding of the transformer under study.

Figure 11: Simulation of VFTO: difference of voltage between disc 3 and 
disc 4 (n°49 = points 45 and 40).

VOLTAGE DIFFERENCE

Figure 12: Transformer pre-
pared for test.

Bushing arrangement and  
HV oil-gas bushing

Chopping device and adapted  
gas-air bushing
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time) as follows:
• Maximum overvoltage: 2 pu
• Maximum transient, peak to peak: 1 350 kV
• Front of the wave: 10 – 50 ns
The following sequence of dielectric tests was applied to the power 
transformer to make the final evaluation of the previous design, and 
the reliability of the equipment could be tested in the as-built condition.

Chopping device
The execution of a VFTO test implies the development of a chopped 
system that makes it possible to obtain the special waves necessary 
for input of the HV winding into the transformer, in a compartment 
filled with gas to simulate exactly the operational conditions in a GIS 
system. The chopped device (see Figure 14) consists of a compartment 
filled with SF6 located on the base of the transformer bushing.

The chopping device presented is compounded by a chopped 
system assembled internally with SF6 gas under high pressure (600 
kPa). The device allows external regulation of the gap in SF6 to obtain 
the desired chopped waveform. Characteristics of the waveform are 
shown in Figure 15, based on the distance regulation of the electrodes 
gap on SF6 (internal to the projected device). The gap distance regula-
tion permits an adjustment in the cut-off time of the applied transform-
er waveform.

The first time this test device was tested, it was completely inde-
pendent of the transfor mer for two reasons:
• Calibration of cut-off time for a large range of the tested voltage
• Evaluation of porcelain bushing and test system for certification of 

the adequacy of all environmental conditions before connecting 
the device to the transformer under test

The VFTO test was performed with an atmospheric impulse test com-
mon circuit with the chopped device inserted in the test circuit. The 
cut-off time was calibrated according to Figures 15 and 16.

The purpose of this test is to obtain the cut-off time of the SF6 with 
as accurate a precision as possible. With the assurance of a cut-off on 
gas in an extremely short time and the generation of correlated freak 
of insulation request on high intensity, it was established that the 
measure of cut-off time would be performed on the top of porcelain 
bushings (see details of chopped points of the wave and details of 
measurements in Figures 14 and 15).

Therefore, as the chop occurred inside the gas chamber and the 
waveform was measured on top of the bushing, there was a delay of 
about 250 ns between the real chopped waveform and the measured 
waveform.

VFTO application to transformers
After calibrating the chopped device and certifying that the set support-
ed VFTO applications in an independent manner, the device was as-
sembled in the transformer according to Figures 17 and 18. That is the 
beginning of the test sequence presented in Table 1.

During the application of full and chopped waves of an ordinary 

Induced voltage with partial 
discharges measurement 

1,5 x Rated voltage – 476 kV during  
1 h 

Lightning impulse before 
VFTO 
H1 

1 reduced wave – 930 kV 

1 full wave – 1 550 kV 

1 reduced air chopped wave -1 023 kV 

2 full air chopped waves – 1 705 kV 

2 full waves – 1 550 kV 

1 reduced wave – 930 kV 

VFTO H1 3 gas chopped waves 900 kV 

3 gas chopped waves 1 100 kV 

3 gas chopped waves 1 350 kV 

Lightning impulse after 
VFTO 
H1 

1 reduced wave – 930 kV 

1 full wave – 1 550 kV 

1 reduced air chopped wave -1 023 kV 

2 full air chopped waves – 1 705 kV 

2 full waves – 1 550 kV 

1 reduced wave – 930 kV 

Switching impulse H1 1 reduced waves –780 kV 

3 full waves –1 300 kV 

1 reduced wave –780 kV 

Lightning impulse H0 1 reduced waves – 66 kV 

3 full waves – 110 kV 

1 reduced wave – 66 kV 

Lightning impulse 1 reduced wave – 90 kV

X1 1 full wave – 150 kV 

1 reduced air chopped wave -99 kV 

2 full air chopped waves -165 kV 

2 full waves – 150 kV 

1 reduced wave – 90 kV 

Applied voltage 34 kV during 1min 

Induced voltage with partial 
discharges measurement 

1,5 x Rated voltage – 476 kV during  
6 h

Table 1: Dielectric tests sequence.

Figure 13: Dielectric characteristics of the transformer.

Nominal voltage (kV) 525/ √ 3 ± 2 x 2,5% – 18

Withstand voltage (kV) AT (H1) HO BT (X1, X2)

Applied voltage 34 34 50

Short-duration induced 680 consequent

Long-duration induced (U1/U2) 550/476 consequent

Lightning impulse – full wave
– chopped wave

1 550 110 150

1 705 – 165

Switching impulse 1 300 consequent
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Figure 16: Waveform measured during the calibration of chopping device 
on gas.

Figure 14: Chopping device on gas.

INSULATOR SUPPORT

CHOPPING DEVICE

PORCELAIN/GAS BUSHING

GAS CHAMBER
SUPPORT BASE

Figure 15: Chopping device on the gas calibration circuit.

Impulse analysing system and  
generator control

HV divider

Chopping gap
Impulse generator

Duration of cut = 250 ns

Period of cut = 2.18 µs

lightning impulse test, the gap of the chopped device on gas is kept 
open so as not to permit the chop on the gas. When VFTO applications 
are required, the gap of the chopped device on air is completely opened 
while the gap on gas (inside the chopped device) is set according to 
the previous calibration.

Measure analysis
It is important to address the differences in the voltage levels applied 
during the impulse test and VFTO. In the impulse test, the voltage 

levels are higher than those submit-
ted during transformer operation in 
the field (between 10 and 30% 
higher, being limited by the surge 
arrestors) and have a probabilistic 
characterisation to allow the analy-
sis of the insulation. In VFTO tests, 
the voltage levels used represent 
exactly those submitted by the 
equipment during normal operation 
in the field. Since this test had 
never been performed before, for 
final reception of transformers and 
since there is no standard guide to 
analyse the supportability of VFTO, 
one of the ways to evaluate was by 
observation of behaviour of the transformer during the test: evaluating 
possible direct disruptions to ground and comparing the results of 
standard lightning impulse tests performed before and after the VFTO 
applications.

Figure 17: Transformer assembled 
with chopping device and porcelain 
bushing.

Figure 18: Transformer prepared for lightning impulse test, switching and 
VFTO.

Impulse analysing system and  
generator control

HV divider

Chopping gap
Impulse generator

Transformer 
under test

Figure 19: Comparison voltage – lightning impulse chopped on gas  
(1 350 kV) and chopped on air (1 705 kV).

<On gas chopping time = 2 µs

<On air chopping time = 4 µs
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Figure 20: Comparison voltage – lightning impulse chopped on gas  
(1 350 kV) and chopped on air (1 705 kV).

<On gas chopping duration = 250 ns

<On air chopping
  duration = 900 ns

Comparison of VFTO with the standard waves of 
lightning impulse
In the comparison shown in Figure 20, the frequency of oscillation after 
the chop which converges fully with software simulations can be seen.

It is possible to check the reduction of the cut-off when performed 
on gas. It is important to point out that the measure point for one or 
other condition of wave is the same and was placed at porcelain bush-
ing extremity. 

However, as the chop happened in a gas enclosure system, the real 
time of the chop is much earlier than the time reported by the meas-
urement. This means that it will be a significant increase in the frequen-

cy of this transient applied to the transformer. Figure 22 shows the 
increase on current levels owing to the chop on gas of a waveform of 
1 300 kV when compared with a chop on air of a waveform of 1 705 
kV. It can be observed that, although the voltage level of the gas 
chopped wave is 23% lower, the current after the chop is 185% high-
er than that chopped on air.

Conclusion
Transformers connected to a GIS system are exposed to VFTO and 
have to be prepared in order to perform under these conditions. Sim-
ulations and experience show that the VFTO is more critical to the 
transformer design than to the standard chopped lightning impulse 
waveforms. Although the duration of VFT is extremely short, its ampli-
tude and frequencies have the capacity to compromise, irreversibly, 
the conditions of insulation of the equipment.

Identification of the transient characteristics that may occur at the 
GIS is extremely important for the optimal design of the transformer. 
However, the determination of transient characteristics on the electric 
system is outside the scope of this research and readers are directed 
to the references which show the measures and simulations that may 
be performed to predict this behaviour.

Manufacturers must be informed of the characteristics of the 
transients of a specific power system so these can be taken into account 
in the design of the equipment. These requests must be considered 
not only in the design of the electrical insulation, but also at the internal 
configuration of each transformer.

The practical, final tests prove the capability of transformers in the 
VFTO presented by customer’s power system. But, to obtain a gener-
al standard consideration of the VFT waveforms, more studies of the 
literature must be undertaken.
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Figure 21: Comparison of the full wave current without chop x on air 
chopped.

Amplification of 1,8x after the chop on air

Figure 22: Comparison of chopped wave on air current x chopped on gas 
(VFTO).

Amplification of 2,85x after the 
chop on gas


