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Activity | Activity description Partners

number (Lead in bold)

Ad1A FFIl will collect PD pulses for qualifying of PD analysers working between 1 MHz and | FFIl, UPM

Mo4 30 MHz from real a.c. cable systems supplied by a collaborator (DIAEL) to analyse their PD pulses
amplitude attenuation (dB/km) versus frequency range , jand will perform a statistical .
analysis of the most representative standard pulses in a.c. cable systems and artificial Attenuation

ulses from 15NRMO02 UHV. FFII will work with UPM to extend this statistical study to HVDC erids

HVDC cables considering the differences between HVDC cable systems and HVAC g

cable systems.

Ad.1.2 Using knowledge from 15NRMO02 UHV, UPM, with support from FFII, will perform aging|| UPM, FFII

M15
Test cells
real defects recorded in real HVAC cable systems. HVDC
UPM will create a database for reference PD pulse frains of PD pattern evolution in aging

typical defects as a function of time that will contain the data collected from the aging

| process and the data supplied by the collaborator

Ad1.3 UPM will develop an artificial intelligence tool for PD pattern recognition of insulation || UPM, FFII ..
55 defects. The data saved in the database in Ad.1.2 will be used by UPM and FFII for the Al Recognition tool
learning process of the developed artificial intelligence tool for PD pattern recognition.

A4.14  [UPM, with support from FFIl and TU Delft, will assess the current knowledge level || UPM, FFII,

M22 concerning failure modes of converters in HVDC stations by analysing their PD pulse || TU Delft Failure modes in
pattern from measurements collected in the past by system operators made available
by e.g. collaborator DIAEL. PD High voltage tests will be performed on different converters

semiconductors used in converters to save series of PD pulses associated with defects
for classification.
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A4.1.5
M18

FFIl with support from UPM will define representative standard noises from converters
and electronic power sources to be used for qualifying of analysers used on both d.c.
and a.c. systems. FFIl will collect noise samples obtained from real installations in a.c.
and d.c. grids (wind plant, converter stations and PLC), at least two of each type, and
classi €m INto dIfierent types of standard NOISEs based on Speciic representatve
parameters. A set of adjustable parameters will be defined to enable reproduction of
representative noise signals.

FFIl, UPM

A4.1.8
M25

Using inputs from A4.1.1 — A4.1.5, FFIl with support from UPM will validate the
calibration procedure to qualify PD analysers working in the frequency range between
1 MHz and 30 MHz developed in 15NRMO02 UHY by FFII

FFIl, UPM

A4.1.7
M26

Using inputs from A4.1.1 — A4.1.6, FFIl with support from UPM will design and build an
adjustable synthetic calibrator for representative PD defects and noises, i.e., a versatile
reference PD source. This calibrator will use adjustable parameters (PD amplitude and
PD repetition rate) to simulate the four defects studied in A4.1.2. The PD amplitude will
be adjustable between 1 mV to 2V on 50 Q input resistor to reproduce representative
current pulses defined in A4.1.1 (around 1.5 pC to 3 nC), and the PD repetition rate
between 1 pulse per 20 us and 1 pulse per 2 min. Variable noise signals will have the

FFIl, UPM

Ad18
M32

FFII, with support from UPM, RISE, TAU and TU Delft will organise a round robin test
assessing HF PD analysers of each pariner involved, using the developed adjustable
PD calibrator from A4.1.7. FFIl, UPM, RISE, TAU and TU Delft will participate in the
round robin test. The following performances will be evaluated: PD sensitivity for
reference PD pulses, PD pattern recognition, PD clustering, noise rejection and PD
location.

FFIl, UPM, TAU,
TU Delft, RISE

A419
M36

Using input from the round robin test in A4.1.8, FFII, with support from UPM, RISE, TAU
and TU Delft will elaborate a guantitative qualification procedure for a.c. and d.c.
analysers, draft a paper on validation of PD method in d.c. grid and send it to the
coordinator

Once agreed by the consortium, the coordinator on behalf of FFIl, UPM, RISE and
TU Delft will submit the paper to a peer reviewed journal and to EURAMET as D7:
“Paper on the validation of partial discharge (PD) method in d.c. grid for detection and
prevention of insulation failures in HVDC cables, GIS and convertors submitted to a
peer-reviewed journaf”.

FFII, UPM,
RISE. TAU,
TU Delft

Metrology for FutureEnergy Transmission
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4.1 Validation of the PD procedure for qualifying PD analysers used for DC testing in the 1 - 30 MHz range

[
Deliverable 7
FPaper on the validation of partial Paper FFIlI, RISE. Mawyw 2023
discharge (PD) method in d.c. grid LM, (M36)
for detection and prevention of TU Delft, T AL

insulation failures iINn HWDC cables,
SIS and convertors submitted to a
pear-reviewed journal

Paper 1 “Influence of increasing the upper frequency limit £, and bandwidth Af on the wideband PD measuring
approach of IEC 60270 used for HVDC grids”, FFII. It's already written. To submit to IEEE Magazine.
Paper 2 ““Validation of PD analyzers for insulation diagnosis of HVDC and HVAC grids by means of a new synthetic
PD calibrator”, FFII. It's already written. To submit to Sensors Journal.
Paper 3 ‘““Metrological Qualification of PD Analysers for Insulation Diagnosis of HVDC and HVAC grids”
FFII, UPM, RISE, TUDelft, TAU. It's already written (final version). To submit to Sensors Journal.

_Paper 4 “Functionality Test for Qualification of PD Analysers used for insulation diagnosis of HVDC and
HVAC Grids” FFII, UPM, RISE, TUDelft, DIAEL, TAU. (final version in the 15 week of May). Sensors?
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Why is the charge quantity important for PD monitoring in HVDC Cable Systems ?

PD Monitoring in HVDC Cable systems 0 o
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What are the differences between HVAC and HVDC cable systems in relation to PD Pulse Width (Tpp)?
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PD Measuring Systems approaches q(l)=f0ti(f)'df O(s)=1I(s)/s

q. =j:i(z)-dr

e S = q..=lim[s-O(s)|=limI(s)=1(0)
|
| Instrument 1 =—— Unipolar pulse spectrum
1 _ 10° ===-I|deal band-pass filter
—_ —_— . . = E N .l"l'l l=
upeak = 2. (fz fl) Zm q £ H N e
B0 i N
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L e e e e e ) 1
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T I Zs Instrument :
I 1
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What is the limitation of the IEC 60270 for off-line PD measurements ?

HFCT 10
Transfer impedance
(Q2)
:C 602/ HEC Zupcrl®
Sugil . -
10" — | : E He
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S
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Metrology for FutureEnergy Transmission 9



/\‘ ! Metrology for
EMPIR EURANET) < ) Future Energy 19ENGO02 FutureEnergy

What is the limitation of the IEC 60270 for off-line PD measurements ?

1
. . _ 0 0
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Therefore: IEC 60270 for off-line PD measurements T,5> 150 ns is not a good approach
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PD calibrator electric circuit
(9)| Digital [* Lo L]
Recorder " | LI
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Measuring

AWG: 400 MHz bandwidth, 1.25 Giga-Samples/s and 50 Q

(4) Reference

uise Wwavetorm S‘Ste]n
e Fiilis HFCT: Zs= 15 mV/mA: 30 kHz — 500 kHz
calibration
Internal memory of 4 GBytes ‘ ' ' DR: 200 MHz bandwidth (1 Giga-Sample/s with 8 bits

PD Analyser

External memory of 240 GBytes. resolution - 0.5 GSamples/s with 12 bits resolution)
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Implementation of the PD Synthetic Calibrator
Open Cell

FCV '
R R=50 Q

| A0Q

S Open Cell
for HFCT

Reference Database of
PD eventtraing
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Signal Reconstruction

S—Z
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Continuous-time system

x(t) =A-x(t)+ B-i(t)
u(t) =C-x(t)+ D -i(t)

pi = 0 1
A=t ™~ B=]..
0 ' Pn 1
C=In ml D=r
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i(t)

Z,(mVimA)

u(t) (load 50 ()

discrete system

TGO+ D

xk+1=F'xk+G‘ik

Xo = 0

F =exp(A-hy)
G=(F-1-A1B

I: n x n identity matrix
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Signal reconstruction
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Maximum and minimun magnitudes to be meausred by the Synthetic PD Calibrator

VA
Trp qmax qmin Z: /! \\
(ns) (pC) (pO) o /5/ e
8.0 320 2.0 - H .
16.0 640 2.0 S ]
37.5 1.500 2.0 =N N
75.0 3,000 2.0 Tpp0of 75 ns = T,/T,= 31,2 /76 ns
150 6,000 4.0
375 15.000 10.0
For example for T,,=75 ns Aiin

Minimum peak value to be measured by the recorder of 0.4 mV .,
Ainin=Ymin / Zyrer X Tpp=0.4 mV / 15 mV/mA x 75 ns (pC/mA) =2 pC

qmax

Maximum Current to be generated=4V/ 100 Q =40 mA
Armax—Lmax X Zprer =40 mA x 15 mV/mA = 3,000 pC

Metrology for FutureEnergy Transmission 15
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Reference Data Base of PD event trains (qi, ti)

For diagnostic Tests (HVAC and HVDC): Test cell of 20 kV(AC) 30 kV(DC)

I o~ —
Aging > 1 year
) [ M she =Y
[ I 4

Corona (+) Surface (+) Floating Cavity (+)

Log

Pattern

107
PRPD - Q
8
§

Amp. (pC)
3 5

Amp. (pC)

10" = 107!
0 45 90 135 180 225 270 315 60 0 45 90 135 180 225 270 315 360

10"
Phase (deg) Phase (deg) 0 45 90 135 180 225 270 35 360
Phase (d
0 %0 %0 M %0 386 (deg)

A data base of at least 1000 different reference PD pulse trains of each representative insulation defects (cavity,

surface on air, floating potential, and corona) is available. The 95 % of the total PD pulse trains generated by test
cells were used for training Al recognition tool.

The remaining 10% (at least 50 pulse trains for each PD defect) were reserved PD recognition test and PD
clustering test.

Metrology for FutureEnergy Transmission 16
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Reference Data Base of PD event trains (qi, ti)

Changing direct voltage.
PD graphs for HVYDC Constant direct voltage oS I
PD Pattern Corona (-) Surface (-) PD Pattern Floating (-) Cavity (-)
he e 1 1! Apparent -
. Apparent T ' - )
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PD g PD histogram 2
histogram L B0 000 A5 at voltage 0 500 1000 1500 £ %% 50 100
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z z £ 100
3 H Charge 3 =
s ' intervals PD | 3 i
3 8 histogram 2 2
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et - % w0 w0 | yamges LR T
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Reference Data Base of PD event trains (qi, ti)

Diagnostic Tests

PD pulse trains for HVYDC PD pulse trains of 150 s (2.5 min)
Fi PD pulse trai
Defect Polarity N2 Trains leures per T puse raim
m (pulses) q (pC) qa(nC)
Cavit (+) 538 11,1 75,2 0,8
y (-) 569 8,8 72,0 0,6
Floatin (+) 371 3,4 899,5 3,1
& (-) 195 3,2 1108,5 3,6
(+) 657 110718,5 7115,6 787829,1
Corona
(-) 609 1611509,5 272,1 438558,0
Surface (+) 427 93,4 560,9 52,4
() 343 124,0 312,5 38,7

Metrology for FutureEnergy Transmission 18
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A 4.1.8. Round Robin Test (August 2022 - January 2023)

g5/, PD Simulator

ROUND ROBINTEST

PROCEDURE FOR THE QUALIFICATION QF
PD ANALYSERS WORKING IN THE
HIGH FREQUENCY RANGE {0.0- 30 Mz

USED TO ANALYZE THE INSULATION CONDITION
OF HV DCAND AC CABLE SYSTEMS.

Drafelabaratd by Femando Camacho

Version 1 e 2010 — L

Metrology for FutureEnergy Transmission 19
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PDSIM

Partial Discharges Simulator

Do e P e

Choose a noise type:

PD Laboratory Measurement On Site punctual PD Measurement PD Measurement
(IEC 60270) (IEC-TS 62478) (IEC-TS 62478)
Fixed noise fm < 1 MHz Fixed noise fm > 1 MHz Variable noise fm > 1 MHz

Metrology for FutureEnergy Transmission 20
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Validation of the Calibration Procedure to qualify PD
For Noise #1: A wideband PD instrument tunned in £;=610 kHz £,=770 kHz was the recommended PD measuring
approach to mitigate the noise spectrum #1.

MNoise types
Time domain Frequency domain

EREL L e

a) Invariable WNoise #1 : | "
for PD Measurements - i TEWr IIJI . |
P according to ITEC 60270 T NI%L ! 1”’!‘ .wl _ *-h

b) Invariable Noise #2 an L R S
|
|
|t el |||_
WL

for On-site PD Measurements I A |
according to TS TEC 62478 r. |"|'|”-,'1_».|'| "Il[h1

c) Variable WNoise #3 |

for Continurous PID Monitoring : :. i II||||I||||||1 g

according to TS IEC 62478 ¥ .| i
1

r=r; r=rz r—= ry r— >

Metrology for FutureEnergy Transmission 21
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4.1.8. Round Robin (Aug-22 to Jan-23)
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g as Invariable noise Variable noise
Qualification IEC 60270 TS IEC 62478 TS IEC 62478
1) Noise rejection Yes Yes Yes
= 2) Linearity Yes Yes Yes
KUORRNTE ' (2 pC - 2,4 nC) Yes Yes Yes
3) Resolution time tes Yes Yes Yes
4) Error due to pulse width
(Trp=8 ns -150 ns) b= = e
e A) PD Recognition Not Yes
B) PD Clustering Not Yes
C) PD Location Not Yes

Metrology for FutureEnergy Transmission 22
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4.1.8. Round Robin (Aug-22 to Jan-23)

a) Apparent charge Measurements

Measuring systems that work according to IEC 60270
The IEC 60270 requirement and statement related to noise level are as follows.
- “The apparent charge threshold level shall be adjusted to at least twice the background
g noise.”
o - The uncertainty for a PD Measuring System that complies the standard requirements is
+ 10% or =1pC, whichever is greater.
Considering these above sentences, if the noise level is not more than 50% of the apparent
charge value, the charge error should not be more than 10%s.

Measuring systems that work according to TS TEC 62478

There is no standardized limit for PD amplitude error when performing PD
measurements according to TS TEC 62478 (measuring frequency > 1 MHz). Considering
that the PD charge measurement will be done in service, the noise level should be higher
than in laboratory measurements and the maximum permissible error should also
increase. Applying the same principle as IEC 60270 with respect to noise, it is proposed
that the error should not be greater than +3 dB (=30%) when noise is 2/00%6 of the PD
charge value.

Metrology for FutureEnergy Transmission 23
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4.1.8. Round Robin (Aug-22 to Jan-23)

b) Measurements of PD pulse repetition frequency

Measuring systems that work according to IEC 60270

7. For every value of the pulse repetition frequency, the recorded number of pulses as

KBNS observed during the defined time interval shall be within 2 %6 of the known number of

calibration pulses applied (clause 7.3.5 of future edition 4 of TEC 60270) Therefore,

applying the same criteria as the charge errors, if the noise level is less than 50% of the
PD load value, the maximum permissible error should not be greater than 2%.

S Measuring systems that work according to TS IEC 62478

o

No limitation is stated in TS TEC 62478 for the error of PD pulse repetition frequency.
Applying the same criteria as the charge errors, if the noise level is not more than 200%
of the PD charge value, the maximum permissible error for the pulse repetition frequency
should not be greater than 2 %o.

Metrology for FutureEnergy Transmission 24
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4.1.8. Round Robin (Aug-22 to Jan-23)

1) Noise rejection Test

1]
o

/ TFD =75ns
Pulses Amps

ST e

f/ 7 — S
/ ~5=50pC
| e e
100 200
Noise amplitude (pC)

—
o

Amplitude Error (%)
=

(4]

HOUNDRONTEST

o
O B
(4]
o

Ampl. (dB)

100 kHz 1 MH; 10MHz 30 MHz |
2 TPD 75ns

5 \ \ Pulses Amps

N .
\\ S

Pl
Ton ¥l

Rate Error (%)
=

——50pC
——10pC

-20
0 50 100 200

Noise amplitude (pC)
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4.1.8. Round Robin (Aug-22 to Jan-23)

PD Analyser for off-line
. PD Analyser A-1 PD Analyser A-2 PD Analyser A-3
Summary for Noise #1 Measurements Y Y P
fi-f2 (kHz) 40 — 400 40 — 800 [ 610770\ wideband apporach
Af (kHz) 360 760 \ 160 /
Charge measurement method Quasi-integration Quasi-integration Quastmetration
= - Filterine Method None Manual Selection . level
a) Invariable Noise #1 tltering Metho None of f1, f2 and trigger leve
for PD Measurements Metrological tests
] Noise range
according to IEC 60270 (%)
200 £=248% e=151% £=61.9%
&n>1000 % &n>1000 % en=-0,4% DE v
Noise _ 100 &~104.3% 6=53,9% =32.0% LN st
Rejection &>1000 % &>1000 % o= LT
g=100 pC —p= S0E6 s
50 8q=27°/o 8q=26°/o 8q=2.6°/o D >
£:>1000 % £:>1000 % £n=-0,4% = 15026 ads ™
20 T 9.6 B I
E &n>1000% &n-496% 8n=-0,4% Bz 3000E6 radls
= Charge range Tn 0 ® o0 m A
inearit PO TSl
100Kz R 10MHz WMH nder 35% noise 50 to 2.400 +16,3%
e 10 to 2.400 >100%
Trp influence Pulse width Trp
nder 35% noise range (ns)
q=200 pC 8 to 150 Max-Min=5,4%
Resolution Time
nder 35% noise bes range (us)
q=200 pC 2,500 — 10
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4.1.8. Round Robin (Aug-22 to Jan-23)

Su mma ry for Noise #3 Contiil?oﬁ:;llgsgo?iioring PD Analyser B-1 PD Analyser B-2 PD Analyser B-3 PD Analyser C
HFCT bandwidth fi-f2 (MHZz) 0,2 — 20 0,08 -61 0.004 — 1,100 0,2 — 20
Charge measurement Method int uastl__\ Direct reading of ntegratio$ Quasi-integration
Viriable Noiss #3 fi-f2 (MHz) li‘leogrfi:&/> HFCT ™ time domain £1=2.45, £2=3.95
c) ariable INo1sE Digitizer: Bandwidth 30 MHz 50 MHz 20 MHz 50 MHz
. L. (Sampling rate) (60 MS/s) (100 MS/s) (1.25 GS/s) (100 MS/s)
for Continuous PD Monitoring Passband filter 4 order o ordor Automatic
Filtering Method Selec(tjion of f1, f2 pgistlzggs of;gler lowl:f)ass filter Wae‘églget _l;lelt;]rjto
x and trigger — - 2= 20 r ni
ElCCOI'd]Ilg t() TS IEC 62478 fi-f2 (MHz) leve £1=0,05, f>= 45 (hardware) pulses and
£1=1.75, fo— 3.25 (hardware) pulsating noises

Metrological tests

Noise range
(%)

£q= 4.1 % £q=-0.4 % £q=-40,0%

:: &J Noise &n=0.0 % £€n=0.0 Y% en=0.7 %

g VvV \ Rejection _ 100 £=0.8 % £4=0.0 % £4=16,5%
£ \ q=100 pC £:=0.0 % £n=0.0 % €n=0.7 % £0—-0,0%
i £q=-0.1% £q=0.1 % £9=8,7% eq=1,7%
- f ' >0 €n=0.0 % £n=0.0 % £n=0.0 % £n=-0,0%
S I R I T 20 £4=0,0 % £4=0.2 % £4=3,5% ea=1,7 %
e Lo e Sl o) £n=0.0 % &n=0.2 % £n=0.0% £n=-0,0%

— 1; = 1> Char:
ge
Linearity range q(pC)
under noise 50 to 2.400 + 0.5% +=2.0 %
10 to 2.400 +11.0% +85.0 %

Trp range

Trep influence
(ns)

under noise

q=200 pC 37.5 t0 150 +24.1 %
8 to 150 + 28.7% i + 29.8%
Resolution Time tres range
under noise (ns)
q=200 pC 10 ps, en=0.0 % 20 ps, en=0.0 % 2.5 ms, en=0.5 % 10 ps,en=0. %
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EMPIR

4.1.8. Round Robin (Aug-22 to Jan-23)

Diagnostic Tests
Invariable noise Variable noise
lificati IEC 60270
Qlakicstion TS IEC 62478 TS IEC 62478
A) PD Recognition Yes
B) PD Clustering Yes
C) PD Location Yes
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4.1 Validation of the PD procedure for qualifying PD analysers used for DC testing in the 1 - 30 MHz range

A4.1.8 Round Robin Test

A4.1.6. Validation of the Calibration Procedure to qualify PD analysers (Apr 2022 - Jul 2022)

AC:

-Corona in air,

-Surface in air,

- Floating Potential in air,
- Cavity in solid,

- Mobile Particles SF6,

- Protussion in SF6,

- Surface in SF6.

1. PD recognition capability for DC software files :

Defect under HVDC (-)

(nC)

Accumulated
charge

ecognition

PD Clustering

DC:
- Corona in air,
- Surface in air,
- Floating Potential in air,
500 1000 1500 - Cavity
responds: - Mobile Particles SF6
[ | [ swmme | [ romms | [ ) [ o ] s - Protussion in SF6,
| - Surface in SF6

PD Location
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4.1 Validaton of the PD procedure for qualifying PD analysers used for DC testing in the 1 - 30 MHz range

A4.1.8 Round Robin Test

A) PD recognition capability for AC and DC (software files): ,c.

-Corona in air,
-Surface in air,
PDSIM AL Detest nambe 1 - Floating Potential in air,
& Crange Mode | : - Cavity in solid,
- Mobile Particles SF6,
- Protussion in SF6,
- Surface in SF6.

k Amplitude (mV)
2,
g

Peak Amplitude (mV)

[
°
a

DC:
Hi - Corona in air,
s wEsne B ireRsaae - Surface in air,
mﬂm) S - Floating Potential in air,
- Cavity
- Mobile Particles SF6
[ | [ swmme | [ romms | [ ) [ o ] s - Protussion in SF6,
- Surface in SF6

PO e, < s e

Number of pulses per secony
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4.1.8. Round Robin (Aug-22 to Jan-23)

A- Qualification of PD recognition tools.

14 pulse trains:
3 x Corona

3 x Cavity
3 x Surface
3 x Floating
2 x Noises

Al > 85% correct
PD Recognition (=12/14)
Tool - Confidence >75%

Reference

PD pulse trains
Pulsating Noises

Proposed requirement to approve an AI PD Recognition tool

An AI PD recognition tool is considered approved if at least the 85% of reference PD
pulse or noise trains are correctly recognised with a confidence level not less than 75%.
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4.1.8. Round Robin (Aug-22 to Jan-23)

A- Qualification of PD recognition tools.

Metrology for
Future Energy
Transmission

19ENGO02 FutureEnergy

Metrology for FutureEnergy Transmission

AC
Case
Real AC-R1 AC-R2 Real DC-R1 DC-R2 Real DC-R1 DC-R2
1 Cavity Cavity (98%) Cavity (91%) Surface Surface (100%) Floating | Floating (84%)J| Floating (93%)
2 Corona Corona(99%) Corona (99%) Cavity Cavity (67%) Cavity (93% Surface Surface (94%)
3 Floating | Floating (99%) | Floating (98%) Corona Corona (82%) Noise Noise Noise (100%)
4 Noise Noise (100%) Floating Floating (83%) | Floating (88%) Corona Corona (91%)] Corona(100%)
5 Surface | Surface (90%) N Surface (100%) Cavity Cavity (83%) Cavity (86%) Floating | Floating (84%)J| Floating (94%)
6 Floating | Floating (97%) | Floating (84%) Noise Noise Noise (98%) Cavity Cavity (65% Cavity (99%)
7 Corona ﬂ Corona(100%) Surface Surface (57%) | Surface (80%) Surface Surface (99%)
8 Cavity Cavity (99%) Cavity (100%) Floating Floating (87%) | Floating (95%) Cavity Cavity (83%) Cavity (99%)
9 Surface Surface (96%) 0 Surface (100%) Corona Corona (82% Corona(88%) Corona Corona (78%)] Corona(100%)
10 Cavity Cavity (99%) Cavity (100%) Surface ﬂ Surface (100%) Floating Floating (78%)l] Floating (77%)
11 Noise Noise (100%) Noise Noise Noise (100%) Cavity Cavity (67%) Cavity (99%)
12 Corona Corona(97%) Cavity Cavity (68%) | Cavity (96%) Noise Noise Noise (100%)
13 Surface Surface (100%) Corona Corona (78%) Corona(77%) Corona Corona (86% Corona(100%)
14 Floating | Floating (100%) | Floating (99%) Floating Floating (100%) || Floating (94%) Surface Surface (97%)
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4.1.8. Round Robin (Aug-22 to Jan-23)

B) PD Clustering capability (HVAC and HVDC). . . . .
Qualification Test to separate different PD trains

Casc# | Corona | Surface | Floating | Caviey | hubating | Pulsating related to different insulation defects or pulsating
Case #1 25% 50% 75% 100% 1 1 1 1 1
e v | o LI | 100% noises consists of superimposing two trains of PD
Case #2 25% 50% 100% 75% 1 1 1 1 1
se iz | 2% o plo0% L TS% pulses associated with different insulation defects
Case#s | 2% o | e | phoo% mixed with two different pulsating noises.
Casefid | o0% | 2, pd0% | A different dampened sinusoidal waveform is used
B o o poces | panees for each PD pulse train or impulsive noise to
Cosedo | Jo . bl | e e emulate each specific traveling wave condition
bl Patseria | putse i Posertt | Pubes from each PD pulse train or noise signal.
Case #8 50% 25% 100% 75%
AC Pulse #2 Pulse #3 Pulse #4 Pulse #1
Case #9 25% 50% 75% 100% se Dthis F fesis
AC Pulse #1 Pulse #2 Pulse #3 Pulse #4 ssctuens “;:f:f;f;('g Oy | g | Pelse Waveform
Case #10 25% 50% 100% 75%
zs:c Pulse #4 Pulse #1 Pulse #2 Pulse #3 Pulse #1 75 3 12.2 M
Case #11 50% 25% 75% 100% /\
AC Pulse #4 Pulse #3 Pulse #1 Pulse #2 Pulse #2 75 6 21.7
Case #12 25% 50% 100% 75% se =
AC Pulse #3 Pulse #2 Pulse #4 Pulse #1
Case #1 50% 25% 75% 100% e Gl | 8 J\/\J\
DC + Pulse #1 Pulse #2 Pulse #3 Pulse #4 ——
Case #2 50% 25% 75% 100% Pulse #4 75 20 93.9 ,\/\N,_
DC - Pulse #1 Pulse #2 Pulse #3 Pulse #4
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4.1.8. Round Robin (Aug-22 to Jan-23)

B. Qualification of PD clustering tools.

Reference Al >75% correct Defects

PD pu.lse tra.ins PD Clustering Confidence > 75%
Pulsating Noises tool

Proposed requirement to approve an AI PD Recognition tool

“A clustering tool is approved if an approved AI recognition tool recognizes at least
75% of actual PD insulation defects (corona, floating, surface and cavity) with a
confidence level >75%, after applying the AI automatic clustering tool under validation.”

Note: The cavity defect must be recognised with a confidence level = 75%
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4.1.8. Round Robin (Aug-22 to Jan-23)

B. Qualification of PD clustering tools.

AC: 12 cases

2 PD pulse
Reference trains

PD pulse trains T

Pulsating Noises | 2 Pulsating
noises

Al
PD Clustering
tool

75% correct Defect
(>18/24)
onfidence >75%

DC: 2 long-term tests (equivalent to 5 h each)

2 PD pulse
Reference trains

PD pulse trains T

Pulsating Noises | 2 Pulsating
noises

Al
PD Clustering
tool

>75% correct Defect
(=3/4)
onfidence >75%
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4.1 Validation of the PD procedure for qualifying PD analysers used for DC testing in the 1 - 30 MHz range

A4.1.8 Round Robin Test

B) PD clustering capability [ AC]

PD Measurements in HVAC Systems: The Synthetic PD Calibrator will simultaneously generate PD pulses from all four
pulse trains: two from real PD defects and the other two from impulsive noise sources. These pulse trains were recorded
over a time interval of 2 seconds. This time interval will be played back continuously for an indefinite time.

Time interval played back — 2 seconds
(100 periods)
PRPD patterns recorded over the
timne interval of 2 seconds

Defect #1 [ =g
Corona !

Defoct #2 ~ P p—— #

Cavity

Impulsive MNoise #1

Impulsive Noise #2

Acummulated
pulse signals
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4.1 Validation of the PD procedure for qualifying PD analysers used for DC testing in the 1 - 30 MHz range

A4.1.8 Round Robin Test

B) PD clustering capability [ AC]

PID ZvMieasurements in FIVIDC Swystems: The Synthetic PID Calibrator simultaneousls
can generate PID> pulses from four stored pulse trains (two from real PITD) effects and the
other two from impulsive noise sources) that were recorded during time intervals of 150
s for 5.0 hours (at least 600 pulses of each pulse train will be generated in the 5.0 hours
of high voltage test). When there are no pulse signals, the time will be played baclec with
a time accelerator 15 times faster thhan the actual recording time. but no time accelerator
) = is applied when pulse signals are present. either from a PID current pulse or from pulsating
. noise. In this last case., the plavbaclk time is egual to the actual recording time., without
this causing an increase in the acguisition tirme. as shovwn in Figure 19. It means that if
200 ns are booked to plaw baclk a pulse (from a P> source or from a pulsating noise
source) it spends 4 us of real time.

fll ] ol | .l|||L[_1 Lol L) |||i|_ﬂiun m

Dl iy b Fecording T et LS = - S0 = LSO =
T JE————
> L wmiel TS il (RS e} 4:.:-_:.-—.-.?"" | S - =S i) TS b — ZIS omdel €5 B - 3O el
[ — T —— [ [ r—— e pmtl [ - [ —— anfep =t [ ——
Fecomat VDN -y ey — ‘C‘-—-—’"‘J D ke et e | A B T Ao e Lt E S |
T

Pulse from sd

Fulse from source &4 /
2o ns
Wirtuzal tirme : ! \/V\/W F
T L
| 3 1

Real tirmme

= 26 s - - 26 ps
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4.1.8. Round Robin (Aug-22 to Jan-23)

B. Qualification of PD clustering tools.

Result analysis for HVAC Result analysis for HVDC

e Pulse trains AICT1 AICT2
1 Corona (+) 93,60% 90,38%
; Surface (+) 80,93% 79,33%
; Cavity (-) 97,24 98,03%
5 Floating Potential (-) 89,82% 84,18%
6 Noise #1 (+) 81,27% 67,66%
; Noise #2 (+) 96,48% 70,36%
) Noise #1 (-) 100,00% 92,31%
0 Noise #2 (-) 100,00% 73,08%
1

12
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4.1.8. Round Robin (Aug-22 to Jan-23)

C. PD Location along a cable

Evaluation of the ability of a PD analyser to determine the location of a PD source along a cable is carried out using the
synthetic PD calibrator. A coaxial cable is used as a model of a power cable with three intermediate injections points A,
B and C. Both cable ends are matched by means of an impedance with the same value as the characteristic impedance of
the coaxial cable (Z_=50Q2). The coaxial cable has a propagation velocity of 196 m/us a nominal length of 172 m.

= P =50 0 $ $ =50 0
| o (R S
s s —
Location error (m)

D(from T1) (m) LCOE TUDELFT RISE TAU UPM
C 24 -1,0 1,0 -0,7 1,1 -1,0
A 92 -0,4 0,0 0,2 1,5 0,0
B 117 0,6 0,0 0,1 1,4 0,3
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4.1 Validation of the PD procedure for qualifying PD analysers used for DC testing in the 1 - 30 MHz range

CONCLUSIONS

A Synthetic PD Calibrator is available for qualification of PD analysers working in the 1-30 MHz:
Metrological Tests: Noise rejection test, Linearity, PD pulse width influence test (TPD) and Resolution time.
Diagnostic Tests: PD Recognition Tests, PD clustering Test, and PD Location Test

A reference database of PD event trains acquired in laboratory tests provides an experimental and traceable
reference of insulation defects in HVAC and HVDC to evaluate the efficiency of PD analysers.

A Procedure for qualifying PD analysers (HVDC and HVAC) has been developed.
A Round Robin Test was carried out to validate the developed Procedure for qualifying PD analysers.

Final Version of the Qualification procedure

4 Papers are already written to submit to Open Access Journal.
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The EMPIR initiative is co-funded by the European Union's Horizon 2020
research and innovation programme and the EMPIR Participating States
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Activity | Activity description Partners
number (Lead in bold)

Ad.21 TU Delft will study the electromagnetic waves propagation in their HYDC GIS including | TU Delft
MO6 attenuation factors in different GIS components and propagation modes. Analysis of
typical insulation defects producing partial discharges in GIS and analysis of the PD
current pulses, their wave shapes and frequency content will be performed by TU Delft.

Ad.2.2 Using input from A4.2.1, TU Delft and FFIl will develop at least 4 test cells with artificial | TU Delft, FFII
M12 defects simulating the most common insulation defects in HYDC GIS. TU Delft with
support from FFIl will record representative PD pulses of four aging defects in HVDC
GIS systems: floating electrode, surface discharges, protrusion and jumping particle.
For each defect, the amplitude, repetition rate, and pulse frains will be analysed to
produce representative PD pattern evolution of typical defect as a function of time. An
extensive database containing representative patterns of defects in HYDC GIS will then
be created by TU Delft.
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A4.2.3 TU Delft will develop an inductive sensor for partial discharge measurements in HYDC | TU Delft
M20 GIS capable of measuring in the 30 — 300 MHz range. The sensor will be suitable for
installation in existing GIS dielectric windows. The sensor will be able to measure PD
pulses discharges in the order of 1 pC for representative defects in GIS.

Ad24 TU Delft, with support from FFIl, will develop a characterisation procedure for the PD | TU Delft, FFII
M24 sensors in a theoretical frame alongside with the development of a methodology for
charge estimation.

Ad425 TU Delft will design and develop a testing workbench for calibration of PD sensors from | TU Delft
M26 A4 .23 with an embedded high frequency current probe for reference currents. The
workbench will allow the injection of calibrator pulses with frequency content above
300 MHz. The testing workbench will be developed at the High Voltage Laboratory of
TU Delft and will have similar dimensions and geometry to a real operational HVDC

Gls.
A4.2.6 Using input from A4.2.5, FFIl and TU Delft will prepare a characterisation setup of a | TU Delft, FFII
M30 HVDC SFe GIS up to 100 KV to install test cells developed in A4.2.2.

The validation of the characterisation procedure developed in A4.2.4 will be performed
by TU Delft and FFIl using at least two different methods (high voltage and low voltage).
The low voltage method will use at least one commercial PD calibrator from 1 pC to

1000 pC.
A4.2.7 TU Delft, with support from FFII, will perform the analysis of the two validation methods | TU Delft, FFII
M33 established in A4.2.6. This includes the uncertainty determination of each method and

the influence of noise.

Ad4238 Using input from A4.2.1-A4.2.7, TU Delft, with support from FFIl will draft a paper on a | TU Delft, FFII
M36 method for PD calibration in d.c. power grids for GIS and send it to the coordinator.

Once agreed by the consortium, the coordinator on behalf of TU Delft and FFIl will
submit the paper to a peer reviewed journal and to EURAMET as D8: ‘Paper on the
method for PD calibration in d.c. power grids in a 100 k\V HVDC GIS submitted to a
peer-reviewed journal’.
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4.1.8. Round Robin (Aug-22 to Jan-23)

PD Analyser for
Su mma ry fo r N Oise #Z Sporadic PD Analyser B-1 | PD Analyser B-2 | PD Analyser B-3 | PD Analyser B-4
online measurements
HFCT bandwidth fi-f2 (MHz) 0.2- 20 0.08 -61 0.004 — 1,112 0.2 — 20
Charge measurement Method Quasi-integration Direct reading of Integration in time Quasi-integration
s - fi-f2 (MHz) £1=1.75, f>=3.25 HFCT ™M domain £1=2.45, >=3.95
b} Invariable Noise #2 | Digitizer: Bandwidth 30 MHz 50 MHz 20 MHz 50 MHz
30 1S/s) (100 MS/s) (1.25 GS/s) (100 MS/s)
; —E—f11.75MHZ f2=3.25MHZ 1d filter 4t order St order Passband filter
for On-site PD Measuremern s s o o610 o770k || ual Passband filter o e Manual
1 2 owpass € .
\s\ 1 of f1, f2 Butterworth fae 20 Selection of fi, f2
. zer level £1=0.05, f>= 45 and trigger level
according to TS IEC 62478 £ 325 (software) (hardware) fi-2.45 =395
—O— o |
0
" . “0 0% £a=-0.9 % £4=-36.5% £a=16.4%
" .0 % &n=0.0 % &n=0.7 % &n=-0,0%
ren | -20 2% £4=-0.4 % £4=13.0% £4=8.1%
i .0 % £0=0.0 % en=0.7 % en=-0,0%
3 -30 ),9% £4=-0.2 % £4=10.4% £4=3.3%
£ 0 % £n=0.0 % en=0.7 % £n=-0,0%
| 40 2 % £q=0.1 % £q=1.7% £q=1,0 %
| 0 50 100 150 =—r = z — . =
.0 % en=0.0% en=0.7% en=-0,0%
! + A T, (ns)
(L1, 1 e THHA 1 PD
Linearity

50 to 2,400 +0.6% +13,2 %
10 to 2,400 +12.7% +14,0 %

under 35% noise

Trp range
Trp influence (ns)
under 35% noise 37.5 - 150 +25.1 % +1.9 % +25.4 %
=200 pC i

a p 8 to 150 +29.1% Not al(’ﬁilcable +29.6%
Resolution Time tres range
under 35% noise (us)

q=200 pC 2,500 — 10 10 ps, en=-0.4 % 20 ps, en=0.0 % 2.5 ms, en=0.0 % 10 ps, en=0.0 %
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4.1.8. Round Robin (Aug-22 to Jan-23)

B) PD Clustering capability (DC).

a0

. Ap.‘)all.el.“ charge Accumulated Charge Intervals Monotf)nous
Pulse trains of individual PD < decreasing PD
oy apparent charge PD histogram =4 .
pulses histogram
Corona .
HOUNDROBN TEST Y cnage ey
Surface

20 60

O [+ o 20 40 40
Time (s) Charge (PC) Charge (pC)
©00.0 - sal ) h 25 - N
150.0
S o 20
g - L saos i, §>
Floating Potential 5 2 i ﬁm
g g 50.0 gzun.n f 5 9 il
iy sk e e~ 50 101 150 ol 50 100 150 %% s 1co_ 150 L s0 100 150
Ton P i1 Time (s) Time (s Charge (pC) Charge (pC)
- - o — - — -
1000.0
1000 =
S & 8000 30
2 2
'% ‘% 600.0 gm
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b & & B
2000
0.0 " oo = - o
o 1 150 o 50 100 150 o 50 100 150 100 150
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| zﬂnl
P foo
200
Noise #1 £ 200 iml
s S w0
£ .l & 00f
a6}
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) 160 130 o o % 0 o © ) S0
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