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THE DIELECTRIC RESPONSE
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The dielectric response I.
• Connecting a dielectric to a voltage source, in 

steady state conditions:

• The time functions:
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1.3 Polarisation and dielectric constant
By applying the Gauss’s law, the electric field can be calculated in that case,
when a dielectric material is inserted between the electrodes (see Fig. 1):

E =
σ0 − σpol

ε0
(11)

and the free charge density can be expressed by the rearrangement of (4):

σe = σ0 − σpol. (12)

Accordingly, the electrical field, as Fig. 1 also shows is generated by the free
charge density (σe):

E =
σe

ε0
. (13)

The most important characteristic of the dielectric materials is that they
increase the capacitance of a vacuum capacitor by εr times higher:

C = εrC0 =
εrε0A

d
, (14)

hence the electric filed can be calculated from the total charge of electrodes.
Thus, if a dielectric material fills the space between the electrode, the electric
field is:

E =
V

d
=

Q0

Cd
=

Q0

εrε0A
d d

=
Q0

εrε0A
=

σ0

εrε0
. (15)

Using (13) and (15) the free charge density is

σe =
σ0

εr
. (16)

Since the electrical displacement is defined as

D = ε0E + P, (17)

using eq. (13) and eq. (7), it is seen the electrical displacement equals to the
total charge density of the electrodes:

D = σe + σpol = σ0. (18)

The polarisation is proportional to the electric field and this proportionality
is written as

P = ε0χE, (19)

where χ is called electric susceptibility. Inserting this proportionality (19), which
describes the relation between electric field and polarisation to (17), the rela-
tionship between the electric field and displacement is given:

D = ε0E + P = ε0E + ε0χE = ε0(1 + χ)E = ε0εrE. (20)
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Figure 2. Dielectric response in case of step function field

For analysis of the response of the dielectric material for the electric field, the
dielectric response function is defined as the polarization under impulse field (E0d(t))
excitation:

P(t) = #0E0d(t) f (t). (2)

2.1. Mathematical description of time-domain response16

Due to this current, the charge is increasing on the electrodes. This charge can be17

separated into two parts, namely free charge and bound charge:18

s0 = se + spol .

The free charge generates the electric field between the electrodes, while bound19

charge polarises the dielectric.20

The charge densities relate to the characteristic quantities of field:21

D = s0,

E =
se
#0

,

P = spol .

To determine the transient behavior of these quantities is necessary to determine22

the time function of charge densities:23

s0(t) = se(t) + spol(t)

D(t) = #0E(t) + P(t).
(3)

The displacement current ( dD
dt ) can be separated further components:24

dD(t)
dt

=
d#0E(t)

dt
+

dP(t)
dt

. (4)

The current is the time derivative of the charge therefore, that of charge densities25

are current densities [1]. Since the real dielectrics are not perfect insulators, conducting26

current (gE(t)) must be added to the displacement current:27

J(t) = gE(t) +
dD(t)

dt
= gE(t) +

#0dE(t)
dt

+
dP(t)

dt
(5)

Accordingly, the names and components of the current densities of an insulator are:28

• gE(t) — conducting (Jr(t)),29

• #0dE(t)
dt — capacitive (Jc(t)) and30

• dP(t)
dt — absorption current (Ja(t)) densities.31

Since the capacitive current generates the electric field itself, this component is indepen-32

dent of insulating material. Because the conducting and absorption currents occur due33

to the insulating material, these components can be used for material characterization.34
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Figure 2. Dielectric response in case of step function field

For analysis of the response of the dielectric material for the electric field, the
dielectric response function is defined as the polarization under impulse field (E0d(t))
excitation:

P(t) = #0E0d(t) f (t). (2)

2.1. Mathematical description of time-domain response16

Due to this current, the charge is increasing on the electrodes. This charge can be17

separated into two parts, namely free charge and bound charge:18

s0 = se + spol .

The free charge generates the electric field between the electrodes, while bound19

charge polarises the dielectric.20

The charge densities relate to the characteristic quantities of field:21

D = s0,

E =
se
#0

,

P = spol .

To determine the transient behavior of these quantities is necessary to determine22

the time function of charge densities:23

s0(t) = se(t) + spol(t)

D(t) = #0E(t) + P(t).
(3)

The displacement current ( dD
dt ) can be separated further components:24

dD(t)
dt

=
d#0E(t)

dt
+

dP(t)
dt

. (4)

The current is the time derivative of the charge therefore, that of charge densities25

are current densities [1]. Since the real dielectrics are not perfect insulators, conducting26

current (gE(t)) must be added to the displacement current:27

J(t) = gE(t) +
dD(t)

dt
= gE(t) +

#0dE(t)
dt

+
dP(t)

dt
(5)

Accordingly, the names and components of the current densities of an insulator are:28

• gE(t) — conducting (Jr(t)),29

• #0dE(t)
dt — capacitive (Jc(t)) and30

• dP(t)
dt — absorption current (Ja(t)) densities.31

Since the capacitive current generates the electric field itself, this component is indepen-32

dent of insulating material. Because the conducting and absorption currents occur due33

to the insulating material, these components can be used for material characterization.34



• Using step-voltage excitation, the polarization 
exhibits delayed response

• The dielectric response function f(t) can be 
introduced:

• For general excitation:

• For voltage step:

• Physical interpretation 
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The dielectric response II.
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The dielectric response III.
• The dielectric measurements can be modelled by a generalized circuit model

2021. 04. 14. BME High Voltage Laboratory 5
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Figure 2. Dielectric response in case of step function field

For analysis of the response of the dielectric material for the electric field, the
dielectric response function is defined as the polarization under impulse field (E0d(t))
excitation:

P(t) = #0E0d(t) f (t). (2)

2.1. Mathematical description of time-domain response16

Due to this current, the charge is increasing on the electrodes. This charge can be17

separated into two parts, namely free charge and bound charge:18

s0 = se + spol .

The free charge generates the electric field between the electrodes, while bound19

charge polarises the dielectric.20

The charge densities relate to the characteristic quantities of field:21

D = s0,

E =
se
#0

,

P = spol .

To determine the transient behavior of these quantities is necessary to determine22

the time function of charge densities:23

s0(t) = se(t) + spol(t)

D(t) = #0E(t) + P(t).
(3)

The displacement current ( dD
dt ) can be separated further components:24

dD(t)
dt

=
d#0E(t)

dt
+

dP(t)
dt

. (4)

The current is the time derivative of the charge therefore, that of charge densities25

are current densities [1]. Since the real dielectrics are not perfect insulators, conducting26

current (gE(t)) must be added to the displacement current:27

J(t) = gE(t) +
dD(t)

dt
= gE(t) +

#0dE(t)
dt

+
dP(t)

dt
(5)

Accordingly, the names and components of the current densities of an insulator are:28

• gE(t) — conducting (Jr(t)),29

• #0dE(t)
dt — capacitive (Jc(t)) and30

• dP(t)
dt — absorption current (Ja(t)) densities.31

Since the capacitive current generates the electric field itself, this component is indepen-32

dent of insulating material. Because the conducting and absorption currents occur due33

to the insulating material, these components can be used for material characterization.34



MEASUREMENTS OF DIELECTRIC 
RESPONSE
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Insulation resistance — Time domain

2021. 04. 14. BME High Voltage Laboratory 7

t1 t2

• Polarisation Index (PI)= I(t1)/I(t2)=R(t2)/R(t1), t1=1 min, t2=10 min
• Dielectric Absorption Rate (DAR)=I(t1)/I(t2)=R(t2)/R(t1),

t1=15 sec, t2=60 sec or t1=30 sec, t2=60 

• DC voltage step
• Components of the 

current
• Dependence on the 

geometry of the 
insulation
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Figure 2. Dielectric response in case of step function field

For analysis of the response of the dielectric material for the electric field, the
dielectric response function is defined as the polarization under impulse field (E0d(t))
excitation:

P(t) = #0E0d(t) f (t). (2)

2.1. Mathematical description of time-domain response16

Due to this current, the charge is increasing on the electrodes. This charge can be17

separated into two parts, namely free charge and bound charge:18

s0 = se + spol .

The free charge generates the electric field between the electrodes, while bound19

charge polarises the dielectric.20

The charge densities relate to the characteristic quantities of field:21

D = s0,

E =
se
#0

,

P = spol .

To determine the transient behavior of these quantities is necessary to determine22

the time function of charge densities:23

s0(t) = se(t) + spol(t)

D(t) = #0E(t) + P(t).
(3)

The displacement current ( dD
dt ) can be separated further components:24

dD(t)
dt

=
d#0E(t)

dt
+

dP(t)
dt

. (4)

The current is the time derivative of the charge therefore, that of charge densities25

are current densities [1]. Since the real dielectrics are not perfect insulators, conducting26

current (gE(t)) must be added to the displacement current:27

J(t) = gE(t) +
dD(t)

dt
= gE(t) +

#0dE(t)
dt

+
dP(t)

dt
(5)

Accordingly, the names and components of the current densities of an insulator are:28

• gE(t) — conducting (Jr(t)),29

• #0dE(t)
dt — capacitive (Jc(t)) and30

• dP(t)
dt — absorption current (Ja(t)) densities.31

Since the capacitive current generates the electric field itself, this component is indepen-32

dent of insulating material. Because the conducting and absorption currents occur due33

to the insulating material, these components can be used for material characterization.34



Tan delta (loss factor) — frequency domain
• Dissipation factor (D): tg !=IR/IC
• Single frequency or D(f) (dielectric response in frequency domain)
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The Return Voltage Methods
• The voltage response measurement is based on the measurement of the 

decay and the return voltage. 
• The discharge voltage (Vd(t)) can be measured after the relatively charging 

period of the insulation.
• The return voltage (Vr(t)) can be measured after the shorting of a charged 

insulation.

4/14/21 BME High Voltage Laboratory 9



The Decay Voltage

0/eg chd VS =
gchd VS t/=

τg=Rg∙Cg



The Return Voltage

0/eb chr VS =

rchr VS t/=
τr=Rp∙Cg



Evaluated Parameters
• Peak of return voltage (Vrmax) 
• Slope of decay voltage (Sd)
• Slope of return voltage (Sd)
• Sd: relating to the conductivity
• Vrmax and Sr: relating to polarization processes

4/14/21 BME High Voltage Laboratory 12



Extended voltage response method
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• The extended voltage response measurement is based on the measurement of 
decay and return voltages. 

• The decay voltage can be measured after a long charging time (tch) of the cable 
insulation disconnecting the voltage source

• The slopes of return voltages (Sr(tdch1)… Sr(tdchn)) can be measured on the charged 
insulation after different shorting times (tdch1…tdchn)*

• The relationship between the results and 
the dielectric characteristics can be 
expressed**:

2. Voltage response method for material characterisation
The voltage response method based on the measurement of decay and return voltages. The
initial technique uses a long charging time (usually more than 1000 seconds) and only one short
(few seconds) discharging and the slopes of the decay (Sd) and return (Sr) voltages are used
for evaluation (Figure 1). Later this technique have been developed by using more than one
discharging with di↵erent shorting times and measuring more slopes of return voltages [6] (Figure
2). This development enables detailed investigation of the distribution of polarisation processes.

Figure 1. Test arrangement [6]
Figure 2. The timing diagram of extended
voltage response method

3. Interpretation of the results of extended voltage measurement method
If a dielectric is connected to a d.c. voltage source, the polarisation current can be expressed as
[8]:

ipol(t) = C0Vch


�0
"0

+ "1�(t) + f(t)
�
, (1)

where C0 is the capacitance of the electrode arrangement in free space (”geometric capacitance”),
Vch is the charging voltage, �0 is the conductivity of the dielectric, "1 is the relative permittivity
due to the ”instantaneous polarisation”, �(t) is the Dirac delta function (represents the capacitive
charging current) and f(t) is the dielectric response function. Since, the dielectric measurements
based on d.c. voltage are usually not capable to investigate the ”fast” polarisation processes,
the capacitance increment due to the ”instantaneous polarisation” are considered in the value
of geometric capacitance. Therefore in real measurements the C0 is had to be replaced to
C = "1C0, where C is the capacitance of the test arrangement measured at power frequencies.

In case of voltage response measurement, the slope of decay voltage is measured after
disconnecting a charged dielectric from the voltage source. After disconnection, the free charge
on the electrodes tries to maintain the electric filed, but the conducting current and the
absorption current decays it. The initial slope of the decay voltage (Sd) can be expressed
from Eq. 1 by substitution of tch and C:

Sd =
Vch

dt

���
t=tch

= � ipol(tch)

C
= �Vch

"1


�0
"0

+ f(tch)
�
. (2)

Since, by shorting a dielectric charged for tch time, the depolarisation current is (after [8]):

idepol(t) = �C0Vch


f(t)� f(t+ tch)

�
. (3)

From Eq. 3 the slope of return voltage (Sr) can be expressed after tdch discharging time:

Sr =
Vch

"1


f(tdch)� f(tdch + tch)

�
. (4)

It can be seen form eq.2, if the charging time is high enough the value the dielectric response
function can be neglected and as Németh stated [3] the Sd is directly propositional to the
conductivity. If the tdch is close to zero, the Sr is directly proportional to the intensity of ”slow”
polarisation processes (eq. 4). Németh characterised the dielectric response at 0 time with a
conduction like figure, namely the polarisation conductivity [3].

Since the extended voltage response method measures a set of slopes of return voltages as
a function of discharging times, the Sr(tdch) curve is equivalent to the depolarisation current
curve (see eq. 3 and 4).

4. The new method based on electrostatic voltmeter
As the previous section introduces the slopes of decay and return voltages are characteristic
values of the insulating material, but the voltage has to be measured by a lossless voltmeter
and the capacitance of the equipment can be neglected. However, these requirements are easily
fulfilled during testing real insulations (e.g. high voltage equipment), in case of measurement of
small material samples, the capacitance of the sample are in the same order of magnitude of that
of the test equipment. Other limitation of the method is that the measurement of characteristic
values of the material requires guarded electrode arrangement [9] to reduce the surface current
and electric field inhomogeneity at the edges of the electrodes.

However, the issue of lossless voltmeter can be solved by using non-contact voltmeter, the
charging and discharging processes cannot be solved by a simple voltage source. A possible
solution can be the usage of corona electrode for charging [10, 11, 12], but by this method,
charging and discharging times cannot be controlled easily. For the reliable determination of the
dielectric response function, definite charging and discharging times is needed, which requires
the application of switches however, the impedance of practical switches is similar in range to
that of the tested samples.

Previous problems have been solved by the newly developed method. The simplified
arrangement of the equipment can be seen in Figure 3. The Figure shows the voltage is
measured by a non-contact voltage follower type electrostatic voltmeter (TREK 430 ESVM). In
this method, the test probe follows the voltage of the surface [9, 13]. By connecting the probe
to the guarding electrode the leakage current on the surface of the sample can be eliminated
and the in homogeneity of the field on the edge of the high voltage electrode can be reduced.

The insulation impedance of the switches can be increased by bootstrapping technique. The
initial circuit is complemented by another switch (SW3). One terminal of SW3 is connected
to the test electrode. The other terminal is connected to the common terminal of the other
switches and a resistor (R) connects it to the probe. The value of the R resistor is not critical,
but some considerations are needed to take into account. First, the value has to be lower than
than the insulation resistance of the SW3 at least by two order of magnitude to neglect the
voltage drop on the SW3 switch. Second, the bootstrapping voltage source of the electrostatic
voltmeter cannot be overloaded by the R resistor. Third, the charging time of stray capacitances
has to be faster than the slopes of the measured voltages.

5. Measurement result
The e↵ectiveness of the arrangement can be demonstrated by a simple comparative measurement.
A thin film PVC sample was measured by two methods. In first case, the guarding electrode was
disconnected from the test probe in the figure it is denoted by ”No Guard”. In the second case,
the introduced arrangement was used (”Guard”). The test voltage was 1000 V and the charging
time was 2000 s in both cases. Figure 4 shows the slopes of return voltages as the function of

Figure 1. Timing diagram of voltage
response measurement

Figure 2. The arrangement of
voltage response measurement

2. Model of the measurement
Professor Endre Németh introduced [1] the relationship between the material properties and
the result provided by voltage response measurement. The slope of decay voltage is directly
proportional to the conductivity of the insulation

Sd =
Vch

✏0
�, (1)

where the Vch is the charging voltage, � is the specific conductivity of the material and ✏0 is the
permittivity of free space. Similarly, the slope of the return voltage is directly proportional the
polarization conductivity of the material (�):

Sr =
Vch

✏0
� =

Vch

✏0

nX

i=1

�pi. (2)

As equation 2. shows in real dielectrics the polarization conductivity is the sum of the
polarization conductivities of the elementary processes (�pi), which remain in activated state
after charging and discharging of the insulation. The relation between the polarization
conductivity and the polarizability (↵pi) of a given elementary process is �pi = ↵pi/⌧pi, where
⌧pi is the time constant of the process. For the calculation of return voltages the extended
Debye model of the insulation is used (figure3.). In this model C0 represents the capacitance of
the electrode arrangement without the insulating material (vacuum capacitance). R0 is the d.c.
resistivity of the insulation and the Rpi�Cpi branches (Debye elements) represent the elementary
polarization processes of the insulation. The elementary processes can be characterized by their
time constants ⌧pi = RpiCpi and intensities, namely the polarizability (↵pi = Cpi/C0). The
relation between the equivalent circuit of an insulation (figure 3) and the parameters provided
by the voltage response measurement can be expressed:

Sd =
Vch

⌧0
, (3)

Figure 3. Equivalent circuit of an
insulation

*Tamus Z Á, Csábi D and Csányi G M 2015 Journal of Physics: Conference Series 646 012043
**Tamus Z Á, 2019 Journal of Physics: Conference Series (inPress)



VOLTAGE RESPONSE FOR 
MATERIAL CHARACTERIZATION
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Requirements of the measurement
• The capacitance of the equipment has to be lower by two order of 

magnitude than that of the test object.
• The voltmeter has to be lossless but if the input impedance is higher by two 

order of magnitude than the resistivity of the test object.
• These requirements can be easily satisfied in case of testing high voltage 

equipment.
• But in case of material samples it is questionable.
• Critical elements

• Voltmeter
• SW1
• SW2

2021. 04. 14. BME High Voltage Laboratory 15

Figure 1. Timing diagram of voltage
response measurement

Figure 2. The arrangement of
voltage response measurement

2. Model of the measurement
Professor Endre Németh introduced [1] the relationship between the material properties and
the result provided by voltage response measurement. The slope of decay voltage is directly
proportional to the conductivity of the insulation

Sd =
Vch

✏0
�, (1)

where the Vch is the charging voltage, � is the specific conductivity of the material and ✏0 is the
permittivity of free space. Similarly, the slope of the return voltage is directly proportional the
polarization conductivity of the material (�):

Sr =
Vch

✏0
� =

Vch

✏0

nX

i=1

�pi. (2)

As equation 2. shows in real dielectrics the polarization conductivity is the sum of the
polarization conductivities of the elementary processes (�pi), which remain in activated state
after charging and discharging of the insulation. The relation between the polarization
conductivity and the polarizability (↵pi) of a given elementary process is �pi = ↵pi/⌧pi, where
⌧pi is the time constant of the process. For the calculation of return voltages the extended
Debye model of the insulation is used (figure3.). In this model C0 represents the capacitance of
the electrode arrangement without the insulating material (vacuum capacitance). R0 is the d.c.
resistivity of the insulation and the Rpi�Cpi branches (Debye elements) represent the elementary
polarization processes of the insulation. The elementary processes can be characterized by their
time constants ⌧pi = RpiCpi and intensities, namely the polarizability (↵pi = Cpi/C0). The
relation between the equivalent circuit of an insulation (figure 3) and the parameters provided
by the voltage response measurement can be expressed:

Sd =
Vch

⌧0
, (3)

Figure 3. Equivalent circuit of an
insulation



Application of ESVM for return voltage measurement
• Charging by corona discharge
• Neutralization by earthed and slightly alcohol wetted cotton
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behaves as a simple parallel RC circuit and no return voltage 
will be observed. In this case is a decreasing exponential 𝜙𝐸
function, and from (3) it may also be deduced that dV/dt=0. 
However, on most disordered materials, dielectric functions 
are following time power laws:

 for t≠0 (4)
𝜙𝐸(𝑡)
𝜙𝐸(𝑡0) =  ( 𝑡

𝑡0) ―𝑛

In this case,  decreases faster than an exponential at 𝜙𝐸(𝑡)
short times, and hence the second term of equation (3) 
predominates for small values of t-tn, thus leading to a 
voltage return of the same sign than the initial potential.

The assumption of linearity may be quite easily verified, 
since from the dielectric function deduced from the voltage 
decay measurement, it is easy to use equation (3) to predict 
the shape of the return voltage that should be obtained. 

It must be underlined that the return voltage, after a 
maximum value reached for , will slowly 

𝜙𝐸(𝑡)
𝜙𝐸(𝑡 ― 𝑡𝑛) = 𝑉𝑛

𝑉0

decrease to zero. For large time values, the voltage decay will 
be the same than for an initial charge deposit inducing the 
potential .𝑉0 ― 𝑉𝑛

For a dielectric function following equation (4), the time 
to reach the maximum voltage may be computed, it is:

 (5)𝑡푚 = 𝑡𝑛

1 ― (𝑉𝑛𝑉0)
1
𝑛

 

Many experiments at moderate fields on polar or 
composite insulating materials may be described by this 
linear model (see for instance [9]). Among the physical 
causes of slow relaxation, interfacial polarization is one of 
the most common. It may often be described using a 
relaxation function; however, this phenomenon is not 
necessarily linear. For this reason, it will be treated in a 
separate section.

III.INTERFACIAL POLARIZATION 

A. Introduction
Most insulating materials commonly used in modern 

systems are not homogeneous. Many types of composites 
have been designed to optimize mechanical, electrical, 
thermal properties. They may be organized as multilayered 
systems or as a dispersion of fillers in the material bulk. A 
crystalline insulator maybe polycrystalline. Concerning 
polymers, even a homogeneous material (at the macro scale) 
made of a single constituting molecule, as pure polyethylene 
or polypropylene, may be organized at the microscale in 
domains, with different levels of crystallinity. Different 
values of conductivity may thus be found in these different 
phases. As a result, the capacitive potential distribution 
(involved at short times or high frequencies) may be different 
from the resistive one. In this case a return voltage will 

appear when an insulator kept under polarization during a 
long time is short-circuited during a short time.

B. Experiments
1) Return voltage on DC polarized alumina:
We have shown that polycrystalline alumina exhibits a 

strong return voltage after DC polarization at temperatures 
above 100°C [10]. In these experiments, 1016 µm thick 
plates made of 96% pure polycrystalline Al2O3 were studied, 
with an average grain size around 5µm (Fig. 2).    

Fig. 2. SEM photograph of the alumina plates surface [10]

Aluminum electrodes were deposited on the back side of 
the plates side, to insure a good contact with a hotplate and 
polarization was applied on the free surface through a corona 
triode, using several values of corona current (between 7µA 
and 30µA) and grid voltage (between 200V to 5000V) and 
several polarization times. This polarization was then 
immediately followed by a fast surface neutralization using 
an earthed and slightly alcohol wetted cotton.

(a) Corona charging

(b) Return voltage measurement

DC Current 
regulated

R

Grid

Sample

Fig. 3. Charging and voltage measurements on hot alumina plates
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To record the surface voltage on plates heated above 
100°C, it was not possible to use a classical electrostatic 
probe, which has to be close to the surface. We used instead a 
field mill, at a distance of 20mm, and computed the voltage 
from the measurement using a calibration procedure (Fig.3).

Return voltages measured after 2500V polarization and 
neutralization are given below (Fig.4). The return voltage 
may exceed 30 % of the applied polarization, though the 
applied field is moderate. An interesting result is also the 
relative independence of the time constant of the voltage 
return from the poling time. Space charge measurements by 
thermal step method did not allow to measure any significant 
internal space charge for these combinations of temperature 
and fields.

Fig. 4. Return voltage measurements on 1mm-thick polycrystalline Al2O3 
slabs previously polarized at 2500V (during 1s, 10s, 100s). [10].

2) Return voltage on aircraft cables:
We have shown that it was possible to use return voltage 

measurements with an electrostatic probe as a laboratory 
experiment to characterize short (10cm) cable samples 
therefore allowing to monitor the cable ageing in various 
contexts [11]. We used the measurement setup described Fig. 
5. The cable capacitance (around 50pF) is charged to a 
known potential (here ±2000 V) using a corona discharge 
applied to the square horizontal electrode. Then it is 
transferred under a electrostatic voltmeter probe. 

Fig. 5. Electrostatic voltage measurements on cables.

These experiments were performed on aircraft cables, 
insulated with a polyimide/PFA/PTFE wrapped tape. The 
polyimide internal layer of the insulation, contacting the 
cable conductors (top of Fig. 6), has a mean thickness of 30 
µm. Polyimide is covered by a fluoropolymer layer designed 
to facilitate adhesion on the external layer, which is a 195µm 
PTFE sheath. 

Fig. 6. Layers of aircraft cable insulation

Fig. 7 displays typical decay (“DP”) and return voltage 
(“RP”) measurements on cable samples after short time 
charging, 300s potential decay, and fast neutralization. The 
return voltage appears to be sensitive to the physicochemical 
changes induced by cable ageing (results of Fig. 7 were 
obtained with 1500h aging at 85°C with 85% relative 
humidity). A strong activation by the electric field is also 
observed, but no polarity dependence. 
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• Problem:
• Characterization 

requires accurate 
charging and 
discharging times



The electrostatic voltage follower
• Non-contact electrostatic voltmeter
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Trek Application Note Number 3002

Non-contact surface charge/voltage measurements
Fieldmeter and voltmeter methods
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Figure 1: Electrostatic fieldmeter [13].
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Figure 2: Electrostatic voltmeter (voltage follower) [13].
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Figure 3: AC-feedback electrostatic voltmeter [6,10].
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The arrangement
• Impedance of 

commercial switches 
around 1015-16 !

• This result in high 
leakage current for 
material test.

• The voltage follower 
is used for 
bootstrapping

2021. 04. 14. BME High Voltage Laboratory 18

SW1 SW2 SW3
Charging ON OFF ON

Discharging OFF ON ON

Measurement OFF OFF OFF



Test measurements
• Slope of decay voltages:

• No Guard: -59.211 V/s
• Guard: -31.803

• The slopes of return 
voltages are higher after 
longer discharging times

• Due to the polarization of 
polymeric insulation parts 
of the electrode 
arrangement 
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DIELECTRIC MODELING BASED ON 
EVR RESULTS

2021. 04. 14. BME High Voltage Laboratory 20



Determination of the equivalent circuit 
• The slope of return voltage of R-C branches:
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• Slope of return voltage in case of n R-C branches and given charging 
and discharging times:



Spectrum-like solution — I. 
• Solutions finding in the  0,1…10000 s time constant range
• 10 polarisations in each decade
• Uniform distribution by lg(!)
• Changing the intensity of every single processes, the (Sr(tdch1)… Sr(tdchn))  

result vector of EVR measurement can be found.
• Least Square Method 
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Spectrum-like solution— II. 
• LV PVC insulated power cable
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• After accelerated thermal ageing
(110°C, 900 h)

• Before ageing



Nanodielectric samples — I.
• Samples:

• Pure resin
• 1 w% MgO nanoparticles (MgO)
• 1 w% MgO nanoparticle, surfaceGLYMO (MgO+GLYMO)

• Main properties (ZCU measurments)*
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2.4. INVESTIGATION OF NANO-COMPOSITE DIELECTRIC SAMPLES 15

The most important common point of the results of aged samples is the ap-
pearing of a new polarisation process between the 1000 s and 10000 s time constant
range. The reasons of this phenomenon require more investigation by the increasing
of the measurement number of discharging times to gain more measurement data,
which decreases the error of the approximation. An other useful improvement would
be is the expansion of the discharging times above 200 s providing more detailed
information about the slower polarisation processes.

2.4 Investigation of nano-composite dielectric sam-

ples

The voltage response method also used for characterisation of an epoxy resin MgO
nanodielectric samples (Hornak et al., 2018). The measurements were executed
on three samples. The first sample was a pure epoxy resin. The second sam-
ple contains 1wt% MgO nanofiller, while for the preparation of the third sample,
�-Glycidyloxypropyltrimethoxysilane (GLYMO) was added for surface functional-
ization of magnesium oxide nanoparticles. The dielectric properties of samples can
be seen in Table 2.1.

Table 2.1: Comparison of selected parameters after surface treatment (after (Hornak
et al., 2018))

Sample tan � "r ⇢ Ebd

Pure resin 0.0033 2.95 6.28⇥ 1012 37 kV/mm
Resin + MgO 0.0041 3.43 5.01⇥ 1013 42.3 kV/mm

Resin + MgO + GLYMO 0.0036 3.15 7.14⇥ 1014 43.1 kV/mm

The results show due to the surface treatment the dielectric properties of the
MgO nanocomposite are improved.

However the EVR measurement was also carried out on the samples only the
results of the VR measurement published in (Hornak et al., 2018). This measure-
ment also confirms the lower conductivity and the minimal increment of polarisation
conductivity Table 2.2.

The decreased conductivity is caused by the nanoparticles induce deep potential
wells, which become trapping sites for charge carriers (Takada, Hayase, Tanaka, &
Okamoto, 2008; Tanaka & Imai, 2017). The trap depth is also influenced by the
surface treatment (Chen, Li, & Zhong, 2015).

The EVR measurement enables to investigate the polarisation processes in more
details, therefore this measurement was also executed on the samples. The results
of the measurement are in Fig. 2.7.

16 CHAPTER 2. DIELECTRIC RESPONSE BY THE MEASUREMENT...

Table 2.2: Results of voltage response measurement on nanodielectric samples (Hor-
nak et al., 2018)

Sample Sd[V/s] Sr[V/s]
Pure resin 5.26 27.69

Resin + MgO 3.20 16.48
Resin + MgO + GLYMO 2.25 15.33
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Figure 2.7: Results of EVR measurements

The figure provides information about the distribution of polarisation processes.
The curve of ’Pure resin’ is on the top. This means the pure resin has highest polar-
isation conductivities in the whole polarisation spectrum. The two nanodielectric
samples have almost the same values after 1 s discharging time (see Table 2.2), but
after 10 s discharging time the curve of the surface treated sample (’MgO+GLYMO’)
is over that of ’MgO’ sample. The shape of the curves suggests the intensities of
polarisation processes at higher time constant range is higher in the case of sample
with treated surface of MgO filler.

The time constant distribution of polarisation processes is also calculated for
each sample. The optimisation algorithm in the first step tries to determine the
equivalent circuit of dielectric with 10 Debye elements. Then the number of R�C

elements is decreased till the error between the measured and calculated slopes of
return voltages does not exceed the measurement uncertainty. This algorithm freely
changes the time constant and the capacitances of Debye elements.

Applying this algorithm on the measurement results of samples, the equivalent
circuits contain only three R� C branches. The results are in Fig. 2.8.

The figure shows the slopes of return voltages of each R � C branches as the

*Hornak,J.,Trnka,P.,Kadlec,P.,Michal,O.,Mentlík,V.,Sutta,P.,...Tamus,Z.A.,2018, Nanomaterials, 8(6).



Nanodielectric samples — II.
• EVR measurements
• Finding the minimal Debye 

elemets
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• Intesity of slow polarisation processes 
decreases

• The distributin shifths towards high time 
constants

• Decreasing mobility of charge carriers
• Nanoparticles* **
• Surface modification***

*Takada, T., Hayase, Y., Tanaka, Y., & Okamoto, T. 2008, IEEE  TDEI, 15(1), 152–160.
**Tanaka, T., & Imai, T. (Eds.), 2017, Advanced nanodielectrics : Fundamentals and applications
***Chen, G., Li, S., & Zhong, L., 2015, IEEE 11th Int. Conf. on the Prop. and App. of Diel. Materials (ICPADM)  36–39



AN INTERPRETATION OF FREQUENCY-
DOMAIN MEASUREMENT
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Finding diagnostic markers
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G.C. Montanari,  IEEE ICPADM, Bali, Indonesia, 2006

• The best diagnostic 
marker has to follow the 
ageing of the equipment 
linearly 

• The searching of 
diagnostic markers are 
based on accelerated 
ageing tests

• But the data provided by 
these tests are not reliable 
in many cases



Dissipation factor – Thermal aged EPR cable samples 
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• Shifting of curves 
with ageing can be 
observed

• “Shifting” cannot be 
applied for evaluation of 
ageing

• The centroids of the 
curves were calculated 
to characterize the 
“shifting”:

l g #$ =
∑'()* ),-'l g( #'
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The position of centroids

• The centroids fit on a 
straight line (R2=0.9661)

• Therefore both fC and DFC

values can be used to track 

ageing

• The point of 5844 h aging 

time is an outlier data, it is 

not involved to the analysis
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The central frequency (fc) as a function of ageing time

• Good correlation 
with ageing 
(R2=0.9964)

• This parameter is a 
good marker for 
ageing

• More ageing markers 
have been 
developed*
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.
*Csányi, G.M.; Bal, S.; Tamus, Z.Á. Dielectric Measurement Based Deducted Quantities to Track Repetitive, Short-Term Thermal
Aging of Polyvinyl Chloride (PVC) Cable Insulation. Polymers 2020, 12, 2809. https://doi.org/10.3390/polym12122809



CONCLUSIONS
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Conclusions
• The dielectric response can be measured time- and frequency-
domain by the current measurement

• The return voltage technique has been improved
• Using several discharging and measurements the dielectric response 

function can be measured
• The results can be used for dielectric modeling
• Using electrostatic voltmeter the material samples can be investigated

• Frequency-domain measurements provide a spectrum of a 
dielectric parameter

• It is difficult to interpret them for condition monitoring
• Deducted quantities can help for easier analysis
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