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Abstract: This review takes into account articles and standards published in recent years concerning
the application of the Pulsed Electro Acoustic (PEA) method for space charge measurement on High
Voltage Direct Current (HVDC) cables and mini-cables. Since the 80s, the PEA method has been
implemented for space charge measurements on flat specimens in order to investigate space charge
phenomena and to evaluate the ageing of dielectrics. In recent years, this technique has been adapted
to cylindrical geometry. Several studies and experiments have been carried out on the use of the PEA
method for full size cables and HVDC cable models. The experiments have been conducted using
different arrangements of the measurement setup and focusing attention on different aspects of space
charge phenomena. In this work, the importance of space charge measurement is highlighted and the
state-of-the-art PEA method application to full size cables and mini-cables is described. The main
aim of this paper is to offer a complete and current review of this technique. In addition, limits on the
use of PEA method are examined and main possible directions of research are proposed in order to
improve the applicability, reliability, and replicability of this method.
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1. Introduction

During the last decades, the interest on DC transmissions has grown. This is due to the need
of increasing the transnational exchange of electrical power, strictly related to the increase of the
availability of energy produced by renewable randomly distributed sources, installed offshore and/or
at long distances from the users. For several reasons, High Voltage Direct Current (HVDC) lines are
the best solution for long distances and the unique solution for undersea applications [1]. The use of
extruded cables for HVDC transmission has shown the onset of premature aging due to space charge
accumulation phenomena in the bulk of the dielectric and near the electrodes.

In recent years, many research groups have developed different techniques useful for detecting
space charges accumulation in dielectric materials. Most of these techniques can be grouped as acoustic
and thermal methods [2]. Thanks to a relatively simple measurement system and a good spatial
resolution, the Pulsed Electro Acoustic (PEA) method is currently the most reliable way to detect
space charge accumulation into the dielectric material of HVDC cables [3]. Since 1985, the year in
which the group of Professor Tatsuo Takada demonstrated the possibility of measuring space charge
accumulation with a non-destructive method, the scientific community has made important progress
in the use of the PEA method [4].

The presence of space charge in the dielectric is a typical phenomenon occurring in HVDC cables.
This is due to the DC high voltage supply of the cable line, which determines the application of an
electric field for a long time in the dielectric region: this enables space charge accumulation phenomena
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to be established, as will be discussed in the next sections. Since the time constants of most space charge
phenomena have a minimum order of magnitude equal to several dozen seconds, their manifestation
in HVAC application is negligible.

Many researchers have used the PEA method to carry out space charge measurements on flat
samples of dielectric materials and more recently on HVDC mini and full size cables. Much progress
has been made in the knowledge of performance and applicability of the PEA method. In addition, this
technique has shown the occurrence of new phenomena observed for the first time in recent years and
it has been used to evaluate the ageing of cables. However, further improvements to the PEA method
are needed to obtain a universally accepted measurement protocol and to achieve the possibility of
measuring on-site the aging of HVDC cables during their lifetime.

To date, a protocol for the space charge measurements on cables has been proposed by IEEE Std
1732TM-2017 entitled “IEEE Recommended Practice for Space Charge Measurements on High Voltage
Direct-Current Extruded Cables for Rated Voltages up to 550 kV” [5]. This standard recalls the contents
reported in [6] and assumes that PEA method is suitable for its use for long term pre-qualification test
and type test of HVDC extruded cables.

2. Space Charge Injection, Formation, and Accumulation Phenomena in HVDC Cables

Space charge formation and accumulation is one of the most important causes of faults in HVDC
cable transmission lines. This phenomenon is essentially due to the following reasons [1]: due to
their dependence on the temperature, a spatial gradient both of conductivity and permittivity occurs
in loaded HVDC cables. This leads to the establishment of space charge in the bulk of dielectric;
in presence of high electric field discontinuity, an injection of charges from electrodes occurs; these
phenomena are amplified by the presence of imperfections at the interfaces between different materials;
thermal ionization leads to the formation of space charge inside the insulation; the charge carriers
injected by the electrodes can remain in proximity of these ones, or can migrate leading to a hetero
charge accumulation in the proximity of the opposite electrode or remain in the bulk of the insulation
in traps due to the inhomogeneity of the material itself.

In Figure 1, the typical stratigraphic distribution of materials in an HVDC cable for land application
is shown while, in Figure 2, a mini-cable is shown. The latter is typically devoid of the outer layers of
the external semiconductor in order to easily perform space charge measurements. This is commonly
considered a good solution for the qualification of semicon-dielectric-semicon compounds [7,8].Energies 2019, 12, x FOR PEER REVIEW 3 of 23 
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It has been demonstrated that, in the presence of a radial thermal gradient, the pattern of the
electric field over the insulation layer of HVDC cables is strongly influenced by the current field over
the insulation layer [1].

Combining the current continuity equation, the Ohm’s law for current density and the Gauss law
for spatial charge, it has been shown that if there is a permittivity and conductivity gradient, there is a
space charge density in accordance with the following Equation:

σE ∇
(
ε0εr

σ

)
= ρ, (1)

where σ is the electric conductivity, E is the electric field, ε0 is the vacuum permittivity, εr is the relative
permittivity, and ρ is the free charge volume density.

Within the operating temperature range, the conductivity of existing insulating materials can vary
up to three orders of magnitude, therefore, the distribution of electric field is heavily influenced by
thermal gradient [1]. The thermal profile inside the dielectric of a cable typically follows a logarithmic
law and depends on the conductive losses, the external surface heat exchange conditions, the material
properties, and cable’s geometry.

A high thermal gradient leads to a high conductivity gradient in the insulation until it causes
a reversal of the radial electric field profile. For this reason, during recent years, new insulating
materials have been developed in order to achieve high thermal conductivity and less dependence of
the dielectric properties on temperature [9]. As shown in Figure 3, with typical operating temperature
gradients for the HVDC cables, the radial component of the electric field at the external semiconductor
layer can reach values close to the initial ones at the internal semiconductor layer.

The profiles shown in Figure 3 can be found through a semi-empirical expression useful to
calculate the electric field across the dielectric EDC of an HVDC cable under thermal and electrical
stress, as is reported in Equation (2) [1]:

EDC(r) =
δU0(r/r0)

δ−1

r0[1− (ri/r0)
δ]

, (2)
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where:

δ =

a∆T
ln(r0/ri)

+ bU0
(r0−ri)

1 + bU0
(r0−ri)

, (3)

and ∆T is the temperature difference between the inner and the outer radius of the dielectric, a and b are,
respectively, the temperature coefficient and the electrical stress coefficient of electrical conductivity, r0

and ri are, respectively, the outer and the inner radius of the cable insulation, and U0 is the voltage
across the dielectric.
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Equation (2) can be used to evaluate the electric field in a DC cable under thermal and electrical
stress without considering other space charge formation and accumulation phenomena, strictly related
to the interface quality, the material properties, and the presence of defects or traps. In real applications,
other phenomena lead to the establishment of space charge in the dielectric such as the injection of
charge carriers by the electrodes or their forming by means of thermal ionization effects as well as their
trapping in the bulk due to the presence of defects, discontinuities, additives, etc. [1].

The typical crosslinking by-products of XLPE (cross-linked polyethylene) insulated cables are
one of the main types of defects that enhance the accumulation of space charge. The degassing of the
insulation material is a good solution to reduce the presence of crosslinking by-products [10]. Trap
depths can be estimated by applying the PEA method for space charge measurements in different
scenarios: equilibrium, charging, and discharging [11]. The sum of the aforementioned phenomena
leads to a not negligible modification of the radial electric field distribution inside the insulation of a
HVDC cable, with respect to the ideal one. These phenomena play an important role during some
transient scenarios that occur during the lifetime of an HVDC cable, such as fast polarity inversion and
transient over voltages.

At the beginning of a fast polarity inversion transient, the inverted electric field profile due to the
thermal gradient and to the other above-mentioned phenomena, is added to the new conditions related
to the polarity inversion. Under certain conditions depending on thermal gradient, age level, and
characteristics of the cable, the maximum local electric stress could significantly exceed the rated value
leading to the ageing of the cable. This, in the presence of defects, such as crosslinking by-products,
could lead to partial discharge phenomena and to the aging of the cable’s insulation, causing its
breakdown [12].
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3. Principles of the Pulsed Electro Acoustic (PEA) Method—Application on Flat Specimens

The Pulsed Electro Acoustic (PEA) method is currently the most used technique for the space
charge accumulation measurements into dielectric materials. As already underlined, the widespread
use of the PEA method in detecting space charge phenomena in HVDC cables and mini-cables has led
to the development of international standard and protocols for its implementation in Prequalification
(PQ) tests, Type Tests (TT) [5,6], and ageing programs [13].

This section briefly explains the principles of the PEA method through the description of its
application on flat specimens.

The PEA method is physically based on the measurement of the acoustic waves generated by the
vibrations of charge carriers, laying into the dielectric material, by means of a superimposed pulsed
voltage applied between the electrodes.

In Figure 4, the path of the pressure waves generated by the vibration of the charge carriers
within the dielectric is illustrated. After having reached one of the specimen interfaces, the pressure
waves propagate toward a metallic grounded electrode and are converted into an electric signal by a
piezoelectric membrane. Downstream of the latter, an absorbent material avoids the reflection of the
pressure waves.

In order to minimize the pressure waves reflection before their detection with the piezoelectric
sensor, the adherence of the contact surfaces between the crossed materials should be optimized.

In Figure 5, a schematic of the measurement setup for flat specimens is shown. On the left-hand
side, the high voltage aluminum electrode is connected with the output of the DC voltage source VDC
and with the pulse generator Vp(t). A bias resistor RDC and a decoupling capacitor CC are inserted
between the high voltage electrode and the VDC source and the pulse generator, respectively, in order
to correctly superimpose the pulses on the DC voltage. A backing material is interposed between the
high voltage electrode and the dielectric sample in order to optimize the interface from the point of
view of the electrical and acoustic characteristics. On the right-hand side of the sample, a grounded
aluminum electrode is crossed by the pressure waves generated by the vibration of charges and is
linked to the piezoelectric transducer. The latter is linked to another aluminum electrode by means of
a backing material.

The electric signal produced by the interaction of the pressure waves with the piezoelectric
membrane is measured between the grounded and the extreme right-hand side electrodes, and it
is amplified in order to allow the measurement by the oscilloscope. The value of RDC is typically
much larger than the impedance of the sample capacity at the frequencies of the pulse generator.
A semiconductor is used as backing material due to its acoustic impedance value which is similar to
that of the dielectric material. A thin polivinylidene difluoride (PVDF) film is used widespread as a
piezoelectric transducer when the measurements are carried out at environmental temperature [14].
If higher temperatures are reached, a crystal sensor of Lithium Niobate is more reliable due to its
stability in the presence of temperature changes [15].

The thickness of the piezoelectric membrane plays an important role for the goodness of the
measurement since the wave crossing time through the film is proportional to the spatial resolution
of the results [16]. On the other hand, a thin film generates a small signal amplitude. A compromise
must be therefore reached between the need for a satisfactory spatial resolution and a sufficient signal
amplitude output from the piezoelectric.
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The spatial resolution of the PEA setup may be defined as the minimum distance z over which a
volumetric charge density variation can be measured. The spatial resolution is related to the pulse
width ∆Tp, to the sample thickness d, and to the sound velocity in the sample, about 2000 m/s in
polyethylene, as follows [16,17]:

ηsa =
∆Tp

d/usa
. (4)

Usually, the ηsa value is in the range between 0.02 and 0.05. The spatial resolution of the PVDF
film is calculated by the time necessary for the pressure wave to cross the piezoelectric membrane with
the time necessary to cross the sample [16]:

ηPVDF =
b/up

d/usa
, (5)

where b and up are the piezoelectric film thickness (with an order of magnitude of about 50–500 µm)
and sound speed within 2600 m/s for PVDF film, respectively. Nonetheless, the ratio b/up has to
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be much smaller than ∆Tp in order to accurately transform the measured pulse by the means of
signal deconvolution.

As mentioned above, the presence of material interfaces along the path of the pressure waves
leads to reflections depending on the change of the acoustic impedances. Multiple reflections of the
generated waves cause the distortion of the measurement output pattern. In particular, with reference
to Figure 5, the high value of the sound velocity in the aluminum grounded electrode (about equal to
6400 m/s) could lead to the superimposing of the doubly reflected waves generated at the closer sample
interface with the direct wave started at the farthest one [18]. In order to avoid the above-mentioned
waveform distortion, the thicknesses of the layers of different materials of the PEA cell have to be
calibrated, taking into account the multiple reflections. Nevertheless, since the acoustic impedances
depend on the temperature and on the mechanical stress of the materials (a clamping force generates
a variation of density), the status of the sample has to be well known before the beginning of the
PEA measurements.

Again with reference to Figure 5, the voltage signal existing between the grounded and the
extreme right hand side electrodes, after the conversion of a pressure wave pulse, has an order of
magnitude of some millivolts. The signal is then amplified and sent to the oscilloscope with a time
resolution sufficiently smaller than the measurement resolution in time domain.

In order to obtain a reliable space charge pattern at the output of the PEA setup, the outgoing signal
of the amplifier, measured by the oscilloscope, has to be deconvoluted and calibrated [17]. The signal
at the amplifier is affected by distortion because of the acoustic reflection and due to characteristic
nature of the detection circuit. A deconvolution technique is therefore applied in order to obtain
the waveform with two peaks shown in Figure 6 [19]. Since the aforementioned distortion can be
considered as a systematic error, the deconvolution can be based on the signal obtained by applying a
small electric field at the sample. In this condition, it can be assumed that the charges lay exclusively
at the electrode interfaces while no charge is in the bulk of the dielectric. With this assumption, the
surface charge density at the electrode σ0 can be calculated as:

σ0 = ε0εr
VDC

d
, (6)

ρ0 =
σ0

τSusa
, (7)

where VDC is the applied voltage, τS is the sampling time due to the resolution of the oscilloscope,
and usa is the sound speed into the sample. The space charge at the electrode surface is detected as a
volumetric density ρ0 due to the non-zero spatial resolution of the oscilloscope equal to τS usa.
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The measurement output in the above described conditions involves two peaks with different
heights due to the partial absorption of the pulse generated at the farthest electrode. The higher peak
measured at the oscilloscope can be compared with the calculated value of ρ0 in order to evaluate
the transfer function. The deconvolution process in PEA measurements, schematized in Figure 6, is
extensively described in [19].

Once the output deconvoluted signal is obtained in millivolts, a further operation is necessary in
order to calculate the value of volume density charge. By assuming that the pulsed voltage is square
shaped, the following expression can be used in order to convert the output deconvoluted signal in
space charge [20]:

vdecon(t) = Kρ, (8)

where K is calculated on the basis of a comparison with the signal obtained from a known value of
space charge [20].

The above described principles are the basis for using the PEA method on flat specimens.
The measurement setup shown in Figure 5 can be used for single or multiple dielectric layers [2,19].
In the case of space charge measurements on multilayer flat specimens, particular attention must
be paid to take into account the different permittivities and acoustic properties of the layers [21,22].
The pressure distribution at the piezoelectric membrane depends on the acoustic impedances (Z) of
the crossed materials, defined as the product between the acoustic velocity and the mass density.
When the acoustic wave passes from a material with acoustic impedance Z1 to a material with acoustic
impedance Z2, the ratio of the transmitted pressure amplitude T can be calculated as follows:

T =
2Z2

Z1 + Z2
. (9)

On the other hand, the ratio of the reflected pressure amplitude is calculable by the following:

R =
Z1 −Z2

Z1 + Z2
. (10)

From the above Equations, it can be deduced that high differences in acoustic impedances of the
crossed layers lead to high reflection ratios. Multiple reflections can distort the measurements as shown
in Figure 7 [23]. In addition, for the aforementioned reasons, it is necessary to optimize the continuity
between the piezoelectric sensor and the sample in order to avoid the presence of gas. The acoustic
impedance of the latter is several orders of magnitude lower than that of the solid materials, therefore,
high values of reflection factors could be reached shielding a portion of the sample.
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4. Measurements of Space Charge on Cables and Mini-Cables with the PEA Method

In 1990, K. Fukunaga and their group developed for the first time the application of the PEA
method to cables [24].

The space charge measurement by the PEA method in cables and mini-cables is a reproduction
of the above described principles on cylindrical geometry. With reference to Figure 5, the upper and
lower electrodes are substituted by the inner and outer semicon layers. The pulsed voltage generating
the pressure waves is therefore applied between the cable conductor and an external flat or rounded
electrode adjacent to the outer semicon layer. With reference to Figure 8, the space charge distribution
can be measured in a portion of cable having sizes depending on the extensions of piezoelectric
membrane and the contact surface between the cable outer and the bottom electrode. Unlike the
application of PEA method to flat specimens, in cable systems, one of the two electrodes is not directly
accessible. For this reason, various measurement setups have been developed in the last decades for
the application of the PEA method on cables and mini-cables.
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In all setups described below, the pulse generator output is indirectly connected to electrodes of
the measurement area. This leads to obtain a deformed and delayed waveform at the interfaces of the
dielectric portion in which the space charge has to be measured. The main purpose of the different
approaches is to find an optimized solution to apply the pulsed electric field to the measured area
based on the cable thickness and length.

4.1. SETUP 1—Pulsed Voltage Applied to the Cable Conductor

The first PEA measurement setup described in this review and here called Setup 1 is illustrated in
Figure 9. It was proposed for the first time by K. Fukunaga et al. [24] and derives directly from the
configuration adopted in the case of flat specimens shown in Figure 5. In this approach, the HVDC
supply and the pulsed voltage are both applied to the cable conductor. In Figure 10 a schematic of
the Setup 1 is shown where a bias resistor Rb is interposed between the HVDC source and the cable
conductor while a capacitor C0 decouples the latter from the pulse generator output. The sizes of the
cable are taken into account through the impedance Zcab and the capacitance Ccab. In order to maximize
the amplitude of Vsa, the impedance of Cx has to be much higher than that of C0. The schematic shown
in Figure 10 is valid if the cable specimen is short enough to be treated as a lumped capacitance within
the frequency region of the pulsed voltage [25]. For long cables it has to be taken into account that the
pulses are reflected at the terminals due to the impedance mismatch. For this reason, the Setup 1 is
inapplicable to cables with length greater than 0.5 m. In the first version of Setup 1, a round PEA cell
electrode was faced to a sector of the outer semicon layer of the cable specimen [26,27]. In this way, the
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curvatures of the ground electrode and cable external surface must be the same, therefore a certain
PEA cell is usable just for a certain cable size. Moreover, the impossibility of obtaining in practice a
perfect contact of the facing surfaces leads to the presence of air gaps responsible of reflection of a part
of the pressure waves. In order to overcome the aforementioned disadvantages, the configuration of
the Setup 1 illustrated in Figure 8 was proposed by M. Fu et al. in 2000 [28]. In this case, the absence of
air gaps in the contact surface between the semicon layer and the ground electrode is guaranteed by a
clamping force applied to the cable.Energies 2019, 12, x FOR PEER REVIEW 10 of 23 
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4.2. SETUP 2—Pulsed Voltage Applied to the Outer Semicon Layer at the Sides of the Measurement Point

In Figure 11 the PEA measurement configuration here named Setup 2 is shown. This measurement
configuration, extensively described in [29], involves in the application of the pulsed voltage to two
symmetric conductive tapes wound around the outer semicon layer at the sides of the measurement
region. The pulsed voltage is transmitted to the cable conductor by means of the dielectric layer,
therefore, the decoupling capacitor needed in Setup 1 is not necessary in this configuration. The semicon
layer is partially stripped as shown in Figure 11 so that the total capacitance between the lateral
conductive tapes and the conductor is twice the capacitance at the measurement point. With reference
to the diagram illustrated in Figure 12, the pulsed voltage is applied at the cable conductor by the
means of two equivalent capacitances C1. The regions between the lateral tapes and the measurement
point can be modelled as a mainly capacitive impedance Zg. The Setup 2 can be considered as a
semi-destructive method because a mechanical action on the outer semicon layer is necessary. For this
reason, the Setup 2 is mainly applicable on mini-cables. Nevertheless, the partial stripping of the
external semiconductive layer induces a floating voltage on the surface adjacent the grounded electrode
of the PEA cell which is no longer uniformly grounded. For this reason, this measurement setup is not
applicable for long cables [17].

4.3. SETUP 3—Pulsed Voltage Applied to the Outer Semicon Layer at the Measurement Point

In Figure 13, the measurement configuration here called Setup 3 is shown, where the pulsed
voltage is applied directly to the outer layer of the measuring region by the means of a conductive
film coiled around the cable. In the first version proposed by N. Hozumi et al. [25], a PET film was
interposed between the aforementioned conductive layer and the aluminum block of the PEA cell in
order to decouple the measurement devices from the high voltage. Compared to the other setups,
in this case, the pressure waves have to cross two additional layers before reaching the piezoelectric
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membrane. An improved version of Setup 3, proposed by N. Hozumi et al. in 1994, consists of the
application of the pulsed voltage to the PEA cell electrode and in the decoupling of the amplifier from
the oscilloscope by means of an optical fiber [30].
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The use of this method requires the insulation of the PEA cell and of the amplifier from the
ground. On the measurement region sides, beyond a stretch of cable with the outer semicon layer
exposed, the remaining external surface is grounded by the means of a conductive tape. With reference
to Figures 13 and 14, the impedance Zg is, in this case, mainly resistive. Since the pulsed voltage is
directly applied to the measurement region, this setup is less influenced by reflection and attenuation
of the HV signal than the other methods described above [25]. This makes this method applicable
for long, full size cables as proposed by N. Hozumi et al. in 1998 [31]. In this configuration, the PVC
jacket and the screen are removed near the measurement point, positioned at the center of the exposed
semicon region. The pulsed voltage is applied between the PEA cell electrode and the wire screen of
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the cable. The amplitude of the pulsed voltage is proportional to the ratio between the impedance of
the capacitance at the measurement point and the characteristic impedance of the cable. This makes
this method also applicable to thick insulations because the amplitude of the pressure waves generated
at the farthest electrode is proportional to the amplitude of the voltage pulses.
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The properties of the E/O and O/E converters, particularly in terms of sampling rate, has to
be taken into account in order to avoid cutting high frequency contributions. For this purpose, an
improved version of Setup 3 is proposed in [16] and it consists of the direct connection between the
amplifier and the oscilloscope. The latter is therefore insulated from the ground and connected to a PC
by means of optical fiber.

Thanks to its applicability to long and thick specimens, Setup 3 is mentioned by the standard [5]
which recommends carrying out PEA measurements before and after PQ (Pre-Qualification) and TT
(Type Test) on full size cables. As specified by this protocol, the PEA cell has to be adjacent to the
outer semi conductive layer, therefore the removal of the external shield is necessary. Since a different
degassing could occur to the cable section with or without the external coating during the load cycle,
two different procedures could be carried out.

The first of them consists of PEA measurements performed before and after PQ test or TT on a
secondary virgin cable sample identical to that subjected to the load cycles. In this case, the secondary
sample is subjected to the same load cycles as the primary one. This procedure can be used if the
humidity of the laboratory is carefully controlled and the effect of crosslinking by-products on space
charge phenomena are not predominant. Indeed, the degassing effect of load cycles leads to a reduction
of crosslinking by-products and consequently the tendency to accumulate space charge. An alternative
to the above procedure is the implementation of the PEA measurements on the primary cable sample
near one of the terminals in order to enable the removal of the region altered by the exposure of the
outer semicon. As it can be deduced from the above described measurement setups, several parameters
have a relevant influence on the results of a space charge measurement in a cable carried out with
the PEA method. For the sake of simplicity, the following is a brief list of the most relevant aspects
to consider when preparing a PEA measurement setup on cables or mini-cables in order to perform
replicable and reliable measures.

Electrical stress application. Different levels of electric field are related to different space charge
formation and accumulation phenomena, therefore, several electrical stresses should be tested in the
range of the typical working conditions (10–30 kV/mm).

Thermal conditions. The presence of a thermal gradient leads to the establishment of space
charge within the dielectric due to the dependence on the temperature of the material conductivity.
Nevertheless, electric and acoustic impedances of the sample and of the measurement setup can
vary with the temperature. In light of the above, the environmental and sample temperature should
be monitored in order to carry out replicable measurements. In addition, the temperature at the
piezoelectric film should be compared with its tolerability. The output signals generated with
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piezoelectric films in PVDF are stable up to 70 ◦C whilst, at 100 ◦C, the intensity decreases to halve the
value at 27 ◦C. Piezoelectric films in LiNb03 give a stable signal until 100 ◦C [15]. In order to carry
out measurements at high temperatures, a short-circuited HVDC sample cable is passed inside the
primary of a transformer and becomes its secondary. The primary induces a current in the conductor,
which then heats it up [32]. An example of the aforementioned setup is shown in Figure 15. In this
example, a current of 32 A passes through a mini-cable with an external radius of 3.05 mm to reach
an outer temperature of 60 ◦C and an inner temperature of 70 ◦C [33]. The induced current has to be
calibrated in order to generate the necessary thermal power density inside the cable conductor to reach
the desired thermal gradient over the insulation.
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Spatial resolution. As specified in Section 2, the spatial resolution of a PEA measurement system
depends on the relation between the width of the voltage pulse at the measurement point and the
thickness of the components crossed by the acoustic wave generated in the sample. Compared to the
original signal, the width of the voltage pulse at the measurement point could be enlarged and/or
deformed by the aforementioned reflection phenomena. Nonetheless, other parameters can have a
relevant role in the definition of the spatial resolution such as the sampling rate of the oscilloscope or
of the E/O converter, the bandwidth of the amplifier, and the deconvolution process.

Sensitivity. The minimum amount of space charge expressed in C/m3 which is detectable with
a PEA system essentially depends on the thickness of the sample and the noise level. The latter can
be reduced averaging over time the system output. The typically reached sensitivity has an order of
magnitude of 1–10 C/m3.

Cable clamping. The cable has to adhere perfectly to the PEA cell electrode in order to avoid
the presence of air at the interface, therefore, a clamping force should be applied to the sample.
The establishment of mechanical stresses, especially into the cable, induces a variation of the sound
velocity within. In light of the above, the clamping force has to be carefully monitored in order to carry
out replicable measurements.

Pulse application. As specified above, the choice of the measurement setup for a certain sample
should be done in order to apply an appropriate pulse at the measurement point. For this purpose,
absorptions, reflections, and delays of the electric pulse should be taken into account. The impedance
mismatch at the interface between the pulse generator output coaxial cable and the sample lead to
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the partial reflection of the pulsed voltage. An attenuator is typically connected to the coaxial cable
output terminal as a matched load, in parallel with the cable that is effectively equivalent to a capacitor.
This connection makes it practically difficult to match the impedance of the coaxial cable at high
frequencies. In addition, the switching frequency of the pulse generator is typically between 100 and
200 Hz, therefore the switch remains open for 5–10 ms after sending out each pulse. During this time,
the pulse generator is an open circuit for the reflected pulses that oscillate forwards and backwards
along the coaxial cable with a decreasing amplitude, as shown in Figure 16. On the other hand, the
distortion of the effective pulse output from a perfect square pulse has to be taken into account. An
example of effective shape of the pulse generator output signal is illustrated in Figure 17.
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The extent of this phenomenon depends on the length of the cable, impedances mismatch, and
circuital schematic. For these reasons, some researchers have carried out sensibility analysis varying
the pulse generator’s output cable length in order to minimize the disturbances related to these
phenomena that reach the measurement region. Since the pulse propagation speed is close to light
speed while the pressure waves are propagated across the measurement region and the PEA cell with
the sound velocity within the crossed materials, the length of the pulse generator’s output cable should
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be optimized in function of the sample geometry. It has been found that a pulse generator’s output
cable a few hundred meters long should be suitable for PEA measurements on full size cables [14].

In addition, it is advisable that the cable subjected to measurement is closed as a ring in order to
avoid complete reflection of the pulse at the air-terminal interface. Nonetheless, it is inevitable that
the cable coupled to the capacitor constituted by its coupling with the PEA cell acts as a resonator
disturbing the pulsed voltage across the insulation [35].

Bottom PEA cell electrode. Mainly two different types of bottom electrodes have been used by
researchers: flat and round electrodes. The use of a flat bottom electrode involves the establishment
of a contact surface with the cable depending on the clamping force. An illustration of the stress
distribution in a section of a clamped cable is shown in Figure 18. As the temperature rises, the
polymeric material of the insulation subjected to a mechanical stress could undergo plastic deformation
as well as the softening of the material at high temperature could lead to an intolerable amplification
of the contact area between the cable and the electrode. Nevertheless, an increasing deformation with
the temperature leads to a progressive reduction and displacement of the measured radius as well as
to a loss of time-spatial correspondence. Indeed, permanent deformation prevents the replicability of
the measurements. For these reasons, particularly careful attention has to be paid to the behavior of
the cable under mechanical stress depending on the temperature to be reached. For example, a thermal
cycle before the beginning of a test could stabilize the material [36].
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A larger contact surface with the cable with a weaker clamping force can be obtained thanks to
the use of a round bottom electrode. This solution is therefore suitable for measurements carried out at
high temperatures. Nonetheless, if the contact surface is relatively large, pressure waves propagated in
a non-radial direction could reach the piezoelectric film increasing the noise level and reducing the
spatial resolution [37]. In addition, as mentioned above, a round bottom electrode can only be used for
a certain cable diameter and particularly careful attention has to be paid to the imperfect cohesion
between the contact surfaces.

5. Boundary Conditions for PEA Measurements

After appropriate calibration and deconvolution of the output signals of PEA measurement setup,
obtained results are typically expressed as charge density vs. radius and electric field vs. radius.
The application of the PEA method shows several phenomena occurring by varying the following
boundary conditions:

• Electric stress value;
• Temperature;
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• Thermal radial gradient;
• Fast and long-term measurement;
• HVDC constant application or voltage transient (over voltage, polarity inversion, etc.).

Electric stress value. As mentioned above, a low applied electric field to the sample leads to the
accumulation of charges at electrodes but not into the bulk of the dielectric. The PEA output results
obtained at low electric field are used for calibration and as reference for the deconvolution process.
At high electric field, as described above, several phenomena of injection, forming, and accumulation of
space charge could occur. A phenomenon of formation of hetero charges near the electrodes has been
recently observed at low electric field suddenly after the application of a DC source [38,39]. In Figure 18
the behavior of a “fast charge pulse” is graphically illustrated. The charge carriers’ mobility observed
in this phenomenon is 4–5 orders of magnitude higher than the one occurring during conventional
conduction processes [40]. The occurring of fast charge pulses at design values of applied electric field
can lead to the aging of the insulation material also if no overvoltage transient happens during the
cable lifetime. In order to observe this phenomenon with a sufficient spatial resolution, a small width
of voltage pulses (<10 ns) is required to carry out the PEA measurements [41].

Temperature. It has been demonstrated that the temperature has an important role in the injection,
transport, and recombination of charges in the insulation of a HVDC cable. A higher temperature
particularly enhances the injection process from the inner electrode, and it leads to an increasing
mobility of charge carriers [42]. The temperature at the electrodes of a cable has to be carefully taken
into account for the replicability of PEA measurements.

Thermal radial gradient. As described in Section 1, the establishment of thermal gradient across
the radius of the dielectric of HVDC cable leads to an inversion of the electric field as shown in Figure 3.
Since this behavior can be calculated and accurately predicted, the PEA measurement results can be
divided into a contribution due to thermal gradient and another due to other phenomena.

“Instantaneous” and long-term measurement. The output pattern of an “instantaneous” PEA
measurement is the result of time averaging, deconvolution, and calibration of the amplifier
output signal. In Figure 19 an example of instantaneous space charge measurements is illustrated.
As mentioned in Section 1, most of the space charge injection, formation, and accumulation phenomena
have characteristic time with an order of magnitude between a few minutes and few hours. In order
to carry out the assessment of slow space charge phenomena, a long-term analysis is indispensable.
The Figure 20 shows an example of long-term measurement graphic representation obtained by the
collection of several “instantaneous” measurements. In this way, placing the time on the abscissa and
the radius on the ordinate, thanks to the use of a chromatic scale for the charge density, long-term
transient phenomena are illustrated.
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HVDC constant application or voltage transient. Long term measurements show the establishment
of several phenomena such as the migration of charges from an electrode to another or the accumulation
of charges near physical or chemical defects. On the other hand, space charge accumulation is
particularly dangerous during fast voltage transient such as the polarity inversion or overvoltage
transient due to a fault. Indeed, the experimental evaluation of the evolution of the electric field
distribution into the dielectric of a HVDC cable during a fast voltage transient appears particularly
interesting. In Figure 21, a graphical illustration shows the results of a simulation of polarity inversion
occurring in a cable in the presence of a thermal gradient. The simulation demonstrates that the most
severe condition is reached immediately after the polarity reversal near the inner electrode [43,44].
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6. Limits of the PEA Method

Despite the growing demand of extruded HVDC cables, and the recent publication of an
international standard [5], there is still no universally accepted protocol for the execution of PEA
measurements [13]. As mentioned above and experimented by many researchers, several parameters
have an important role in the quality of PEA measurements. In particular, the cable length, the cell
arrangement, the equivalent capacitances, and impedances of the measurement setup (see Figures 9–14)
should be optimized for a certain cable [45]. For example, a special apparatus with low pass filters at the
oscilloscope input, high voltage pulse generator and an appropriate thickness of the PEA cell electrode
should be implemented for measurements on thick cable insulations [46]. Indeed, the compatibility of
a commercial PEA apparatus should be carefully evaluated on the basis of the characteristics of the
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specific cable on which space charge measurements should be done. In addition, a physical model of
the measurement region of the cable and of the PEA cell should be implemented in order to correctly
evaluate the superposition of reflected signals on the direct ones that reach the piezoelectric film [47].

To date, the PEA method is not considered a non-destructive measurement on laying cables since
a partial stripping of the outer layers is necessary.

7. Comparison between the PEA and Thermal Step Method (TSM)

In addition to the PEA, the Thermal Step Method (TSM) is a recognized method for space charge
measurements on full sized cables also mentioned by the standard IEEE Std 1732TM-2017. In Figure 22
a schematic of the TSM method as described by the aforementioned standard is shown. This method
was invented by Tourielle in 1987 [48] and it relies on the application of a thermal step across the
insulation in order to generate a temporary displacement of the charges within. This influences
the amount of charges at the interfaces generating a current with a typical order of magnitude of
pA if the dielectric is short-circuited. The generated current signal is then amplified, deconvoluted,
and calibrated in order to obtain the relation between the charge density and the radial coordinate.
The thermal step can be generated heating the conductor or cooling the outer surface. In the first
case, the short-circuited cable works as the secondary of a transformer and it is crossed by a current
of several kA. Alternatively, the cooling of the outer surface is carried out by means of a cylindrical
thermal diffuser crossed by a cold fluid and adjacent to the cable surface. While the inner heating
method provides information about the whole cable, the outer cooling is used to get space charge
measurements in a small portion of the sample (20–40 cm) [6]. The outer cooling method is the one
recommended by the above cited standard.
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The current amplifier cannot be in contact with high voltage as well as the conduction and
polarization current could mask the TS signal. For these reasons, the protocol described in [6] proposes
a “double capacitor” configuration whereby a compensation cable identical to that under measurement
is inserted into the setup. During the first step of the proposed TSM measurement procedure, both the
cable conductors are connected to the HV source whilst the outer semiconductor layer is grounded.
After an appropriate conditioning time, the HVDC generator is disconnected, the thermal step is



Energies 2019, 12, 3512 19 of 23

applied to the cable under measurement, and the current amplifier is connected to the compensation
cable. In other words, the two cables are in parallel during the conditioning phase and in series during
the measurement phase.

Unlike the PEA, the TSM provides information about space charge averaged among a cable
segment and it is suitable for thick cables. The TSM measurement setup is typically bulkier than
the PEA one due to the necessity to use a compensation cable. Moreover, with respect to the latter,
the former requires a significantly greater measuring time due to the necessity to also perform a
conditioning phase. Like the PEA, the TSM is also a partially destructive method [2].

8. Possible Direction of Research on the Use of the PEA Method for HVDC Cables

Recently, the demand of HVDC extruded cables is rapidly increasing especially thanks to the
growing preference for the use of underground links and the increasing amount of energy produced
by off-shore wind farms. In this context, the development of an online, embedded, and automatic
PEA device would enable an optimized use of the cable system by the point of view of both electrical
and thermal stresses [49]. A first step in this direction has been taken with the implementation of an
automatic PEA setup developed by Jongmin Kan et al. at the Honam University, Gwangju Korea [50].

The PEA method can be applied to oil-paper insulation, although further aspects such as the
environmental conditions and the acoustic wave recovery need to be addressed to acquire more
accurate results [51,52].

An improvement of the existing commercial PEA cells is desirable in order to allow their
adoptability in different conditions. A more versatile PEA apparatus would be more easily used in the
PQ tests and in the TT of different cables.

In order to enable the use of the PEA method for online applications, the measurement device
should be integrated within the cable structure. A new embedded PEA measurement setup should be
developed for this purpose.

Finally, the simultaneous measurements of space charge and partial discharge on samples could
improve the knowledge of the phenomena responsible for ageing in HVDC cables [53]. Some first
experiments were carried out on flat specimens by means of a PEA cell and a wireless sensor system
for partial discharges detection. The development of this technique and its application on cables could
provide more information about the correlation between these phenomena.

9. Conclusions

The extruded HVDC cables’ demand has grown in recent years due to their increasing use for
new underground and undersea lines as well as the replacement of existing Mass Impregnated HVDC
cables. The initial installation of extruded HVDC cables manufactured with the same insulating
materials used for HVAC application has highlighted the occurrence of premature ageing of cables due
to the injection, formation, and accumulation of space charge within the insulation layer.

In order to investigate these phenomena, several non-destructive techniques for space charge
measurement within insulating materials have been developed by researchers. Hitherto, the most
widespread used technique is the Pulsed Electro Acoustic (PEA) method. This method is based on the
detection, by means of a piezoelectric membrane, of the pressure waves generated from the interaction
of a pulsed voltage with charges inside the lattice of the dielectric. During the last decades, the
PEA method has been implemented for space charge measurements on cables and mini-cables with
satisfactory results in terms of reliability and replicability. To date, the PEA technique is used for
space charge phenomena characterized by a time scale ranging from fraction of a second to several
hours. Different research groups in the world have developed different measurement setups in order
to correct apply the voltage pulse to the insulation in the measurement region. The optimal choice of
setup and of electrical parameters depends on the cable sizes.

In 2017, a published standard [5] included the use of the PEA and TSM methods in the context of
PQ tests and TT provided for HVDC extruded cables. Nevertheless, further improvements are needed
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to obtain a PEA measurement procedure universally accepted and adaptable to different types of cable.
Indeed, commercial PEA cells currently available on the market are optimized for a limited combination
of measurement parameters as above specified. The development of a more versatile PEA device is
therefore desirable in order to spread the use of this measurement method in the industrial field.

In addition, more studies should be carried out in order to evaluate the behavior of the cable’s
insulation during fast transients such as polarity inversion and overvoltage. In this way, the use of
the HVDC grid could be optimized taking into account the damage occurred to the cable due to the
frequency and the extent of such transient phenomena [9].

In conclusion, the development of an “online” PEA system could lead to an optimization of the
use of the cables by the point of view of electric and thermal stresses.
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