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METODO PEA PER LA MISURA DELLA CARICA
SPAZIALE E DETERMINAZIONE DEL PROFILO DI
CAMPO ELETTRICO RADIALE NEI CAVI HVDC
PEA METHOD FOR MEASURING SPACE CHARGE AND 
DETERMINING THE RADIAL ELECTRIC FIELD PROFILE IN HVDC 
CABLES



Motivation of the Work
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Collaboration with 
Prysmian from the year 

2014

MAIN RESEARCH ACTIVITY PROPOSED BY PRYSMIAN:

Increment of HVDC links

Study of the space charge degradation phenomenon that 
affects HVDC dielectric materials, its measurement by means 
of the PEA method and the determination of the radial electric 
field distribution on cables.

• 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

OUTLINE

Recommendations IEEE 1732-2017



Comparison Between AC and DC Power Cables Under Load Conditions
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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.

Absence of 
thermal 
gradient

Presence of 
thermal 
gradient



The Space Charge Accumulation Phenomenon
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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.

Without Thermal Gradient

Under Thermal Gradient



Working Principle of the Pulsed Electro-Acoustic (PEA) Method

Surface Charges

Vdc

ep

vout

Semiconductor
Layer

Dielectric
Transducer

Ground Electrode

PEA Output Signal

Absorber

Cable at Thermal Steady State 

Inner semicon

Dielectric

Outer semicon

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



Main Challenges in Space Charge Detection on Cables
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Strong attenuation of the second charge 
peak.

Measurement Limitations

Charge profile affected by wave 
reflections.

Implications for Signal 
Processing

- -

- -
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The New Proposed PEA Sensor Configuration
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Acoustic Waves Behavior in the Traditional and the New PEA Sensor

Ground 
Electrode

Transducer

Absorber

Aluminum

PVDF

PVDF

Acoustic 
Coupler

Transducer

Reflector

Plexiglass

PVDF

Lead

XLPE XLPE

Traditional PEA sensor New PEA sensor

𝑲𝐢−𝒋
𝑻 =

𝟐𝒁𝒋

𝒁𝒊 + 𝒁𝒋

Materials properties

𝑲𝐢−𝒋
𝑹 =

𝒁𝒋  −  𝒁𝒊

𝒁𝒊 + 𝒁𝒋
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Evaluation of the Transmission 𝑲𝐢−𝒋
𝑻  and the 

Reflection 𝑲𝐢−𝒋
𝑹  coefficients

Acoustic Impedance 𝒁 = 𝒗 ∙ 𝝆



Comparison Between the Traditional and the New PEA Sensor

Ground
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1.81

0.38

1
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0.71

1.28

1.11

1.71

XLPE XLPE

Traditional PEA sensor New PEA sensor

K𝐴𝑙−𝑃𝑉𝐷𝐹
𝑅,𝑇

K𝑃𝑉𝐷𝐹−𝑃𝑉𝐷𝐹
𝑅,𝑇

K𝑥𝑙𝑝𝑒−𝑃𝑙𝑒𝑥
𝑅,𝑇

K𝑃𝑙𝑒𝑥−𝑃𝑉𝐷𝐹
𝑅,𝑇

K𝑃𝑉𝐷𝐹−𝐿𝑒𝑎𝑑
𝑅,𝑇

Transducer Transducer

K𝑥𝑙𝑝𝑒−𝐴𝑙
𝑅,𝑇
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Calculated values of the Transmission 𝑲𝐢−𝒋
𝑻  

and Reflection 𝑲𝐢−𝒋
𝑹  coefficients



Comparison Between the Traditional and the New PEA Sensor

Ground
Electrode

Absorber

Aluminum

PVDF

PVDF

Acoustic
Coupler

Reflector

Plexiglass

PVDF

Lead

0.81

-0.62

0

1.81

0.38

1

0.28

0.11

0.71

1.28

1.11

1.71

XLPE XLPE

Traditional PEA sensor New PEA sensor

K𝐴𝑙−𝑃𝑉𝐷𝐹
𝑅,𝑇

K𝑃𝑉𝐷𝐹−𝑃𝑉𝐷𝐹
𝑅,𝑇

K𝑥𝑙𝑝𝑒−𝑃𝑙𝑒𝑥
𝑅,𝑇

K𝑃𝑙𝑒𝑥−𝑃𝑉𝐷𝐹
𝑅,𝑇

K𝑃𝑉𝐷𝐹−𝐿𝑒𝑎𝑑
𝑅,𝑇

Transducer Transducer

K𝑥𝑙𝑝𝑒−𝐴𝑙
𝑅,𝑇

At the Acoustic-Coupler/Transducer interface, the 
transmission coefficient significantly increases, while a 

beneficial reflection is generated at the 
Transducer/Reflector interface.
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The incident wave magnitude increases

Reflected signal is generated

Calculated values of the Transmission 𝑲𝐢−𝒋
𝑻  

and Reflection 𝑲𝐢−𝒋
𝑹  coefficients



Comparison Between the Traditional and the New PEA Sensor

Ground 
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Transducer Transducer

𝑷𝑻𝒓𝒂𝒅 =  Kxlpe−Al
T ∙ KAl−PVDF

T  =
2ZAl

ZAl+Zxlpe
∙

2ZPVDF

ZPVDF+ZAl
= 𝟏. 𝟖𝟏 ∙ 𝟎. 𝟑𝟖 = 𝟎. 𝟔𝟖

Direct wave 

𝑷𝑵𝒆𝒘 = Kxlpe−plex
T ∙ Kplex−PVDF

T ∙ Kxlpe−plex
T ∙ Kplex−PVDF

T ∙ KPVDF−lead
R =   

 =
2Zplex

Zplex+Zxlpe
∙

2ZPVDF

ZPVDF+Zplex
∙

2Zplex

Zplex+Zxlpe
∙

2ZPVDF

ZPVDF+Zplex
∙

Zlead−ZPVDF

ZPVDF+Zlead
=

 = 1.28 ∙ 1.11 ∙ 1.28 ∙ 1.11∙ 0.71 = 𝟐. 𝟒𝟒

Direct wave Reflected wave

Pnew

PTraditional
=

2.44

0.68
= 𝟑. 𝟓𝟖

Sensitivity comparison between the two PEA Sensors
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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.



Simulation of the Traditional and the New PEA Configurations
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Simulation Result

Commercial PEA Sensor

New PEA Sensor built at the 
LEPRE Lab
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PEA Sensor Validation: Test on a Model Cable (LEPRE Lab, Palermo)

Current 
Transformer

H.V.D.C. 
Generator

Cable 
Terminations

Calculated Electric Field Distribution

Elaborated Charge Signal

Acquired Voltage Signal
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PEA Sensor Validation: Test on a Full-Size Cable (Prysmian Lab, Milan)

Current 
Transformer

H.V.D.C. 
Generator

Cable 
Terminations

Calculated Electric Field Distribution

Elaborated Charge Signal

Acquired Voltage Signal
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Signal Processing – Deconvolution 

𝒙(𝒕)

𝒉(𝒕)

𝑦(𝑡)

After a few minutes of voltage 
application only interfacial 
charges are present at the 
dielectric interfaces.

Real PEA Sensor Output Signal 

Ideal PEA Sensor Output Signal 

𝑥(𝑡)

PEA Sensor
 Input

PEA Sensor Impulse Response 

𝒚 𝒕 = 𝒙 𝒕 ∗ 𝒉 𝒕

Convolution in Time Domain
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Signal Processing – Deconvolution 
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𝑿 𝝎 =
𝑭𝑭𝑻 (𝒚 𝒕 )

𝑭𝑭𝑻 (𝒉 𝒕 )

𝒙 𝒕 = 𝑰𝑭𝑭𝑻 𝑿 𝝎

Signal in the Time Domain

TO REMOVE THE SIGNAL 
DISTORTION INTRODUCED BY THE 

PEA SENSOR
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Signal Processing – Calibration Procedure

Surface Charge Density at the 
Outer Interface

𝝈𝟎 = −𝜺𝟎𝜺𝒓

𝑽𝑫𝑪

𝑹𝒐 𝐥𝐧
𝑹𝒐
𝑹𝒊

𝝆(𝒓) =
𝒙 (𝒓)

𝑲𝒄𝒂𝒍

R0

Ri

𝝈𝟎

Acquired and Deconvolved Voltage Signal 

Calculated Electric Field Distribution

𝑥(𝑟)

r1 r2

Radius [mm]

Ri = 32
Ro = 52

Measured and Calibrated Charge Profile

𝑬(𝒓) =
𝟏

𝒓𝜺𝟎𝜺𝒓
න

𝒓𝒊

𝒓

ො𝒓  ො𝒓 𝒅ො𝒓 +
𝑪

𝒓
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At the beginning of the test Calibration Factor

𝑲𝒄𝒂𝒍 =
| 𝒓𝟏׬

𝒓𝟐 𝒙 𝒓 𝒅𝒓|

|𝝈𝟎|

Ratio between the measured signal area 
associated with the charge deposited at 
the outer interface and the theoretical 
charge at the same interface.



Developed Acquisition and Data Processing Software
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ACQUISITION SOFTWARE ELABORATION SOFTWARE

Signal Processing Software Based on IEEE Std 1732-2017



Measurement of Space Charge on a Submarine Full-Size Cable

Test conditions: Applied Voltage 525 kV - Thermal Gradient 21 °C - Duration 1 week.
Cable Length 100 m - Dielectric Thickness 20 mm. 

Bishopstoke

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



Measurement of Space Charge on a Terrestrial Full-Size Cable

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

Test Conditions: Applied Voltage -1.1 MV - Thermal Gradient 21 °C - Duration 40 min.
Cable Length 110 m - Dielectric Thickness 26 mm. 

Quattordio
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Measurement Results

DETECTED SPACE CHARGE FROM 525 TO 1100 KV

CALCULATED ELECTRIC FIELD FROM 525 TO 1100 KV 
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DETECTED SPACE CHARGE UNDER 400 KV: FROM 0 TO 3 HOURS

CALCULATED ELECTRIC FIELD UNDER 400 KV: FROM 0 TO 3 HOURS
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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:

Conclusion

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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PEA Model New PEA Sensor Acquisition Software Elaboration Software Experience in the field



Thanks 
for your attention
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.



Recommendation IEEE 1732  for Space Charge Measurement by PEA Method

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)…
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Recommendation IEEE 1732 for Space Charge Measurement by PEA Method
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First Space Charge test on Full-Size Cable

Problems encountered during the measurement:
- charge profile influenced by reflection phenomenon
- second charge peak strongly attenuated
- difficulty in signal processing

The arranged measurement setup

P1

P1

PR-1

PR-1

P2

P2

Measurement conditions:
- Applied voltage 400 kV
- Pulse voltage 9 kV
- Thermal gradient 20°C
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Test Set-up for Flat Specimen and Measurement Results

Measured Space Charge Profiles

Calculated Electrc Field Distributions

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

Measurement Setup



Signal Processing – From the acquired PEA signal to the electric field profile

Deconvolved and Calibrated Signal

Calculated Electric Field Distribution
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Block Diagram of the Deconvolution Process

𝑥(𝑡)

FFT

FFT

IFFT

𝑦(𝑡)

ℎ(𝑡)

𝑦(𝑡)

ℎ(𝑡)

𝑥(𝑡)

Deconvolved Signal

𝒙 𝒕 = 𝑰𝑭𝑭𝑻 𝑿 𝝎

𝑿 𝝎 =
𝑭𝑭𝑻 (𝒚 𝒕 )

𝑭𝑭𝑻 (𝒉 𝒕 )|𝑌(𝑗𝜔)|

|𝐻(𝑗𝜔)|

|𝑋 𝑗𝜔 |

PEA Sensor Output Signal 
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PEA Sensor Impulse Response

𝒚 𝒕 = 𝒙 𝒕 ∗ 𝒉 𝒕

Convolution in Time Domain



Signal Processing – Deconvolution 

Signal affected by the PEA Sensor only

ℎ(𝑡)

𝒉(𝒕)

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

ℎ 𝑡 ?

𝑦(𝑡)

PEA Sensor Impulse Response

FFT

𝐻(𝑗𝜔)PEA Sensor Transfer Function 

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



Modelling of PEA Sensor
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R=2uA

L=A

C=1/Au2

G=(2/uA)*tc

Force Voltage

Velocity Current

Transmission line parameters

Pulse source

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).

ρ is the material density, u is the material sound 
velocity, α is the attenuation coefficient due to 
viscous losses, and αtc is the attenuation 
coefficient due to thermal conductance, while A 
is the cross-sectional area.



Modelling of PEA Sensor
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The acoustic waves propagating in the PEA cell have been simulated as the electrical waves propagating in the electrical lossy transmission line. 
Therefore, the Telegraphist’s equations have been implemented.

R=2uA

L=A

C=1/Au2

G=(2/uA)*tc 

Transmission line parameters

Telegraphist’s equations

Boundary conditions: considering that when the acoustic waves reach the end parts of the PEA cell the acoustic waves are totally reflected, an open-
circuit has been adopted as the boundary condition. For this reason, two resistances with high value (∼1MΩ) are inserted at the ends of the circuit.



Interpretation of KT and KR

Ground
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XLPE XLPE

Traditional PEA sensor New PEA sensor

Transducer Transducer
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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.

REFLECTED ENERGY
ER = KR

2 = 0.112 = 1.21%

TRANSMITTED ENERGY
ET = 1- ER  = 1 -0.0121= 98.79%



Resolution

Acceptable value for measurements on 
cables with insulation thickness from 20 to 
26mm.

Resolution: 0.88 mm
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To improve the resolution, the thickness of the 
transducer should be reduced. But this would 
reduce sensitivity. Therefore, a higher-
amplitude signal is preferred at the expense of 
lower resolution.

Lower Resolution

Higher Resolution
The second peak is wider 
due to acoustic dispersion 
within the dielectric.

𝑉𝑃𝑉𝐷𝐹 =
𝑞(𝑡)

𝐶𝑝
=

𝑃𝐶𝑆𝑃𝑡𝑜𝑡(𝑡)

𝜀0𝜀𝑃𝑉𝐷𝐹𝑆
𝑑𝑃𝑉𝐷𝐹

=
𝑃𝐶𝑑𝑃𝑉𝐷𝐹𝑃𝑡𝑜𝑡(𝑡)

𝜀0𝜀𝑃𝑉𝐷𝐹

Voltage at the transducer interface (PEA output signal): 

𝐶𝑝

𝑞(𝑡) Induced charge at the transducer interfaces

Transducer capacitance

𝑃𝑐 Piezoelectric constant

𝑆 Piezoelectric surface

𝑃𝑡𝑜𝑡(𝑡) Incident pressure wave

Output signal proportional to the incident wave Ptot(t) and 
transducer thickness dPVDF.



The Space Charge Accumulation Phenomenon
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𝑑𝑖𝑣 𝑬 =


𝜀0𝜀𝑟

𝑑𝐸

𝑑𝑟
+

1

𝑟
𝐸 =

(𝑟)

𝜀0𝜀𝑟

𝐸(𝑟) =
1

𝑟𝜀0𝜀𝑟
න

𝑟𝑖

𝑟

𝑟 (𝑟)𝑑𝑟 +
𝐶

𝑟

Measured space charge

Calculated electric field

 (T, E) = 𝐴 ∙ 𝑒𝑥𝑝
−𝜑 ∙ 𝑞

𝑘𝑏 ∙ 𝑇 ∙
sinh 𝐵∙𝐸

𝐸

 E ∙ 
𝜀0𝜀𝑟


= 

J = E

∙(𝜀0𝜀𝑟E) = 

∙J = -
𝜕𝜌

𝜕𝑡

Ohm’s law for current density

Gauss law for space charge

Current continuity equation
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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.

Differential form of the Gauss law:
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