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Abstract - The objective of the paper is to estimate the cable
termination insulation level and developing of failure in it taking
into account specific network grounding methods in Latvia. By
means of PD measurement it is possible to estimate potentially
dangerous terminations without power supply cut off.
Termination failure probability during its lifetime is calculated
by Monte Carlo method.
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[. INTRODUCTION

Largest power supply company in Latvia AS “Sadales tikls”
is on pursue of increased power supply reliability to its
customers. Potential failures are discovered by using different
electrical equipment insulation condition assessment methods.

Discovery of potential failure rapidly decreases the cost of
maintenance and save power supply company financial means
by reducing the non delivered energy fines to the customer.

Disturbances of an electrical supply usually are caused by
unpredicted failures of electrical equipment. Main reasons for
failures are too fast degradation of insulation, network
grounding method, installation and used material quality. All
mentioned causes are bonded and can’t be observed
independently outside of this context. Pinpointing of potential
failure is onerous by the fact that power supply lines are built
or rebuilt as cable line in recent years and there are very least
options for maintenance personnel to make a visual inspection
and assess the condition of the insulation since cable lines are
buried underground.

Power supply companies already have different methods to
pinpoint the potential failure location but all of it requires
power supply disconnection and relatively long time to do the
assessment of the switchgear or cable line end termination
insulation.

Most of the time predecessor of electrical equipment
breakdown is the appearance of partial discharges (PD) within
the insulation material during normal operation and since
2011. power supply company of Latvia AS ,,Sadales tikls” has
started to assess the level of insulation by PD measurements.

II.PHYSICAL NATURE OF PARTIAL DISCHARGE AND IT’S
APPLICATION

Accordingly to standard LVS EN 60270 [1] which is
adopted in Latvia by the front page method partial discharge
(PD) is a localized dielectric breakdown of a small portion of a
solid or fluid electrical insulation system under high voltage
stress, which does not bridge the space between two
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conductors, see Fig. 1. Usually cause of the localized PD is
impurity inside the insulation material and overvoltage
(surges) in the system. Insulation materials shall be
homogenous without any contaminations like dust, air bubbles
and other foreign bodies inside of it. Impurities that cause
irregular voltages across the insulation material penetrate
inside during manufacturing or installation process.

Fig. 1. PD within insulation adjacent to conductor. 1 — conductor, 2 —
insulation, 3 — voids, 4 — ground potential surrounding, 5 — electrical tree.

During PD several undesirable physical processes occur:
electrochemical reactions, emission of electromagnetic waves,
acoustic disturbances and light/heat emission. These side
effects cause structural changes inside the insulation and grew
electrical trees which by time become conductive channels
and bridge the insulation causing short circuit.

Purpose of the insulation is to separate different potential
conductor from surrounding space which is grounded and not
meant to conduct the operating current e.g. cabinet of the
electrical equipment. Forces that affect the possible impurities
(voids, dust etc.) inside of the insulation material depend on
the difference of the potentials (voltages) to separate.

Manufactures of electrical equipment shall follow the rules
of international standardization organizations (IEC,
CENELEC) during the manufacturing process and make the
products that comply with the set (predefined) properties.
Electrical equipment is routine tested before it is shipped to
the customer. One of routine tests for electrical equipment is a
PD test. During this test voltage across the -electrical
equipment is gradually raised up to 2 times over nominal
voltage and measured PD level shall be within set values.

Maintenance personnel use different tools to estimate the
condition of the electrical assets including insulation level
measurements and their ability to operate properly. Up to this
moment insulation level measurements required asset
disconnection from mains which was quite dispatcher time
consuming to plan all the power supply shifts especially in
radially fed parts of the network.
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Acoustic PD measurements that are used to estimate the
condition of the insulation level are done on-line without
cutting off the power supply and taking off switchgear metal
safety covers.

III. OVERVOLTAGE IN THE DISTRIBUTION NETWORK OF LATVIA

Power supply reliability and electrical safety depend on the
type of feeding transformer 110/6-20kV medium voltage
winding neutral grounding method. There are 134 feeding
substations with 357 6-20kV busbar sections.

Historically medium voltage distribution network was
developed as isolated neutral system. One of the benefits of
this type of grounding is that it is possible to operate the
network during sustained 1 phase ground fault. It shall be kept
in mind that during ground faults voltage in undamaged
phases increase up to line voltage as well as insulation is
unfavorably heated due to increased currents.

Accordingly to [2] ground fault localization and fixing shall
be started immediately after the tripping of the relay and
ground fault protection system.

A. Distribution network grounding methods

Type of the network neutral grounding method is selected
based on the 1 phase ground fault ampacity caused by
capacitance that is created by the electrical lines.

In mixed (cable and overhead) 20kV network with ground
fault up to [.=20A isolated neutral system is preferred which
doesn’t have a physical connection to the ground, see Fig. 2.

6-20/0,4kV

Fig. 2. Isolated neutral network.

Limit for the permissible ground fault in isolated neutral
networks is selected so that it doesn’t exceed the permitted
continuous touch voltage for human being and livestock.

Highest grounding resistance within the network is 10Q
which might be at the medium voltage overhead line
disconnection switches. This value of resistance is selected
based on the presumption that highest permissible ground fault
current is 25A in isolated neutral network. It limits dangerous
over currents and overvoltage as well.

In case when 20kV network ground fault exceeds [.>20A
ground fault compensation system is introduced, see Fig. 3. to
limit the ground fault current below acceptable 20A. This type
of neutral grounding through the neutral grounding
transformer is called a compensated neutral system. In an
isolated and compensated network it is allowed to operate the
network up to 8 hours during sustained 1 phase ground fault.
During this time measures shall be taken to localize and
recover the normal operation of the network.

Customer power supply in Latvia’s largest cities
(Daugavpils, Jelgava, Liepaja, Riga, Valmiera) is mostly done
by the cable line 6-10kV network. 1 km cable line capacity is

up to 50 times (depending on the voltage level and conductor
cross section) greater than the overhead line capacity hence
creating high ground fault currents with very high threat for
electrical safety. Ground faults in cable network are permanent
and don’t clear themselves as they do in 80% cases in
overhead lines.

10/6-20K

Compensation
ooil

Fig. 3. Compensated neutral network.

Normally network with explicit cable lines is grounded
through the low ohmic resistance creating low ohmic
grounded neutral system to prevent large ground fault impact
on the electrical equipment reliability and electrical safety, see
Fig. 4. Low ohmic grounded system limits the fault current up
to 1000A or even less and allows reliable and selective
protection tripping at the beginning of the fault.

Introduction of ground fault compensation system within
the cable line network didn’t convinced the operational staff to
be the most cost and technical effective system due to
character of ground faults to become permanent faults.
Sustained ground faults in the cable line network cause two
phase ground faults or double ground faults in the other parts
of the network escalating large scale interruptions and power
supply disturbances.

6-10/0,4kV

resistance

_Ilj_§ Low ohmic

Fig. 4. Low ohmic neutral grounded network.

Spread of the network grounding methods for all 357
feeding substation bus bar sections at the 1% of January 2012 is
shown in the table I. From the table it can be concluded that
20kV network is dominant by the covered territory even
though the spread of customers is even at both voltage levels
6-10kV and 20kV since population density in cities is much
higher and 6-10kV voltage level is mainly used for city power

supply.
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TABLE I
AMOUNT OF BUSBARS AND ITS GROUNDING METHOD
Busbar Voltage level, kV Neutral grounding method
amount, n
124 20 isolated
72 20 compensated
42 10 isolated
19 10 compensated
59 10 low ohmic
41 6 isolated

B. Causes of surges

Medium voltage network elements which are dispersed or
concentrated along the network make an oscillation circuits
with their capacitances and inductances.

Oscillations don’t appear during normal network operation
due to damping effect of the load resistance. Oscillations
appear only during element tripping since it changes overall
capacitance and inductance ratio. Connection and
disconnection of network elements cause transient voltages
which often turn in to surge. Amplitude of the inside network
surges without surge limiting protection might exceed multiple
times the phase voltage.

Main elements and events that facilitate the surges during
connection or disconnection are:

-Line disconnection during its idling;

—Capacitor bank disconnection;

-Long line energizing or automatic reclosing;

-Transformer disconnection during its idling;

-1 phase ground faults in isolated and compensated neutral
network.

C. Surge values in context of neutral grounding

Network operation with increased voltage affects the
insulation level and reduces its lifetime. Surges and ground
faults in the network increase phase voltage above nominal
value. Taking into account surge protection system
requirements overvoltage level is limited to the value of 2
times the nominal phase value. Above this level line is
disconnected.

At the ground fault experiments in the network with
isolated neutral it was discovered that overvoltage during
transient process might be as high as 3.5 times the nominal
phase voltage [2], which is dangerous value for insulation and
sometimes leads to breakdown.

Same experiments in compensated network showed that
overvoltage during ground fault transient process doesn’t
exceed 2,2 times the nominal phase voltage [2].

Overvoltage value depend on the fault resistance during the
ground fault either it is purely metallic or intermittent arc.

When transient process of the metallic ground fault has
stabilized voltage in the phases increase up to line voltage, see
Fig.5. that is increased by the value of \/3Uphase.
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IV.ANALYSIS OF THE INSULATION FAULTS IN LATVIAS
DISTRIBUTION NETWORK

During first 4 month of the 2012. several accidents has
happened in the distribution network with totally burned down
switchgears due to insulation failures. Total estimated cost of
the financial losses is around 100°000Ls not taking into
account the cost of undelivered energy and downtime, see Fig.
6. Insulation failures in 95% are discovered in the switchgear
cable line end terminations or adapters.

Considerable investments are planned to develop 20kV
cable network in near future by installing new cable lines and
rebuilding existing overhead lines into the cable lines
especially in forest areas to reduce outage time and frequency.
Due to rapid cable network development it is important to
operate with modern tools to forecast possible insulation
failures and minimize the risk of outage and total damage of
assets.

Fig. 6. Leftover of the burned down switchgear.

Majority of insulation accidents occur due to lack of
dielectric strength of the insulation. Evaluation of failures
demonstrated that the cause of accidents is structural changes
within the insulation material. Change of material structure is
a gradual process due to PD occurrence inside the insulation
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material until its total breakdown with burn downs and large
scale black outs.

Occurrence of PD inside of the insulation is triggered by
uneven voltages across the insulation which is caused by:

-Voids and dirt inside of the insulation material due to
unadjusted manufacturing quality monitoring process;

- Penetration of foreign bodies inside of the insulation
material during installation process;

—Installation works that are done not accordingly to
manufacturer recommendation;

—Cable line testing with increased voltage up to 3 times
nominal voltage;

—Natural aging of the insulation material

—-Weak maintenance of the assets.

V. CALCULATION OF PD OCCURRENCE POSSIBILITY

Insulation level monitoring method by PD measurements
has been introduced in Latvia’s distribution network since fall
of 2011. This insulation level assessment method doesn’t
require complicated and time consuming asset disconnection
to run regular insulation level tests. It should be noted that this
method is not yet introduced in whole distribution network
due to specific administrative separation and financial reasons.

To calculate the probability of failures in the assets Monte
Carlo calculation method is used. Benefit of the method is that
it takes into account known constants and independent
variables and tells the probability to occur certain event with
high confidence level. Failure probability calculation is done
for the cable terminations.

Accordingly to inside the company regulation expected
indoor switchgear lifetime is 40 years [4]. Monitoring of PD
will be done 20 times every 2 years during asset lifetime. It is
estimated that one termination (PD measurement) out of 60
terminations will be with damaged insulation and shall be
fixed immediately.

Raw data for Monte Carlo calculation:

-1 out of 60 terminations is dangerous and insulation
degradation process is ongoing that might lead to failure;

-20 consecutive measurements with interval of 2 years
shall pass the PD measurement test;

—There is 50 % probability every PD measurement time that
termination is potentially dangerous and will fail sooner than
its estimated lifetime as expected,

-Probability shall be calculated with 99% confidence.

Calculation model is set up in the MS Excel software and
due to its size is not shown here but main calculation steps
shown further.

For the row of 20 measurements accidental value is selected
each time out of 60 variations where one PD measurement
outcome is not acceptable, see table 11

Running 100 simulations there were summed 20
consecutive and valid measurements. Out of 100 simulations
in 68 cases assets withstand 20 consecutive measurements
without any failures and dangerously high PD which is the
mean value.

After successful measurements it is necessary to calculate
the standard deviation for 100 simulations. Z factor value is
calculated which estimate [5], the distance range value with
99% confidence that the current measurement will be in
distance range from mean value.

When Z factor is known it is possible to calculate, like (1),
the maximum and minimum range level where constants (raw
data) will be implemented with 99% confidence.

mean + st.dev - zfactors
\/z no.of .valid.outcomes @

range,pper lower =

One more calculation is necessary to calculate the precision
of average value that had to be found during the whole
calculation, see the table III. 100 simulations give 12%
precision of the result. To improve calculation precision is
necessary to calculate how many simulations shall be run to
achieve the desired precision, let’s say 2%, like (2).

2
e ( zfactors - st.devj @

0,02

Implementing (2) gives that it shall be 3583 simulation run
to achieve desired precision with same raw data at the input.
To find the final value same calculation algorithm is run after
implementing 3583 simulations. Results for both simulations
are gathered in the table II1.

TABLE III
COMPARISON OF SIMULATION RESULTS

Calculated value Simulation no 100 Simulation no 3583
Mean value 0,68 0,72

Standard deviation 0,469 0,45

z factors 2,576 2,576

Upper range 0,570 0,704

Lower range 0,809 0,743

Average value 0,69 0,724

Precision 0,119 0,019

TABLE IT
RESULTS OF THE 20 MEASUREMENTS FOR 40 YEARS OF EXPECTED ASSET
LIFETIME
Measure- Measure- Measure- Measure- Measure-
ment No. 1 ment No. 2 ment No. 3 ment No. n ment No. 20
valid valid valid invalid valid

Second and more accurate calculation gives that it is
possible to say with 99% confidence that in 72-74% of PD
measurement cases 1 out of 60 terminations in 20 consecutive
measurements will be failed or even might cause large scale
accident in the network.

VI. SUMMARY

Specific network grounding and operation conditions of
Latvia’s distribution network require relatively strict
insulation level monitoring otherwise large scale black outs
are possible on regular basis. PD monitoring in assets allow
discovering and fixing terminations with degraded insulation
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in advance of the failure improving the overall reliability and ~ [31 LVS EN 60270:2002 “High-voltage test techniques - Partial discharge
electrical safety of the power supply. [4] I];f:rsgu;enslte;rEard LEK 002 ,Technical maintenance of electrical
Asset insulation monitoring will become more of the equipment”

importance with roll out of the large scale rebuilding of the  [5] Technical policy of AS ,,Sadales tikls” Riga, 2011.

existing overhead line to cable lines besides the possible fine
payments for undelivered energy and disturbances in the
future. In the nearest 6 months real statistic PD measurements
data will be collected and more accurate failure forecasting
model developed as well as comparison of theoretical and real
outcome.
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Mareks Zviedritis. I1zolacijas stavokla noveértéjums ar Monte Karlo metodi

Pieaugot patérétaju prasibam péc lielaka elektroapgades droSuma reiz€ ar sadales tiklu novecoSanos javeic izolacijas stavokla monitorings, lai noteiktu
iesp&jamas bojajuma vietas un veiktu preventivus pasakumus tikla izolacijas stavokla uzlabosanai. PE€dgjo gadu pieredze rada, ka Latvijas sadales sisteéma lielakas
gritibas rada elektroietaises ar cieto izolaciju, pieméram, kabelu gala apdares, izolatori un stravmaini. Patstavigi pieaugot vidsprieguma kabelu tikla garumam
palielinas arT izolacijas bojajumu risks. ElektroietaiSu izolacijai sava kalpoSanas laika jaiztur vairakkartigi parspriegumi, jo Latvijas tikla dalas, kur ir izoléta vai
kompenséta neitrale atlauta vidsprieguma tikla darbiba pie vienfaziga zemessléguma, palielinot elektroapgades drosumu. Palielinats spriegums zemessléguma
laika veicina izolacijas paatrindatu noveco$anos un samazina elektroietaiSu kalpoSanas laiku. Lai laicigi atklatu iesp&jamas bojajuma vietas javeic izolacijas
stavok]a monitorings, tacu klasiskas izolacijas stavok]a noteikSanas metodes veicamas pie atslégta sprieguma, kas biezi nozimé ari elektroapgades partraukumu
patérétajiem. Latvijas sadales tiklos ieviestai parcialo izlazu mériSanai ar akustisko metodi nav nepiecieSama sprieguma atslégSana, uzlabojot elektroapgades
dro$umu un samazinot iesp&jamo bojajumu risku. Nemot véra statistiku par atklatajam potenciali bistamajam gala apdarém, veicot akustiskos parcialo izlazu
mérfjumus sastadits matematiskais modelis izolacijas stavokla un iesp&jamo bojajumu prognozésanai ar Monte Karlo aprékinu metodi. No aprékiniem secinams,
ka pastav augsta bojajuma iesp&jamiba kabelu gala apdar€s un jaturpina periodisks izolacijas stavokla monitorings pie neatslégta sprieguma.

Mapexc 3pueaputuic. OueHka cocTosiHUs U30Jsiiuu MeTooM MonTe-Kapao

Crpoc norpeburerneii k 0onee BHICOKOH HAAEKHOCTH 3JICKTPOCHAOKEHHS B YCTAPEBIIHUX CETAX pacIpeieeHus TpeOyeT MOHMTOPUHIA COCTOSHHS H3O0JISIIHIHI C
LETBI0 OIPEIEICHUs] BO3MOXKHBIX MECT HOBPEXKICHHII M MPOBEJCHHS MPOPIIAKTHYESCKUX MEPONPUSTHH UL YIYYIICHHUs COCTOSHUS M30IAUU ceTd. OnbIT
HOCJIE/IHUX JICT IOKa3bIBACT, YTO B JIATBUIICKON CHCTEME pacpeselicHus 00Jblne TPYIHOCTH BbI3BIBACT TBEPJAs M30JALMs (Harmpumep, KabelbHble My(QThI,
U30IIATOPBI ¥ TpaHCHOPMATOPBI TOKA). [T0CTOSHHBII HPUPOCT ATNHBI KAOCIBHOM CETH CPEIHEro HAPSHKCHHS TAKKE YBEIHINBACT PUCK ITOBPEKIACHHS H30IIALNH.
V3ostust »IeKTpooOOpyJOBaHHSI BO BpeMsi CBOEH CIIyKObI JOJDKHA BBLICPIKHBATH MHOI'OYHCIICHHBIE NEPEHAIPSDKEHHs], OCKOJIbKY B OTACIBHBIX y4acTKax
JIATBUICKON CETH C U30JIMPOBAHHOIN MIIH KOMICHCHPOBAHHON HEHTpasbio pasperieHa pabora ¢ 0HO(HAa30BbIM 3aMbIKAHHEM Ha 3eMITIO, YBEIHYHNBAs HAIC)KHOCTD
aneKTpocHa0KeHus. [10OBBIIICHHOE HAMPSKCHHE BO BPEMsi OAHO(DA30BOr0 3aMBIKAHMS HA 3EMIII0 YCKOPSIET CTApCHHE M3OJISILHU M COKPAIAeT CPOK CITyKObI
3JIEKTPO0OOpyHOBaHus. [lJIsi CBOCBPEMEHHOIO 0OHAPYIKEHHSI BO3MOXKHBIX MECT HOBPEXKICHUIT HaJJ0 IIPOBOJUTH KOHTPOJIb COCTOSIHUS M30iisiiuu. Kiaccrueckue
METO/Ibl KOHTPOJIS IPOM3BOATCS TIPU OTKIIIOUCHHOM HAIPSDKEHUHU, YTO YacTO SBILSICTCS IPUYMHON MPEKPAIICHHUs 3JIeKTPOCHA0KEHHS MOTPeOUTEINCH.

B naTBUICKUX PACIIPECTUTENBHBIX CETSAX BBEICHBI H3MEPCHHS YACTHYHBIX Pa3psiI0B aKyCTHYECKHM METOI0M. Jljist MX MpOBeAeHHs HEe TPeOyeTCs OTKIIIOUCHHE
HAIpSDKEHHs, YTO YBEIMYMBACT HAJIEKHOCTH DIEKTPOCHAOIKEHHS M YMEHbBIIAeT PHCK BO3MOXKHBIX ITOBpeXACHWH. IIpHHMMas BO BHHMaHHE CTaTHCTHKY
U3MEPEHHs aKyCTHYECKHX YaCTHYHBIX PA3PsI0B 1 00HAPYKEHHBIX BO3MOXKHO OINACHBIX My(T, COCTaBIEHAa MaTeMaTHYECKasi MOJIEIb PacyeToB MeTo10M MoHTe-
Kapio aj1s OLEHKH COCTOSIHHS M30JISILIMM U BO3MOXHBIX MOBpEkKACHMIA. V3 pe3ylbTaToB pacyeToB CIELyeT BBIBOJ, YTO CYIIECTBYET OOJIbINas BO3MOKHOCTh
MOBPEXKICHHI B KaOEIbHBIX My(Tax ¥ HaJIO0 IPOJIOJDKATE NEPHOINISCKIH KOHTPOJIb COCTOSIHUS H30JIALHHU IIPH HE OTKITIOYCHHOM HAIIPSKCHUH.
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