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Motivation of the Work

D prgsmion MAIN RESEARCH ACTIVITY PROPOSED BY PRYSMIAN:
-’?E ; Collaboration with Study of the space charge degradation phenomenon that
A = Prysmlanzf(r;;r: the year affects HVDC dielectric materials, its measurement by means

of the PEA method and the determination of the radial electric

. field distribution on cables.
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Recommendations IEEE 1732-2017
— IE|

IEEE Recommended Practice for

Space Charge Measurements on High-
Voltage Direct-Current Extruded Cables
for Rated Voltages up to 550 kV

OUTLINE

* Effect of space charge on the radial EF distribution

* Pulsed Electro-Acoustic (PEA) method

* Evolution from the Traditional to the New PEA sensor

* Simulation of the acoustic waves within the PEA sensor
* Signal processing

* Experimental tests
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8l Comparison Between AC and DC Power Cables Under Load Conditions L N3
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In AC cables, the electric field distribution remains the same, while in DC cables it varies depending on the thermal gradient.
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Measured Space Charge
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Effects of High Electric Field Stress

Electrical Treeing
Partial Discharges
Lifetime reduction
Dielectric Breakdown

Under DC stress, the thermal gradient generates a conductivity gradient that, in turn, promotes space charge injection and

accumulation, altering the radial electric field distribution.
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Main Challenges in Space Charge Detection on Cables
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The New Proposed PEA Sensor Configuration

Sensor (PVDF) ~_ (characteristic acoustic imped: )
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Evaluation of the Transmission i iT_j and the

Reflection coefficients
Aluminum 27; Plexiglass
| /(P —
l_
b Z;+Z;
Ground Acoustic

Electrode Coupler

Materials properties

Material v [m/s] p [kg/m?] | Z [Ns/m’]
XLPE 2200 920 1.8:10°
Iransducer Aluminum 6420 2690 17.3-10° Uik e
PVDF 2260 1780 4-10°

Plexiilass 2720 1190 3.2:10°

AcousticImpedance Z = D - P

Absorber

Traditional PEA sensor New PEA sensor
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] Comparison Between the Traditional and the New PEA Sensor

Calculated values of the Transmission /| j

and Reflection coefficients
R,T
_______ lepe—Al KﬁiTe Plex 199
Aluminum g 181 p 128
Ground Acoustic
Yy  Electrode KR,T KR,T Coupler
S ;—-_-:-_--1;‘ Al—PVDF Plex—PVDF FETEES
:\\9_-_%8/: The incident wave magnitude increases l\ 1 _:_I-_;I:
Reflected signal is generated
Transducer Transducer
....... KRT KRT .
1 PVDF—-PVDF PVDF—Lead 1.71

At the Acoustic-Coupler/Transducer interface, the
transmission coefficient significantly increases, while a
beneficial reflection is generated at the
Traditional PEA sensor Transducer/Reflector interface. New PEA sensor

Absorber
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In the new PEA sensor, the transducer response is the
result of two acoustic contributions: the direct wave and
the wave reflected at the Transducer/Reflector interface.
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gyl  Simulation of the Traditional and the New PEA Configurations
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gt  PEA Sensor Validation: Test on a Model Cable (LEPRE Lab, Palermo)
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PEA Sensor Validation: Test on a Full-Size Cable (Prysmian Lab, Milan) $3#
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Signal Processing — Deconvolution
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Signal Processing — Deconvolution
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Signal Processing — Deconvolution
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Signal Processing — Calibration Procedure
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Developed Acquisition and Data Processing Software
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Signal Processing Software Based on IEEE Std 1732-2017
Ty — =

IEEE Recommended Practice for

Space Charge Measurements on High-
Voltage Direct-Current Extruded Cables
for Rated Voltages up to 550 kV
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Measurement of Space Charge on a Submarine Full-Size Cable

_-) PryYsmMIQN Test conditions: Applied Voltage 525 kV - Thermal Gradient 21 °C - Duration 1 week.

. Cable Length 100 m - Dielectric Thickness 20 mm.
Bishopstoke
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Measurement of Space Charge on a Terrestrial Full-Size Cable

_-) PrysmMIQN Test Conditions: Applied Voltage 400 kV - Thermal Gradient 21 °C - Duration 1 week.

Cable Length 220 m - Dielectric Thickness 20 mm.
Montreux
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Measurement of Space Charge on a Terrestrial Full-Size Cable

_J PrysmMIQN Test Conditions: Applied Voltage -1.1 MV - Thermal Gradient 21 °C - Duration 40 min.

Quattordio Cable Length 110 m - Dielectric Thickness 26 mm.
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Measurement Results

DETECTED SPACE CHARGE UNDER 400 KV: FROM 0 TO 3 HOURS
06 L I | e
051 _ 1
o 04 mE
£ 03r O
O 02f >
Z 01} X D
2 \ &
8 01 e
g_g_z N — Laplacian Reference %
8 o[ SC-on 2
O 4l oS ©
-0.5 |——sC-3h 1 -1
‘0<6 1 1 1 L L L
30 35 40 45 50 55
Radius [mm]
CALCULATED ELECTRIC FIELD UNDER 400 KV: FROM 0 TO 3 HOURS
50 T T T 0
L|==-=-=-Laplacian Reference i
45 ----EFp-Oh —-10
E40 T ——EF-1h iy E
E 35/ —EF-2h | 5-20
isoi—EFdh | z "
3 5 -
% 25 - 1 ﬂ"f
z o0l | o -40
g5+ | 3 -50
Wqor ] w
sl | -60
0 L L _70
30 35 40 45 50 55
Radius [mm]

DETECTED SPACE CHARGE FROM 525 TO 1100 KV

——— -525kV
~T62kV
-972kV

—1AMV

30 35 40 45 50 55 60 65
Radius [mm]
CALCULATED ELECTRIC FIELD FROM 525 TO 1100 KV

- - - - Laplacian -525kV |
—-525kV

-T62kV

-972kV 1
—1AMV

30 35 40 45 50 575 60 65

Radius [mm]

LUAquila, 18-19 Giugno 2026 XL RIUNIONE NAZIONALE DEI RICERCATORI DI ELETTROTECNICA-ET2026  Antonino Imburgia




UNIVERSITA
DEGLI STUDI

DI PALERMO ConCIUSion

The presented research activity, partially
founded by Prysmian, can be configured as
research of industrial interest.

The main obtained research results can be
summarized as the development of:

/

- T eeee

IEEE Recommended Practice for
Space Charge Measurements on High- e
Voltage Direct-Current Extruded Cables zoon I S 31
for Rated Voltages up to 550 kV

30 35 40 45 50 55
358 2 Radius [mm]

MATLAB e | e i i T
PEA Model New PEA Sensor Acquisition Software Elaboration Software Experience in the field
g 4

Currently, we are one of only three research groups worldwide capable of performing these types of measurements. In Europe, we serve as the
reference point for Prysmian, which for several years has been entrusting us with PEA tests on various cables from their production line.
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Thanks
for your attention
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Recommendation IEEE 1732 for Space Charge Measurement by PEA Method

£4A

3

Abstract: The aim of this recommended practice is establishing a protocol for the
measurement of space charges in high-voltage direct-current (HVDC) extruded cables having
rated voltage up to 550 kV. Such measurements are prescribed to be carried out at the
beginning and at the end of load cycle qualification tests (either the long-duration voltage test
of prequalification tests or the load cycle test of type tests)...

IEEE STANDARDS ASSOCIATION

IEEE Recommended Practice for

Space Charge Measurements on High-
Voltage Direct-Current Extruded Cables
for Rated Voltages up to 550 kV

IEEE Dielectrics and Electrical Insulation Society

Sponsored by the
Standards Committee

IEEE

3 Park Avenue

New York, NY 10016-5997
USA

IEEE Std 1732™-2017
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Recommendation IEEE 1732 for Space Charge Measurement by PEA Method {‘_}

Positive Voltage
Pooling Time

Charge detection

during volt-on

Negative Voltage
Pooling Time

IEEE STANDARDS ASSOCIATION

Charge detection
for another 3 hours

(max 9 hours)

Electnic field
evaluaton

The specimen 1s
left grounded for
24h

IEEE Recommended Practice for

Space Charge Measurements on High-
Voltage Direct-Current Extruded Cables
for Rated Voltages up to 550 kV

Voltage removal

Charge detection
dunng volt-off
for 3 hours

IEEE Dielectrics and Electrical Insulation Society
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First Space Charge test on Full-Size Cable

Measurement conditions:  Problems encountered during the measurement:

-Applied voltage 400 kV -charge profile influenced by reflection phenomenon
-Pulse voltage 9 kV -second charge peak strongly attenuated
-Thermal gradient 20°C - difficulty in signal processing

LAquila, 18-19 Giugno 2026 XL RIUNIONE NAZIONALE DEI RICERCATORI DI ELETTROTECNICA-ET2026  Antonino Imburgia



3 UNIVERSITA
DEGLI STUDI

PITAIERAO Test Set-up for Flat Specimen and Measurement Results
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Signal Processing — From the acquired PEA signal to the electric field profile $X#

Calculated Electric Field Distribution
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S Block Diagram of the Deconvolution Process
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Signal Processing — Deconvolution

h (t) ? SRR ] — PEA Sensor Impulse Response

Considering the acoustic wave generated by the
charge deposited in the external interface is
influenced by only the PEA sensor because it does
not across the dielectric as in the case of the '?
%
{

_________________________

i 100 200 300 400 500
Sample
3
¥
,‘A
L

Signal affected by the PEA Sensor only

30

positive charge.
Hypotesis: given the instantaneous nature of the
pulse, which can be approximated by a Dirac delta
function J(t) the extrapolated first peak can be
considered the impulse response h(t) of the PEA
sensor.

e

________________________

________________________

PEA Sensor Transfer Function H (](4))

Sample
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Modelling of PEA Sensor

ST T T 1
ol K |
) Q = O
e 2% N =
o] > = 5 S n = e =21
. | T © € 9 5 %) o 2|
2l 2 O = n 2 A2
o 0 0 < m |
<| Sample |

I{x+dxt) @

Gdx=> l

‘i]j

€«———— Length —m >

Cdx  V{x+dxt)

Magnitude [V]

Pulse source

i i
Time [ns]

According to the analogies between mechanical and
electrical quantities, it is possible to simulate an acoustic
wave (described by its force and velocity) as an electrical
wave (described by its voltage and current).

Force «———> Voltage

Velocity €<——> Current

Transmission line parameters
R=2puAo.  C=1/Apu?
L=Ap G=(2/puA)*o,

p is the material density, u is the material sound
velocity, a is the attenuation coefficient due to
viscous losses, and atc is the attenuation
coefficient due to thermal conductance, while A
is the cross-sectional area.
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HV Electrode Semiconductor

o o )
~ 57 (e, t) =R-i(w,t)+ L&z (x.1)

J

o _. )
— —i(x,t) =G v(x,t)+C

a .
—uv (a.t
ox 31‘.1 (2, )

Ground Electrode Sensor Absorber Bottom Electrode
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Interpretation of KT and KR

Aluminum

Ground
4 Electrode

Transducer

Absorber

Traditional PEA sensor

/THE VALUES OF KT AND KR ARE REFERRED TO THE\
AMPLITUDE AND NOT TO THE INTENSITY

* Amplitude (Pressure) is the local physical force,
while Intensity is the actual energy flow

* Pressure amplitude can increase at rigid
interfaces, but energy intensity always obeys

conservation laws. /

...........

S=mraramsart

Acoustic
Coupler

Transducer

New PEA sensor
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[ Resolution: 0.88 mm ]

Acceptable value for measurements on - To improve the resolution, the thickness of the
cables with insulation thickness from 20 to transducer should be reduced. But this would
26mm. reduce sensitivity. Therefore, a higher-

amplitude signal is preferred at the expense of

4 L
Yi it lower resolution.
4 i
V;
s

Lower Resolution

/Voltage at the transducer interface (PEA output signal):\
q(t)  PcSPeoc(t)  PedpyprProt(t)

Higher Resolution
The second peak is wider

due to acoustic dispersion Vevpr = C,  EfpvprS  EoEpypr
within the dielectric. dpypr
* ‘ ' * ‘ q(t) Induced charge at the transducer interfaces
“ ' C, Transducer capacitance
% P.  Piezoelectric constant
g . S  Piezoelectric surface
20 a . Piot (t) Incident pressure wave
% 0 20 w0 a0 0 Output signal proportional to the incident wave P, ,(t) and
Samele transducer thickness d,, ;.
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The Space Charge Accumulation Phenomenon

Measured space charge oq
S 08 (—k _T> sinh(B-E)
2, = G(TE)=A - exp ot/ . — —
g E o4 |E|
3 S
o )
é’_ %” 0 Ohm’s law for current density J = GE
=
(<)) [8)
= S Gauss law for space charge  V:(gp&,-E) = p
S -0.
a . . ap
! | Current continuity equation V.J =- ot
-0.8
10 Radius [mm] 30 — —~ /)
" Calculated electricfield |\ .. hermal gradient coer
H | oV (5
£ — Under thermal gradient 0)
=30
~
= Differential form of the Gauss law:
R : p dE 1 P(r
© divE = =D
‘?; 10 Eo&r dr r E0&r
23] r C
' ' Eyy = dr +—
0 r r
10 Radius [mm] 30 ™ TEQEr L ; p(r) r

Under DC stress, the thermal gradient generates a conductivity gradient that, in turn, promotes space charge injection and
accumulation, altering the radial electric field distribution.
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