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Space-Charge Measurement Technologies
and Their Potential Applications
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The development history of major space-charge measurement technologies is reviewed.
Advantages and disadvantages are analyzed regarding the electron beam, thermal pulse,
pressure wave, pulsed electroacoustic wave, electrooptic Kerr effect, and Pockels effect
methods. Measurement technologies are discussed further with regard to principles, know-
how, and milestones of development. With the pulsed electroacoustic method as an example, a
deconvolution technique is introduced, as it is needed to quantify the density of space charge in a
material. Potential applications of these technologies to measure the distribution of space charge
in dielectrics and electrical insulation materials and systems are addressed. By the electrooptic
Pockels effect method, two-dimensional discharge patterns on the surfaces of cellulose Kraft paper
and Nomex T410 paper were measured and reported for the first time. With the progress of the
technologies, it appears that today, sensors can be made to measure quantitatively the distribution
of space charge in dielectrics and electrical insulation systems.

1. Introduction

(1-14) (15-17)

Over the last 40 years, methods utilizing pressure pulses, electron beams, and
thermal pulses'® 2% have been developed for the measurement of space charge in solid insulating
materials. The pressure pulse techniques have also been used for the measurement of space
charge in composite oil/cellulose insulating systems.?' %) For the measurement of electric fields
and space charge in liquid dielectrics and surface charge on solids in air, the electrooptic Kerr
effect technique®®>? and Pockels effect technique®? have been developed. In comparison
with the earliest slice method,*® these latest techniques can be used to measure quantitatively
the distribution of space charge in an insulating material nondestructively, and thus are valuable
tools in helping to understand the electrical behaviors of an insulation system in the development
of power equipment, such as high-voltage direct-current (HVDC) cables (Fig. 1) and converter

transformers (Fig. 2).
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Fig. 1. (Color online) Extruded cross-lined Fig. 2. (Color online) Converter transformer at
polyethylene (XLPE) DC cable at £640 kV. +1100 kV.

2. Principles of Space Charge Measurement Techniques

The electron beam method was proposed in the late 1970s.'> An electron beam is used as
a source of excitation. A solid sample is irradiated by the electron beam with stepped energy
levels. The electric conductivity of the sample increases in the irradiated region of the material,
and the space charge within the region is compensated. The electron beam functions as a virtual
probe. Under a short-circuit condition or with a biased DC voltage, induction charges on the back
electrode were released with each step increase in the electron beam energy. With the electron
beam penetrating through the entire thickness of the sample, the distribution of space charge in the
sample was measured using

d? (gs)
ds?

p(s)=— M

Here, s is the thickness of the nonirradiated region, ¢ is the induced charge density on the back
electrode, and p(s) is the space charge density inside the sample.

The electron beam method is a destructive method; however, it has the advantage of high
resolution. The spatial resolution of the space charge distribution can be as fine as 1 pm, and thus
is especially suitable for thin samples.

The thermal pulse method was proposed in the middle of the 1970s.!® The principle of the
method is as follows. A metallized sample is irradiated, for example, by a light pulse. The light
pulse is absorbed by the sample surface and converted into thermal energy, which diffuses into the
body of the sample. A temperature distribution across the sample is created and it varies with time.
The thickness and permittivity of the sample vary as well. The surface potential on the metallized
sample electrode varies with time. The distribution of space charge in the sample is then obtained
through a deconvolution of
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Here, ¢ is the dielectric constant of free space, and ay, ., and ¢ are the thermal expansion
coefficient, thermal coefficient of permittivity, and relative permittivity of the sample, respectively.
d is the thickness of the sample, V is the surface potential of the electrode, AV(?) is the variation of
and p(x) and AT(x, ¢) are the space charge density and temperature rise at location x, respectively.

In comparison with the electron beam method, the thermal pulse method can use a light pulse
that creates a limited temperature rise (such as less than 5 °C) in the sample, and thus, the latter is
a nondestructive method. However, the method is complicated since a deconvolution technique is
needed.

The pressure wave method was proposed in the late 1970s.7) A pressure wave can be produced
with the use of a laser, a shock tube or a piezo device. With the pressure wave propagating through
a sample, a nonuniform deformation of a local material, small displacement of space charge, and
variation of permittivity occur. The voltage V(¢) and current /(f) measurements on the sample are
related to internal field in the following manner.

Under an open-circuit condition:

V(1) =xG(e) | E(z,0)p(z,0)dz. ©)
0

Under a short-circuit condition:

op(z, 1)
ot

d
I(t) = xG(e) C f E(z,0) dz. C))
0

Here, y is the compressibility of the sample, G(¢) is a function of the relative permittivity ¢
containing the dependence of ¢ on pressure, d is the thickness of the sample, C is the capacitance
of the sample, E(z, 0) is the electric field before the pressure wave propagation, and p(z, f) is the
profile of the pressure wave. The electric field and space charge distribution in the sample were
obtained through a mathematical solution [either Eq. (3) or (4)]. The pressure pulse method has
been widely used in the measurement of space charge in dielectric materials. However, for an
advanced application, a deconvolution technique is required to obtain the space charge density
while considering the attenuation and dispersion of the pressure wave propagation in the sample.

The pulsed electroacoustic (PEA) method was proposed in the early 1980s." A pulsed voltage
is applied to a sample. Space charges vibrate following the pulsed voltage in the sample, becouse
Maxwell electromagnetic forces. Acoustic pulses are generated, propagated, and detected by a
piezoelectric transducer. The transducer converts the acoustic pulses into a voltage signal, from
which the distribution of space charge is obtained through deconvolution processing® [Eqs. (5)
through (8)].
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Here, & represents the variable of distance, 8§ denotes time, P(7) is the generated pressure wave
pulse, p(¢) and E(¢) are the space charge density and electric field in the sample, ¢ and d are the
relative permittivity and thickness of the sample, / is the length of the ground electrode, Z;, Z»,
and Z3 are the acoustic impedances of the ground electrode, sample, and HV electrode, u; and up
are the acoustic velocities of the ground electrode and sample, and /4(f) and v(?) are the response
function of the delta function J(¢) and the output signal voltage of the piezo transducer, respectively.
Equation (6) is the convolution equation. In a frequency domain, the Fourier transform of Eq. (6)
is

Vir(w) = Pr(w) H(w), )

where Vir(w) and Pr(w) are the Fourier transforms of vy(f) and P(f), and H(w) is the transfer
function of the piezo transducer. With an inverse Fourier transform F [ ], the pressure wave P(7)
is represented as

vsF (w)
H(w)

P(t)= F ' [Pp(w)] = F! [ . ®)

Vir(®) is a measurement result containing the distribution of space charge, H(w) can be obtained
from a calibration process before the sample is charged, where the calibration output signal voltage
is obtained with the application of the so-called “calibration DC voltage” to the sample. The
calibration DC voltage is so small that there is no space charge generated in the sample, and thus,
the calibration output signal voltage contains only voltage peaks from the interfacial charges at
the interfaces between the sample and the electrodes (to ensure that the sample is free of a volume
space charge distribution in the application of the calibration DC voltage). P(f) is obtained from Eq. (8).
The distribution of space charge in the sample is then obtained through the Fourier transform of Eq. (5)
and a further process of inverse Fourier transform.

At its beginning stage, the PEA method involved the use of a lead zirconate titanate (PZT)
transducer, which has a limited bandwidth of frequency (such as with a bandwidth of 1 MHz
at the central frequency of 10 MHz). A consequence was that the output signal voltage had a
large oscillation. The measurement frequency bandwidth of the PEA method was significantly
increased following the replacement of the PZT transducers by polyvinylidene fluoride (PVDF)
635 and it became possible to measure space charge distributions sufficiently
accurately without resorting to deconvolution procedures.

transducers,
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Electrooptic methods are based on electrooptic effects. Depending on the dielectric materials,
the electrooptic effect may manifest as a linear electrooptic effect called the Pockels effect or as
a quadratic electrooptic effect called the Kerr effect.®® The difference in the two orthogonal
refractive indices An (= ny — n)) is expressed using a power series with respect to an applied
electric field as

An = Ang + AaE + AbE>. ©)

Here, Anyg is the electric-field-independent natural birefringence, and Aa and Ab are the coefficients
for the Pockels effect and Kerr effect, respectively. These two effects do not occur simultaneously,
and only one effect occurs for any one material. Natural birefringence Ang usually exists in
solid materials. Because it changes with temperature, the natural birefringence is not desired for
practical applications.

On the basis of the Kerr effect, measurement techniques were developed in the 1990s for the
measurement of two-dimensional electric fields in dielectric liquids.62"
period of time, measurement techniques were developed for the measurement of two-dimensional
electric fields on the surface of dielectric solids in air using the Pockels effect.3=3)

At about the same

3. Application Examples of Space Charge Measurement Techniques

The electron-beam and thermal-pulse techniques are suitable for the measurement of space
charge distribution in a thin sample of solid dielectrics, for instance, with thickness in the order
of microns. These techniques play an important role in the development of dielectrics, such as

electrets.(520)

The pressure wave methods, pulsed electroacoustic methods, and electrooptic
methods have more applications with solid and liquid dielectrics, such as in electrical insulation
materials and the designs of electrical insulation systems. Applications regarding dielectrics and

electrical insulation materials and systems are exemplified as follows.
3.1 Applications to electrical cables

A pressure wave propagation (PWP) method was introduced to measure the distribution of
space charge in synthetic cables as early as 1989,°7> where the space charge distribution was
measured in a piece of low-density polyethylene (LDPE) cable with 5.5-mm-thick insulation.
At about the same period of time, the PEA method was applied in measuring the space charge
distributions in extruded cables under both DC and AC voltages“™* (Fig. 3). For the PEA
method, deconvolution was introduced for signal calibration in a cylindrical cable geometry,*® and
a flat electrode system was used for the measurement of space charge in the insulation of coaxial
cables with insulation thickness up to the order of 20 mm.*>~*® The method was also used to
study the aging of an extruded cable under DC voltage application for up to 3 years.#>>0)

With the development of the techniques and the needs of industry, the pressure wave methods,
especially the pulsed electroacoustic method, have been presented in a Conseil International
des Grands Réseaux Electriques (CIGRE) task force report and converted into an International

Electrotechnical Commission (IEC) standard.(!*!4>D
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Fig. 3. (Color online) Application of the PEA method for the measurement of space charge in cylindrical cable
geometry: (a) principle and (b) a measurement system. a and b are the inner and outer radii of the insulation, p(r) is
the volume space charge density at radius r, and s, /, and ¢ are the thickness of the outer semiconductive layer, the
distance between the outer semiconductive layer and the piezo device (a PVDF film), and the position of the piezo
device, respectively. R and C are the resistance and capacitance of the PEA measurement system, respectively, V
is the voltage of the DC source, and v,(¢) is the time-dependent voltage output of the pulse generator. vy(?) is the
output voltage from the piezo device, from which the space charge distribution is deduced.*?

In 1997, the PEA method was, for the first time, used to measure the distribution of space
charge in the insulation materials of mass-impregnated nondraining (MIND) HVDC cables.>>

In the development of insulation materials for extruded cables, a package-charge-peak moving
phenomenon was observed in 198833 by the PEA method, where dc voltages of +70.7 kV
were separately applied to polyethylene samples of 1 mm thickness, and a package charge peak
was seen to move from one electrode to the other. This phenomenon was reported further at
higher electric fields in the range of 100—400 kV/mm, which is close to the breakdown strength of
LDPE.®® Nowadays, the PEA method has been recognized as one of the most advanced methods

for measuring the distribution of space charge in extruded cables.
3.2 Applications to power transformers

The PWP method has been used to measure the distribution of space charge in a composite
oil-impregnated cellulose pressboard insulation system applied to converter transformers since
1992.21229 We measured, for the first time, the distribution of space charge inside the pressboard
as well as at the interface between a plain oil gap and a pressboard (Fig. 4). Measurement results
were matched with the results of model simulation (Fig. 5), creating a bridge between the space
charge measurement techniques and the design of power equipment, in this case, the design of an
insulation system for an HVDC converter transformer.

However, it should be addressed that there was an issue in the PWP method with a laser
being used as the source of pulsed radiation. The stability of the generated pressure pulses was
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Fig.4. PWP measurement system for the Fig. 5. Measurement and simulation results of
measurement of space charge in composite oil/ electric fields in composite oil/pressboard insulation.

pressboard insulation.

dependent on the target material and quality as well as the radiation energy level of the laser. Good
measurement results were ensured when the generated pressure pulses were stabilized. There are

alternative ways to produce the pressure pulses, such as by using a piezo device.!>!4

3.3 Applications of optic methods to insulation system for power equipment

A combination of optic methods and the PWP/PEA methods make it possible to measure the
distribution of space charge in liquid/solid and gas/solid insulation systems that are often used in
power equipment, such as in cables, transformers, bushings, reactors, capacitors, circuit breakers,
motors, and generators. The Kerr effect method has been used to measure the electric field
distribution in liquids, such as in transformer mineral oils®*=? (Fig. 6). Material parameters
such as charge mobility, permittivity, and resistivity can be obtained from the combination of
measurement results and those of model simulation. The precise design of an insulation system is
thus possible.

Surface discharge is one of the possible causes of failure of power equipment. Such a discharge
is visible under some experimental conditions (Fig. 7).

By the electrooptic Pockels effect method, two-dimensional surface charge patterns on
film materials can be measured. In Fig. 8, the two-dimensional surface discharge patterns on
insulating materials of cellulose paper (60 pm in thickness) and Nomex T410 aramid paper (80
um in thickness) were measured in air.®¥ The needle/plane electrode geometry was used. The
HV electrode was a steel needle with a tip radius of 40 um. The measurements were made using
triangular wave voltages of =5 kV with a rise time of 10 us and a fall time of 10 ms. Both positive
and negative surface charges were clearly observed [Figs. 8(b)—8(e)]. The positive surface charge
patterns were branchlike, while the negative surface charge patterns were round and homogeneous.
The surface charge pattern at positive polarity was larger than that at negative polarity for both the
cellulose paper and the Nomex paper. However, the surface charge pattern size difference between
the two types of paper was not so large at the same polarity.
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Fig. 6. (Color online) Electrooptic Kerr measurement system: (a) principle(26) and (b) sketch of a detail of
transformer insulation (potential application of the Kerr method).
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Fig. 7. (Color online) Discharge patterns under a lightning impulse voltage on an (a) oil-impregnated laminated
cellulose paper surface and (b) oil-impregnated laminated Nomex T410 paper surface.
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Fig. 8. (Color online) Electrooptic Pockels effect measurement system and results: (a) principle, (b) and (c)
measured two-dimensional surface charge patterns on the surface of cellulose paper (60 um in thickness) under
triangular wave voltages of £5 kV (picture dimensions: 80 x 80 mm?), and (d) and () measured patterns on Nomex
T410 paper (80 um in thickness).®® (b) +5 kV, cellulose paper, (¢) =5 kV, cellulose paper, (d) +5 kV, Nomex
paper, and (e) —5 kV, Nomex paper.
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4.

Conclusions

Technologies are available today to fabricate sensors on the basis of the electron beam method,

the thermal pulse method, the pressure wave method, the pulsed electroacoustic wave method,
the electrooptic Kerr effect, and the electrooptic Pockels effect. These sensors make it possible
to measure the distribution of space charge in dielectrics and electrical insulation materials and
systems quantitatively. The electron beam method is a destructive method with high resolution.
All the other methods mentioned are, however, nondestructive. PWP/PEA methods are more
suitable for obtaining the distribution of space charge in dielectric solids. The electrooptic Kerr

method is more suitable for the measurement of two-dimensional electric fields in dielectric

liquids and the Pockels effect method is more suitable for the measurement of two-dimensional

surface charges on solid dielectric films. By combining measurement results with those of model

simulation, the quantitative analysis and design of an insulation system for power equipment are

possible.
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