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Summary Polarisation and conduction processes in dielectric systems can be identified by the time domain or the frequency
domain measurements. [f the system is a linear one. the results of the time domain measurements can be transformed into the
frequency domain, and vice versa. Commonly. the time domain data of the absorption conductivity are transformed into the
frequency domain data of the dielectric susceptibility. In practice, the relaxation processes are mainly evaluated by the
frequency domain data. In the time domain. the absorption current measurements were preferred up to now. Recent methods
are hased on the recovery voltage measurements. In this paper a new method of the recovery voltage data conversion from
the time domain into the frequency domain is proposed. The method is based on the analysis of the recovery voltage transient
based on the Maxwell equation for the current density in a dielectric. Unlike the previous published solutions, the Laplace

transform was used to derive a formula suitable for practical purposes. The proposed procedure allows also calculating of the

insulation resistance and separating the polarisation and conduction losses.

1. INTRODUCTION

Failure-free operation of equipments for electric
power production and distribution s nowadays of
first-rate  importance.  Failures  of  power
transformers. generators and cables caused by the
insulation breakdown give rise to considerable
financial losses. They also can directly or indirectly
endanger a human life. Therefore researchers have
developed methods for electric insulation condition
assessment and prediction of insulation operation
life. The general tendency in the field of diagnosis
methods is  the application of so-called non-
destructive methods, i.e. methods that work with the
voltage, which does not exceed the operational
voltage of insulation systems [1]. These methods do
not affect the insulation life. Frequently used is a
category of methods known as the dielectric
spectroscopy. The dielectric spectroscopy is based
on current or voltage measurements in the time
domain and also  capacitance and tan &
measurements in the frequency domain. Insulation
resistance is measured in parallel with application of
the dielectric spectroscopy methods. The assessment
of an insulating system is based obviously on
evaluating its dielectric response during a long-term
operation.  Here, the well-known methods of
absorption  current  and  recovery  voltage
measurement can be used. The recovery voliage
method s better resistant to the background noise,
but there are still problems with evaluation of the
results and their conversion to the frequency
domain. This problem is treated in the next lines.

2. THEORETICAL BACKGRO

The dynamic properties of dielectrics are usually
represented by the impulse response hift) - response

of the system resulting from Dirac impulse &7).
Supposing that the electric field is the system input
signal and the polarisation P(1) is the system output
signal, the system response to an arbitrary electric
field E(t) is

P(t) =&, [ Wt~ A E(A)dA. (h
o
The electric field E(7) generates a total current
density #(7) which is the sum of conduction, vacuum
and displacement current densities [2]:
dE(r)
dr

1
iy =y, E(1) +&, +E, if Wt~ A E(A)dA, (2)
; di
where 3 is the specimen conductivity which does
not depend on time or frequency. If the input signal
is a srep electric field Ep, the current density is given
(1) =y, E, +€,E 00+ En). (3)
The function h(r} is known from literature as the
dielectric response of the system. As it is seen from
{(3), the dielectric response can be measured as a
variable part of the current after application of a step
voltage to the measured object. The complex
dielectric susceptibility y is simply the Fourier
transform of the dielectric response

$(©) = 7 iz = [ oexp(-jondi. @
a

As the measurements of polarisation currents in
dielectrics are often influenced by noise, the
measurement of recovery voltage is preferably used
instead of it. During the recovery voltage
measurement a constant voltage Uy (electric field £g)
is applied to the test object for 0 <t < 1;. This time
period must be long enough for settling of all the
polarisation processes. In the time period 1, £7 < 1
is the object short-circuited and then it is left in
open-circuit condition. The voltage on the test object
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is measured for 7 <1 with a high input impedance
voltmeter. Transformation of recovery voltage data
from the time domain into the frequency domain can
be accomplished by solving the transient of recovery
voltage. Two problems arise from the recovery
voltage measurements. The first is the forward
problem, i.e. the calculation of the voltage from the
known values of 3 and hfr). The second is the
inverse problem — calculation of ¥ and Afr) from the
measured time dependence of recovery voltage [3].
In fact, the inverse problem is mostly solved by
applying methods for the forward problem solution
with optimisation of ¥ and h(7).

The known solutions of the forward problem can
be divided into the two categories:
- the solution based on modelling the recovery
voltage transient by means of an equivalent circuit,
- the solution based on solving equation (2) for the
current flowing through the dielectric during the test.
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Fig. 1. Equivalent circuit for modelling the recovery
1():{({?(’

The equivalent circuit used for modelling is in Fig 1
Here C,, R, are the individual elements of the circuit,
n is the number of elements, Cp 18 the capacitance
corresponding to the optical permittivity and Ry is
the resistance corresponding to the steady state
conductivity. Let wfr) {i = I, 2, ..., n) are voltages
across the capacitances C; and (1) is the voltage
across the capacitance Cp. Then the next set of
differential equaiicms; is valid forr. < 1

dh, .w
—h = m(u ~u,) i=12...n (5
dt
du, _ (6)
dr

The initial value of i, (assigned as /) depend on the
charging and discharging p@z‘%od

{1 e
U = ( ~exp(———) lexp(-=2—L). (D)
| p( R, c ) jexp( RC

The system of equations (5, 6) can be solved by
using the Laplace transform. Denoting the Laplace

transfor m uf 1,(1) bx mg}} we have

pC, oy
o e { ,,,,, g’ e § e {8}
7 S (U, ~u ﬁp} T

‘. i

where 2“, R Ce

We can calculate the inverse Laplace transform of
u{p) from equation (8) by using procedure of partial
fraction expansion. In practice the values of Cj and
Ry are known from some additional measurements.
As the values of nfr) are measured during the

u (p}

recovery voltage test, the unknown parameters in
equation (R) are only the pairs (R, C)). For finding
the set of unknown parameters, optimisation
methods are preferably used. A problem here is to
find a good starting guess of parameters. If the
starting guess is poor the calculation can be sensitive
to round-off errors and the method does not
converge. According to [4] a good approximation of
the recovery voltage data was found already for the
set with two pairs (B, C). A method similar to
fitting absorption  conductivity by a  linear
combination of exponentials modified for recovery
voltage tests was also published [5].

For calculation of the recovery voltage transient,
we can modify equation (7) to the form

G au@) .
Ly U 8
. [3’ (1) +& =

ve L[ HUA | ©)
dt s

where I(r) is the current flowing through the
dielectric during the recovery voltage test, U(1) is the
voltage on the object, €. is the optical permittivity of
the dielectric and Cg is geometric or vacuum
capacitance. Calculation of the dielectric response
from equatiom (9) is not easy. ‘Swme author@ use
series of basis functions to solve it [6]. After
applying the basis functions, a set of lmwr equations
for parameters of the basis functions can be
formatted. This is also difficult to solve as the matrix
is badly conditioned.

Another way of solving equation (9) is numerical
integration [3, 7]. First, the measured values of
recovery voltage are approximated by a suitable
function on both sides of the time interval. The
convolution integral is calculated using e.g
trapezoidal rule. The whole equation 1s than
integrated once again to eliminate the derivative
dUt/dr.

The procedures described here in connection with
the recovery voltage evaluation are relative
complicated. They require some special routines and
optimisation methods, which are sometimes not
reliable. That is why we try to find an easier solution
of the problem with help of the standard
transformation methods.

3. DATA CONVERSION WITH HELP OF THE
LAPLACE TRANSFORM

To start the data conversion with help of the
Laplace transform, let us define the unit-step
function vit) as: v(t)= 1 forr 20, v(1) = 0 fort < 0.
It is clear from the course of recovery voliage test,
that the current through the measured object is zero
in the time interval #; < 1. This can be written
mathematically as: /1) v(r-t) = 0. The voltage U(1)
on the object during the test is
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Uty = Li)[}'(f) = v(t~1, }]%m u (1), (10
where u,{t) is the recovery voltage and U, is the
charging voltage. The recovery voltage equals to
zero for ¢ < ;. Under these assumptions, we can
rewrite equation (9) in the form

dU(1)

0=v(r—t, ){%U(U +EE, +

dy, vy s N
w{,gz—fi:{z--f;}g;{/;jdﬂ (1D
4]

Before executing the Laplace transform, we must
substitute the expression for U() into equation (11)
and also partially modify the convolution integral in
i

LIt = AU (AdA= U ()= he -1 }+
dt,

df
A h= Ay (yda. (12
szh(’ Au(Aydi.  (12)

For calculating the Laplace transform of a product of
an arbitrary function f{1) and v(t-t;) we use formula

LLF (1= [ F@exp(=pdi + LT (it -1)], (1)
g

where L denotes the Laplace transform. By using
equations (11), (12) and (13) we have
U, X(p) (14)

u{p)=— 7
22+ pe, + ph(p)
g{}
where X(p) is given by

X(p) =11 - exp(—4,p)i( p) ~ [ ey exp(~ pryt +

1yt

+exp(—t,p) fh(r)exp(-pz)dz. (15)
i

If the dielectric response A1) is of exponential type
h{t)=A exp(-t/7), then the function X{p) has the form
I+ pt 4 T

The forward problem of computing the recovery
voltage from the known values of % and A1) is
resolved in this way by application of some standard
procedure for the inverse Laplace transform to
equation {14) with substitution {16).

If the dielectric response is of a complicated
form, we can use an expansion into the sum of
exponential functions and then perform the inverse
Laplace transform as it was suggested above. This
approximation is not necessary if the charging
interval 7; of the recovery voltage test is very long
and the period when the object is short-circuited is
negligible. Under these assumptions the formula
(15) for X(p) is reduced to

X(p)=—exp(~, p)h( p), (17

as the terms for A(p) and the Laplace integral with
upper limit t, are the same. Finally. we get for the
recovery voltage

Uh(p) ' (18)

Lt pe_+ ph(p)
£

o

u(p)=

The exponential term in (17) need not be considered
as it causes only a shift of the r-axis origin.

Although the formula (18) is very simple, the
solution of recovery voltage inverse problem
requires  more complicated  procedure.  The
theoretical dielectric response has about 3 - 4
parameters. The total count of unknown parameters
is larger, as we must include the steady state
conductivity.

4, EXPERIMENTAL PART

The approach described in the preceding part was
applied to the recovery voltage data measured on a
PVC cable in the course of an accelerating ageing.
A combine voltage-temperature ageing test was
performed on 3-core PVC cable with the maximum
temperature 80 °C and the ac voltage 12.5 kV. The
whole test lasted 150 days. The recovery voltage
measurements were made on 5 m length samples cut
from the cable after 10, 50, 100 and 150 days of
ageing. During the recovery voltage test a charging
voltage of 100V was applied to the sample for
period of 5000s. Next. the sample was short-
circuited for 0.1's by means of a computer-
controlled relay and then connected to the high input
impedance voltmeter. The recovery voltage was
measured in period of 5000s. For the recovery
voltage measurements a Keithley 617 electrometer
was used with build in source of charging voltage.
The wvalue of (, needed for calculations was
measured by the HIOKI Z HiTESTER 3531 at
1 kHz.

The recovery voltage data were processed under
the assumption that the equation (18) is valid. The
dielectric response was approximated by the well-
known Havriliak-Negami formula

[(T+(pn)™Y

As it was mentioned above. we have to reduce the
number of unknown parameters as much as possible,
so we use the measured value of Cy = £.Cq. In order
to include the capacitance C, into equation (18), we
must multiply both the numerator and denominator
of (18) by the value of Cg. The unknown parameter
¥, 1s then changed to Ry

1 zfﬁ.(j(; (20)
R, &
and also the parameter A¢ is changed to Cgaé The
resistance Ry and capacitance Cp have already been
introduced  in  connection  with  modelling  the
recovery voltage by an equivalent circuit.
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The whole procedure of finding the unknown
parameters Ry, Codée 7, 7 and « is based on the
mverse Laplace transtorm

20

The unknown parameters were optimised with help
of a Nelder-Mead type simplex search method. The
inverse Laplace transform  was  performed by
algorithm published in [8]. It can be proved that the
function (19) is strictly proper. i.e. after converting
to the rational function, the degree of its
denominator is higher then the one of the numerator.
The function has no poles in the right-half complex
plane. Therefore we can calculate the values of
dielectric susceptibility by replacing the Laplace
parameter p with jo in (19). In fact, the procedure
described here allows data conversion from the time
domain into the frequency domain.

€
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Fig. 2. Frequency dependence of Coy” with ageing
Hme as parameter

Typical results of the experimental data
conversion are shown in Fig. 2. As the primary
objective of this paper is the presentation of a new
conversion method. we will not accomplish a
physical analysis of the cable ageing phenomena.
We can just state, that a polarisation process was
observed in all the specimens, This process seems 10
be weak in non-aged sample. On the other hand, an
unusually high erement of Cgde oceurs in the aged
samples. The relaxation time of the process depends
slightly on the ageing duration. A probable
explanation of this situation is formation of a
migration polarisation following a non-uniform
temperature distribution in the bulk of insulating
system during ageing.

5. CONCLUSION
A new method of the recovery voltage data

conversion from the time domain into the frequency
domain was developed and verified. The method is

based on the analysis of the recovery voltage
trunsient based on the equation for the current
density in a dielectric. Unlike the previous published
solutions, the Laplace transform was used to derive a
formula suitable for practical purposes. The formula
can be applied in the exact form (14, 15) or in the
simplified form (18). The only necessary condition
for using it, is the knowledge of an analytical form
of the dielectric response. According to our tests, the
formula works well with various types of dielectric
responses. The proposed procedure allows also
calculation of the insulation resistance {conductivity)
and separation of the polarisation and conduction
Josses. Last but not least, the procedure works with
the Laplace transform of an analytical formula, We
need not perform any transformation of the
measured data influenced by an instrument error.
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