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CALCULATION OF THE DIELECTRIC
EQUIVALENT CIRCUIT PARAMETERS FROM

RECOVERY VOLTAGE MEASUREMENTS

Vladimı́r Ďurman — Ondrej Olach
∗

The paper deals with a method for computing frequency characteristics of insulation systems from the recovery voltage
measurements. The method is based on modelling the system by means of an equivalent circuit consisting of a parallel
combination of RC elements. An algorithm is presented for computation of the individual RC elements and dissipation
factor. The proposed algorithm was applied to the values of recovery voltage for various types of insulation systems. The
results obtained by means of the proposed algorithm were compared with the results calculated from the absorption current
measurements. Good agreement was achieved between the two computational methods.
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1 DYNAMIC PROPERTIES OF DIELECTRICS

The dielectric properties of materials in a time-chang-
ing electric field can be investigated in two ways: by the
time domain measurements or by the frequency domain
measurements. The time domain measurements are pre-
ferred in the dielectrics where slow polarisation with re-
laxation times longer than 1 s appears. As the frequency
characteristics are used in practice, the time domain mea-
surements must be converted into the frequency domain.

The dynamic properties of dielectrics are usually rep-
resented by the impulse response h(t) — response of the
system resulting from a Dirac impulse δ(t). Supposing
that the electric field is the system input signal and the
polarisation P (t) is the system output signal, the system
response to an arbitrary electric field E(t) is

P (t) = ε0

t
∫

0

h(t− λ)E(λ)dλ . (1)

The current density can be evaluated using Maxwell equa-
tions

i(t) = γ0E(t) + ε0
dE(t)

dt
+ ε0

d

dt

t
∫

0

h(t− λ)E(λ)dλ , (2)

where γ0 is the steady state conductivity. If the input
signal is a step electric field E0 , the current density is
given as

i(t) = γ0E0 + ε0E0δ(t) + ε0E0h(t) . (3)

In this way the impulse response h(t) is computed di-
rectly from the absorption current. According to the

known relationship between the complex permittivity
ε∗(ω) and the impulse response h(t) the dielectric data
can be converted from the time domain into the frequency
domain by means of the Fourier transform

ε∗(ω) = ε∞ +

∞
∫

0

h(t)e−jωtdt . (4)

It should be noted that the concept presented here for
the complex permittivity is also valid for the complex
permeability [1].

2 THE RECOVERY VOLTAGE METHOD

The converting procedure described above is based on
the measurement of an absorption current which is a re-
sponse of the system to the step voltage. The absorp-
tion current is in many cases very small and sensitive
to noise. To eliminate this disadvantage an alternative
method based on voltage measurement was introduced. It
is called the recovery voltage method. During the recov-
ery voltage measurement a constant voltage U0 (electric
field E0 ) is applied to the test object for 0 ≤ t < t1 . In
the time period t1 ≤ t < t2 the object is short-circuited
and then it is left in open-circuit condition. The voltage
on the test object is measured for t2 ≤ t with a high
input impedance voltmeter. Time diagram of the process
is shown in Fig. 1.

In connection with the recovery voltage measurements
a derived quantity called “polarisation spectrum” was in-
troduced. It was determined as a dependence of the re-
covery voltage maxima Umax on the charging time t1 for
a constant ratio t1/(t2 − t1). A professional instrument
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Fig 1 Time dependence of the voltage during the recovery voltage
test

Fig 2 Equivalent circuit for modelling the recovery voltage

named Recovery Voltage Meter was developed and pro-
duced for testing recovery voltage on power equipment.
It was mainly used for finding the moisture content in
power transformers insulation [2]. It was found later that
the polarisation spectrum could not be considered as the
only criterion of the moisture content [3, 4].

In the last few years an empirical approach to the
recovery voltage test was replaced by attempts of exact
solution of the transient phenomenon which appears in
the dielectric during the test [5, 6, 7]. The problem of the
recovery voltage data conversion from the time domain
into the frequency domain was also partially solved. The
data conversion can be accomplished in two ways:

1. By solving equation (2) for E(t) in time interval t2 ≤

t .

2. By modelling the process with help of an equivalent
circuit.

In the first approach equation (2) is modified to the form

i(t) = γ0E(t) + ε0εr
dE(t)

dt
+ ε0

[

t
∫

t2

dh(t− λ)

dt
E(λ)dλ

+ h(0)E(t) + E0

(

h(t)− h(t− t1)
)

]

, (5)

where εr is the relative dielectric permittivity. The cur-
rent density on the left side of equation (5) equals to
zero as the measuring circuit is opened. The equation
was solved numerically for known values of εr and γ0
supposing that h(t) has a special form (the so-called uni-
versal response) with four unknown parameters [8]. From

the known values of h(t) the complex permittivity can
be easily computed using relationship (4).

As for modelling the recovery voltage by means of
an equivalent circuit, the problem arises in finding the
solution of a set of non-linear equations. Recently, the
model with two RC elements was properly analysed [9].

3 EXPERIMENTAL PART

In our experiments an attempt was made to find a
solution of the recovery voltage data conversion to the
frequency domain for an equivalent circuit with more
than two RC elements. The equivalent circuit we have
used is in Fig. 2. Here Ci , Ri are the individual elements
of the circuit, n is the number of elements, C0 is the
capacitance corresponding to the optical permittivity and
R0 is the resistance corresponding to the steady state
conductivity.

Let ui(t) i = 1, 2, . . . , n be voltages across the capaci-
tances Ci and ur(t) is the voltage across the capacitance
C0 . Then the next set of differential equations is valid for
t2 < t

dui

dt
=

1

RiCi

(ur − ui) i = 1, 2, . . . , n

dur

dt
=

1

C0

[

−
ur

R0

−

n
∑

i=1

ur − ui

Ri

]

.

(6)

If the period t2 –t1 is very short comparing with the time
constants RiCi , we can use initial conditions ui(t2) = U0

for i = 1, 2, . . . , n and ur(t2) = 0. Then the system of
equations (6) can be solved by the Laplace transform.
Denoting the Laplace transform of ur(t) by ur(s) we
have

ur(s) =

U0

n
∑

i=1

RiCi

sR2

i
Ci+Ri

sC0 +
1

R0

+
n
∑

i=1

1

Ri

−
n
∑

i=1

1

sR2

i
Ci+Ri

. (7)

Supposing that the values of R0 and C0 are known,
we have proposed a procedure for finding the elements
Ri , Ci from the measured recovery voltage data. The
procedure is as follows:

1. A starting guess of R1 , C1 is computed from the peak
value of recovery voltage and the time at which the
peak was reached.

2. The inverse Laplace transform of (7) is performed by
means of partial-fraction expansion.

3. The sum of squares of the difference between the mea-
sured data and the inverse Laplace transform is min-
imised by changing the starting guess according to the
Nelder-Mead simplex algorithm.

4. The next two pairs of Ri , Ci are estimated so that
C2 = C3 = C1 , R2 = 0.1R1 , R3 = 100R1 .

Steps 2, 3 and 4 are repeated while the difference between
the measured and calculated values descend significantly.
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Fig 3 Time dependence of absorption current (- - -) and recovery
voltage (+)

Fig 4 Frequency dependence of tan δ calculated from absorption
current (- - -) and recovery voltage (+)

If all the elements Ri , Ci are known, the data can be
easily converted into the frequency domain. The output
of our experiments was calculated in the form of a dissi-
pation factor (tan δ ). This parameter is frequently used
as it does not depend on the dimensions of the measured
object. For the dissipation factor the next relationship is
valid

tan δ =

1

R0

+
n
∑

i=1

ω2RiC
2

i

1+ω2R2

i
C2

i

ωC0 +
n
∑

i+1

ωCi

1+ω2R2

i
C2

i

. (8)

The experiments were arranged so that in the first
period (0 ≤ t < t1 ) a charging voltage was applied to
the test object and the absorption current was measured
simultaneously. Next, the object was short-circuited for
0.1 s by means of a computer controlled relay and then
connected to the high input impedance voltmeter. For
measurements of both the absorption current and recov-
ery voltage, a Keithley 617 electrometer was used with a
built-in source of charging voltage. The electrometer was
controlled by GP-IB interface. The value of C0 needed for
calculation was measured by the HIOKI Z HiTESTER
3531 at 1 kHz. The insulation resistance R0 was com-
puted from the steady-state value of absorption current.

To prove that the proposed procedure is suitable for
evaluation of insulating systems, the output results must
be compared with the results of another independent
method. As in our case the values of the absorption cur-
rent were available, we chose the method of fitting the
absorption current by a linear combination of exponen-
tials. Typical frequency dependences of tan δ computed
from the absorption current and recovery voltage are in
Fig. 4. The measured values are in Fig. 3.

The test was performed at a temperature of 23 ◦C on
a capacitor type TESLA TC487 with oil-paper dielectric
rated for 1000 V. The capacitor was charged for 6000 s
with 50 V. Good agreement was achieved between the
values of tan δ computed from the absorption current and

from recovery voltage. The mean difference between the
values is about 11%. The maximum difference appears
at the lowest frequency which is probably caused by short
charging and discharging periods. Similar results were
achieved from recovery voltage measurements on cables
and insulation for electric machines.

4 CONCLUSION

The recovery voltage method can be used in prac-
tice mainly in cases where an additional error appears
during absorption current measurements caused by noise
and interference generated from power equipment in the
neighbourhood of the measured object. On the other hand
the advantages of recovery voltage measurements are par-
tially eliminated by difficulties arising from complicated
analysis of the measured data. Primary, the recovery volt-
age measurements were used only as a comparing tool
for indication of changes in insulation during artificial or
natural ageing. The state of empirical approach to the
recovery voltage measurements was later influenced by
a widespread use of numerical methods and computer
technology. It was shown that suitable numerical meth-
ods exist for computing the frequency characteristics of
insulation systems. The method of conversion from the
time domain to the frequency domain based on recovery
voltage measurements we have presented here can be now
declared as an additional method to the measurement of
absorption current. It still requires knowledge about the
system conductivity or resistance. We suppose that this
restriction will be eliminated in the near future by opti-
misation of the computing procedure.
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