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Abstract: Wideband sensors like D-dot probes or capacitive probes are used to measure 
very fast transient overvoltages, but there is no recognized traceability for this kind of 
measurements. In the present version of IEC 61869-1, the test conditions for both GIS 
and air-insulated systems are given, but there is no guidance on the measurement 
methods that are used to assess the uncertainty of measurements because of a lack of 
traceability for HV transients. A calibration SF6 set-up has been developed to establish 
the European traceability in this field. This paper presents this VFT calibration setup 
composed by a step voltage generator up to 100 kV with a rise time less than 10 ns, and 
a reference measuring system. The calibration setup of 7 m length is based on a 
cylindrical SF6 configuration, which uses a stainless-steel duct with an outside diameter of 
500 mm and an internal aluminium tube of 200 mm diameter as a high voltage conductor 
to have characteristic impedance around 50, as a representative figure of the SF6 GIS. 
A spark-gap of SF6 at 2 bars is used to achieve a pulse with a rise time of less than 10 
ns. Conical elements allow a good impedance matching between different sections of the 
calibration setup. The probe to be calibrated is either installed in a duct window in the 
case of a capacitive probe, or mounted in an intermediate flange between two duct 
elements in the case of a D-dot probe. A fast resistive reference measuring system is 
installed at the end of the metallic duct. A wideband digital recorder of 400 MHz of 
bandwidth, 14-bit of vertical resolution and 4.5 ns settling time is used to acquire and 
analyse the generated VFT pulses. The paper describes the design of the calibration 
setup and its characterization. 
 
 

 
1 INTRODUCTION 

During switching operations or earth faults in SF6 
gas insulated switchgear, very fast transient over-
voltages (VFTO) occur. These over-voltages can 
stress the insulation of the high voltage equipment, 
adjacent equipment and secondary circuits 
connected to voltage and current transformers. 
Very fast transient over-voltages are a major 
concern for equipment connected to high voltage 
GIS because of the risk of damage to instruments 
and control systems connected to the low voltage 
side. Efforts to determine the effects of VFTO on 
high and low voltage equipment require sufficiently 
accurate measurements of the peak and time 
parameters of the transient pulses, similar to what 
is defined for lightning impulse [1]. 

In the present version of IEC 61869-1 [4], the test 
conditions for both GIS and air-insulated systems 
are given, but there is no guidance on the LV 
measurement methods that are used to assess the 
uncertainty of measurements because of a lack of 
traceability for HV transients, and especially in the 
test case for GIS with 10 ns front time T1 [1]. There 
are no references to studies using LV 
measurements and extrapolate it to the maximum 
peak high voltage for an instrument transformer, 

i.e. 1.6*Up*√2/√3, in terms of added uncertainty 
contributions for the linearity of the measuring 
system. 
 

2 GENERAL DESIGN APPROACHES  

2.1 THEORETICAL BASIS 

A step of high voltage with a very fast rise time can 
be achieved by closing an ideal switch to 
discharge a coaxial transmission line, previously 
charged at Uo, against a load resistor, Rl, as shown 
in Figure 1. Considering the transient wave 
propagation theory [5] and [6] if the internal 
resistance of the HVDC source, Rs, is much higher 
than the characteristic impedance Zo of the 
transmission line, the voltage at the load resistor, 
Rl, is a step voltage as shown in figure 2, which 
main characteristic parameters are the following: 
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Where t is the pulse width, l the length and vo the 
propagation velocity of the transmission line, 
respectively. 
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Figure 1: Basic circuit of the calibration set-up. 

Two fundamental conclusions can be derived from 
the step voltage applied to the load resistor Rl 
shown in Figure 2: a) The step voltage depends on 
the ratio Rl/(Rl+Zo). Therefore, if the characteristic 
impedance of the transmission line is much lower 
than load resistor (Zo<< Rl) then the step voltage at 
Rl is close to Uo. b) The pulse-with t depends on 
the length, l, and on the propagation velocity, vo, of 
the transmission line. In addition, when Zo< Rl the 
step voltage waveform decreases a defined step 
level every t. 
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Figure 2: Voltage ul  at the load resistor Rl. a) Zo= 

Rl, b) Zo< Rl. 

Consequently, both the characteristic impedance 
and the propagation velocity of the transmission 
line should be as small as possible. For this 
reason, distilled water (r=80) is a good dielectric 
medium for this transmission line. 
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R1 and R2 are the internal and external radio of the 
coaxial transmission line. 
 

2.2 GEOMETRICAL DESIGN  

The calibration set-up (see Figure 3) is composed 
by five blocks: A) HVDC source with an external 
resistance, B) Transmission line composed by a 
high voltage bushing and a transmission duct 
using distilled water as dielectric medium, C) SF6 
Spark-gap, D) Main duct that includes four D-dot 

probes and one or two windows on the envelope 
for the measuring system to be calibrated and the 
E) Reference measuring system.    
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Figure 3: 1) HVDC generator, 2) Resistor, 3) HV 
bushing, 4) Coaxial transmission line, 5) SF6 
spark-gap, 6) Cylindrical matching, 7) Conical 
impedance matching, 8) Main duct, 9) HV 
conductor, 10) Matching resistor compartment, 11) 
HV divider, 12) Measuring cable, 13) Digital 
recorder, 14) Dot probes, 15) Window. 

The HV source (1) is a 100 kV, 1 mA with an 
external resistance Rs, (2) of 200 M, which output 
voltage charges the coaxial transmission line (4) 
through a high voltage bushing (3).  

The coaxial transmission line (4) with internal and 
external radio of 54 and 135 mm, respectively, has 
a length of 1.67 m and its dielectric medium is 
distilled water. Its characteristic impedance is 
about 6 , with a propagation velocity around 
3.35 cm/ns, leading to a pulse width of 100 ns 
according to (3) and (4) formulas.  

The main duct represents the load resistor Rl 
shown in Figure 1 with a characteristic impedance 
of 55 . 
 

 2.3 SPARK-GAP 

The correct design of the spark-gap (5) is crucial to 
get a short rise time on the step front with a small 
overshoot originated by wave reflexions [7] and [8]. 
SF6 gas is used to achieve a very short rise time 
(<10 ns) and a conical electrode configuration with 
a similar conical envelope was designed to get an 
appropriate impedance matching with the one of 
the main duct (55 ).  

 

 

 

 

Figure 4: a) Electrical field distribution in the 
spark-gap during the wave propagation in an 
instant of the voltage front rise, b) view of the 
conical electrode of SF6 spark-gap. 
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2.4 MAIN DUCT  

The main duct is composed by three or four 
cylindrical elemental sections of 1.5 m length with 
two additional sections for spark-gap matching: 
one cylindrical (6) and other conical (7). The main 
duct (8) is a stainless steel tube of 500 mm of 
external diameter, in which an aluminium tube (9) 
with a diameter of 200 mm is installed. Adaptation 
flanges between different sections are used, in 
which D-dot probes can be installed to measure 
the voltage propagation wave. At the end of the 
main duct a conical matching resistor compartment 
(10) is assembled, where the measuring divider 
(11) can be plugged. 

Figure 5: View of the main duct. 

One or both end sections of the main duct have a 
window to install the measuring system to be 
calibrated, depending on if three or four sections 
are used. 
 

2.5 MATCHING RESISTOR COMPARTMENT  

At the end of the main duct, a conical compartment 
is assembled as the termination matching 
impedance (10), in which an internal compartment 
at atmospheric pressure is available to plug 
externally the measuring divider (11) of the 
reference measuring system. This design permits 
an easy way to change the divider if it is required. 
Two different approaches are available: a) to use a 
low value resistive high voltage divider as 
termination matching impedance or b) to use a 
resistor termination with the same diameter of the 
internal conductor and a high impedance divider.   
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Figure 6: Matching resistor compartment. 

 

2.6 MEASURING SYSTEM  

The measuring system is composed by a high 
voltage divider (11), a measuring cable including a 
wideband attenuator (12) and a wideband transient 
recorder (13). 

The resistive divider is composed by ceramic disc 
resistors. Fifteen resistor units are used for the 
high voltage arm to get 49.5 , and one unit of 
0.5  is used for the low voltage arm [9]. The 
divider output is connected to a resistive attenuator 
(ratio 700:1) through a low-loss coaxial cable of 
50  

 

Figure 7: Measuring System. 

The transient recorder is a National Instruments 
board PXIe-5164, with 400 MHz bandwidth, 1.4 ns 
rise time and 4.5 ns settling time [10]. Convolution 
with ideal wave shapes shows a front time error of 
2.4% and peak value error of 0.2% at 5 ns front 
times. The total uncertainty also needs to include 
errors from the reference divider using step 
response. With this, a calibration of a GIS probe 
(device under test) is possible. 

Four SMA connectors were installed in the first 
flange of the main duct as D-dot probes. This 
complementary measuring system is used to 
compare the waveform measured by the reference 
measuring system. 
 

3   TRANSIENT MODELS 

3.1 SIMULATION BY SPICE MODELS AND 
COMPARISON WITH LOW VOLTAGE 
CHARACTERIZATION TESTS 

Several simulations were carried out by Spice 
models in order to reproduce the expected voltage 
wave-shapes along the main duct, especially at 
divider side. Detailed parameters and transmission 
line models for the different parts of the actual 
setup were taken into account for these 
simulations. Figure 8 shows the conceptual circuit, 
composed by a charged coaxial line, Zo, a switch, 



 

S, (representing the spark-gap) and the main duct, 
Rl.  
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Figure 8: Conceptual circuit modelled by Spice.  

Likewise, the same simulations were ratified by 
tests, by switching the spark-gap at low voltage 
levels (< 1 kV).  

For a first set of simulations, a RG58 coaxial line 
(50  of characteristic impedance and a travel time 
of 5 ns/m) of different lengths was considered. The 
duration of the pulse increases with the coaxial line 
length, as shown in Figure 9.a, in which simulated 
voltage seen at the divider side is represented for 
every length. Figure 9.b shows the corresponding 
measured voltages for tests carried out for 1 kV 
charging level. 
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Figure 9: Family curves obtained by changing the 
length of the coaxial line: a) Simulated results. b) 
Measured results for 1 kV charging level. 

For a second set of simulations, several RG58 
coaxial lines of the same lengths were connected 
in parallel, in order to reduce the equivalent 
characteristic impedance. The pulse level voltage 
increases as the characteristic impedance of the 
coaxial line decreases, as shown in Figure 10.a, in 
which simulated voltage seen at the divider side is 
represented. Figure 10.b shows the corresponding 

measured voltages for tests carried out for 0.6 kV 
charging level. 
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Figure 10: Family curves obtained by changing the 
characteristic impedance of the coaxial line: a) 
Simulated results. b) Measured results for 0.6 kV 
charging level. 

As seen for these last two figures, good agreement 
exists between simulated and measured wave-
shapes. Additionally, from the first set of 
simulations/measurements, it can be concluded 
that for Rl  Zo, obtained level voltage is about a 
half of the charging voltage Uo and the duration of 
the pulse is two times the travelling time of the 
coaxial line, according to (2). For the second set of 
simulations/measurements, results confirm that 
voltage level increases if Zo < Rl. Another important 
consideration is the significant transient overshoot 
superimposed on the pulse, due to the different 
diameters of the internal conductor of the main 
duct and of the resistive divider, involving a stray 
inductance about 100 nH, that must be considered 
in the equivalent circuit of the resistive divider.  
 

3.2 ANALYSING WAVEFORM PROPAGATION  

Voltage propagation along the main duct was 
studied by FEM package software when a smooth 
step voltage of 2 ns rise time is at the output of the 
spark-gap. In the Figure 11, the evolution of step 
voltage is shown at different locations along the 
main duct. The overshoot of the step voltage 
increases at the end of the main duct when it 
travels along the duct up to 20% if a solid 
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cylindrical resistor is used as termination matching 
resistor.   
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Figure 11: Voltage propagation along the main 
duct at different locations.  

The overshoot of the step voltage at the end of the 
main duct can be reduced to less than 5% if a thin 
resistive film of 1mm is placed on an insulated tube 
instead of the solid cylindrical resistor. A set of 
curves for different thicknesses of the insulated 
tube is shown in Figure 12. 
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Figure 12: Set of curves for different thicknesses 
of the insulated tube. 
 

 4 CHARACTERIZATION TESTS  

Two sets of tests were performed to characterize 
the SF6 calibration set-up. The first set of tests 
were carried out at low voltage level to ratify the 
influence of the coaxial transmission line on the 
step voltage characteristics (amplitude and width of 
the step voltage), as explained in paragraph 3.1, 
and the second set of tests were conducted using 
high voltage DC generator to compare the 
measurements carried out with D-dot probes 
against the ones performed with the reference high 
voltage divider and to analyse the rise time of the 
step voltage. 

4.1 HIGH VOLTAGE CHARACTERIZATION 

a) Tests description: 

Preliminary high voltage tests were carried out at 
different voltage levels. For these preliminary tests 
the coaxial transmission line (4) was not installed. 

The internal impedance of the DCHV source 
operates as Zo (see Figure 2), while the 
characteristic impedance of the main duct of 55  
works as Rl. For this reason the output voltage at 
the divider is much lower (around 1/3) than the 
charging voltage Uo. Furthermore, only the front 
and the peak time intervals of the impulse are 
interesting to analyse in this characterization test. 
Waveforms acquired by both measuring systems, 
resistive divider and at D-dot were recorded to be 
compared. In order to obtain different high voltage 
DC charging levels the SF6 pressure inside the 
spark-gap was varied, maintaining constant the 
distance spark-gap to s=3 mm. Figure 13 shows 
the sparking voltage as a function of the SF6 
relative pressures inside the spark-gap. Obtained 
peak voltages of measured waveforms by resistive 
divider are also shown in this figure: 
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Figure 13: Sparking voltage and obtained peak 
voltage of measured waveform by resistive divider, 
vs SF6 relative pressures inside the spark-gap. 

b) Comparing SMA measurements with divider 
measurements: 

Voltage was measured at the beginning and at the 
end of the main duct (8), by the D-dot measuring 
system and the resistive divider respectively. The 
output signal given by both systems is shown in 
Figure 14 and the integrated D-dot signal is 
compared with divider signal in Figure 15. The rise 
time (10%-90%) of the measured voltage was 
around 3 ns for the initial slope ant around 7 ns for 
the whole front. An oscillation appears due a weak 
impedance matching between HVDC and the 
spark-gap in this characterization tests. 
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Figure 14: Recorded waveforms by resistive 
divider and by D-dot sensor (Normalized scale). 
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Figure 15: Recorded waveform by resistive divider 
and integrated D-dot sensor signal. 

Rise time of the pulse decreases as the SF6 
pressure in spark-gap increases (higher charge 
voltage levels) as shown in figure 16. A SF6 
pressure around 2 bar is convenient to achieve a 
rise time around some nanoseconds. 
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Figure 16: Recorded waveforms by resistive 
divider, for several DC charging levels Uo (each 
level corresponds to different SF6 relative 
pressures inside the spark-gap). 
 

4.2 COMPLEMENTARY TESTS  

Additional characterization tests using the coaxial 
transmission line are in progress to ratify the 
correct simulation and capabilities of this 
calibration setup in order to achieve step high 
voltages up to 100 kV with rise times <10 ns and 
with a pulse width of 100 ns. 

 

 

 

5 CONCLUSIONS 

A new high SF6 voltage calibration setup for 
traceable measurements of very fast transients has 
been developed. Simulation analyses have been 
ratified through characterization tests. The 
comparison of the waveforms measured by the 
resistive divider and the D-dot measuring system 
give a good agreement. This generation and 
measuring setup will permit to calibrate VFT 
measuring system in stable and homogenous 
conditions to achieve low uncertainties. 
Complementary characterization tests are in 
progress to establish standard calibration 
procedures to improve the international traceability. 
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