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Abstract

The paper presents a measuring stand designed and built for testing direct and alternating current
properties of power transformers basic insulation component i.e. electrotechnical pressboard impregnated
with transformer oil. Measurements of direct and alternating current parameters are performed using
the frequency domain spectroscopy and polarization depolarization current methods.

The measuring station includes a specially developed climatic chamber which is characterized by
high accuracy of temperature stabilization and maintenance during several dozen hours of measurements.
The uncertainty of temperature maintaining during several dozen hours of measurements does not exceed
+0.01 °C. The computer software developed to control the station allows for remote measurements,
changes in supply voltage and temperature settings and acquisition of the obtained results. A new type of
measuring capacitor was developed and manufactured, the structure of which significantly reduces the chance
of samples contamination during measurements. By increasing the accuracy of temperature stabilization
during measurements, the resolution of measurement temperatures was increased, at which it is possible
to perform measurements with the frequency domain spectroscopy and polarization depolarization
current methods. This allowed to reduce the step of measurement temperature change and thus to increase
the accuracy of determining the activation energy of the measured parameters.

The article also contains basic information on the analysis of the direct and alternating current electrical
parameters of the composite electrotechnical pressboard-mineral oil-water nanoparticles. The results
of several direct and alternating current parameters measurements of a transformer oil impregnated pressboard
sample with a moisture content of (5.2+0.1) % by weight obtained by the use of a measuring stand are
presented as examples.

Keywords: AC and DC measurements by FDS and PDC methods, electrotechnical pressboard, insulating oil.
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YcTraHOBKA, METOTUKA U Pe3yJbTAThI U3MEPEeHU
JIEKTPUYECKUX MaPpaAMETPOB KOMIIO3UTA
IEKTPOTEXHUYECKUUA KAPTOH-TPaHCHOPMATOPHOE MACIO

I1. Poraancku

JlobuncKull mexHuuecKkull yhusepcumen,
ya. Haooviempuyxas, 384, Jlrooaun 20-618, Ionvwa

Hocmynuna 21.07.2020
IHpunama k neuamu 03.09.2020

B pabote npeacrasiena paspaboTaHHast © K3TOTOBIICHHAS] yCTAHOBKA JUISI HCCIICA0BAHMSI OTHOW U3 II1aB-
HBIX COCTAaBJISIFOIMX U30JISIMU YHEPTeTHYECKUX TPAaHCHOPMATOPOB — DIEKTPOTEXHUIECKOTO KapTOHa, PO-
MUTaHHOTO TPaHC(HOPMATOPHBIM MACIIOM.

B coctaB ycTaHOBKM BXOAUT CIIEHATIbHO pa3padoTaHHas KIMMaTHYeCcKast KaMepa C BBICOKOH TOYHOCTBIO
M3MEPEHHMS, CTAOMIIN3ALIMY U ITOJICPKAHUS B TCUCHHE JUTUTEIILHOTO BPEMEHHU TeMIlepaTypbl. TOYHOCTD 110/
Jep>KaHUs ¥ U3MEPEHUS TEMIIEPATYPhl B TCUCHUE HECKOJIBKUX IECATKOB YaCOB U3MEPEHUN HE MTPEBOCXOIUT
+0,01 °C. DnexkTpudeckue U3MEPEeHHs Ha MOCTOSTHHOM TOKE BBITIOJHEHBI C UCIOJIb30BAHIUEM METO/Ia TOKOB
noJisipu3aluu u jaenossipusanuu (auri. Polarization Depolarization Current, cokp. PDC), a Ha nepeMEeHHOM
TOKE — METOJIOM UMIIEIAHCHOM crieKTpockonuu (aHri. Fquency Domain Spectroscopy, cokp. FDS). Yupas-
JieHre paboTON YCTaHOBKH M MPOLIECCOM U3MEPEHHI OCYIECTBIISIETCS C TIOMOILBIO pa3padoTaHHOW KOMIIBIO-
TEPHOU MPOTrpaMMBbI, KOTOPast MO3BOJISIET AUCTAHIIMOHHO MMPOBOIUTH U3MEPEHUS, U3MEHSIThH BU U3MEPCHHUH,
BEIMYMHBI HATIPSHKCHUS  TEMIIEPATYPhI, a TAK)KE PETUCTPUPOBATH PE3yJIbTAThl H3MEPEHUM.

Pa3paboTtaH 1 N3roTOBJICH U3MEPUTEIBHBIN KOHAEHCATOP HOBOTO THIA, KOHCTPYKIHS KOTOPOTO 3HAYH-
TEJIbHO YMEHbBIIAECT BEPOATHOCTH 3arpsi3HEHMsI 00pa3loB B Mpolecce n3MepeHuil. biarogaps yBennueHnio
TOYHOCTH CTaOWIIM3AIMK U TOJIEPIKAHUS TEMIIEPaTyphl BO BpEMsl HU3MEPEHUN YMEHBIIICH 1Al W3MEHEHUS
TeMIiepaTyphl pu usMepeHusax mertonamu FDS u PDC. 3To MO3BOIUIO YBEIHUYUTH TOUHOCTh ONPEACIICHUS
SHEPTUU aKTUBAIIMHN U3MEPSIEMBIX TAPAMETPOB.

[IpencraBiena Takke OCHOBHAs MHGOPMALUS [0 aHATHU3Y Pe3yJbTaTOB U3MEPEHHI Ha TOCTOSHHOM U
MEPEMEHHOM TOKE KOMIIO3HUTa — DJIEKTPOTEXHUYCSCKUI KaPTOH, MPOIUTAHHBIN TPaHC(HOPMATOPHBIM MACIIOM,
co/iepKaIllM HAHOKAIUIN BOJbL. B KauecTBe mpuMepa MpeACTaBICHBI Pe3ylIbTaThl HECKOJIBKUX U3MEpPEHUN
OCHOBHBIX IapaMeTPOB DIIEKTPOTEXHUYECKOTO KaPTOHA, MPOMUTAHHOTO TPAHC(HOPMATOPHBIM MAaCJIOM, CO-
JieprKalliiM HaHOKAaILIM BOAbI B KoHIEeHTpauuu (5,2+0,1) % Bec., moyryueHHbIE Ha YCTaHOBKE.

KaroueBble cjoBa: W3MEpEHHWs HA TIIOCTOSIHHOM W TIepeMeHHOM Toke Meromamu FDS wu PDC,
ANEKTPOTEXHUYECKUI KapTOH, TpaHC(HOpPMATOPHOE MACTIO.
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Introduction

For over a century cellulose in form of paper and
pressboard impregnated with mineral oil is a mainly
used material for power transformers insulation.
It is related to good electrical parameters and cost
efficiency of cellulose-mineral oil composite. This
kind of insulation is usually called paper-oil or
liquid-solid insulation. The main source of this type
of insulation malfunction is increase of cellulose
water content. At the beginning of transformer
operation water level of cellulose is usually lower
than 0.8 %. With years of the device operation water
penetrates seals of transformer, solutes in oil and
then is transported by it to the solid component of
insulation. After exceeding 5 % of water content in
pressboard or paper the catastrophic breakdown of
transformer is only a matter of time. Recently it was
discovered that water in cellulose insulation occurs
in form of nanodrops [1] creating cellulose-mineral
oil-water nanodrops composite.

Due to the fact that transformers are hermetic
devices extraction of insulation sample is impossible.
Because of that reason nowadays a lot of effort is
made to develop non-destructive methods of paper
and pressboard moisture level determination [2]. The
most popular are electrical methods. They can be
classified into two basic group. The first one includes
methods based on measurements in the time domain
like the return voltage measurement (RVM) [3, 4]
and  polarization-depolarization  current (PDC)
measurement [5],[6] while in the second one
there are methods based on measurements using
frequency-domain spectroscopy (FDS) [7, 8].

Presented in this article measurement stand
enables usage of FDS and PDC method. Due to the
low accuracy of temperature stabilization, so far
in research of temperature impact on solid-liquid
electrical parameters it was necessary to use results
for a large temperature differences, for example
AT =30 °C [9]. By increase of thermal stabilization
accuracy during the FDS and PDC measurements of
composite cellulose-mineral oil-water nanodrops, it
became possible to increase the concentration of the
measurements performed in a function of temperature
to AT=8°C. Usually FDS measurements are
made in frequency range from 100 uHz to 5 kHz,
with 3 points per decade resolution. A further rise
in accuracy was obtained by increasing the number
of measurement points per decade to 10 for the
frequency range from 1 mHz to 5 kHz and 5 for the
frequency range from 100 uHz to 1 mHz.

The aim of this study was to develop a new
measurement stand for precise tests of direct and
alternating current parameters of the composite
electrotechnical  pressboard-transformer oil-water
nanodrops in a wide range of measurement
temperatures, the maintenance accuracy of which
is below +£0.01°C. And to present selected
measurement results for a sample with a moisture
content of 5.2 % by wt.

The new polarization depolarization
current and frequency domain spectroscopy
measurement stand

Figure 1 shows a diagram with basic elements
of the measuring stand. The stand includes: climatic
chamber, measuring capacitor with a sample in glass
vessel, Omicron Dirana FDS Analyzer, Agilent data
acquisition unit with a PT100 temperature sensor,
a computer with control and recording software.

E b
Agilent 34970A

Figure 1 — Diagram of the stand for the measurements
of direct and alternating current electrical properties of
liquid-solid insulation: 1 — Dielectric Response Analyzer
Omicron Dirana; 2 — Agilent 34970a data acquisition unit;
3 —climatic chamber; 4 —glass vessel; 5—measuring
electrode; 6 —sample of oil-impregnated pressboard;
7 —guard electrode; 8 —PT100 temperature sensor;
9 — voltage electrode

7/

;,//

The measurement of dielectric response analysis
is made by Omicron Dirana FDS meter. The device
is equipped with voltage source with maximum
output voltage amplitude of 200 V and maximum
output current of 50 mA. The voltage source is
capable of outputting direct voltage and alternating
voltage in frequency range 10 uHz—5 kHz. The
meter can measure dissipation factor value up to
100, with accuracy 1 % + 3-10~* and capacitance in
range from 10 pF to 100 pF, with accuracy of 0.5 %
+1 pF. Furthermore, the device is capable of direct
current measurement in range of +10 mA, with
accuracy of 0.5 % =+ 1 pA, which is used in PDC
measurements. The meter work is fully supervised
by computer software. The Dirana FDS meter is
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capable of performing in field measurements on
number of devices such as: power transformers,
autotransformers, bushings, cables, current and
voltage transformers and electric motors, by using
predefined setups. Due to high electromagnetic
interference in case of infield measurements, the
meter is equipped in advance noise suppression
functions. Which facilitates measurements both in
the laboratory and in the field conditions.

For the need of the measuring station, a three-
electrode measuring capacitor was designed and
manufactured. It was built only of aluminum, and
as an insulator in between guarded and unguarded
electrode air gap was used. Before measurement,
capacitor is placed in glass cylindrical vessel, which
dimensions are few millimeters bigger than capacitor
itself. Small volume ofoilinthe vessel reduces chances
of moisture migration between oil and pressboard
during measurements performed in different
temperatures, due to changes of water solubility
in oil. After putting a sample of oil impregnated
pressboard into the capacitor, air gap is filled with
oil in which the sample was stored. All electrical
connections are made of silver plated copper wire
without any insulation. This approach is to eliminate
potential measured sample contamination. At the end
the vessel with the capacitor is hermetically closed.

Temperature value is measured by Agilent
34970a data acquisition unit with use of PT100
sensor in time intervals of 1 s.

The specificity of the measurements requires
high accuracy of temperature stabilization during
the measurement. In order to obtain this objective,
it was decided to build a climate chamber. For this
purpose, it was decided to modernize an old stove
that was once used for material testing. The housing
and heating elements have remained from the old
device. The electronic control system was redesigned
and made. The new control system includes: the
LCD display that allows to monitor the current
parameters of the chamber, the keyboard for entering
settings, the solid state relay (SRT) as an executive
element, the 12 V DC stabilized power supply and
the main controller board. Electronic circuit, printed
circuit board and software of controller was made.
The heart of the controller is the ATMEGA368
microcontroller. The temperature is measured using
the four-wire method with use of a PT1000 sensor.
The MCP3550-50 Single-Channel 22-Bit Delta-
Sigma ADC chip is responsible for the conversion
of the analog voltage signal representing temperature
to digital form, and then sending its value to the

microcontroller via SPI bus 11 times per minute.
Based on the obtained temperature value and using
PID algorithm, the microcontroller controls SRT to
regulate the power of the heater inside the chamber.
For precise control of the heater's power, phase
control was used. To make its realization possible,
the controller board is equipped with a mains voltage
zero crossing detection circuit. Inside the chamber
five small fans were used for fast and even heat
distribution. In order to achieve temperatures lower
than the ambient temperature, it was necessary to use
acold air source. For this purpose, a small freezer was
used, which was connected to the climate chamber
with two thermally insulated pipes. One of them is
equipped with a fan forcing cold air to flow into the
chamber. The rotational speed of the fan is supervised
by the main controller. The operation of the freezer
is steered by a relay located on the controller board.
The device is equipped with three independent
thermal fuses. One software and two physical in two
different circuits. The overheating protections will
react selectively after exceeding the temperature
of 100 °C. This threshold level was selected due
to the flammability of measured mineral oils. The
climatic chamber can be controlled via the USB bus
by a computer. For this purpose, a Windows Forms
Application software was developed, which enables
the display of the current temperature and settings. It
also provides the settings entering. In addition, the
software allows to program any two actions with a
given date and time, for example, in order to switch
off or change the chamber settings. Measurements
of capacitor temperature in time of FDS and PDC
measurements are shown in Figure 2.

70 —
| —T=333,15K —— T=317,15K —— T=301,15K
T=325,15K —— T=309,15K —— T=203,15K
60 _f
50 —
5 i
S 40 f
&
30
20 —
10 T I T I T I T I
0 10 20 30 40
th

Figure 2 — Time dependence of the measuring capacitor
temperature
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In order to estimate uncertainty of a temperature
stabilization, standard deviation of measured
temperatures was calculated (Figure 3). As can be
seen in Figure 3, all values of standard deviation
are lower than +£0.01 °C. Higher values of standard
deviation for temperature 20 °C and 28 °C than for
the rest of temperatures, are caused by on-off cycle
of cooling device operation, which is used in this
measurements.

0.016

0.014

0.012 —

0.010

. 4
< 0.008 —
g

0.006

0.004 —

0.002 —

0.000 ~————
10 20 30

T
40 70

T °C

50 60

Figure 3 — Measurement uncertainty of temperature
stabilization

Fundamentals of the direct and alternating
current material parameters analysis of the
composite cellulose-transformer oil-water
nanoparticles

Direct current conductivity —measurements
of the composite cellulose-transformer oil-water
nanoparticles take place in a three-clectrode
system [5], in which two electrodes, measuring and
voltage, are used to determine the conductivity. The
third electrode is designed to conduct the surface
current to the ground, characteristic in high-resistance
systems. Due to high values of relaxation times in
the tested materials, measurements within several
hours are necessary to achieve the value of the set
current. After obtaining the value of the set current /,
the direct current conductivity is determined by the
formula:

(M

where: /—steady value of current; U-—applied
voltage; d — pressboard thickness; S — electrode area.

Measurements of the alternating current
insulation characteristics of power transformers are
performed with FDS meters in a parallel equivalent
circuit, shown in the Figure 4a. The phasor diagram
for the parallel equivalent circuit is shown in
Figure 4b.

I U

R- L

/- A
Cs

Figure 4 — Parallel equivalent diagram of the insulating
material (a): U — supply voltage amplitude; /, — conduction
current amplitude; /. — displacement current amplitude;
R, —resistance; Cp — capacitance and phasor diagram for
the parallel equivalent diagram (b): ¢ — phase shift angle;
5 — loss angle

The second Maxwell equation (generalized
Ampere's law) shows that in real dielectric materials
a conduction current flows with a density j, and a
displacement current with a density j, so that [7]:

AXH = jp+ je, )

where: H —vector of the magnetic field strength;
Jr—conduction current density; j.— displacement
current density.

In FDS measurements, a sinusoidal forcing
electric field with a circular frequency o is used:

E = Esin(mt), (3)

where: E - electric field strength; E, — electric field
amplitude; o — circular frequency; ¢ — time.

The conduction current density, falling into
the second Maxwell equation, is described by the
formula:

Jz(®)=0(0)E =c(w)E, sin(mt), 4)

where o(m) — conductivity.
Displacement current density, falling into the
second Maxwell equation:
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- where: ¢ — conductivity; Gp — conductance; d—

Jo(®)= > =(D=¢,'E)=wee E, sin(0f — 5), (5)  dielectric thickness; S— voltage electrode surface

area.
where: ¢'—relative dielectric permittivity; g, — )
. : e P Y5 %o C,d |Ysing|d
dielectric permittivity of vacuum; D — electric field =2 = (11)
induction vector. e, S e, S

The conductivity in equation (4) describes the
material's ability to conduct an electric current.
The dielectric permittivity &' in the formula (5)
describes the ability of the dielectric to polarize.
In impregnated pressboard occurs dependencies
of conductivity and permeability on temperature,
frequency and moisture. In real dielectrics, the phase
shift angle ¢ ranges from 0° to —90° (Figure 4).
Meters designed to measure alternating current
parameters of electrical systems, the so-called
impedance (admittance) meters measure two basic
values characteristic for systems containing passive
elements. In the parallel equivalent scheme, these
are the values of the phase shift angle ¢ and the
admittance Y:

Y= >

V
where: Y — admittance; J —voltage amplitude; i—
current amplitude.

Parameters such as conductance G, and
capacitance C, in a parallel equivalent circuit and
the tangent of the loss angle tand are most often
used to analyze the results of in power transformers
insulation measurements. The FDS meter calculates
these parameters using formulas:

(6)

Gp:|Ycos(p; (7)

c = |Ysm (p|; ®)
(O]

tand = . |cotan (p|. )
|tan(p|

Based on the G, and C, values, taking into
account the geometrical dimensions of the dielectric
material, such as the thickness of the pressboard d
and the surface area of the measuring electrode S,
the material parameters are calculated using
appropriate formulas — conductivity and relative
dielectric permittivity, which are included in the
second Maxwell equation:

_Gd |YCOS(p|d

= (10)
S S

>

where: C, — capacitance; g, — dielectric permittivity
of vacuum; d— dielectric thickness; S — voltage
electrode surface area.

” _

i_|Ycoscp|d
T we,S

12)

e,

For the analysis of relaxation processes, the
power loss value ", calculated as:

The power loss value is used to develop its
dependence on the permeability value, so-called
Cole-Cole plots €"(¢"). The shape of the Cole-Cole
charts is related to the mechanisms of relaxation [10].

The analysis of formulas (4)—(12) shows that
the admittance and phase shift angle are the basic
measurement parameters determined in the FDS
method. On the basis of these values, using the
formulas (7)—(12), it is possible to calculate the
electrical parameters of cellulose-mineral oil-water
nanoparticles composite.

Measurements results of the cellulose-
mineral oil-water nanoparticles composite

In the work electrotechnical pressboard and
transformer oil with a moisture content of several
ppm produced by the world's leading companies,
dedicated to the construction for power transformers
insulation, were used. A pressboard sample
with a moisture content of 5.2+0.1 % by weight
was prepared for the tests. The work includes
measurements of basic direct and alternating current

parameters:

—time dependence of the polarization and
depolarization currents and their difference,
determining the strength of the resistive
current (Figure 5);

—frequency  dependence of  admittance
Y (Figure 6);

— frequency dependence of the phase shift angle
o (Figure 7).

Based on measurements of admittance and
phase angle, using the formulas (10)—(12) frequency
dependencies of the loss angle tangent tgo (Figure 8),
alternating current conductivity o (Figure 9),
permittivity &’ (Figure 10) and power loss value
¢" (Figure 11), were calculated.
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Figure 5 — Time relationshipsz cs)f the polarization cur-
rent /,, depolarization current — /, and their difference —
I,—1, of the electrotechnical pressboard impregnated
with transformer oil with a moisture content of 5.2 % by
weight measured at 293.15 K
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Figure 6 — Frequency dependence of the admittance of
electrotechnical pressboard impregnated with transformer
oil with a moisture content of 5.2 % by weight measured
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Figure 7 — Frequency dependence of the phase shift
angle of electrotechnical pressboard impregnated with
transformer oil with a moisture content of 5.2 % by weight
measured at 301.15 K
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Figure 8 — Frequency dependence of the loss angle

tangent of electrotechnical pressboard impregnated with
transformer oil with a moisture content of 5.2 % by weight
measured at 325.15 K
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Figure 9 — Frequency dependence of the loss angle
tangent of electrotechnical pressboard impregnated with
transformer oil with a moisture content of 5.2 % by weight
measured at 309.15 K
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10° 10'
/, Hz
Figure 11 — Frequency dependence of the power loss
coefficient of electrotechnical pressboard impregnated
with transformer oil with a moisture content of 5.2 % by

weight measured at 333.15 K
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The shape of the polarization and depolarization
current waveforms (Figure 5) is caused by the
presence of the sum of two components. The first is
the capacitive current that decreases with time, the
second is the resistive current that is constant over
time. During polarization, after charging is complete,
the resistive current that is constant over time can
be used to calculate the direct current conductivity.
The large changes in the low frequency range visible
in the phase shift angle ¢ (Figure 7), loss angle
tangent tgd (Figure 8), permittivity &’ (Figure 10)
and power loss value €” (Figure 11) waveforms
are caused by the relaxation processes occurring
in the water nanoparticles present in the composite
electrotechnical  pressboard-transformer oil-water
nanodrops. The reason for the significant changes in
electrical parameters such as admittance Y (Figure 6)
and alternating current conductivity ¢ (Figure 9) in the
high frequency range is the phenomenon of hopping
conductivity occurring between adjacent potential
wells formed by water nanoparticles. The occurrence
of water in the composite elctrotechnical pressboard-
transformer oil-water nanodrops significantly affects
the direct and alternating current parameters of the
material, thanks to which it is possible to determine
its moisture content.

Conclusion

In the paper a new measurement stand for
frequency-domain spectroscopy and polarization-
depolarization current measurements of oil imp-
regnated pressboard for different temperatures was

presented. The stand includes: climatic chamber;
three electrode measuring capacitor with a sample;
Omicron Dirana Fquency Domain Spectroscopy
and Polarization Depolarization Current Analyzer;
Agilent temperature meter with a PT100 temperature
sensor; a computer with control and recording
software. For the purpose of the stand a new climatic
chamber was developed and made. The device
allows long term temperature stabilization in range
of 0°C to 100 °C with high accuracy +0.01 °C.
The use of three independent thermal fuses results
in safety operation of the device even without on-
site supervision. Equipping the chamber in USB
communication with computer and by development
of computer software, in combination with meters
computer software, enabled fully remote control of
the measuring stand. Application of new hermetical
three electrode measuring capacitor lowered the
chance for sample contamination.

Article presents basics of direct and alternating
current material parameters analysis of composite
cellulose-transformer oil-water nanodrops based on
frequency-domain spectroscopy and polarization-
depolarization current measurements. The use
of a new climatic chamber with a higher accuracy of
temperature stabilization resulted in the possibility
of reducing the difference between successive
measurement temperatures. Which resulted in the
possibility of increasing the number of measurements
in the scope of measuring temperatures. Additionally,
increasing the number of measurement points per
decade increased the accuracy of the measurements.
Additionally, by increasing number of measurement
points per decade to 10 for the frequency range
from 1 mHz to 5kHz and 5 for the frequency
range from 100 uHz to 1 mHz, resulted in increase
of measurements accuracy.

Thepaper presentsresults ofelectrical parameters
measurements of the composite electrotechnical
pressboard-mineral oil-water nanoparticles. The
measurements were made on a sample of oil-
impregnated pressboard with a moisture content
of 5.2+0.1 % by weight.
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