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Thermal Aging Based Degradation Parameters
Determination for Grid-Aged Oil Paper Insulation

Devayan Basu, Babak Gholizad, Rob Ross, IEEE Member, Shima Mousavi Gargari

Abstract— Elevated thermal stress related aging is
significant on the oil impregnated paper(OIP) used as
insulation in high-pressure gas cables (HPGC). The aim of
this paper is to develop acheap alternative for lab dielectric
measuring and characterizing temperature dependent
parameters for OIP. Firstly, this paper derives the operating
thermal conditions of the grid-aged cable based on IEC
Standards after analyzing the loading data using machine
learning techniques to determine the elevated temperature
levels for the experiments. Secondly, a novel lab fabricated
inexpensive electronics circuit is developed for polarization
and depolarization current measurements which can be
adapted for such measurements over expensive
commercial devices. From the measured parameters, an
extended 3 branch Debye model is optimized using a
developed Error Function approach based on Akaike
Information Criterion and goodness of fit. The model
indicated a reduction in the branch resistance with
temperature elevation and aging, whereas the branch
capacitance revealed an increasing trend. The resultant
relaxation time(RC) showed a decrease overall. Lastly, a
short-duration frequency domain spectrum was analyzed
and extrapolated to obtain parameters for a wide range of
frequencies and fitted in a Cole-Cole model, derived for oil-
paper insulation. The time constants obtained from this
model also confirmed a reducing trend across the
temperature and aging variations and the model parameter,
the alpha coefficient showed a decreasing trend. Lastly, the
effect of the measured dielectric parameters is reflected
with breakdown values to investigate the effect of
temperature on electrical life of insulation.

Index Terms— Aging, Cole-Cole Model, Extended Debye
Model, Frequency Dielectric Spectroscopy, Oil Impregnated
Paper (OIP), Polarization/ Depolarization, Thermal Stress

1. INTRODUCTION

ONITORING and assessing the condition of cable
insulation has become a growing area of research. Due
to the nature of the non-destructive tests that are
needed to be performed, one is often limited to assess
degradation in field conditions. High Pressure Gas Cables
(HPGC) have been installed about 40 years ago by TenneT, the
transmission system operator (TSO) of the Netherlands and
parts of Germany. Due to thermal and electrical aging over 40
years, these HPGCs are at the end of life and must be replaced,
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but on a priority basis. To investigate the cable insulation
condition, indications for relative degradation rate need to be
investigated. Therefore, a robust model should be developed
using the measurements with the least cable outage time and
without aging the insulation further. For diagnostics, the
experiments are preferred to be with or below operation
conditions. This is because, during offline partial discharge
measurement, the cable is exposed to voltages higher than the
nominal voltage (1.7U,), which may expose the already aged
cables to faster aging. For FDS measurements, a long range of
frequencies is normally used, but high-frequency measurement
has a high current requirement, increasing the measuring
equipment size as well as the issue of taking the cable out of
operation which interrupts service for a considerable time.

There has been significant research on polarization and
depolarization current (PDC) measurement [1-13] and
frequency dielectric spectroscopy (FDS), including the
influence of aging and moisture on oil-impregnated paper [14-
19]. But a majority of research has been based on oil-paper
pressboards used in transformers or artificial oil impregnation
of kraft paper. Also, from the material perspective, multiple
polarization events occur during DC voltage application, but the
tradeoff between the goodness of fit, the number of model
variables, and complexity often become difficult to quantify.
Therefore, there is a need for mathematical criteria to model the
optimal number of polarization branches, which will help to
determine intrinsic insulation properties.

This paper aims to extract model parameters for
quantifying the effect of elevated thermal stress on grid-aged
HPGC samples. The paper is divided into 6 sections and in
Section 2, the operating temperature of the grid-aged HPGC
insulation is derived from the loading data supplied by TenneT
TSO after treating the data for anomalies using machine
learning. Section 3 discusses the preparation of the electrodes
and samples depending on the applied thermal stresses. Section
4 reports the PDC measurement system developed in the lab to
have reliable switching between the two events leading to the
development of the Debye model based on the Akaike
Information Criteria and goodness of fit. The section also
discusses the trends in the measured parameters with thermal
stress and aging. Section 5 describes the FDS measurement and
trends in the measured parameters observed for the prepared
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samples which form the basis of input parameters to the
modified Cole-Cole model. Finally, conclusions are made in
Section 6 based on the parameters obtained from Sections 4 and
5 to assess the possibility of comparing insulation conditions in
thermally aged HPGC samples.

2. OPERATING TEMPERATURE OF HPGC

The loading profile of the HPGC was collected from TenneT
for 6 years at an interval of 5 minutes, which contained some
erroneous data, that may be arising from the sensor. This
loading data was first cleaned, anomalies were detected and
treated by the Isolation Forest Algorithm [20] as shown in
Figure 1(top). On this loading dataset, IEC-60287-1/2-1[21-22]
was implemented to establish the relationship between the
conductor temperature and loading which was smoothed by
moving average to obtain the dynamic temperature plot seen in
Figure 1(bottom).
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Fig. 1. Data processing to determine operational temperature
It can be observed that the temperature remains almost constant
at 30°C, but due to an event in one of the parallel lines, the cable
was overloaded during 08/2018, rising conductor temperature
higher than 42°C, which was also confirmed by TenneT.

8/25/2017 8/14/2018

3. ELECTRODES AND SAMPLE PREPARATION
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Fig. 2. (a) Epoxy casted electrodes, (b) Model of the experimental
setup, (c) Excess insulation storage
The electrodes used for PDC were made of stainless steel with
a diameter of 15 mm and 5 mm for breakdown measurements.
All the electrodes were cast in epoxy with an overall diameter
50 mm seen in Figure 2. No external oil was used, to not alter

© 2022 IEEE. Personal use is

the chemical properties of the oil used in the HPGC. The epoxy
casting ensures that no partial discharge takes place during the
application of the high voltage. Three different thicknesses of
paper insulation as seen in Figure 3 were observed inside the
cables. But the experiments were conducted with the inner
layers of the least thickness since they are closest to the
conductor which experiences maximum thermal and electrical
stress.

The samples used for the experiment are single-layered OIP
from a service-aged HPGC installed by TenneT TSO in the
Netherlands with the following specifications in Table I:

TABLE |
TENNET SUPPLIED CABLE SPECIFICATIONS
- Nominal Nominal Maximum
Insulation Type Li#:%rlg e Line Power Designed
g Current Rating Temperature
OIP 110 kV 570 A 108 MW 75°C
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The samples are cut equally into 7cmx3cm rectangular pieces
and the excess insulation to be used later is stored in a vacuum
jar to prevent moisture ingress for a maximum period of 14
days. For the experiments, two types of samples are prepared:
Type 1- Aged Samples: The samples are first kept at 75°C for 1
week to remove the moisture and then they are kept for 14 days
at the specific temperatures of 45°C, 60°C, and 75°C. Thus, they
undergo a total of around 500 hours of aging.

Type 2- Conditioned Samples: These samples are kept at 75°C
for 1 week to remove any moisture and maintain equal levels
for each one. Then they are kept at 45, 50, 60, and 75°C for 4
more days to condition them, with a total of 250 hours of aging.
Let us define the term, “aging degree” as the duration of aging
of the samples, and this term will be higher for aged samples
compared to conditioned samples.

X
X X

014l mdp g e X e o g

% x x
HPGC Cross-section

m Inner Layer
e Middle Layer
N X Outer Layer

Thickness in mm

L + L J
SRR ~ 50 AN, R e S & -
0.09a| ® .o P .’.rG’v *

- - - _ . LS e
0.073 =a - grfwe e,

5 10 15 20
Sample Number

Fig. 3. Different layer thickness of insulation in cable

4. PRINCIPLE OF PDC MEASUREMENT AND RESULTS

Polarization, depolarization currents and the parameters
derived from them using models is very vital in diagnosing the
aging of polymer or oil-paper insulation in time domain [1-3].
Every insulation can be modeled as a capacitor and parallel
resistance, Co and Rg respectively. Firstly, a DC voltage of 1 kV
(Uo) is applied to initiate the polarization process. This value is
chosen such that the field is not sufficiently high to initiate
electrical aging during the time of the experiment. The
polarization process is carried out for 5000s after which the DC
source is short-circuited initiating the depolarization process for
the next 5000s [5,10]. During these two processes, polarization
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and depolarization currents flow respectively in the order of
magnitude of picoamperes, which are measured using Keithley
617 Programmable Electrometer. The measured data is logged
using a MATLAB script via National Instrument GPIB bus.
Figure 4 below depicts the connection diagram.

, )
Fig. 4. Connection diagram for PDC measurement
An electronic circuit using Arduino Micro controlled 2 parallel
NPN transistors is designed. This reduces the switching time to
3ms and eliminates the possibility of bouncing debouncing as
in case of electromechanical relays which may cause unwanted
transients. The lab implementation of the setup from
development to testing along with the device control has been
explained in [8] as can also be seen in Figure 5 showing the
different electronic components. This inexpensive alternative
has been benchmarked with XLPE samples which were
measured by commercial DIRANA. The preliminary
benchmark results revealed <5% difference between the 2
measurements validating the accuracy of the setup. The

validation has been done for XLPE and OIP samples.
s o o
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Arduino for
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ON/OFF

Switch LED for Reed

Relay 182

Fig. 5. Switching circuit for PDC measurement

A guarded electrode is used so that the surface leakage current
is collected and shunted around the measuring instrument for
accurate dielectric measurements. In the presence of the electric
field, the current for the first 5000s (T,) from time to till t; can
be seen in Figure 6(a), called the polarization current (ip(t))
developed due to the tendency of dipoles to align in the
direction of the field. When the field is removed, the dipoles de-
align themselves causing the depolarization current (ig(t)) to
flow in the opposite direction [9] for next 5000s (Tq) as seen in
Figure 6a. The response time of the cellulose groups after the
application of an electric field may differ from one another.
Thus, each polarization process can be modeled as a parallel
circuit consisting of a series of R-C[2,7,9] shown in Figure 6(b)
with corresponding branch names.
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Fig. 6. (a) ip(t) and i¢(t) variation with applied DC voltage,
(b) R-C series branch representation of polarization processes

4.1. MATHEMATICAL FORMULATION OF THE MODEL

For a geometrical capacitance Co of the OIP sample and field
strength E(t) due to an external voltage U(t), the current through

a homogenous dielectric [3,6] can be expressed as Equation (1):
i®=C [@U(t) +e w+ift (t—r)U(T)dT] )
%le *7ar ac), ?
Where, ¢, denotes relative permittivity at a power frequency of
50Hz, ¢(2) represents the dielectric response function at time t.
The measured polarization current (Ip) in this period contains

both absorption and conduction currents [3], expressed as:
in(8) = Calla[ 2+ £28(8) + 0(0)| @

Where, d(#) is the impulse voltage and Ug is the applied DC
voltage. Now, with the removal of the DC source, the sample
is short-circuited allowing the flow of depolarization current
(1a), composed of only absorption current [3] and given by:
i0(®) = =Colo[o(® —o(t+T,)] (3
From the Extended Debye Model for modeling polarization
processes inside the OIP Insulation, the depolarization current
can be fitted by a series of exponentially decaying functions [7]
given by:

n

_t
I; = Z ae T 4)

i=1
Where, i stands for the polarization process, a; is the constant
coefficient and z; are the relaxation time constants. From these
relaxation time constants, it is possible to extract the series
resistance (R;) and capacitance (C;) branch values [9] in the
model given by the following equations:

R=Us(1-e) /e, ()
C=1/R (6)
The geometric branch resistance [9] can be approximated as:

0
b -t 7
Where, ip(tm) and iq(tm) are the polarization and depolarization
current values after 5000s respectively. Co is the geometric
branch capacitance that has been calculated by measuring the
capacitance at 50 Hz using IDAX 300 and dividing it by the real
part of permittivity (¢) [2].

4.2. PROCESSING OF THE PDC EXPERIMENTAL DATA

For each setpoint, 3 sets of measurements are recorded from the
MATLAB GUI and the following method was used for
analyzing the PDC data:
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Step 1: Acquiring Unfiltered I, and 14 in MATLAB: w5 degC p
The first 10 data points for both the processes are » —75 e
eliminated owing to the transients due to switching of the " 20 \
circuit [1]. I, contains more noise compared to Iy due to 8 Minimum Cumulative Error = Best Model
induced noises from the DC source. Eis
Step 2: Filtering the Signals: E ’
The signals are passed through a Butterworth Filter coded i
in Python, to eliminate the high-frequency components. 5 ~
For selecting the filter order and critical frequency, a . e
double loop was run such that the error between the filtered © TBranch  2Branches 3 EBranches 4 Branches 5 Branches G Branches
& unfiltered data was <1%. No physical filter was used | MumberofBranches used for Hodelling
since the difference between the two was small. Fig 7. Error function for aged samples

Step 3: Fitting the Extended Debye Model on Filtered I4: For Aged (Figure 7) and Conditioned Samples represented in
- stacked bar graphs for different temperatures, it was observed
T that the error function reduces and reaches minimum for 3
| branches and then starts to increase monotonically. Therefore,
3 branches have been used for modelling the polarization

processes in the OIP samples.

O 300 1000 2000 2300 3000
5.

1300
ample Numbers

— 4.4, TREND IN THE OIP INSULATION PARAMETER
Fit e 7 on filtered 1 with the i* largest time constant to 4.4.1 TRENDS IN DC CONDUCTIVITY (k)
obtain the best goodness of fit (R*2 and SSE)
DC Conductivity (x) of the dielectric can be formulated from
Note the vaiue of oy and 1 Equations (2) and (3) as:
| oy = % [, (®) = ig(®)] (10)
B i ot With an increase in temperature for different degrees of aging,
fetes 141) compenentdoes nef exitfor fargestime constant 1 it is observed that « increases as seen in Figure 8. Figures 8, 9
| (1e12) and 10 are plotted with 1 sample every 2 seconds. In OIP
e sxponendial Mnction with (-1 e N samples, the conductivity of insulating oil is exponentially
proportional to temperature [11]:
Subtract the expunenl:a\’cnmpcnentwith{1-1)"" largest . . k= K.'O-eXP (_F/kBT) . (11)
tme constant from the aiready subiracted fiitred I curve. As insulation ages, it is observed that x increases. When the
1 insulation is aged, the internal structure of the paper is altered
Ts gootness of i e.g., thermal-oxidative aging [12], enhancing «.

_reducing significantly _
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4.3. CHOOSING THE OPTIMAL NUMBER OF BRANCHES

°
S

o 500 1000 1500 2000 2500 ] 500 1000 1500 2000 2500
Sample Number sample Number

It often becomes difficult to choose a model based on only the () Aged Samples (b) Conditioned Samples
Sum of Squares of Errors and the R? Scores. Several instances Fig 8. Variation in  with temperature and aging degree
arise when the R? score improvement is very insignificant at the
expense of additional parameters. Also, a model with a smaller . o . . )
number of branches may not accurately model all the From Equation (2), it is evident that I, is proportional to
polarization processes. From the literature, it is observed that, ~conductivity and real permittivity at very high frequencies.
for OIP insulation, 2-6 branches are the optimal fits [2,7,9]. To NOW’IW'th increase in temperature, « increases (Section 4.4.1)
compensate for the increased complexity in the model leading ~ Nd &% also rises (Section 5.1.1), resulting in increase of I, as
to insignificant R? increment, the Akaike Information Criterion ~ Shown in Figure 9. With increase in aging, « increases and &'
(AIC) [23] has been adjusted for the regression model. The log- ~ INCreases, resulting in upward shift of I, [7,9].

likelihood maximization can be equated proportional to the

4.4.2 TRENDS IN POLARIZATION CURRENT (l,)

--- 45degC | _1.50 —.= asdegC

minimization of the Sum of Squares of Errors (SSE). So, for ~ £* - eoteac €

regression-based applications, it is rewritten as: £ g L T e
Adjusted AIC = 2K — 2In (1/SSE) (8) g0 5o

Now, each Adjusted AIC value is divided by the Minimum AIC _” £

to obtain Normalized AIC. Now, let us define an Error %o, o £, L—— ——

Function, and the lower its value, the better is the model: Sample tumber Sample Number

Error Function = [(1 — Normalized AIC) + (1 — Adjusted R?)]*100% (9) ()  Aged Samples (b) Conditioned Samples

Fig 9. Variation in I, with temperature and aging degree
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TABLE Il
MODEL PARAMETERS FOR EACH BRANCH AT DIFFERENT TEMPERATURES
Temperature Branch Tconditioned Taged Reonditioned (TQ) Raged (TQ) Ceonditioned (PF) Caged (pF)
(°C) Number (sec) (sec)
45 Branch 0 1575 135 191.2 16.5 8.24 8.22
Branch 1 2114 1450 385.0 293 5.49 4.94
Branch 2 258 180 393 313 6.56 5.74
Branch 3 53 45 18.3 12.7 2.89 3.56
60 Branch 0 161 85 19.5 10.3 8.24 8.23
Branch 1 1350 1100 153.0 102 8.8 10.8
Branch 2 180 170 23.9 20.4 7.52 8.33
Branch 3 45 40 57.1 10.6 0.788 3.78
75 Branch 0 134 50 16.2 6.1 8.24 8.22
Branch 1 900 850 112.0 47.2 8.05 18.0
Branch 2 160 150 16.4 13.9 9.76 10.8
Branch 3 40 35 67.0 8.32 5.97 4.24

4.4.3 TRENDS IN DEPOLARIZATION CURRENT (lg)

In Equation 3, ¢t + Tp) = 0, it is short-circuited for a long
duration of 1.5 hrs. The dielectric response time, ¢(#) varies
continuously however after sufficient time when the
discharging occurs, they settle at similar values, irrespective of
temperature. The noticeable change is the rate of decay which
varies depending on the amount of charge stored during
polarization, for the aged sample is higher compared to
conditioned samples. As temperature increases, slope reduces,
which is very evident in the aged samples as seen in Figure 10.

- a5degC 45degC

]

=
-5-1-15 -=- 60degC E == 50degC
75degC --- 60degC
E1.00 ¢ e e
G G4 o9
5075 B
2 =
3 ]
Foso i
H H
$0.25 3
a a
s o
a0.00 ao
0 500 1000 1500 2000 2500 3000 O 500 1000 1500 2000 2500
Sample Number Sample Number

(@) Aged Samples (b) Conditioned Samples
Fig 10. Variation in |4 with temperature and aging degree

4.5. TRENDS IN EXTENDED DEBYE MODEL DERIVED OIP
INSULATION PARAMETERS

4.5.1 TRENDS IN BRANCH RELAXATION TIMES (1)

The time constants of each polarization branch are calculated as
the product of the branch resistance and capacitance. The
physical significance of relaxation times can be interpreted as
the time taken for the dipole groups to establish polarization. It
can be expressed as a function of temperature as [5]:
T = mexp ( )/wo (12)

Where, U is the barrier helght potential; wo is the angular
frequency of particle vibration, T is the absolute temperature
and kg is the Boltzmann Constant. Equation 12 indicates that ¢
decreases exponentially as temperature increases. Also, with
aging, chemical degradation is higher due to depolymerization
of cellulose, altering the reaction kinetics and shortening the
polarization processes [5]. In Table I, it can be observed that
with an increase in temperature and aging degree, 7 reduces.

4.5.2 TRENDS IN BRANCH RESISTANCES (R;)

From the low-frequency dispersion (LFD) theory developed by

Jonscher [4], as the temperature decreases, the average kinetic

energy of charge carriers contained in the OIP system also

declines; rising relaxation times and the LFD frequency

descends. Therefore, the resistance decreases with an increase

in temperature, which is formulated by Arrhenius Equation [5]:
= poexp (—E,/kyT) (13)
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Where, u is the mobility, E, is the activation energy. The
reduction in resistance with increasing temperature is due to the
mobility of the charge carriers inside the insulation at elevated
temperatures. The decreasing trend is prominent in Branch 0, 1,
and 2 as observed in Table Il and Figure 11. The resistance
values provide information about the overall condition of the
insulation: higher value indicates better condition of the insulation
whereas lower value corresponds to degraded insulation [14].

2" Resistance for Branch 1 e

= Resistance for Branch 2
Resistance for Branch 3
= Resistance for Branch 0

Resistance for Branch 1
= Resistance for Branch 2
= Resistance for Branch 0
1912

174.0
153.0
107- 180 112.0
19 5
16.416.2
I l D
75

Temperature tDegree Celcius)

Aged Resistances (Ri) [TQ2]
Conditioned Resistance(Ri)[T]

s'ramperaturq (Degree Celcius)
(@) Aged Samples (b) Conditioned Samples
Fig 11. Reduction of branch resistances

4.5.2 TRENDS IN BRANCH CAPACITANCES ((;)

With the increase in temperature, the capacitance in Branches 1
and 2 increases significantly. This is because the mobility of
charge and polar particles, as well as relaxation of dipole groups
are retarded, reducing the stored energy in the dipole [5]. This
shows a decline in capacitance in the polarization branches. The
capacitance in Branches 1 and 2 also increases with the aging
degree, which is an indication of a stronger polarization
behaviour attributed to the aging possibly by-products like
water, organic acids, and furan inside cellulose insulation [12].
For Branch 0 capacitance, the capacitance at 50 Hz is measured
and divided by the real part of permittivity and the value is
constant as expected. Table 2 and Figure 12 shows this increasing
trend of capacitance with temperature for aged samples and a
similar trend for conditioned ones but not so strongly.
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According to [5], Feng et. al. has considered 4 branches for
modelling their OIP bushing impregnated in the lab using
measurements from DIRANA PDC analyzer. The values reveal
a very small time constant of 0.46 ps for Branch 4, which is
most likely not possible to measure such polarization times. The
first 3 branches provide a time scale in seconds and their
obtained values for R and C are in the same magnitude as that
obtained in our research. In [9], Xing et. al. performed PDC
measurements using the DIRANA testing equipment and
validated with 3 branches. The order of magnitude is also
similar to the values obtained in our research. In [24], the
authors performed PDC measurements and used 3 branches for
modelling the OIP which they concluded that it was sufficient
to model the possible relaxation processes.

5. PRINCIPLE OF FDS MEASUREMENTS

Figure 13 shows the laboratory implementation of the FDS
Measuring System. Three main components of this system are
the test cell, IDAX 300 FDS Analyzer, and a PC. The figure
shows the dimensions of HV and the measuring electrodes with
guard placed inside the temperature oven.

Temperature-

1 i
i ! ] controlled Oven
i
! G | | oIP sample Corona | Electrode
' Control | Ring with Sample
1 i 78 mm
i LIIIET, Voltage ’9 i !
! ( HE HV Electrode |
i il 1
H Computer with Measured Voltage <. Voltage | cuard | [ Measuring Electrode |u_..- ﬂ
| DSP-board \3/ Divider | “Somm
1 i -
i [ 13 mm mm
| i
i
! Electro- :
| Measured Current | metetrn |
| i
H 1
i
| i
’ @ =
\ = i
|
IDAX-300

Fig 13. Lab Implementation of FDS measurement system

The IDAX 300 supplies a 200V to the sample which causes a
current to flow and the current and voltage signals are measured
by the control panel. The test cell comprises the guard electrode
as mentioned in Section 4. Different sweeps in frequency were
performed and dielectric parameters were obtained for each
sweep. So, for a 6-minute sweep, it was observed that an
extrapolation model can be constructed predicting values for
very low and high frequencies without actual measurements.
Thus, it was not required to go to very low frequencies which
would result in long measurement times, or to use very high
frequencies that would require high charging currents. The
model development and the aging parameter have been
discussed onwards from Section 5.1.

5.1 FDS MEASURED PARAMETERS

5.1.1 TRENDS IN REAL PERMITTIVITY (¢' or K)

The real part of permittivity (¢’ or K') increases with a decrease
in frequency. This phenomenon can be explained by the Debye-
Huckel-Falkenhagen theory which states that in disordered
systems, the charge transport takes place because of hopping
conduction [15,16]. The motion of charge in the system is
accompanied by electrical relaxation where ionic or electronic
charge is surrounded by negative or positive counter charges.
As temperature increases, the degree of polymerization for OIP
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Samples reduces and that alters the dielectric characteristics.
With the reduction in cellulose polymer chain length in OIP, the
real part of permittivity increases [16] as observed in Figure 14.
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Fig 14. variation in K' with temperature and aging degree

5.1.2 TRENDS IN IMAGINARY PERMITTIVITY (¢” or K”)

The imaginary part of permittivity (¢” or K") is observed to first
reduce and then increase as frequency increases for both
conditioned and aged samples as seen in Figure 15. In the low
frequency (0.01-1 Hz) and high frequency (2-10° Hz), this
alternating effect is very prominent. This is because as
frequency increases, more polarization processes evolve and
the frequency dependence of the conductivity reduces, meaning
that dielectric loss is caused by both the conductivity and

relaxation process, given by [17]:

0,/ wey + "
tan § = 0/70 (14)

=
Where g represents the dielectric conductivity and fano is the
loss factor. &” shows the loss component of the dielectric and as
temperature increases, losses also increase shifting the curve
upwards. Also, at high frequencies, the electric field changes
rapidly and thus the effect of temperature is not visible.
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Fig 15. Variation in K" with temperature and aging degree

5.1.3 TRENDS IN DIELECTRIC LOSSES (tané)

As shown in Equation 13, tand can be approximated to the ratio
of ¢"l¢'. Now from Figures 14 and 15, it is evident that &¢”
changes more rapidly in the ratio than &’ So, tand varies
according to the trend of ¢". Tand increases with an increase in
aging degree possibly as the ionic mobility increases
influencing the conductivity of the OIP sample. This increase
occurs till 100 Hz, after which there is an increasing trend as
seen in Figure 16. This is because at higher frequencies the
contribution of the conduction process reduces as observed in
Equation 13, where w (=27f) increases [16,17].
T
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Tandmin is the minimum value at different temperatures showing
an increasing trend. This minimum value is reached at low
frequencies of 20-40 Hz as shown in Figure 17. This is in good
agreement with [25], where fandmin is observed around 30-60
Hz for OIP insulation. Also, at the power frequency of 50 Hz,
which is predominantly used in field measurements, aging
degree and temperature elevation showed a higher tand over
conditioned ones as in Figure 18.
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5.1.4 RELATIONSHIP BETWEEN IMAGINARY PERMITTIVITY AND
POLARIZATION

For very low frequencies (<0.1 Hz for this case), both the parts
of the permittivity increase strongly with decreasing
frequencies up to significantly high values, clearly indicating
electrode polarization. This will mask the dielectric response of
the sample and give rise to an unwanted parasitic effect during
dielectric measurements. This polarization may be due to
conductivity, ambient temperature, or frequencies but they
cannot be explained by molecular relaxation processes [16]. At
slightly higher frequencies of 0.1-1 Hz, ¢’ remains almost
constant whereas ¢" reduces with frequency increment, which
means dielectric loss is mainly due to conductivity contribution.
When log(e"”) vs log(f) is plotted as seen in Figure 19, it is
observed that they have a linear relationship whose slope is
affected by the Maxwell-Wagner process [16]. Beyond 1 Hz, &”
is observed to increase whereas ¢’ reduces with an increase in
frequency. This is the relaxation process generated by the
polarization of dipoles and separation of charges at oil-paper
interfaces. Thus, the whole frequency domain dielectric
permittivity at constant temperature can be divided into the 3
mentioned parts as seen in Figure 20. With temperature change,
it is expected that the polarization process and conductivity
would be affected; thereby the Cole-Cole Model would help in
identifying aging characteristics in OIP samples [26].
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5.2 DERIVING THE COLE-COLE MODEL

Consider the impedance of insulation (Y(s)) in the s-domain, as
seen in Equation (14), where C. and Cs are the capacitance at
very high and low frequencies respectively. Then the Cole-Cole
Model equivalent electrical circuit [26] by Equations (16, 17)
can be represented as shown in Figure 21. The geometric
interpretation of the model from Figure 21 enables us to derive
the linear fit between In |[v/u| vs In(f).

(Cs B Coo)s _

1
YO =stot i Gpia = Stz 19
7.(s) = (s +sT , y
S o 17 T (R R
T
A Y T a7
11 g"
11
B | e‘l e e
¥is) G o= 2
| o
° o e JA2E gy e €

B \‘(Xoy"/o)

Fig 21. Cole-Cole model circuit, Geometric representation of OIP
based Cole-Cole model

From geometric model, value of triangle sides v and u [27]:

u= /(el' — &)t e v= /(ss —&)2+e? (18)

u T
[ = @0 ag ) —Arg ) = (1 -5 (19)

Calculating the o coefficient and then evaluating z [26]:

2 2 g g
=1——(, + =1-——(tan™ + tan™* 20
a n(l/h ¥,) ﬂ(an an S,_g) (20)
1 [(85 —e)’+ 81”2]

!
s €1 1 =
w|(g] — )2 + €2

(1)

Rewriting Equation 20 to 21 and taking logarithm, we obtain:

’ 172105
2610 = (&5 —e)* + & 22)
(6] — €)% + &1
v
=> (1 - a)log,t+ (1 —a)log.w = 0.510geH (23)

5.3 COLE-COLE MODEL FITTING ALGORITHM

Step 1: Acquiring the Real Part of Permittivity

For all the temperatures and aging degrees, the real part of
permittivity(e) is extracted from a short sweep of frequency
from 0.01-10%Hz equaling a time of 6 minutes.

Step 2: Mathematical Model to find & and &

From literature [28], a power model best fits the data with
minimum Residual Error and best R? scores. For all the
conditions, the function was obtained of the form &’ = AXf B,
and using this the value at f = 1uHz and 1 kHz is predicted.
Higher frequencies are not chosen since the curve almost
reaches constant at higher frequencies and thus, there are not a
lot of deviations in the model predicted values.

Step 3: Fitting the Cole-Cole Model to Extract Parameters
Equation (23) is applied to the obtained data from Step 2 to
obtain the values of « and z. The goodness of fit for Steps 2 and
3 shows a very high value indicating how well the model fits on
data as shown in Table I11.
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TABLE llI
PARAMETER ESTIMATION FOR POWER AND LINEAR FITS

Temperature | Power Curve Fitfor ¢” | Linear Fit for Cole-Cole Model
R*=0.9526 R*=097
SSE= 0.000663 SSE=0.1955
£.=287 Slope= 0.1659
€x=2.68 Intercept= 1.232
R*=0.9217 RE=0.9222
SSE=0.0008183
£=29%
=273

45°C

SSE=0.6432
Slope= 01752
Intercept= 1.197

R*=031 R*=0.9532
SSE=0.01232 SSE=0.8012
£=39% Slope= 0.25
€,=3.26 | Intercept= 1.705
R*=040
SSE=0.014
£=385
£,=343

5.4 TRENDS IN MODEL DERIVED PARAMETERS AND RESULTS
5.4.1 TRENDS IN TIME CONSTANT (7)

As observed in PDC Measurements, the time constants reduce
similar to PDC with temperature and aging degree as seen in
Figure 22(a), because increasing temperature interferes with the
ordering of the dipole, reducing the value of 7 [26]. The values
are much reduced in this case since this is a 6-minute analysis
over the 3 hours PDC, which allowed the slow polarization
processes to complete and reflect on the output current.

5.4.2 TRENDS IN ALPHA (a)

o. depends on the structure of the dipole particles participating
in polarization [26]. With temperature variation, orientation
polarization takes place altering the chemical structure. With
the increase in temperature and aging degree, the coefficient
also decreases but this change is not very significantly
observable (Figure 22(b)).
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6 CONCLUSIONS

The paper discusses the sudden temperature rise trends in the
field-installed HPGC cables, raising the operating temperature
from 30 to 42°C. This motivates our study to understand the
effect of this change on insulation parameters on samples
obtained from field-aged cables. This implies that the samples
have already undergone degradation from field use and the
effect of temperature rise (Figure 1) needs to be understood
well. The novel electronics circuit developed at TU Delft
provides a very low-cost alternative to commercial systems
which has been validated with known samples beforehand.
Also, the PDC model parameters obtained from this research
hold a good agreement with state-of-art literature which mostly
uses samples made in lab. Using the error function approach,
the model complexity is reduced yet critical information is not
lost for modeling. The optimal branches for used OIP samples
were evaluated to be 3 along with the geometric branch.

On the already-aged samples, an increase in temperature and
degree of aging shows an increase in DC conductivity, and
polarization currents and reduces the decay rates of
depolarization currents. The results reveal even after decades of
field operation, it is still possible to detect significant changes
in the model parameters varying with temperature, where the
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model branch resistances and time constants are observed to
reduce whereas the capacitance increases. Branch resistances
for aged samples show a high 65% reduction from 45°C to 60°C
and 54% from 60°C to 75°C for the main Branch 1. Conditioned
samples showed 60% from 45°C to 60°C and 27% at 60°C to
75°C. For branch capacitances, aged samples showed 55% from
45°C to 60°C whereas 40% at 60°C to 75°C. For conditioned
samples, from 45°C to 60°C the increase is 38%, and it is -8%
from 60°C to 75°C. Therefore, the capacitance change is more
prominent in aged samples due to more aging time than in
conditioned ones. Also, the resistance variation seems to be
more prominent than the capacitance change.

From the FDS measurements, an increment in temperature
reflects an increase in tand by 10% and 6.7% from 45°C to 60°C
and from 60°C to 75°C respectively in aged samples. In
conditioned samples, increase is by 14% and 4% from 45°C to
60°C and from 60°C to 75°C respectively. The parameters
from PDC and FDS measurements with temperature is also
reflected in the breakdown voltages for different
temperatures. Long-term stress tests were performed on the
aged samples which produced reliable breakdown statistics and
the Maximum Likelihood Estimation of Inverse Power Law
was fitted on 2-parameter Weibull distributed breakdown data.
The modeling of the final log-likelihood function with
complete and right censored data was computed to be as in
Equation (24) which is used to solve for model variables [29].

Ne¢ N,

A=Y nln| BrS™M(KSMt)F1e~®s™ 0 | = N n(ksme)’ (24

;[ﬁ< ) ];,(”)U
Where, /. is the number of samples constituting complete
failure data set and 4/ represents the right censored data, £’ is
the shape parameter from Weibull Distribution, K is the
constant of proportion in power law, S is the voltage stress and
n is the power in power law and t represents the time to failure.
Among the variables, the exponent of power law showed a
monotonic reduction with increase in temperature, indicating a
significant non-linear decrease in the electrical life of the
insulation with increase in temperature.

TABLE Il
LIFE MODEL EXPONENT VARIATION WITH TEMPERATURE
Temperature | 45°C | 60°C | 75°C
n-parameter 13.61 10.81 7.38

The FDS model has been based on short time permittivity
extrapolation method which greatly reduces the measurement
times showing relaxation times and alpha parameter decreasing
with an increase in aging degree and temperature. All the
discussed parameters show a very strong correlation, either
positive or negative, indicating an increasing or decreasing
trend respectively, with temperature and aging as shown in
Figure 23 (only conditioned samples) as a heatmap by
analyzing the Pearson’s Correlation Coefficient ().

For aged samples, the correlation values tend to be more
extreme, indicating a stronger effect of parameter variation with
the aging degree. Thus, for the OIP Cables, the values can be
monitored over time to indicate the degradation of cable
insulation based on the parameter trends. For the replacement
strategy, these non-destructive methods are to be implemented,
and then a relative comparison of the highly correlated
parameters would enable to differentiate their conditions.
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