
2.1 GENERAL

This chapter covers the methods of measurement of dielectric properties of both solid and liquid
dielectrics. The parameters measured are permittivity, ε', dissipation factor tanδ, resistivity ρ and
partial discharge quantities. In the assessment of a dielectric both low voltage (10–500 V) and
high voltage (1 kV and beyond) measurements are performed. High frequency measurements
are made almost always at low voltages.

These measurements can be performed quickly and very accurately using different setups.
Very high frequency measurements are out of the scope of the current book and only a mention
of this of the techniques used have been made. Sometimes frequency range in the neighbourhood
of 1 GHz (109 Hz) is called the X-band frequency. The term dielectric spectroscopy is used to
describe the dielectric behaviour over a very wide frequency range from 0 to 1011 Hz. The Table
2.1 gives the measuring equipment and techniques used in dielectric spectroscopy.

Table 2.1: Test equipment used for different frequency ranges
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The dielectric parameters are measured under stated conditions of temperature, electric stress,
frequency and other ambient conditions. It is necessary to quote these details with measured
values. Under laboratory conditions measurements are done on insulating materials only and on
prorated units or full size equipment. It is often seen that many of the measured values show
considerable departures from laboratory measurements and those measured at site.

The correspondence between these two sets of measurements is not easy to establish and
only experience in such measurements will tell about the correctness or otherwise of the measured
values. In the following measuring techniques for dielectric parameters are described in some
detail.

2.2 PERMITTIVITY AND tanδδδδδ

The capacitance and dissipation factor of dielectrics at high voltages and at frequencies in the
ranges 50 Hz to about 100 kHz, can be measured quite accurately in the laboratory. Several
methods of measurement are indicated. Among the more important methods are:

(i) Schering bridge method.
(ii) Transformer ratio bridge method.

The Schering Bridge
Schering Bridge is an extended Wheatstone bridge. It is essentially a simple interconnection of
passive circuit elements as shown in the Fig. 2.1. The elements include the test object, a standard
capacitance comparator, normally a compressed gas loss free capacitor rated for high voltages,
up to about 300 kV. The bridge is divided notionally into two sections; the lower section is at
low voltage. The elements included in the lower section are called the balancing elements and
are essentially variable capacitor and resistors.
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Fig. 2.1(a): Schering bridge circuit
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 Fig.  2.1 (b): Screening arrangement

The term balance refers to adjusting the variable circuit elements in such a way as to make
the current flowing through the detector, an accurate ammeter, zero. Under this condition it is
easy to see that the points A and B are at the same potential or that the voltage drops Ux and
U3 (also Us and U4) are equal in magnitude and phase. Balance conditions are obtained by a
successive adjustment of R3, R4 and C4. At balance the following equations hold true for a parallel
equivalent of the test object.
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and
   4 4tan x C Rδ = ω (2.3)

If the test specimen is represented as a series equivalent the same expressions still hold.
Grounded or floating objects in the vicinity of the bridge introduce errors in measurement by
way of stray capacitances (Cstr) as shown in the Fig. 2.1 (a) It can be seen that this capacitance
comes in parallel with the adjustable elements R3, R4 and C4, thereby affecting the balance. To
eliminate stray effects, the adjustable (bridge) elements are housed in a doubly shielded enclosure
as shown in the Fig. 2.1 (b). The gas filled tubes GFT are meant to protect the bridge and
personal operating it in the event of the specimen breaking down.

Measurements under laboratory conditions are normally done on insulating materials in a sheet
form or a cylindrical rod form. It is mandatory to carefully design the electrode systems for
accurate measurements. The electrodes called guarded electrode systems shown in the Fig. 2.2
are used to eliminate the effect of fringing. Fringing has a tendency to increase the effective
area of the measuring electrodes.

The capacitance and dissipation factor measurements on the two forms of insulating materials
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can be made using appropriate electrode geometries shown in the Fig. 2.2. The capacitance with
the insulation removed, C0 is required to calculate its permittivity. It is not possible to preserve
the exact geometry of the system with dielectric removed. The capacitance C0 has to be
calculated from the dimensions of the electrodes and the thickness (or radii in the case of tubular
specimens) of the test object. This calculation becomes inaccurate due to field fringing at the
edges of the electrodes. Table 2.2 gives corrected capacitances to be used for accurate calculation
of C0.
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Fig. 2.2: Electrode arrangements for dielectric measurements

(a) flat specimens (b) cylindrical specimens

For ease of application, the correction factor, B is shown graphically, in Fig. 2.3.

Table 2.2: Formulae for geometric capacitance of the two electrode geometries
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Fig. 2.3: Correction factor B as a function of g/t

Transformer Ratio Bridge
A transformer ratio bridge is essentially similar to a schering bridge except that the balancing
procedure involves changing the turns ratio (N1, N2) of a precision centre tapped transformer.
A schematic diagram of this method is shown in Fig. 2.4.
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Fig. 2.4: Schematic diagram of transformer ratio bridge measurement

The condition for balance (current through G equals zero) as in the earlier case, is achieved
by successively changing the number of turns N1 and N2 and the values of C and R. While the
turns ratio is meant to balance the capacitance, C and R balance the phase or the dissipation
factor of Cx. At balance the following formulae hold good.
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The dissipation factor, tan δx of the test object is
         tan x CRδ = ω (2.5)
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The relative permittivity, εr of the insulation in question is,

            
0

x
r

C
C

=ε (2.6)

In which, Cx is the capacitance of the test object measured using the bridge.
Typical values of permittivity and dissipation factor for some practical dielectrics are given

in Table. 2.3.
Table 2.3: Dielectric properties of commonly used materials
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2.3 VOLUME AND SURFACE CONDUCTIVITY

A possible way of measuring surface resistance, Rs is shown in the Fig. 2.5 where two electrodes
normally thin flat stripes are placed on the surface. In case measurements are made in a clean
environment and at very low ambient humidity, Rs and ρs can be computed using the formulae
given below.
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Fig. 2.5: Electrodes for measurement of surface resistivity
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In such measurements, t is normally kept small and s as big as practicable to reduce the
fringing effects so as to make the measurements more accurate.

The difficulty which is normally encountered is the crowding (fringing) of the current flow
lines at the edges of the conductor so the effective area over which current flows is much greater
than the actual area. To get over this problem, electrode arrangement shown in Fig. 2.6 is used
where the current flow path is confined to the annular space between the two circular electrodes.

U

r1
r2

Ais

Fig. 2.6: Measurement of surface resistivity using circular electrodes

The following formulae can be used to calculate ρs for concentric circular electrodes shown
in Fig. 2.7:
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when r2 – r1 << r1
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The surface resistance depends only partly on the material but is a strong function of external
agencies cited above. An electrode system using which both surface and volume resistance can
be obtained from a single measurement is described below.
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Fig. 2.7: Guarded measurements of resistivity

The formulae for estimating volume and surface resistivity are included in the Table. 2.4.
Table 2.4: Formulae for computing volume and surface resistivity
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2.4 PARTIAL DISCHARGE MEASUREMENTS

A charge measuring equipment called the Partial Discharge Detector, specially designed to
measure small pulsive charge transfer, is used for this purpose. Not only the magnitude but also
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the number density of charges of a known magnitude can be detected and quantified using this
equipment.

The energy associated with the discharge, E, is responsible for causing irreversible structural
damage to the insulation and this can be computed as follows:

( ) ( )0 0 0
1 1    2 2Ε ≅ ∆ ⋅ = ⋅i iC U U C U q (2.11)

( ) ( ) [ ]2 2
0 0

1 1        2 2 Ε = − = + ∆ i e i eC U U C U U U (2.12)

⇒ ( )1   2 iU qΕ = ⋅ (2.13)

In an actual measurement, the charge pulse is transformed into a voltage signal, UZ. This
can be accomplished with the help of a specially designed impedance network, Z, as shown in
Fig. 2.8.
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Fig. 2.8: Output of measuring impedance for a pulsive current

0 0

1    =   ∫
t

zU i dtC (2.14)

0
=z

qU
C (2.15)

2.5 CALIBRATION OF PD MEASURING CIRCUITS AND DETECTOR

Before an actual measurement is performed, the entire pd detector circuit along with the detector
is to be calibrated against a known (standard/substandard) pulse source. In this process it is also
possible to estimate the amount of signal attenuation, distortion and a possible mismatch in the
pulse shape. Calibration circuits for charge detection are simple devices as shown in the circuits
below. In Figs. 2.9 and 2.10, one of the methods of source calibration is demonstrated.
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Fig. 2.9: Circuits for calibration of pd from a test object

When measurements are performed on-site it is often necessary to carry a Portable Calibrator,
Fig. 2.11.
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Test
object

Fig. 2.10: (a) Voltage impulse produced by a square wave
          (b) Charge displacement caused by this impulse

Fig. 2.11: A portable calibrator

Noise Interference and its Suppression
In actual measurements, partial discharge signals are almost always shrouded in electrical noise
of various kinds. It often happens that the signals have similar characteristics as those of the
noise. The greatest difficulty in measurement is therefore to distinguish between noise and signal,
either to eliminate the noise or retrieve the signal buried in it. A considerable amount of research
has gone into this area and modern measuring equipment with built in hardware or software
packages have come to the market. The spectrum of possible noise associated with pd
measurement are included below.

Essentially two broad types of noise, which often pollute the pd signals, can be mentioned.
• Random Noise
• External Interference.
Random noise results from thermally induced current fluctuations in amplifiers and detection
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circuit impedance. External disturbances on the other hand tend to be much more virulent than
random noise. The external interference normally encountered in actual measurements are:

(i) Discrete spectral interference (DSI): From radio transmission and power line carrier
communication systems.

(ii) Periodic pulse shaped interferences: From power electronic circuits or other periodic
switching as for example, in an adjustable speed drive.

(iii) Stochastic pulse shaped interferences: From infrequent switching operations, arcing
between metallic contacts, arcing from slip-ring and shaft grounding bushes in rotating
machines, corona from transmission lines.

The Fig. 2.12 summarises the noise types and sources. Discrete spectral interferences can
be identified and eliminated in frequency domain as they have a distinct narrow-band frequency
spectrum concentrated around the dominant frequency, whereas, pd pulses have relatively a broad
band frequency spectrum. Periodic pulse shaped interferences can be gated off in time domain
(any pd occurring in that time interval is lost). But, it is very difficult to identify and suppress
the stochastic pulse shaped interferences as they have many characteristics in common (both in
time and frequency domain) with pd pulses. Also, pulsive noise is a random occurrence (like pd
pulse), which aggravates the process of separation.

(a) (b)

(c)

(d) (e)

Pattern rotates

Fig. 2.12: Possible types of noise associated with pd caused by
(a) Thyristor switching, (b) Fluorescent lamp,

(c) Induction machine, (d) Time modulated (Morse) transmitter,
(e)  Broadcast transmitter or high frequency equipment

Noise Suppression Methods
The simplest way, which is not always possible, to eliminate the noise is to effectively shield the
laboratory (Faraday Caging) and using appropriately designed filters for the electrical input supply
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to the test circuit. But the use of filtering and screening techniques could be expensive and
impractical, especially when undertaking of large equipments on large apparatus. Methods of
suppressing the interferences can broadly be classified into analog and digital methods.
Analog Methods
An analog filter is a frequency selective filter, which operates on continuous time signals. These
are constructed using active and passive electrical elements, classified respectively as active and
passive filters. Application of analog filters in extracting the pd signals is presented below.

(a) Narrow Band Detectors : Narrow band detectors or radio interference voltage measuring
devices (RIV meters as they are called) do suppress interferences to an extent,
particularly those arising out from broadcasting stations and certain sinusoidal interferences
during on-site measurements. But the drawback of these methods is poor pulse resolution
capability and lack of indication of the polarity of pulses.

(b) Pulse Discrimination System : The pulse discrimination system can be used to suppress
the external pulsive interferences. But, when pd pulses superimposed on pulsive
interference, results in suppression of both pulses. Also, any inductively coupled signal in
the main circuit appears as an internal discharge to the pulse discrimination system and
therefore makes screening necessary for such cases.

(c) Bridge Method : The bridge methods are developed to suppress common mode of
interferences. Two identical measuring impedances, used in adjacent arms of the bridge
act in tandem to subtract, algebraically, the interferences appearing at the input of the
amplifier, so that, a 20 dB improvement in DSI rejection can be achieved. In practice,
however, a satisfactory bridge balance can only be achieved at a given frequency or
within a narrow frequency range. A suggested modification to the bridge circuit, by inserting
the measuring impedances at the HV end instead of the ground end, to prevent ground
interferences seem to mitigate the problem to a certain extent. A noise canceller using
delay line and use of tunable rejection filters to suppress DSI’s suggested in literature is
found it to be impractical. In the recent past, Digital methods have found wider application,
being relatively inexpensive, elegant and less cumbersome.

Digital Methods
With the advent of fast digital computers with large memory, digital methods of noise suppression
in pd measurement are becoming increasingly more acceptable and preferable compared to the
other methods. The more important advantages of digital methods are:

(a) Possibility for post processing, and re-construction of pd data.
(b) A significant saving on the processing time.
(c) Feasibility of hardware implementation with possibility of real time implementation.

Various digital signal processing techniques are now available for the suppression and even
elimination of interferences in particular, as applied to pd measurements. The essence of some
of these methods is presented here under.

(a) Method of Time Series and Moving Averages: The basic principle used in this method
is to effect a time average of a certain portion of the signal sequence at a known instant
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of time. This essentially is a synchronous accumulation of the quasi-repeatable signals
using the information of either polarity being repeated, a characteristic of random noise,
hence effectively cancelling it in time. More explicitly, periodic signals are added together
coherently, while the random noise components are averaged out to successively diminishing
values. The improvement in signal to noise ratio (SNR) by this method is N , where N
is the number of samples to be arranged.
Moving average method is simple, easy to implement and effective in removing white
noise. The efficiency of this method is reduced considerably in the presence of multiple
DSIs. This method is not useful in on-site measurements and non-shielded HV labs. Since
the signal to noise ratio of such signals is extremely low and pd pulses buried in such
high noise is non-tractable. A powerful extension of these techniques called the auto
regressive and auto correlative (ARMA and ARIMA) models are especially applicable
to the comparison of several pd patterns observed at different points of time. This aspect
is discussed in some detail later in this book.

(b) Fast Fourier Transform Filters: The FFT threshold filtering is a simple decision criterion
based on the premise of choice of threshold level equal sized pd pulses by an initialisation
process. Once the disturbing frequency ranges are known, the working phase checks for
frequencies where the magnitude exceeds the threshold over the entire frequency spectrum
and sets all the values to either zero or a preset value. The signal is then re-transferred
to time domain by an inverse FFT thus reconstructing the signal.
The performance of the method decreases significantly, if, energy in noise coefficients
happen to be considerably large compared to that of pd pulse (i.e., low SNR). A more
important disadvantage is seen to be the removal of pulsive interferences, which very
often is futile. Also, tackling non-stationary of pd signal is not generally feasible.

(c) Digital Filtering: Essentially a filtering technique in time domain, noise denigration is
effected in time domain itself. The advantage of the digital filters compared to analog
filters are; compactness, ease of design for desired frequency, multiple passband with
sharp roll-off, adjustable order of configuration depending on the requirement and possibility
of hardware implementation on  a DSP processor.
In a broad sense, the methods of realisation of digital filters can be divided into two
classes; first one being the recursive filters and second one being the non-recursive filters.
Recursive filters, also known as infinite impulse response (IIR) filters, used in realising
steeply falling filter characteristics. But due to the regenerative feedback, the output can
simply oscillate with resulting stability problem, particularly so with higher order filters.
Further, larger phase distortions, occur making reconstruction of signal in time domain
difficult. Non-recursive or finite impulse response (FIR) filters are inherently stable and
therefore do not result in oscillatory response. They have a fairly linear phase type and
therefore pulse distortion is relatively low.
Digital filters can further be classified as non-adaptive and adaptive filters. In non-adaptive
methods, a small block of the recorded signal is initially used and its characteristics are
calculated. Then a fixed digital filter is designed for eliminating the interference optimally.
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In contrast, the adaptive methods have closed loop configuration, in which the filter
coefficients are varied to reduce the interference. Here the pertinent interference
characteristics are not estimated explicitly; rather, the filter accomplishes the objective of
automatically updating the filter coefficients with the availability of each new sample (or
block of samples) of the data. The adaptive filtering needs a reference signal, which is
used for obtaining filter coefficients.
Digital filters are effective in suppressing DSIs and random noise but are incapable of
discriminating pulsive interference, due to overlapping frequency spectrum of signal and
noise pulses. Thus efficient on-line measurements of pd signal are rarely possible in
conventional DSP methods. Also considering the pd pulses to be stationary, as are often
considered so in these filter designs, is untenable.

(d) Method of Wavelet Transform: This technique analyses the signal both in time and
frequency domain simultaneously. A wavelet transform is a linear transform, which can
treat non-stationary signals. Just as Fourier transform decomposes a signal into sinusoidal
waves of various frequencies, wavelet transform breaks up a signal into shifted and dilated
versions of what are called a mother wavelet. The fixed time-frequency resolution of
Short Time Fourier Transform (STFT), which can be thought of as a possible method of
analysis, has certain constraints in regard to analysis of non-stationary signals.

Also, significant possibility of generating fast and computationally better algorithms of DWT
makes it more suitable for the present purpose than STFT. The mother wavelet is a window
function, whose extent enlarges in time (or reduction frequency), while resolving low-frequency
component and shrinks while analysing high frequency components.

The method of denoising of a polluted signal involves two steps, in the first phase a desired
mother wavelet is chosen according to the characteristics of the signal and then DWT coefficients
are obtained. The second phase involves the modification of these wavelet coefficients using
hard or soft thresholding. The denoised signal is then reconstructed by taking inverse wavelet
transforms of modified components.

The wavelet analysis seems to be emerging as a powerful tool and possesses many
advantages compared to other conventional frequency based approaches. However, problem of
suppression of pulsive interference is to be addressed using statistical signal modelling and feature
extraction methodologies [23–27].

In practice when the interference is not too much high frequency filtering included in the
measuring circuits, high voltage and low voltage HF filters are used as shown in the Fig. 2.13
Application of Active Digital Filters on the measuring side is now been used with advantage in
many cases where it is possible to digitise the waveform. Two methods of measurement of pd
are indicated.

 (i) Straight detection method.
(ii) Balanced detection method.

When pd is required to be measured in a single test object, the equivalent circuit, Fig. 2.13
is used.
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Comparison of two identical test object for the prevalence of pd can be made by what is
called as Balanced Detection as shown in the Fig. 2.14. The essential feature of this method is
the common mode rejection paradigm by which the noise in one arm of the detector is eliminated
by the other.

Any pd measuring equipment seeks to measure the peak amplitude of voltage dip, ∆V. If
the nominal capacitance of the specimen is known, the charge associated with the pulse can be
calculated. Upon a breakdown of the discharging cavity, nearly all the charge residing on the
walls of the cavity in annihilated in a very short time, (≤ 1 µs) and this process constitutes a
measurable current through the external circuit. Referring to the Figs. 2.13, 2.14 and 2.15, this
current is sensed as a voltage pulse across an impedance of known characteristics, amplified
and displayed on an analogue or digital device.
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Fig. 2.13: Schematic showing straight detection circuit
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Fig. 2.14: Circuit showing the principle of balanced detection
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Fig. 2.15: Schematic showing of balanced detection circuit

The essential components of pd circuit shown in Fig. 2.15 include:
• High voltage source, discharge-free up to its maximum rated voltage.
• High frequency (HF) filter.
• High voltage discharge-free coupling capacitor.
• Measuring impedance, HF matching transformer and tuned amplifier.
• Display device.
The alternating voltage source is a carefully shielded testing transformer with liberally designed

insulation and corona-free connecting terminals. It often happens that, current demands by large
capacitive loads such as long cables, high voltage capacitors of various types and the like place
serious restrictions on the testing transformers necessitating reactive compensating devices.

The HF filter is essentially an air core inductor coil, acting as a narrow band noise-suppressor,
is meant to block the disturbances emanating from the transformer and high voltage connecting
leads. The effective bandwidth of the filter is limited. This is only an initial or a coarse filter and
for effective noise suppression, other elaborate arrangements are required.

The function of the coupling (or blocking) capacitor, Cc provides a return path to measure
HF current signals. The measuring impedance, Z, is normally connected in series with Cc.
Alternately, it may also be put in series with the specimen, Cx. In the latter case, if, for some
reason, the specimen breaks down, there is a danger of damage to Z, unless it is adequately
protected. The capacitance Cc is so chosen as to make Cc ≥ Cx. This improves the sensitivity of
measurement. In performing reliable measurements, the internal (circuit) noise and external
electromagnetic interference pose serious problems. Over the years, numerous improvements have
been made in resolving these and associated problems to a great extent. A detailed description
on the methods of noise suppression is given in [28] and many other publications.

The measuring impedance, Z, gives a voltage pulse of a short rise time and duration,
proportional to the time varying charge (impulsive current).  The composition of Z can either be
a simple, parallel-RC or a LRC-combination. In either case, the magnitude of the peak value of
the voltage signal is the same.

The pulses are often very weak and need distortion-free amplification. After isolating the
signal from across Z, it is amplified to the required level. The signals constituting a series of
pulses of differing magnitudes occurring at different points of the applied voltage wave is displayed
on the screen of an oscilloscope having the required bandwidth. Alternately, the amplifier output
can be connected to a digital recording facility so that the data is acquired in a digital form.
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It is to be noted that the magnitude of the voltage signal and therefore the charge measured
at the amplifier terminal is much less than the actual value due to circuit attenuation. Furthermore,
the apparent charge, q = Cx ∆V is measurable only with reference to a known charge pulse,
injected at various points of the measuring circuit and measuring the attenuation.

The detector itself is to be calibrated against the reference charge pulse. Usually, the
manufacturer of pd detector either supplies or suggests a calibrator for various measuring ranges.
Without going into details, it will be mentioned, that, depending upon the capacitance of the test
object and its location at site, reliable, accurate and reproducible measurement becomes a
challenge.
pd Signature Analysis
Depending upon the type and geometry of the defect, the pd leaves indelible imprints or signature
or pugmarks with a high degree of reproducibility. The imprints open up vistas in enumerating
the source, the ambient and the defect types. An indication of possible imprints are shown in
Figs. 2.16–2.19 to an arbitrary scale.

Fig. 2.16: A typical asymmetric discharge pattern

(a) (b) (c)

Fig. 2.17: Oscillograms of discharges caused by (a) floating points, (b) synthesised, (c) actual

+

–

+

–

+

–

Fig. 2.18: Corona discharges at, and slightly above, the inception voltage
(Corona occurs at the high voltage electrode and at the negative peak)
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Fig. 2.19: Corona in oil

2.6 MEASUREMENT OF DIELECTRIC STRENGTH

If the intention is to measure the dielectric strength (Ed), the surface breakdown or surface
flashover should be avoided. The preferred electrode geometries used in the measurement of Ed
are Fig. 2.20. These electrode arrangements facilitate in measuring Ed in both thick and thin
specimens. The advantage here is that it is possible to avoid the surface flashover and
preferentially induce a dielectric breakdown. Furthermore in comparison dielectric measurements
this arrangement is of particular advantage. These electrodes are used for insulation whose
dielectric strength is greater than ~ 25 kV/mm.

The breakdown strength of a few commonly used insulating materials under different voltage
profiles is given in Table 2.5.

θ

(i) (ii)

Fig. 2.20: Electrodes for breakdown voltage measurement
(i) Sphere-plane. (ii) Point-plane (θ ≤ 20o)
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Table 2.5: Breakdown strength (under identical conditions) of a few practical dielectrics
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* Shell diala–D (Thermally up-graded paper)

@ Electrical Grade Muscovite
# Sphere (12.5 mm Dia) – plane electrode systems at 25oC
** Sphere–Sphere (12.5 mm dia) electrodes, with standard 2.5 mm gap spacing, degassed filtered liquids according

to IEC where applicable.

■ ■
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