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Abstract. In electrical power engineering equipment like cables, transformers and
switchgears high voltages occur which have to be isolated in a safe and reliable way.
Thus the used insulation systems are very sensitive parts of such components,
especially regarding the long required lifetime of more than 30 years. Especially for
insulation systems made up of solid materials (resins, elastomers, thermoplastics,
glasses,…) it has to be ensured, i.e. the production process, that no inhomogeneities
do exist and that the different used materials are fitted together without any
irregularities at the interfaces.
Ultrasonic can be used as a quality test procedure to be applied directly after the
production process. It can be used to detect and evaluate inclusions like for example
gas-filled voids as well as possibly existing irregularities at inner interfaces. In this
paper, the use of ultrasonic testing for the quality assessment of high voltage cable
joints made of polymeric EPDM material (flaws) and for the investigation of inner
material interfaces in polymeric insulation systems (delaminations) is described.

Introduction
For maximum safety and reliability of electrical power supply, the different components
integrated in power grids like for example cables & accessories, transformers, switchgears
and isolators have to withstand high electrical stresses for at least 30 years of service time.
Hence, the integrated electrical insulation systems are often very sensitive parts of such
high voltage components. They have to fulfill various requirements, whereupon the safe
separation of high voltage parts and grounded elements combined with a controlled
degression of the electrical field between these parts is probably the most important one
[1, 2].
A huge number of different materials can be used for this purpose. Beneath the electrical
properties also thermal, mechanical or chemical boundary conditions have to be considered
for the design of an insulation system. Nevertheless the design criteria are mainly
dependent on electrical properties such as electrical breakdown strength, specific electrical
resistance and dielectric loss factor. Even though for security reasons significant margins
especially regarding the applicable electric field strength are considered, a high purity of
the insulation materials to guarantee an excellent performance of the insulation system is
required. For example gaseous voids included in solid insulation materials usually cause
damages of the insulation system during service, since gaseous materials have a lower
breakdown voltage and also a lower permittivity, leading to a higher electric field stress
applied to the void. The subsequent discharge processes at these voids, called partial
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discharges, usually result in a continuous degeneration of the insulation system and often
leads to a breakdown. Thus the component can be destroyed, going along with
consequences for the availability and reliability of power supply. Beside this delaminations
at interfaces within solid insulation systems can lead to partial discharges, too [3].
In the last decades the application of large polymeric insulation elements with complicated
geometry has become standard. Nevertheless there is still a risk of an inclusion of
inhomogeneities, for example during extrusion, injection moulding or other fabrication
processes for polymers. So for quality assessment the testing of high voltage components is
absolutely inevitable. Dependent on the specific component the applied routine tests
contain high voltage tests (AC and/or DC), partial discharge tests and surge voltage tests.
For all these tests special test equipment operated by highly skilled people is required and
thus the costs for testing are increasing as well as often significant test preparation time.
For that reason, the applicability of ultrasonic diagnosis is investigated as an alternative or
pre-selective testing method for polymeric electrical insulations since a few years.
1. Ultrasonic Testing
To reach a decision, whether an included object has to be considered as “critical” with
respect to the electrical insulation performance, beneath the detection of the object also
details about its characteristics have to be investigated:
-

-

-

Location: the electric field stress is varies within the insulation system, so that
the location of an inhomogeneity is of major importance. Furthermore the
position of the flaw probably contains a reference to the cause of the inclusion
(e.g. incorrect injection process during moulding).
Size: from practical experience it is known that relevant sizes of
inhomogeneities in insulation systems (inclusions or voids) regarding partial
discharges start at about 100 µm to 200 µm dependent on the electrical stress
exposed to them and other parameters. So the size is an important information.
Geometry: the geometry of the inhomogeneity is of relevance, because for
example square-edged defects like burrs lead to higher electrical field stresses –
coming along with a lower breakdown voltage – than spherical defects.

To gain such information, precise localization techniques and highly sophisticated
procedures of evaluation are necessary. It turned out that the investigation of signals (phase,
amplitude, propagation time), which are reflected at included objects is best suited to obtain
a maximum level of information, so the measurements are done using impulse-echomethod. To achieve localization usually the immersion technique in connection with an
integrated micropositioning system is used, which is described below.
A major challenge when testing polymeric materials using ultrasound is the high acoustic
attenuation coefficient of typically above 100dB/m, so that well adapted signal processing
has to be employed to match the requirements. To detect small inhomogeneities a high
probe frequency is preferable, but due to the fact that the attenuation is also proportional to
the used frequency a trade-off has to be made. Nevertheless evaluation procedures have
been developed to gain as much of the above mentioned information as possible.
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2. Ultrasonic Measurement Equipment
The ultrasound device is a commercial USLT 2000 standard device for probes with
frequencies from 0.5 to 20 MHz and a pulse repetition frequency up to 1000 Hz. This
system is integrated in a setup for measurements in immersion technique. Whereas for
manual testing no further devices are required, for automated immersion analysis processes
a micropositioning device is integrated (Fig. 1). It allows a selective positioning of the
ultrasonic transducer on the surface of a test sample. The development of appropriate
software tools for the controller leads to the ability to perform automated scans of the
sample's surface with a step resolution of 50 micrometers.
The ultrasound system is on the one hand designed for measurements of laboratory made
test samples, designed to examine the quality of automated scanning processes of
elastomeric materials. On the other hand, measurements of cylinder symmetrical test
samples, e.g. high voltage joints and isolators are also possible: parallel to the base axis a
rotatable axis is located. The device under test is mounted on a shaft and fixed in a tub. It
can thus be turned around its rotation axis
by a step motor integrated in the
micropositioning system. In addition to the
rotation of the sample, the ultrasonic
transducer is moved along the samples
rotation axis during measurement. That
way a meander like scanning of the test
piece surface is possible and leads to a Cscanning of the unrolled surface. For an
easier and faster handling of the scanning
process of high voltage cable joints, a
special measurement setup has been
developed, which is described in section 4.
Fig. 1: Measurement setup
3. Evaluation of Material Interfaces
An algorithm is developed which is able to afford an automated quality assessment of
material interfaces. These interfaces are always potential weak points of insulation systems,
since their quality is easily affected in a negative way by a huge number of (production)
parameters. Investigated interfaces include the transition EP (epoxy resin) Æ metal or SiR
(silicone rubber) Æ EP, which both appear frequently in electric power system equipment
devices like composite insulators or epoxy resin cable joints.
The algorithm bases on the consideration of the phasing of the reflected ultrasonic
impulses. Basically, the reflection of ultrasonic impulses at material interfaces depends on
the different acoustic impedances of the materials which leads to a reflection factor R ∈ [-1
… +1]. In the experiments, such interfaces are examined where R is positive. In case of an
open delamination or a crack at the interface, a small gas layer is existent between the
materials, possibly leading to damages under electrical stress. The ultrasonic impulse
reflected at such a defective interface show a phase jump due to a negative reflection factor
at the transition to solid Æ gases.
Beside the phase jump, a delamination can lead to a change of the absolute value of the
reflection factor, which usually is larger in case of a delamination. Unfortunately, the
absolute value of the reflection factor is not a sufficient criteria for the detection of a
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delamination because often the reflection factor is close to one, especially if a transition to
metal is present. Therefore, an algorithm for the detection of delaminations is used which is
able to compare two signals regarding their phasing. A normalised impulse correlation
function ρ(τ) is used which calculates the similarity
between two signals f(t) and g(t) with their energies Ef
∞
and Eg (see Equation 1) [4]. The maximum value of the
∫ f (t ) g (t + τ ) dt
E
−∞
normalised impulse correlation function is called
ρ fg (τ ) =
E f Eg
impulse correlation coefficient ρ. This correlation
coefficient is a measure of the similarity of two signals
Eq. 1: Correlation function
within a value in the range of [-1…+1].
In the following, the algorithm shall be explained in detail. At first, an echo impulse is
measured at a regular interface which serves as a reference impulse. Afterwards the entire
interface can be analyzed by scanning the test device using the positioning system. At every
measuring point, the normalised impulse correlation factor is calculated relative to the
reference impulse. If no delaminations are present, the correlation coefficient provides
values close to 1. As a result of the normalisation, influences which act on the amplitude of
the reflected ultrasonic impulse like rough surfaces or something similar have no relevance.
If a delamination exists, the normalised impulse correlation coefficient provides values
close to -1. If other inhomogeneities are present, the absolute value of the coefficient differs
significantly from 1.
The algorithm shall be presented exemplarily using a cylindrical epoxy resin probe which
contains a copper plate (depth 17 mm). As a result of thermo mechanical stresses, a partial
delamination arose at the interface Cu/EP (see Fig. 2). The test object is measured with
ultrasound and evaluated using the algorithm. Figure 3 shows the map of the correlation
coefficient in which a clear borderline separates the homogenous part from the delaminated
part.
ρ

20 mm
homogenous

delaminated

8 mm

measured
area

Fig. 2: Partial delamination on a
copper plate in epoxy resin

Fig. 3: Algorithm result of the
measured area marked in Fig. 2

It is advantageous that the results are independent from the impulse amplitude and time of
flight because the maximum of the impulse correlation function is analysed. Therefore,
displacements of the impulses have no influence on the results and even inclined surfaces
can be examined, if the frequency dependent damping is considered.
The general applicability of the algorithm was shown in a previous publication [5]. Main
focus of this section shall be the assessment of the algorithm performance and its
detectability limits.
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First, the dependence of the layer thickness over the material interface on the algorithm
results is investigated. Therefore, multiple test objects are made of an epoxy resin socket
with a silicone rubber layer (RTV-2) with different layer thicknesses [0,5 mm - 73 mm]
(Fig. 4). Only half side of the socket was primed so that a partial delamination can be easily
peeled off. The results of the delamination detectability depending on layer thickness and
test frequency are shown in Table 1.
silicone rubber

epoxy resin

Fig. 4: Test pieces with different layer
thicknesses

Table 1: Detectability depending on layer
thickness and test frequency

Thick layers lead to a high signal damping and delaminations can be better detected with a
lower test frequency. In contrast, thinner layers can be better investigated using impulses
with high frequencies (high bandwidth) and lower wavelengths because of multiple
reflections in the layer.
Furthermore, the dependence of the delamination size
on the detectability is investigated. Therefore, test
objects are made with sockets made from EP and
metal. Holes with different diameters [0,5 mm - 3 mm]
are drilled through the socket and sealed with plugs.
Silicone rubber is cast on the interface with a layer
thickness of 20 mm (Fig. 5). Afterwards the plugs are
taken out so that the drilled holes represent
delaminations with different sizes. The results of the
delamination detectability depending on size and test
frequency are shown in Table 2 (for epoxy resin
Fig. 5: Test piece with drilled holes
socket).
with different diameters [0,5 - 3 mm]
With high frequencies delaminations with a size
exceeding 1,5 mm can always be detected (transducer diameter d = 5 mm). If the size is
smaller, the influence of the superposed reflection of the not delaminated surrounding is too
strong and the signal of the delaminated interface can not be detected definitely.
Figure 6 shows the graphical result of a delamination with a diameter of 3 mm measured
with a 10 MHz transducer (diameter d = 5 mm). It can be seen, that the detected size comes
close to the real delamination diameter so that the algorithm can also be used for the
evaluation of the delamination size.
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ρ

3 mm

Fig. 6: Result for a 3 mm delamination
measured with a 10 MHz impulse

Table 2: Detectability depending on
delamination size and test frequency

4. Testing of High Voltage Cable Joints
A cable joint within a power cable system is a component to connect power cables with
each other. For the connection of the two conductors it is necessary to remove the
insulation layers at the cable’s ends. To assure a homogeneous degression of the electric
field, the removed cable insulation has to be re-established, which is reached by housing the
crossover area using a cable joint. So usually this device has a hollow cylindrical geometry,
so that on both sides the cable ends can be fed in and the connection is placed in the joint’s
centre. The regarded cable joints are high voltage (> 200 kV) prefabricated EPDM socalled slip-on joints processed using the injection moulding technique [6]. The total length
in axial direction is about 700 mm and about 180 mm in diameter.
4.1 Measurement Setup
For the testing of cable joints an adjusted measurement setup is designed that fulfils
requirements for industrial testing like easy handling (automated, simple fixing of the
joint), only local wetting of the joint, high velocity of measurement and low investment
costs for the ultrasonic test device. Figure 7 shows the portable measurement setup. As can

Fig. 7: Setup with schematically shown joint body (left); transducer within the water nozzle (right)

be seen, the joint is supported on rotatable rolls which are connected to a positioning
system. Thus the joint body can be rotated along its centre axis like in the standard setup
(see section 2), but by this construction, the insertion of the joint is much easier. To achieve
a meander like scanning movement, also here the probe is moved in parallel to the centre
axis. This axis is driven by a fast servo motor, so that measuring time is minimized and a
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continuous movement of the probe is feasible. This avoids disturbing vibrations. The setup
is protected by a utility patent.
The whole measurement system consists of three parts: a measurement server (shown in
Fig. 7) and an evaluation server, both communicating bilateral with a data server via
network. This architecture allows an automated testing procedure described below.
4.2 Testing Procedure
production of joint
insulation body

ultrasonic detection scan

3D-digital filtering of
measurement data

optimisation of production process

Figure 8 gives an overview of the ultrasonic
test procedure and its integration. After
production, a detection scan is performed with
a high step increment of 750 µm between each
measuring point. The measured area is centred
on the injection point of the joint and covers
the whole circumference.

optimisation of parameters

detection of flaw signals
The acquired data have to be post-processed to
in measurement data
ensure a reliable detection of inhomogeneities
in the insulating material because the signal to
any signals detected ?
noise ratio in a single A-Scan is too low for
yes
this purpose. Therefore, 3-dimensional filters
no
are used since the ultrasonic data can be
ultrasonic detail
regarded as a 3-dimensional scalar field (due to
scan with high
l ti
the scanning, it consists of a 2-dimensional
arrangement of A-scans). An initial Gaussian
electric routine test
filtering is performed by convoluting the
according to IEC 62067
measurement data with a Gaussian filter
Fig. 8: Flowchart of testing procedure
kernel. Due to the fact that inhomogeneities
cause reflection signals in adjacent measuring points, the spatial uncorrelated noise is
reduced stronger than flaw echo signals. For further enhancement of the signal-to-noiseratio, a Laplacian filtering is carried out that causes an edge accentuation in the spatial
scanning directions [5].

Next, a detection algorithm identifies regions of increased sound pressure gradients in the
filtered measurement field. Detailed information regarding the detection algorithm can be
found in [5]. Since such increased gradients indicate potential inhomogeneities in the
insulating material, these regions have to be examined more precisely: the transducer is
repositioned and a detail scan is initialised using a smaller step increment of 200 µm. These
measurements allow an enhanced characterisation of the detected objects concerning size
and position.
Subsequent to the detail scans, a report sheet for the sample is automatically prepared. It
includes position and size of all detected inhomogeneities scanned in detail as well as a
prognosis of the joints probability to pass the electric test, which is performed afterwards.
Aim is to achieve an optimization of production parameters as shown in Fig. 8.
4.3 Ultrasonic Measurement Results
After filtering, a detection result consists of 11 values for each region of increased sound
pressure. The first one (1) is the number of adjacent data points in the 3-dimensional data
field whose signals exceeds a certain detection limit. This detection limit depends on the
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average sound pressure of the whole measurement field in the corresponding depth as well
as its variance.
The next three values (2,3,4) describe the mean position vector of the detected flaw signal
within in the scanning area (x, y) and at a certain depth (z). The (x,y)-position serves as
centre point for the subsequent detail scan. Another value (5) gives the highest occurring
sound pressure amplitude of the detected signal. It is an indicator for the size of the
inhomogeneity that causes this signal. A high echo amplitude correlates to a large reflector,
e.g. a flaw. The according position vector is given in the next three entries (6,7,8). The last
three values (9,10,11) give the dimension of the signal in each direction of the measurement
field. With that information, the size of the measurement area for the detail scan is defined.
Figure 9 shows an exemplary visualisation of a measuring result (detection scan). The front
square area (z = 0) corresponds to the outer surface of the joint and the back square area (z
= maximum) to the surface at the inner radius of the joint. The x-axis is aligned to the axial
direction of the joint and the y-axis to the circumference.
The position of each arrow in Figure 9
corresponds to a position of an area where a
significantly increased sound amplitude is
detected (which is not necessarily equal to a
flaw!). The grey scale of the arrows is
defined by the highest occurring sound
pressure amplitude. The arrow itself
represents the space diagonal of a boun-dary
box enveloping the whole region with
increased amplitude. So, all values of a
detection result are visualized in one chart.
Fig. 9: Visualization of detection results

In the centre of the measurement area (x =
220, y = 390) it can be seen, that the injection point of the joint causes a series of signals
because the inhomogeneous surface at that position disturbs the transition of ultrasonic
impulses into the insulation material. Therefore, at this position the
system cannot detect any inhomogeneities, yet. However, based on
experience, it is known, that this is an uncommon position for
flaws. The only signal not caused by the injection point is at
position x=122 and y=730, which can be seen in the small outline
box in Figure 9.
Figure 10 shows a magnified view of this area (detection scan,
without filtering). The sound pressure’s isobars show, that there is a
significant local increase of sound pressure, marked with an arrow.
This signal corresponds to a void in the insulation material, which
is electrically critical (confirmed by partial discharge test).
Fig. 10: Magnified
view with isobars
In Figure 11 the isobars of two detail scans are shown as examples
for rather uncritical (Figure 10; signal A) and critical flaws (signal
B). The chosen step increment is 200 µm for both and the visualisation as well as the
ultrasonic testing parameters (e.g. transducer frequency 2 MHz) are chosen identically, too.
Both flaws are located in the insulating layer above the inner semiconductive elements, but
in different depths. Flaw A is located 8 mm below the joint’s surface, whereas flaw B,
which is the one already shown in figure 6, is located 25 mm below the surface.
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In the image it can be seen, that the spatial dimension of signal B is significantly larger
(17,2 mm x 19,8 mm) than that of signal A (10,2 mm x 10,2 mm). Here it has to be kept in
mind that the flaw signal size is not equal to the real flaw size. This is caused by the fact,
that the transducer size (10 mm) exceeds the step increment. So every position is exposed
to the transducer’s sonic field at multiple
sound pressure
[a.u.]
measuring points during the scanning process.
The real size of the flaws is smaller; maximum
200 µm x 200 µm (flaw A) and 7,2 mm x 9,8 mm
(flaw B), which is still very large and uncommon.
Also the highest occurring sound pressure can be
taken from the detail scan. For signal B, the
maximum pressure is nearly twice as high as it is
for signal A. Due to this fact and since in this
visualisation the effect of sonic damping is yet
not considered, signal B is a significantly
stronger sonic reflector.
As already mentioned in section 3, beneath
Fig. 11: Isobars of the absolute sound
pressure in detail scans of an uncritical flaw
amplitude and depth the signal phase can
comprise important information about a detected signal A (left), a critical flaw signal B (right).
inhomogeneity. Especially the sign of the
amplitude – which cannot be seen in the detail
scan in Figure 11, as there are only the absolute values of the sound pressures shown – is of
interest, since it can give information about the material of the inhomogeneity. The analysis
of the maximum reflected sound amplitude for both signals A and B shows that the sign is
negative in case of flaw A and positive in case of flaw B. This indicates, that the acoustic
impedance of the small flaw A is higher as the surrounding EPDM and that of the large one
is lower. So both flaws have to be of different material.
It stands to reason that the uncritical flaw A consist of a small piece of semiconductive
material from the field control element, since carbonised EPDM has a higher density than
pure EPDM, which results in a higher acoustic impedance. On the other hand, gases have
significantly lower acoustic impedance than EPDM. As gas bubbles can occur in moulded
materials, it can be assumed that flaw B will be a gas void rather than a flaw. Investigations
on the failed joint by cutting it confirm that signal B was caused by a gaseous inclusion
with the size of 5 mm x 7 mm.
5. Current Work on Evaluation Procedures
Currently the evaluation of detected inhomogeneities is further improved. Up to now, the
evaluation bases on the position of the defect concerning the electrical field, the maximum
reflected sound amplitude and size in the detail scan data, which is defined as the spatial
dimensions of an area where the echo amplitude of adjacent measurement points is above a
noise and gain dependent value. It has to be regarded, that this size does not match the
actual size of the flaw (see section 4.3). This results to an oversampling leading to a blurred
image of the flaw. This effect is well-known and one approach to minimize it is the
reconstruction of the real flaw geometry by using the deconvolution of the viewed image
with the transducers spatial impulse response (SIR) [7]. This is a generalisation of the
synthetic aperture focusing technique (SAFT) for finite sized transducers.
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In a system theoretical approach, the measurement process can be regarded as a three
dimensional filter. The flaw geometry ii (x,y,z) (image signal) as the input signal is
convoluted by this filter and leads to a blurred object signal io (x,y,z). This measurement
filter can be divided in two parts, namely a transducer specific and a material specific one
(Fig. 12). The probe specific part is dependent on the size, shape, frequency and bandwidth
of the transducer, whereas the material specific part mainly depends on the medium’s
frequency dependent sound attenuation.
ii

io

measurement

probe specific part:

material specific part:

hSIR

a

io = ii * hsir * a
Fig.12: Measurement can be regarded as a filter

The reconstruction filter hr is the inverse measurement filter provided that no noise is
involved. In frequency domain, the convolution is equivalent to a multiplication. So, the
formula shown in Figure 12 goes over to Io = Ii · HSIR · A. The reconstruction filter then is
Hr = (HSIR · A)-1, so that Ir = Hr · Io = Ii. Without noise the reconstructed signal Ir is identical
to the ideal flaw geometry, which could be calculated, if both probe and material specific
parts are known.
If additive noise is suggested, a compensation can be found by using a wiener filter, that
minimizes the mean square reconstruction error ε:
ε = E{[ii ( x, y, z ) − ir ( x, y, z )] 2 } → min
with:
ir (x,y,z): reconstructed flaw geometry
E{}:
expectation operator

The detailed derivation of the filter is left out here, but it can be shown that the
reconstruction filter has the following appearance:
⎛ Φ (ω , ω , ω ) ⎞
1
• ⎜1 − N x y z ⎟
H R (ω x , ω y , ω z ) = *
H D (ω x , ω y , ω z ) ⎜⎝ Φio (ω x , ω y , ω z ) ⎟⎠
ΦN is the noise power spectral density, Φio the object power spectral density and HD = HSIR · A.
Φio and ΦN can be calculated from the detail scan data and A can be measured and is
therefore assumed to be known.
There are different ways to define HSIR. One approach is to measure the echo responses of a
small (preferably nearly infinitesimal) reflector at every position in the transducer’s sound
field. This is a time consuming and laborious way that leads to imprecise results especially
in the near sound field if the transducer is obliquely positioned.
This effort can be avoided if the SIR is simulated and traced back to sound field simulation.
For this, it is assumed that according to Huygens, every point on the transducer is source of
a spherical wave with a certain time-limited waveform which is defined by the transducer’s
electro-acoustic behaviour. This behaviour has to be measured, which can be done for
example by measuring the maximum echo pulse of a very small spherical reflector in the
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far sound field. It can be assumed, that in this case all interferences are subsided and echo
retardations on the finite sized transducer surface are minimized.
Simulating the SIR has the benefit that it is defined abstractly: whereas the measured SIR is
only valid for the arrangement it has been attained with, even for an inclined position of the
transducer, the correct SIR can be easily found out of the simulated SIR by a coordinate
transformation.
Main focus of the current work is to evaluate the capability of the designed algorithm for
the diagnosis of polymeric material, e.g. for small inhomogeneities. Furthermore, the
compensation of reconstruction artefacts caused by inexact SIRs has to be investigated in
detail, for example the influence of information loss by specular reflection.
Conclusion

Due to the importance of high voltage components, condition assessment in the field of
high voltage insulation is indispensable to detect, localize and evaluate inclusions like voids
and flaws. In comparison to the electrical testing or other well-known diagnostic methods
like x-ray or computer tomography the ultrasound test is a rather cost-efficient one. It is a
promising diagnosis method for this purpose, however the adaptation of existing standard
evaluation methods for the special needs regarding the electrical behaviour is challenging,
mainly due to the high attenuation of sound and the unfavourable ratio between transducer
size and flaw size.
Besides the development of appropriate measurement hardware, which allows testing in an
industrial way, the focus currently put on the enhancement of evaluation processes.
Thereby well-known algorithms are adopted to the special application of polymeric
samples with microscopic inhomogeneities. Due to the achieved results, it stands to reason
that these efforts lead to successful industrial applications.
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