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IEC 60270 Calibration Uncertainty in Gas-Insulated
Substations

Christian Mier Escurra
High Voltage Technologies
Delft University of Technology
Delft, Netherlands
c.mierescurra@tudelft.nl

Abstract— Partial discharge (PD) measurements in gas-
insulated substations (GIS) are tested according to the standard
IEC 60270. This “conventional” PD test method applies to
electrically small devices. The equipment size increases the
resonance, and attenuation, contributing to the total uncertainty.
Additionally, when an ultra-high frequency (UHF) sensor is used
as a coupling capacitor, the calibrator and PD pulse duration
difference increase the measurement uncertainty. In this paper,
the IEC method, using an external capacitor coupler and a UHF
sensor, is simulated and tested in a full-scale GIS. The results show
the uncertainty dependency with the IEC 60270 filter bandwidth.
With proper measures, the UHF sensor correlates with the
external coupling capacitor, resulting in a reasonable charge
estimation for a 25-meter-long GIS. Knowing the calibration
limits is critical to estimate the PD charge uncertainty.

Keywords—partial IEC 60270,
uncertainty, UHF.
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I. INTRODUCTION

Partial discharge (PD) measurement is an accepted indicator
of the electric insulation condition and is required for gas-
insulated substations (GIS) in the standard IEC-62271 [1]. This
standard refers to the IEC 60270 [2] for PD measurements,
consisting of a device under test (DUT) measured with a
coupling capacitor, where the PD pulse flows through the HV
capacitor (C;) and the coupling device (CD). Then the PD is
filtered and measured in the measuring instrument (MI), as
shown in Fig. 1. The calibration consists in finding a calibration
constant by relating a known charge with the measured peak
signal. The IEC method assumes that the calibrator is connected
to the terminals where the PD happens, which is true for small
objects that can be modeled as lumped elements. However,
when the pulse wavelength is comparable with the device’s
length, the DUT behaves as a distributed element, shifting the
calibrator’s and the PD’s electric position [3].
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Fig. 1. IEC 60270 measuring circuit.

Onsite GIS installations are generally terminated to a cable
or a transformer, making the energized conductor inaccessible
for the calibrator and the coupling capacitor (CC) connection.
Additionally, an online monitoring HV CC installation is
expensive. Therefore, the IEC 60270 proposes the ultra-high
frequency sensor (UHF) as an alternative way to calibrate and
measure PD, as shown in Fig. 2. The calibration is done with a
step voltage connected to the UHF sensor, generating a current
pulse at the sensor’s coupling capacitance. In the same way, the
pulse is measured with the UHF sensors and GIS mutual
capacitance.

The UHF sensor is a practical way to implement the IEC
60270 for no accessible HV conductors. However, the low
coupling capacitance introduces uncertainty to the calibration
procedure. This paper analyses the sources of uncertainties using
the standard method with an external coupling capacitor and the
UHF sensor. First, the GIS’s calibrator location and pulse width
are simulated as transmission lines (TL) and lumped elements.
Then, the noise influence in UHF sensors is analysed for
different filters and output loads. Finally, the error of the IEC
method is measured in a full-scale GIS.

Fig. 2. IEC 60270 recommendation for PD in GIS.
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II. IEC 60270 SIMULATION ON GIS

A. Calibration location uncertainty

One source of uncertainty is the calibrator location relative
to the PD source, which depends on the GIS length. The GIS
behaves as a transmission line in the transverse electromagnetic
mode, distorting the PD signal in every discontinuity. Because
of the IEC 60270 low-frequency range, the GIS can be modeled
as a lossless transmission line [4], [5]. A time domain simulation
was performed in LTspice, assuming the worst case, where the
calibrator is at the opposite position of the PD source. Fig. 3
shows the electric representation of a simplified GIS. A pulse
source is matched to the GIS and terminated with the coupling
capacitor and the coupling device. Connected to the coupling
device, a second-order bandpass filter was simulated, where the
peak voltage was taken.

Fig. 4 shows the peak voltage ratio for different GIS lengths
and two IEC bandwidths (BW): 30-130 kHz and 100-500 kHz.
Using the lowest filter frequency in a 50 meters GIS, the error
already approaches 10%, which is the limit acceptable for the
IEC. The error exceeds the standard’s limit when the highest
bandwidth filter is used in a 10 m GIS. The lowest bandpass
filter offers the lowest uncertainty when considering the GIS
length. However, the filter selection must consider the noise
sources in the GIS, where low-frequency noises are more
critical. Additionally, low-frequency and narrow-band filters
overlap subsequent PD pulses, increasing the charge error.
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Fig. 3. GIS and coupling capacitor represented as a transmission line and a
lumped capacitor.
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Fig. 4. Calibrator and PD pulse peak ratio for different GIS lengths.

B. Calibrator pulse width uncertainty

An SF¢ PD pulse lasts below one nanosecond [6], which is
hundreds of times faster than a commercial calibrator. This
difference in time may affect the calibration when the sensor’s
frequency response is not flat, which is the UHF sensor’s case.
A capacitor coupler’s transfer function can be represented using
(1) [7]. Since the UHF sensor has a small LV capacitance (C>),

the cutoff frequency (wy=1/C>R) happens at a frequency above
the calibrator’s bandwidth, affecting the calibration constant. An
alternative way to decrease the wy is to increase the sensor’s load

(R).

(@)= 1, (o) joRCZ, 0
’ —®'LC, + joC,R+1

The GIS with external CC and UHF sensors were simulated
in LTspice as transmission lines and lumped elements. The
model recreates the TUDelft 1-phase-420kV GIS, composed of
different discontinuities. The straight lines, T-sections, spacers,
circuit breaker (CB), and disconnector are modeled as a time
delay and characteristic impedance (Zo) [8][9][10]. The straight-
lines and T-sections characteristic impedance was taken as 75
Q, and the rest as 50 Q. The time delays for the spacers were 2
ns, and the rest are shown in Fig. 5. The overhead line bushing
and the IEC external capacitors were modeled as lumped
elements in series (L=10 uH, C;=200 pF, C>=90 pF). Finally,
the calibration and PD pulse were simulated as a 200 ns and 1
ns step voltage in series with a 10 pF capacitor. Table 1 shows
each measuring system cutoff frequency and peak signal error
between the calibrator and PD pulse.

The IEC 60270 requires the measuring system BW to be
below the calibrator’s cutoff frequency, which was the case for
the external CC but not for the S0Q-UHF sensor. Fig. 6 shows,
for each sensor’s output, a simulated PD and calibrator signal
as a 1 ns and 100 ns Gaussian pulse, respectively. The 50 Q-
UHF is the most affected due to its high-frequency response.

Fig. 5. TUDelft GIS with each discontinuity’s time delay.

TABLE L SENSOR’S CUTOFF FREQUENCIES AND ERROR BETWEEN
CALIBRATOR AND PD PULSE.
External CC 50Q-UHF 10kQ-UHF
fo 100 kHz 159 MHz 796 kHz
Cal./PD 1% 13 % 4%
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Fig. 6. Simulated PD and a calibrator waveshape comparison between an
external CC, 50Q-UHF, and 10kQ-UHF. The calibrator’s peak error is
indicated in percentage.

C. Noise uncertainty

The UHF sensor’s gain is increased with a larger load
resistor, but the signal-to-noise ratio is also affected. The
measured white noise at the sensor’s output depends on the load
resistor and the UHF sensor’s LV capacitance, as shown in Fig.
7, where the noise source (V) is shown in (2), and the output
noise (Vo) in (3). When the IEC filter () is included, the RMS
noise is shown in (4). The thermal noise density increases by the
square root of the resistance; however, the sensor’s output noise
is filtered at w=1/CR, reducing the output noise.

4 = 4kTRS 5, (2)

1
V. (0)=V ¥— 3
v (@)=V, 1+ joR(C, +C,) ®)

Vs = (Vo (@) (@) a0 o
0

The IEC charge is calculated using the output voltage peak,
so the signal-peak-to-noise ratio (PSNR) is calculated for
different filters. Fig. 8 shows the PSNR as a function of the load
resistance with GIS’s 5 pC permissible PD charge [11]. In the
low-load region, the sensor’s gain increases by the square root
of the load; then, the gain settles down at the sensor’s cutoff
frequency. In the high-load region, the PSNR increases again
with the load: the noise cutoff frequency becomes lower than the
IEC filter’s BW. Further research is planned to include the
amplifier’s noise. The filter selection must consider the higher
PSNR but also the GIS length.

C1 C2 *

Fig. 7. Electric circuit representation of the noise.
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Fig. 8. PSNR as a function of the load/ and for different IEC filters’ BWs.

III. TEST SETUP

The IEC 60270 with the external CC and the UHF were
tested in parallel and compared with a high-frequency current
transformer (HFCT) in the GIS shown in Fig. 5 and the setup in
Fig. 9, using a 4 bar SF¢ jumping particle PD test cell. The
external coupling capacitor consisted of a 200 pF HV capacitor
connected to the bushing and a Haefely AKV 568 coupling
device connected to a Haefely Type 561 instrument. The UHF
sensor, shown in Fig. 10, has a 0.3 pF HV capacitance and a 17
pF LV capacitance. When the UHF sensor is not matched with
50 Q, the capacitance of the coaxial cable connected from the
sensor to the amplifier must be considered. The amplifier used
for the UHF sensor was an AD8000, with an external input
resistance of 10 kQ, which was the maximum input resistance
the amplifier could handle. The external CC and the UHF sensor
were filtered with a 50-200 kHz second-order filter. The
measurements were validated with an HFCT coupled to the test
cell’s ground electrode.
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Fig. 9. Full-scale GIS test setup.
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Fig. 10. UHF sensor used for the PD tests.
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IV. RESULTS AND DISCUSSION

shows the calibration results using an “Onsite high voltage
Cal 141” with a 5 ns rise time and a 55 ns decay time and an
“LDC-5/UHF” calibrator with a 1 ns rise time and 4.5 ns decay
time. The external CC does not suffer any deviation when using
different calibrators, unlike the UHF sensor, where a 5%
difference was observed, giving a similar result to the
simulation. Overall, the deviation is within the standard’s 10%
error tolerance. The 50Q-UHF was not tested due to its low
PSNR. Additionally, the external CC correlates with the HFCT,
giving an average error of 4% and a standard deviation of 5%.
The charge of HFCT was estimated using the current integral
method [12]. The IEC output was rectified to estimate the PD
charge with the absolute max pulse peak.

Fig. 11 compares the 10 kQ-UHF sensor and the external
CC, having a mean error of -2% and a standard deviation of
14%. The uncertainty of the UHF sensor is attributed to the
white noise, explaining the low mean error and higher standard
deviation. Fig. 12 shows the waveshape of both measurements,
where the UHF PD signal is affected by noise. Further research
is needed to improve the PSNR using an amplifier loaded with
higher input impedance and a UHF sensor design adapted for
IEC 60270 frequency.

TABLE 1L CALIBRATORS’ PEAK VALUES AT DIFFERENT LOCATIONS AND
SENSORS.
External CC 10kQ-UHF
Call41/LCD5 0% 5%
350 :
5300 e
=1 .
5250 Lo .30%
o
5 200 —
<] _-50%
3 150 o -
100
D
50
0% : : :
0 100 200 300

CD charge [pC]

Fig. 11. PD charge values between the IEC ext. CC and 10 kQ-UHF (dashed
lines represent 30% and 50% error limits, respectively).
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Fig. 12. Measured PD pulse with external CC and UHF sensor. With the pulse
starting point and peak values marked with a red cross.

V. CONCLUSIONS

PD charge magnitude is valuable for assessing the condition
of electric devices and normalizing different PD sensors. The
IEC 60270 has been proven to be an excellent tool for
electrically small devices; however, as the equipment grows in
size, the uncertainty of the measurement increases. As the IEC
method is not suitable for onsite and online tests, an alternative
method is to use UHF sensors as the calibrator and coupling
capacitor. This paper analyses different uncertainty sources and
proposes the most convenient filters depending on the situation.
The external coupling capacitor IEC test showed satisfying
results for a 25 m long GIS. Also, a good correlation using a 10
kQ-UHF sensor was found. Further research is needed to
improve the UHF sensor’s method and analyse its behaviour
with more noise sources.
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