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Abstract- Partial discharge (PD) isan electrical discharge within
a dielectric which does not bridge the electrodes. PD
measurement has been widely used for assessing performance of
insulation systems. Modelling of PD activity gives an insight of
this activity and can provide important information for
insulation diagnosis. In this paper, a finite element analysis
(FEA) method has been used to build a model of PD activity
within a spherical cavity in a dielectric material. The mode has
been used to study critical parameters and physical mechanisms
affecting PD activity as a function of temperature. Critical
parameters from the model have been identified through
comparison between simulation and measur ement results.

|. INTRODUCTION

Partial discharge (PD) measurement is an
indicator for insulation system health and faulagtiosis.
Insulation is more prone to PD when there are defeesent
that are stressed under a high electric field. Eptemof defect
that might exist in insulation system are cavitjegts, cracks
or delaminations. PD at the defect site within iagsan might
cause degradation of the insulation system, leadiog
breakdown of the system under certain conditiornzedding
on the quality of the insulation design and theatmmn and
type of the defect [1].

The conditions of the applied stress atadect conditions in
the material can affect the occurrence of PD agtidne of
the factors affecting PD patterns is the tempeeatfr the
material. In previous work, it has been found thenber of
PDs per cycle within a spherical cavity in an epoggin is
lower but the maximum PD magnitude is larger athbig
temperatures [2]. In this model, it has been assuthat the
electron generation rate decreases with temperbtgause of
the increased cavity surface work function. Thectetm
generation rate is also reduced because the incefiéld is
higher due to the increased initial pressure in dheity at
higher temperatures.

Since the temperature of dielectric materials camy v
depending on operational conditions, it is reastnét study
PD activity within a defect in a dielectric matéré different
ambient temperatures. In this paper, a FEA modsl een
developed to study PD activity in a spherical gavior
different temperatures of the material. The simafatata are
compared with the measurement results to evaludtieat
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parameters affecting PD activity. The temperatunanged
caused by PD on the subsequence of PD eventsdedtas
well.

Il. EXPERIMENTAL SETUP

The IEC60270 experiment for measurement of Rvigcis
shown in Fig. 1. The experiment consists of a highliage
supply, V, a coupling capacitor,Ca test object, a coupling
device, a PD detector and a USB controller, whish i
connected to a personal computer (PC). The couglengce
and the PD detector detect the PD signals fromesieobject.
The output is then sent to the PC for data prongssi

Fig. 2 shows the schematic diagram of the tbgab. The

importartest object is made of epoxy resin of 2.5 mm thiden A

spherical cavity of 1.7 mm diameter in a smallepxgpresin
block of 2 mm thickness is placed in the middleh# larger
epoxy resin block. A spherical cavity was prepateyd
injecting a bubble in the resin before it is ledt ture for 24
hours at room temperature, post cure for 4 hou)?t and
finally cooling at room temperature. The whole t&sfect was
immersed in mineral oil to prevent surface discharground
the edge of the electrode. A 50 Hz, 20 kV ac siiuao
voltage was applied to the test object and the &zatpre of
the material was set at 20, 35, 50 and 65°C.

Ill. MODELLING OFPD

Fig. 3 details the two-dimensional (2D) axialrsyetric
model geometry of the test object. It consists bbmogenous
dielectric material of 2.5 mm thickness and 10 miamtter, a
hemispherical cavity of 1.7 mm diameter due todbmetre axis
of symmetry and a cavity surface of 0.05 mm thidenéo
model the surface charge decay through conductmmgeahe
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Fig. 1. Schematic diagram of the experimental setup
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Fig. 2. Schematic diagram of the test object
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Fig. 3. 2D axial-symmetric model geometry

cavity wall. A 50 Hz, 20 kV ac sinusoidal voltagesvapplied
to the upper electrode while the lower electrode graunded.
The temperature of the material is varied from@65°C.

The temperature distribution in the model issedlby a heat
transfer module using

pC,AT /ot -0« (kOT) =Q 1)

In order to consider surface charge decay throug
conduction along the cavity wall, the polarity of,Wand U is
compared. If both have the opposite polarity ofheather,
surface conductivityos is set to initial valueos,. If their
polarities are the same, is increased and calculated using

Os = Gs()exp|u:a\\/udecan?"-l—s;/-rrooml (3)
where Uecayis the voltage across the cavity that causes surfac
charge to decay,sTis the temperature on the cavity surface
and Toomis room temperature (293K) [3]. The cavity surface
conductivity is limited by a maximum conductivityahe,
osmax t0 avoid numerical convergence problems. Thep, i
checked whether it exceedsg,dbr not. If Ua»>Uine, the total
electron generation rate & calculated using

Net = (Nec+Nei)eXp|Uay/Uine Tmal Troom (4)
where Ng and N, are the electron generation rate (EGR) due
to charge detrapping from the shallow traps andhftoose
polymer chain ends respectively and.Tis the material
temperature. B\ is calculated using

Ned = NeddUPD/UincleXp(_tttrap) (5)
where Ngo is the initial electron generation rate due torgha
detrapping from the shallow trapspdis the cavity voltage of
previous PD event, t is the time elapsed sinceipusvPD
event andr,4is the effective lifetime of detrappable electron.
Nego is subdivided into two values, ¥, which is used when
U.av and U have the same polarity andgd; when U,, and U
have the opposite polarity [3].

The probability, P, of a PD to occur in the timgerval, dt is
calculated using [3]

P = 1-exp(—Ndt) (6)

where G is the specific heat capacity, k is the thermal

conductivity, T is the temperaturg,is the mass density, and
Q is the heat source density. Q is calculated using

Q=14 (Eno” ~Euu” BV)tecv)

where the numerator is the energy dissipated diRDix is
the permittivity, Ep is the initial field of PD event, & is the
extinction filed, $p is PD time interval and v is the cavity
volume. The electric field distribution is solvesing

)

e0(ov /at)+o0V =0 )
whereo is the conductivity, and V is the electric potahti

Fig. 4 shows the flowchart of the program teifdace with
the FEA model. Initially, the boundary and subdamai the
model are initialized. At each time step, the valoé voltage
across the cavity, 4, inception voltage, |, voltage due to
cavity surface charge, land temperature in the cavitye,J
are recalculated.

P is compared with a random number R (0<R<1). Atdisge
will occur only if P is greater than R. Dischargemodelled
by increasing the initial cavity conductivitygayoto maximum
conductivity, cc.avmax Discharge stops whengd)becomes less
than the extinction voltage,.\d PD real and apparent charge
magnitude is calculated by time integration of eatrthrough
the maximum cross sectional area of the cavity #ndugh
the ground electrode during PD respectively.

After a PD event, the temperature in the cavityeases. In
this model, the heat density is increased from zeming the
PD interval, resulting in the temperature in thevitya
increasing from its initial value. The increasetémperature
causes the pressure in the cavity to also increeselting in a
higher inception voltage [4-6].

IV. RESULTS ANDDISCUSSION

The PD measurement and simulation results asdaibn of
temperature are shown in Table 1 and Table 2. Hrable 1,
with increasing temperature, the number of PD<pele, the
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Fig. 4. Flowchart of the program

total charge per cycle and minimum charge magnitude
increase but the maximum charge magnitude decre@bes
temperature has no obvious effect on the mean eharg
magnitude. These results contradict with other ighbd
work, which reports the number of PDs per cycleléarease

at higher material temperatures because the cavitface
work function is higher, reducing electron genematirate,
resulting in less number of PDs per cycle [2, 7dwéver, in
this work, we believe that the PD repetition ratehaher
temperature is due to a larger electron generasitmbecause
electron surface emission is enhanced by higherenaht
temperatures.

At higher temperatures, the maximum PD magnitude
decreases due to the higher electron generati@y watich
reduces any statistical time lags. Thus, PDs oetuower
voltages across the cavity, yielding a lower maxm&D
magnitude. However, the minimum charge magnitude
increases with temperature. The higher initial gues in the
cavity causes the inception voltage to become hjghsulting
in a larger voltage drop across the cavity whenRBeoccurs
after the inception voltage has been exceeded.

The ¢-g-n plots of the measurement and simulation result
as a function of temperature are shown in Fig BnFiFig.
5(a-d), at higher temperature, the density of PDsuning
near the minimum charge amplitude increases andaihef
the ‘rabbit-ear’ like pattern, by referring on thsharge
amplitude-phase axes stops at an earlier phastogpmosthe
reason for this may be explained as follows; etectr
generation rate is enhanced by the temperaturedserof the
material, causing more PDs to occur at earlier @haih
lower charge magnitude. From Table 1, Table 2 dgd4; the
simulation results can be said to be within faiasonable
agreement with measurement results although threrslight
differences in some of the data apd-n plots.

Table 3 shows the definition of parameters uBmdthe
simulation. The measured material permittivity geses with

TABLE |
MEASUREMENTRESULTS FORDIFFERENT TEMPERATURES
Temperature(°C) 20 35 50 65
Total PDs per cycle 6.5 85 106 124
Total charge per cycle (pC) 3672 5163 5580 6913
Mean charge magnitude (pC) 561 610 5p4 557
Maximum PD magnitude (pC) 2257 1848 1189 1241
Minimum PD magnitude (pC) 375 425 425 438
TABLE 1l
SIMULATION RESULTS FOR DIFFERENTTEMPERATURES
Temperature(°C) 20 35 5( 65
Total PDs per cycle 6.5 8.5 105 123
Total charge per cycle (pC) 4344 46p3 4955 5782
Mean charge magnitude (pC) 665 540 41 469
Maximum PD magnitude (pC) 23585 1802 1174 1051
Minimum PD magnitude (pC) 37 424 425 439
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temperature. From the simulation, the initial elect
generation rate due to charge detrapping from ahatiaps,

Neqon and NgoL increases with temperature. This is because

more electrons are available to initiate a PD ia thavity at

higher temperature. Nis assumed to be constant. The value

for 144 is larger at higher temperature because elections

shallow traps can be detrapped more easily. When th

temperature is increased, the initial inceptiortage, U is
higher because the initial pressurg,ipthe cavity is higher.
Hence, the simulated, increases with temperature. The initial
extinction voltage, bk also increases with temperature. As
the movement of surface charges along the cavit} iwa
temperature dependent, this will result in fastesrge decay
rates at higher temperaturesgmax is higher when the
temperature is increased. [8Jedbh NedoL Tirap aNdGsmaxCan be
represented as a function of temperature, as showable 3.
Fig. 6 shows simulation of PD charge amplituded a
temperature in the middle of the cavity againstsghangle for
temperature 20 and 65°C for the first 10 cyclethefapplied
voltage. Assuming the temperature in the cavity agiec
exponentially, the average temperature decay tiorestant,
Trdecay 10r 20°C is 4 ms while for 65°C is 3 ms. Althoute
temperature in the cavity does not recover tonisal value
between consecutive discharges at 65°C, the tempera
increment after each PD is small. This is becabseet are
many PDs occur with lower charge magnitudes ansl yath
higher charge magnitudes. Therefore, the temperatiiange
on PD activity has more effect at lower temperaturecause
the number of PDs occurring with higher charge nitages is
larger than at higher temperatures, where largeargeh
magnitude causes higher temperature increase rathty.

TABLE Il

DEFINITION OF PARAMETERSUSED FOR THESIMULATION

Definition Symbo Value Unit
Time step during no PD dt 1/720f g
Cavity relative permittivity Ercav 1
Material conductivity Gmat 1x10%8 S/m
Initial cavity surface 050 1x10%8 S/m
conductivity during no PD
Cavity conductivity when no| ocavwo 0 S/m
PD
Maximum cavity conductivity| Geavmax 1x10° S/m
during PD
Cavity voltage for charge Udecay 100 \%
decay
EGR due to charge detrapping Nei 2 1/s
from loosepolymer chain end
Material temperature ot 20 35| 50| 65| °C
Material and cavity surface & 4.4 45| 49 6.0
relative permittivity
Initial pressure in the cavity op 85 90| 95| 100 kPa
Initial cavity inception voltage Uinco 5.90 | 6.1716.44|/6.70| kV
Initial extinction voltage ko 1.56 | 1.3§2.03/3.01| kv
Detrappable electron effective tyap 0.04533T-11.3 ms
lifetime
Initial EGR due to charge | Negon |2.778F-1519T+2.081x18 1/s
detrapping from shallow traps Nedo. 0.6N:qon 1/s
Maximum surface osmax | 0.002237exp(-4337/T)| S/m
conductivity for charge deca
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Fig. 6. Simulation of PD charge magnitude and teatpee in the cavity
for temperature (a) 20 °C and (b) 65°C

V. CONCLUSIONS

A finite element analysis model has been develofed
describe PD activity within a spherical cavity indeelectric
material as a function of temperature. When theptaature

of

the material is increased, the electron germmatiate

increases, resulting in higher rates of PD repetitHowever,
the maximum surface conductivity increases withgerature
because of faster charge movement along the cavatl,
consequently the effect of the charge decay raterhes more
significant at higher temperatures. The effecteshperature
change in the cavity on the next PD occurrence @em
significant at lower temperatures due to higher benof PDs
occurring with larger charge magnitudes.
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