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1 I ntroduction

1.1 Motivation

Due to the deregulation of electricity markets, reliabilgtgbility and availability of power
systems must be improved in order to increase the competittevehesectricity markets. In
order to improve such aspects, power systems should be operated withalnabnormal
conditions and those conditions must be cleared as soon as possible. €hétefaircuit-

breakers, designed to interrupt faulted conditions, have played @ortant role in power

systems over 100 years since the first introduction of oil circuit-breakers.

Although the technology of an interrupting medium used in HV circaighkers has not been
considerably changed since the introduction of Gi€uit-breakers in 1960s, the development
and studies in other areas, such as, materials, structuresydetsmmonitoring, maintenance
techniques and asset management are still continued. At presertirddif-breakers are
basically designed to fit in the networks for any applications; ifistance, capacitance
switching, line closing, shunt reactor switching, transformertcéivig and generator
protection. It is believed that designing general HV circuitkeeato fit all purposes is cost
effective and easy to maintain. However, it is found that theremany over-designed HV
circuit-breakers installed in the networks during the past 30 years.

It is believed that the most practical and realistic methodtudysHV circuit-breaker
reliability is a statistical method. Worldwide surveys of Hk¢ait-breakers, 63 kV and above
had been carried out by CIGRE 13.06 in 1974-1977 for the first phased 1j988-1991 for
the second phase [2]. The first survey focused on all types ofitdviteoreakers, whereas
the second survey focused only on single-pressugeHSFcircuit-breakers. The comparison
represented that single-pressure SiFcuit breakers have less major failure rate than older-
technology circuit breakers. Nevertheless, the minor failureofagegle-pressure gFircuit
breakers is higher than older-technology circuit breakers [&.doncluded from the second
survey that the minor failures result from operating mechanidfg,ti§htness, electrical

auxiliary and control circuits. Stresses of HV circuit-breakergrms of loading current and
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short-circuit current (123 kV, 245 kV and 420 kV) during operation in the netwairks

German utilities are also investigated and studied [4].

As the number of minor failures increase, the issues of how to cdpeltet maintenance are
becoming interesting. It cannot be avoided that better maintenanoescwith the higher
maintenance costs which are not desirable for utilities. Hends, very challenging for
engineers to improve the maintenance programs while kegpgnghaintenance costs at an
acceptable level. This is among the most discussed issuesasstitenanagement area, since

maintenance costs are considered as the large part of the operation costs.

There is some literature proposing the HV circuit-breaker optimazantenance models but
most of them present only the strategies without the referémeeghe failure databases. It is
still a challenge to design and investigate the reliability amadntenance models with
reference to the failure database collected from utilitresiddition, with the combination of

risk assessment, it is possible to design the reasonable optimal maintenarem@grogr

Influences of HV circuit-breaker specifications to the main poments are of interest, since
they are the keys to investigate cost structure. As a retstéin ilead to the optimal design of

HV circuit-breakers.

1.2 Research Objectives

The maintenance programs of HV circuit-breakers have been longmeddy using the
manufacture guidelines and experiences of operators. They have legdlproved that they
are really effective in terms of performance and costs. Witrge of deregulation electricity
markets, maintenance costs considered as the large part di@peosts of utilities should

be reduced in order to keep competitiveness of utilities.

To design new and optimal maintenance programs, it requires the ddgmwvbf failure
database analysis, failure modes and effects analysis, ligliabvestigation and risk
assessment. The objectives of this work are mainly comprisdtbsé tmentioned aspects.
The failure database collected from utilities is deeply ingated to establish the
probabilistic models. These models can represent the probabiligilafes and how the
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failures are developed during the lifetime of HV circuit-breaké&or instance, the treeing
model of failures shows the distribution of failures from the fiosthe following failures in
any subsequent years. The cascading reliability model is ansteom of treeing model to
investigate the reliability of HV circuit-breakers afteansecutive failures. In addition, the
application of the Markov model can represent how the components aifrelyt-breakers

fail.

One of the main objectives of this work is failure modes and sfeatlysis of HV circuit-
breakers. This is the technique used to investigate failures andjaenses of HV circuit-
breakers with reference to their functions and their components. &hdt rof the
investigation represents the severity ranking of failures, whichmportant for the asset
managers to make decisions as to which failures must be intgrisiken into account. The
consequence of this analysis results in risk assessment ofrebt-tireakers which can be

used to design the asset management.

Other objectives of this work dealing with asset managemertdoatestructure analysis and
maintenance optimization. Cost structure analysis is able t&kdmea the costs of HV
circuit-breakers with regard to the specifications and the commn€@ansequently, it
enables manufacturers to design the optimal HV circuit-breddesysd on this cost analysis.
The “when and how” to perform maintenance tasks of HV circuit-breaticeincrease the

reliability are of interest and are included in maintenance optimization.

1.3 ThesisOrganization

The thesis contributions can be mainly divided into three phasesefailades and effects
analysis, probabilistic models and maintenance optimization. Thea etiase is the
investigation of stresses of HV circuit-breakers from theutation and the statistical method.

The organization of this thesis can be described as followed:

e Fundamentals of HV circuit-breakers composed of functions and componehig of
circuit-breakers, types of HV circuit-breakers and switchiagdients are represented in
Chapter 2.
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Chapter 3 represents the switching stresses of HV circuikén®aln this chapter, the
stresses of HV circuit-breakers regarding different tygfespplications are investigated
by simulation method. The other stresses regarding the number of fadt their
severity are investigated by using statistical method.

Based on the failure database developed by the Institute of Byserms, Darmstadt
University of Technology, it is possible to investigate failuwésiV circuit-breakers by
using a failure modes and effects analysis method. The chaptesctibes how to
conduct this process and presents the result of investigation. Kressisssment is also
considered in this chapter.

The fundamentals of probability and reliability are first introduseadhapter 5. Then
developed models, a treeing model and a cascading reliability racglehtroduced.
With these models, the reliability and probability of HV cirduieakers subject to
failures can be determined.

The application of Markov process used to investigate steadystababilities is
introduced in chapter 6. The parallel Markov model for HV circuitkees is developed
to examine the state probabilities. Different types of HMuwi-breakers with different
driving mechanisms are taken into consideration.

Chapter 7 is the last part of this thesis representing costtige analysis and
maintenance optimization. A decision matrix approach is implememtexdier to figure
out the importance of parameters relating to costs of HV tibcaakers. Apart from
cost structure analysis method, maintenance optimization by dsfegent methods is
introduced in this chapter.

Finally, the conclusion is made in chapter 8 to summarize theégeduhis thesis and to

propose the direction of the future development.
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2 Fundamentals of HV Circuit-Breakers

2.1 Functionsand Componentsof HV Circuit-Breakers

HV circuit-breakers are among the most important equipment in psyséems. They are
designed to use as interrupting devices both in normal operation and taultgy It is

expected that HV circuit-breakers must be operated in any appiis without problems.
Moreover, it is expected that they must be ready to be operaseytane, even after a long
period of non-operating time. The main functions of HV circuit-breakarsbe categorized

into four functions:

e  Switching-off operating currents
e  Switching-on operating currents
e  Short-circuit current interruption

e Secure open and closed position

Apart from the main functions, they are required to fulfil the plalsrequirements as

follows:

e Behave as a good conductor during a closed position and as a good chafatgran
open position.

¢ Change from the closed to open position in a short period of time.

¢ Do not generate overvoltages during switching.

e Keep high reliability during operation.

More details of HV circuit-breaker functions and requirements usgecial conditions can
be reviewed in [5], [6] and [7]. Components of HV circuit-breakegaming basic functions

can be divided into five groups [8]:

1. Insulation:
The electric insulation of HV circuit-breakers is provided lmpmbination of gaseous, liquid

and solid dielectric materials. The failure of insulation ceed|to severe damage such as
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flashover between phases, to ground or across the opening poles resuitiaj@r repair or
replacement. In order to prevent such failures, the insulation mushaoetained and
monitored. For example, the quantity of insulating medium must benconisly monitored;
the quality of insulation has to be checked by diagnostic techniquielipally and the

insulation distance should be monitored by using position transducers and visualonspecti

2. Current carrying:

The current carrying parts are significant components thateasiflowing of current in the
closed position. The failure of these parts can lead to catastrephints such as contact
welding and severe deterioration of the insulation system.Hovwgever found that it takes
several years until the contact degradation process reachésahstates. Practically, the
most contact problems can be prevented by using periodic diagnostig.tése techniques
of current carrying testing can be accomplished by monitorimagnostic testing of contact

resistance, temperature of contacts, load current and content of gas decomposit

3. Switching:

During operation of HV circuit-breakers, they are subject totmtat thermal and
mechanical stresses. It is required that they should be amleki® and break large amount of
power without causing failures. The parameters used to monitor and diagmibshing are
composed of position of primary contacts, contact travel charagrisperating time, pole
discrepancy in operating times, arcing time and arcing cobntgear. Contact travel
characteristics are the most widely used parameters iodpetesting in order to investigate

the contact movement.

4. Operating mechanism:

The operating mechanism is a part used to move contacts from optsed position or
inversely. The operating mechanism failures account for a jpaggertion of total failures of
HV circuit-breakers. For example, leakage of oil and gas in tldeabijc and pneumatic
systems is very common but it can be handled without system interruPn the other hand,
breakdown of shafts, rods and springs could lead to serious failuresingesual the

interruption of systems.
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5. Control and auxiliary functions:

Control and auxiliary components are the parts controlled by 110-220dvolt§he signal is
sent to the coil to move a latch or open a valve leading to eneepsecbf a mechanical
drive. The control and auxiliary parts, composed of electricaliitcsr@and latches or values,
are exposed to failures relatively frequently according tab#ity surveys. Typical failures
in these parts are failing to close or open on demand as wellags e the operation. Coil
current, voltages, status of auxiliary switches, circuit continaiitgt the environment of the
control cabinet are the parameters relating to control andiayx$ystems which must be

monitored.

2.2 Arclinterruption

The switching arc plays a significant role in the interruppoocess, since it is the element
that is able to change from the conducting to non-conducting statieuriing arc is
established between the breaker contacts surrounded by extinguiskiignnsech as olil, air

or sulphur hexafluoride (QF At the moment the contacts are going to be apart, the
connecting surface is very small. As a result, the high cudemgity at that point can melt
the contact material. After that, the melting contact is adgd thus leading to the gas

discharge.

The electrical arc is in the form of metal vapour and hot aiage of air circuit-breakers. For
oil circuit-breakers, heat within the arc will decompose somgtloils generating gases.
During the contact separation, these gases and metal vapour aged.idilen, the current can
still flow through the arc at this moment. In principle, theiaterruption can be carried out
by cooling the arc, increasing the length and splitting it inburaber of arcs in series. The
plasma channel of the electric arc can be represented in Figand.lthe temperature

distribution is depicted in Fig. 2.2

Contraction zone Contraction zone

l

Cathode | |

le (electrons)

Arc column

<— I+ (ions)

Space charge Space charge
zone zone

Figure 2.1: The plasma channel of electric arc [9]
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Voltage
— 2

Uanode

U column

—_ Uarc
Ucathode
Y
Gap length

Figure 2.2: The potential distribution along an arc channel [9]

The voltage drop near the cathode region is normally around 10-25 volts, théil/oltage
drop near anode is around 5-10 volts. The voltage drop in the arc column depetis
types of gases, gas pressure, the magnitude of arc current and the lengtmof[&6].

2.3 Circuit-Breaker Classification

According to many criteria, circuit-breakers can be classified into/rgaoups as follows:

e Circuit-breaker types by voltage class:

The classification of circuit-breakers regarding voltagesclzan be divided into two groups:
low voltage circuit-breakers with rated voltages up to 1000 volts agid \oltage circuit-
breakers with rated voltages of 1000 volts and above. The second group, ltagk eocuit-
breakers, can be further subdivided into two groups: circuit-break#rsrated 50 kV and
below and those with rated 123 kV and above.

e Circuit-breaker types by installation:
Circuit-breakers can be classified in terms of installatda two types: indoor and outdoor
installations. Practically, the only differences between thosetypes are the packaging and

the enclosures.

e Circuit-breaker types by external design:

Outdoor circuit-breakers can be classified with respect to steuctesign into two types:
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dead and live tank types. Dead tank circuit-breakers are thet-direakers of which the
enclosures and interrupters are grounded and located at ground levewasirs Fig. 2.3.
This type of circuit-breaker is widely used in the Unitede3takive tank circuit-breakers are
circuit-breakers equipped with the interrupters above the ground lsvehoavn in Fig. 2.4.

Their interrupters have the potential.

Figure 2.3: Dead tank circuit-breaker (Source: Manitoba, Canada)

Figure 2.4: Live tank circuit-breaker (Source: ABB AG, Switzerland)

e Circuit-breaker types by interrupting medium:
The interrupting mediums are the main factors in designingitioceakers. The technology

of air and oil interrupting mediums for circuit-breakers wast fileveloped 100 years ago.
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These types of circuit-breakers are still in operation but ikere further development, since
they cannot fulfil the higher ratings of power systems nowadaysddition, there are issues
as environmental problems and as to relatively low reliability. fb® generation of
interrupting mediums is focused on vacuum and sulfurhexafluoridg). (8&cuum circuit-
breakers are predominant in medium voltage levels, whereasirBkit-breakers are widely

used in high voltage levels.

e Circuit-breaker types by operation:
The main purpose of HV circuit-breakers is interrupting abnormadliions. Nevertheless,
different applications of HV circuit-breakers must be taken auiwount. The applications of

HV circuit-breakers can be classified as follows:

- Capacitance switching: capacitor banks and unloaded cable switching
- Line closing: overhead transmission line switching

- Shunt reactor switching

- Transformer switching

- Generator switching

24 Typesof Circuit-Breakers

Circuit-breakers can be classified according to interrupting medium$omt categories:

2.4.1 Oil Circuit-Breakers

Oil circuit-breakers are the most fundamental circuit-bresaldrich were first developed in
1900s. The first oil circuit-breaker was developed and patented hyKlian in the United
States. Oil has an excellent dielectric strength which emdtsielf not only to be used as an
interrupting medium but also as insulation within the live parts. itegrupting technique of
oil circuit-breakers is called “self-extinguishing”, since tiiecan produce a high pressure
gas when it is exposed to heat resulting from arc. In othedsyarc can be cooled down by
the gas produced proportional to arc energy. During the arc intemuptie oil forms a

bubble comprising mainly hydrogen. It is found that arc burning in hydrgge can be
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extinguished faster than other types of gases. However, hydrogen damnased as
interrupting medium, as it is not practical to handle. Oil cirbugtakers can be divided

according to methods of arc interruption into two types: bulk oil and minimum oil types.

2.4.1.1Bulk oil type

The main contacts and live parts are immersed in oil which sas/an interrupting medium
and insulates the live parts. Plain-break circuit-breakers aredeoss as bulk oil type, since
the arc is freely interrupted in oil. This type of circuit-lke&acontains a large amount of oil
and requires a large space. It could cause environmental problemsraféxplosion. It is
therefore limited to the low voltage level. An example of a bulkcowguit-breaker and its

components is represented in Fig. 2.5.

Figure 2.5: Bulk oil circuit-breaker (Source: Allis Chalmers Ltd.)

1. bushing 6. plunger guide

2. oil level indicator 7. arc control device
3. vent 8. resistor

4. current transformer 9. plunger bar

5. dashpot
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2.4.1.2Minimum oil type

This type of oil circuit-breaker was developed in Europe, due dairement to reduce
utilized space and cost of oil. In comparison to the bulk oil typeh®ontinimum oil type the
volume of oil is reduced and used only in an explosion chamber. The otfeeertie from
the bulk oil type is the insulation, which is made of porcelain oddaBulating material.
Single-break minimum oil circuit-breakers are used in the velkagels of 33-132 kV. When
higher ratings are required, the multi-break type is then appli¢d avicombination of
resistors and capacitors. These resistors and capacitorgp@redain order to provide

uniformity to the voltage distribution.

2.4.2 Air-Blast Circuit-Breakers

The arc interruption of air-blast circuit-breakers is carried lytintroducing the high-
pressure air flow in axial or cross directions as shown in Fig.I2.éxial type, the arc is
cooled down in an axial direction until the ionisation is brought down to leel. The
current is then interrupted at this point. In contrast to the aygs, the cross type will

compress the air and blow into an arc-chute compartment.

| Contact | JOIAH | Contact |

Gas flow direction
Gas flow direction

Gas flow direction

(b)

Figure 2.6: Air blast direction: (a) axial direction, (b) cross direction

The performance of air-blast circuit-breakers depends on many factoegaimple, operating

pressure, the nozzle diameter and the interrupting current. Thetages of air-blast circuit-

breakers can be listed as follows [11]:
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e Cheap interrupting medium

e Chemical stability of air

¢ Reduction of erosion of contacts from frequent switching operations
e Operation at high speed

e Short arcing time

e Being able to be operated in fire hazard locations

e Reduction of maintenance frequency

e Consistent breaking time

The disadvantages of air-blast circuit-breakers are the highfieige during the operation
and the requirement for the air to remain dried. Similar toialit-breakers, resistors and
capacitors are needed when air-blast circuit-breakenssackin very high voltage levels. The
serious problem which could occur during small current interruptioncisopping current,

since the velocity and pressure of air-blast circuit-breakersra@ependent of interrupted

current. An example of air-blast circuit-breaker is represented in Fig. 2.7.

A
112

2

Figure 2.7: Air-blast circuit-breaker (Source: Strathaven substationtisduma, UK)

2.4.3 Vacuum Circuit-Breakers

The dielectric strength of vacuum is considerably higher than atterupting mediums.
Hence, a contact separation of around 1 cm is enough to withstand highgesolta
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Consequently, the power to open and close contacts can be signifieghtted compared
with other types of circuit-breakers. In addition, the rate ofdtat recovery of vacuum is
much faster than that of air. The interrupting technique of vacuwmitebreakers is different
from other types of circuit-breakers. The arc extinguishing psoce governed by a metal
surface phenomenon during their contacts part. In other words, thenatceistinguished by
an interrupting medium but by the metal vapour. The vacuum arc aamybeooled down by
using a magnetic field which can move the arc over the cosudeices. In order to do so, the
contacts are manufactured with spiral segments as shown iR.&ig.his technique can also

prevent contact erosion.

Nowadays, vacuum circuit-breakers are predominant in medium vdidtagjs. They are also
considered as maintenance-free circuit-breakers due to their sintgpleliable design.

Figure 2.8: Contacts of vacuum circuit-breaker [12]

244 SFgCircuit-Breakers

SFKs gas and its characteristics were discovered in 1920s but the degetopin®k gas as an
interrupting medium applied for circuit-breakers began in 1940s. HowéwelSE circuit-
breakers first came to the market in 1960s. The propertie§s0f&& are superior to other

interrupting mediums as follows:

e High dielectric withstand characteristic. For example; §&s at absolute pressure has
twice the dielectric strength of air and at 3 bar it is comparable to oil.
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e High thermal conductivity and short thermal time constant (1000 tgmeder than air)
resulting in better arc quenching.

e Arc voltage characteristic is low thus resulting in reduced arc-reneoeagyy.

e At normal conditions, Sfis inert, non-flammable, non-corrosive, odourless and non-
toxic. However, at the temperature over 1000°Cs @&&composes to gases including
SF10 which is highly toxic. Fortunately, the decomposition products reawerddbruptly

after arc extinction (when the temperature goes down).

The problem of moisture from the decomposition products must be couwsidiére moisture

can be absorbed by a mixture of soda lime (NaOH + CaO), actietdmina (dried AD3) or
molecular sieves. The other problem is the condensation o&tSikigh pressures and low
temperatures. For example, at a pressure of 14 bayfgG€fies at 0°C. In the areas with low
ambient temperature such as Canada, Scandinavian countries ared assieaters must be
utilized. The other solution is the introduction of gas mixtures such as nitrogetNough

the gas mixture of SAN, can be used in the low ambient temperature, the dielectric withstand
capability and arc interruption performance are reduced. Famgbe, the short-circuit
capacity rating of 50KA is reduced to 40kA. The development and types sofilSHit-

breakers can be represented as follows:

2.4.4.1Double-pressure Sfeircuit-breakers

This type is developed by using principles similar to airtbtaguit-breakers. The contacts
are located inside the compartment filled withs §&s. During the arc interruption, the arc is
cooled down by compressedSFom a separate reservoir. After the interruptions &&s is
pumped back into the reservoir. This reservoir must be equipped with hegtifmment to
ensure that the Smwill not liquefy. However, failures of heating equipment can rasuthis
type being unable to operate as circuit-breakers. This typ&daircuit-breaker is rarely used

in the market nowadays because of its high failure probability.
2.4.4.2Self-blast Sk circuit-breakers
The interrupting chamber of this type of circuit-breaker is d#igi into two main

compartments with the same pressure (around 5 atm). Duringahetemruption, the gas
pressure in the arcing zone is heated resulting in high pre3susehigh pressure gas from
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the other compartment then blasts into the arcing zone and in théimesaools the arc
column. Finally, the arc is extinguished. This type of circuit-breekaormally used in high

voltage levels up to 123 kV. The interruption principle and structure are shown in Fig. 2.9.

1| ‘ i
T

|f ;
nl Aoel

L
Figure 2.9:  Arc interruption principle of self-blast circuit-breakers
(Source: SIEMENS)
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1. terminal plate 5. nozzle

2. contact carrier 6. contact cylinder
3. main contact 7. base

4. arcing contact 8. terminal plate

2.4.4.3Puffer-type SEcircuit-breakers

The principle of this type is to generate compressed gas dumngpéning process. The
moving contacts move the piston and thus compressing the gas in thieechas a result,
the compressed gas flows along the arc channel and therebguestiing the arc. The
development of puffer-type $Eircuit-breakers can be divided into two generations: first and
second generations. The principle of arc interruption of both gemesats similar but the
improvements of the second generation concentrate on the bedign,denprovement of
short-circuit rating, arcing contact lifetime and the material of thele¢z3].
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Since the gas has to be compressed, the puffer-typeiShit-breaker must have a strong
operating mechanism. For example, when large current such asphiase fault is
interrupted, the opening speed of circuit-breakers is slowed down beoaubermal
pressure. The operating mechanism should have adequate energy thenocmetacts apart.

Consequently, the reliable operating mechanisms dominate the costs of cealigrbr

At present, Sgcircuit-breakers are predominant in high voltage levels withhigle short-
circuit capability up to 63 kA. They can be used as dead tackitcbreakers, live tank

circuit-breakers and in gas insulated substation (GIS).

2.5 Switching Transientsand Applications of HV Circuit-Breakers

Apart from normal load current interruption, the other main purpose ofirt\it-breakers is
interrupting short-circuit currents. In addition, different applicatioh$dV circuit-breakers
must be taken into account, such as small inductive current interrupéipacitive current
interruption, short-line fault interruption and generator protection. fpéications of HV

circuit-breakers can be summarized as follows:

25.1 Three-Phase Short-Circuit Interruption at Terminal

The symmetrical three-phase to ground fault can be representeequizalent single-phase
diagram as shown in Fig. 2.10. The stray capacitance of thetdreaker bushing is
represented by capacitance, C. This capacitance affectsh#ipe of the recovery voltage

which is established across the circuit-breakers after opening.

it)
L . — 11— F

e(t)l@ ' c %u(t) a /

Figure 2.10: Single-phase equivalent diagram of symmetrical three-pthground

short-circuit
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There is a short-circuit current at point F and the circuit-breh&s to interrupt at current

zero. Assume that the supply voltage is equaltjo= Ecost. The circuit voltage equation
when the circuit-breaker is opened can be represented in the form
d 1

L— + —|idt = Ecost 2.1
il @)

By using the Laplace transformation with the natural angukguencyo,= 1/4/LC, the

recovery voltage can be represented as
u(t) = E(-cos,t + cosot) (2.2)

At the instant after short-circuit interruption,ethimet is very short { < 1 ms) and thus

resulting incosot = 1. The recovery voltage can be approximated in e f

u(t) = E(1 - cos,t) (2.3)

The possible maximum recovery voltage without damgpis 2E after timen /</LC.
Practically, the maximum recovery voltage is ldsnt2E because of resistance and system

losses.

The switching sequence depends on the neutral dioginThe example of an isolated neutral
system with three-phase short-circuit interruptcam be explained from Fig. 2.11. The arc
interruption is first taking place at current zesbphase A, while phase B and C are still
arcing. After 96 from the first phase to clear (phase A), the offfeases (B and C) are then
simultaneously interrupted. The equivalent diagdrthree-phase short circuit in an isolated
neutral system is represented in Fig. 2.12. Tls fihase is going to be interrupted, then the

reduced equivalent diagram can be expressed ag.i@.E3a and 2.13b.
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Figure 2.11: Currents of the three-phase shottstimterruption
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Figure 2.12: The equivalent diagram of three-plsi®et circuit
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Figure 2.13: The reduced equivalent diagramsr{d)(b)

The coupling capacitance,qCcan be represented in terms of positive and gegoience

capacitance a€,= (C;- G )/z. The Laplace equivalent impedance and voltageeffirst-

phase-to-clear can be expressed as

3P

Zp)= -5 > (2.4)
2C, p?+wg
3 p e 1
U(p) = — 2.5
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It is assumed thabg >>©?, then the voltage of the first-phase-to-clearraf@nsformation is
3.
u(t) = 5 d -comt + cost] (2.6)

It can be seen from Eq. 2.6, that the first phasgdar factor, defined as the ratio between the
voltage across the first clearing phase and thetemupted phase voltage, is 1.5. The first
phase to clear factors in case of resonant earémed solidly neutral are less than 1.5
depending on the ratio between positive and zegoesee impedances. When short-circuit
occurs far from the terminal, the transient recgweatage will have more than one frequency
component. The frequency of source side and liahe siust be taken into account resulting in
double frequency transient recovery voltage. Intaatdto transient recovery voltage, the rate
of rise of recovery voltage (RRRV) must be considerAccording to IEC standard 62271-
100, circuit-breakers must be able to withstand RRR to 2 kV/us. In some cases, for
example, short-line faults (section 2.5.4) of whiRRRVs are higher than 2 kV/us, the

protective capacitance must be implemented to ethe steepness of recovery voltage.

2.5.2 Capacitive Current Interruption

Capacitive current interruption can generate ovéages across circuit-breakers leading to
dielectric breakdown of circuit-breakers. The reafw the overvoltages can be explained by
the electrical charge effect at the capacitive $oadch as capacitor banks, cables and
unloaded transmission lines. The equivalent sipplase circuit diagram and waveforms of

capacitive current interruption are depicted in. Rig 4.

ef) NG
- i(t)
LECR !

.o B us(t)
e(t)i(’% C:lu(t) i

Figure 2.14: Equivalent circuit diagram of capaeitcurrent interruption
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Before the capacitive load is switched off, theamtive load is fully charged equal to the
peak supply voltage. After half a cycle, the supgitage is reversed thus making the voltage
across the circuit-breaker twice the peak valug¢hefsupply voltage. If the circuit-breaker
cannot withstand this voltage, a restrike takeselacross the circuit-breaker resulting in a
high frequency current. The circuit-breaker is afolanterrupt such current in a half cycle
later. At this moment, the voltage at the capaciaches 3 times that of the supply voltage. If
the circuit-breaker cannot withstand the voltagesitself, the restrike can take place again
with the voltage at the capacitor 5 times thathaf supply voltage. The details of capacitive

current switching can be reviewed in [14].

Many applications of circuit-breaker interruptiomeaconsidered as capacitive current
interruption, for example, interruption of no-log@nsmission lines, interruption of no-load
cables and switching-off capacitor banks. Whencihauit-breaker is called upon to interrupt
the capacitive current (for example, no-load trassmn line interruption), the load voltage is
higher than the supply voltage. This phenomenaalied Ferranti effect, leading to a voltage
jump at the supply side of the circuit-breaker.

2.5.2.1Interruption of no-load transmission lines

The transmission lines are first switched off & line side resulting in no-load transmission
lines. At this moment, only a charging current ffoim the transmission lines and it charges
the capacitance of the transmission lines. Aftat,tthe circuit-breaker at the sending end is
called upon to switch off. The circuit-breakerhem stressed by the voltage rise at the supply
side and the oscillation at the line side. The vecyp voltage across the circuit-breaker varies
from 2.0 to 3.0 p.u. depending on the ratio of pesisequence to zero-sequence capacitance
(C1/Cp). The relation of @Cy and the recovery voltages are represented in Ti&.geometry

of transmission lines and tower configurations ctftlhe coupling capacitance between lines

and earth, thus leading to different voltage sae$s circuit-breakers.

2.5.2.2Interruption of no-load cables

Interruption of no-load cables is similar to intggtion of no-load transmission lines which

belongs to the case of capacitive current intefonptThe difference is the interrupting

current, which is larger than the interrupting eumtrof no-load transmission lines but smaller
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than the interrupting current of capacitor bankise Tonfigurations of cables must be taken
into account. For example, the separate conductibr it8 own earth screen can be treated
similar to capacitor banks with an earthed neutral grounded system, since there is only an
effect of capacitance to ground.

2.5.2.3Switching capacitor banks

Capacitor banks are used in power systems to ingpvoltage regulation and reduce losses
through reduction in reactive current or filter inég harmonics. Energizing a single capacitor
bank could generate inrush current with a highdesgy. It is noted that the magnitude and
frequency of inrush current in the case of switghck-to-back capacitor banks are higher
[16]. Furthermore, energizing capacitor banks cdeidl to a pre-strike of the circuit-breaker
when the supply voltage reaches its peak beforedhéacts touch. The switching off three-
phase grounded capacitor banks in solidly grourslestem can be treated as single phase
circuit. The maximum voltage across the circuitaes is 2 p.u. In case of switching-off
three-phase ungrounded capacitor banks, the tragmade of the first-phase-to-clear must
be taken into account. As a result, the maximuniagel across the circuit-breakers could

reach 3 p.u.

2.5.3 Small Inductive Current Interruption

In case of a large short-circuit current interraptithe arc energy is high enough to keep the
arc column ionized until the arc is interruptednatural current zero. On the other hand,
interrupting small inductive currents, such as adkd currents of transformers and currents
of shunt reactors, can produce overvoltages aaupridi chopping current effects. It can be
explained that the small inductive current is indpted just before natural current zero, thus
inducing the high transient voltages -@di/dt). Consequently, these transient voltages can
cause flashover on the insulation, such as bushifge equivalent single-phase circuit

diagram and waveforms of small inductive curretgriruption are illustrated in Fig. 2.15.
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Figure 2.15: Equivalent circuit diagram of smatiiictive current interruption

The principle to calculate the voltages acrossudiforeakers during current chopping is the
energy conversion before and after arc interruptidhen the circuit-breaker interrupts an arc
current, the electromagnetic energy stored in titigtance L is transferred to electrical

energy in the capacitance C. The balance energtiegus as follows [17]:

%Lié + %Cug = E, 2.7)

where L, C Inductance, Capacitance
Current at the time of interruption
U, Voltage at the time of interruption

E, Total energy
After the interruption, the total energy and maximuoltage can be represented as:

low,
2

/L .
Upax = EIZO + U% (29)

It can be seen from equation 1.6 that the maximoitage depends on the characteristic

= E, (2.8)

impedance Z,,=V/L/C of equipment. The examples of transient overveagegarding

switching shunt reactors and unloaded transformemsbe reviewed in [18] and [19].
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25.4 Short-Line Fault Interruption

It is found that short-circuit current interruptider from the circuit-breakers from hundreds
of metres to a few kilometres could result in cirtweaker breakdown. The very high
steepness (3 to 10 kV/us) of recovery voltages aiteuit-breaker interruption could result in
very high stress thus leading to thermal breakdoWwthe arc channel. The explanation of

short-line fault is illustrated in Fig. 2.16.

e(t .
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Figure 2.16: Equivalent circuit diagram of shamelfault interruption

The transient recovery voltage after short-lineltfanterruption is composed of voltage
generated by the source-side voltage and the ideweltage. The source-side voltage is the
gradually rising voltage with the (1-cosine) shapbereas the line-side voltage has the saw-
toothed voltage shape with very high frequency. Stagting voltage of the recovery voltage

and the line-side frequency can be representedllasvt:

W=4%=4m@; (2.10)

with 1, Short-circuit current
Z,,  Characteristic impedance of the line

® Operating frequency

f= 1 (2.11)

2n,JL.C,
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where L, and G are the equivalent series impedance and shuntitapee of the line from
the circuit-breaker to the fault respectively. Basv-toothed voltage shape of the line-side is

originated by the reflection of travelling wavetla¢ short-circuit point.

The short-line fault test is considered as the nsestere short-circuit test and has been
included in the standard. The short-line faultdemte considered with respect to the short-
circuit rating of circuit-breakers. 75% and 90% rtHime faults have been applied by IEC

standard.

255 Circuit-Breakersinstalled for Generator Protection

Circuit-breakers for generator protection are iltetia between generators and step-up

transformers. The characteristics of faults neaeggors can be as described below:

e The recovery voltage has a very high rate of rise td the small capacitance, C.

e The effect of the d.c. component of short-circuitrent must be taken into account.

e The decay of the a.c. component depends on sulema@nd transient time constants of
the generator.

e The d.c. component at the interrupting time cowtdhigher than the peak value of the
a.c. component depending on the generator rating.

e The short-circuit current might not cross the zienoa period of time depending on the

load condition before interruption.

The generator circuit-breakers are designed tolaahdse conditions by introducing a high
arc voltage. The high arc voltage generates artiaddi resistance resulting in reduction of
the time constant of the fault. As a result, theltfaan be interrupted with a reduced time

delay.

At present, this type of circuit-breaker is widelged to protect generators having ratings
from 100-1300 MVA. The interrupting capacities ofs®fenerator circuit-breakers are around
63 kA to more than 200 kA, while air-blast circbiteakers are applied for higher interrupting
capacities. The standard of the generator ciraeiglkers can be found in [20]. The results of

testing and influence of cable connection was stlidh [21].



26

2. Fundamentals of HV Circuit-Breakers

2.6 Summary of Reliability Surveysof HV Circuit-Breakersby CIGRE

The most important and internationally reliabilgyrveys of HV circuit-breakers had been
carried out by CIGRE. The first enquiry had beenfgened during 1974-1977 from 102

companies in 22 countries. This enquiry focusedalbriypes of HV circuit-breakers with

ratings of 63 kV and above. The total informatidr’d,892 breaker-years had been collected.

The second enquiry, focused only on single-presSikecircuit-breakers, had been done

during 1988-1991 from 132 companies in 22 countilé® second enquiry contains 70,708

breaker-years and also focused on circuit-breakafs ratings of 63 kV and above. The

major and minor failures can be defined as follows:

Major failure (MF): Complete failure of a circuitdmker which causes the lack of one or
more of its fundamental functions. A major failwvél result in immediate change in the
system operation conditions leading to removal freervice for non-scheduled
maintenance (intervention required within 30 misiite

Minor failure (mF): Failure of a circuit-breaker eththan a major failure or any failure,
even complete, of a constructional element or aassdmbly which does not cause a

major failure of the circuit-breaker.

The major and minor failures at different voltagevdls from both enquiries can be

summarized in Table 2.1 [22]. The short summaryhef 2 survey can be found in [23].

According to Table 2.1, the ratio between minor amajor failures can be calculated and

represented in Table 2.2.

It can be concluded from thédknquiry compared with thé'enquiry that:

The major failure rate of the single-pressure &Fcuit-breakers is 60% lower than all
types of circuit-breakers from thé& gurvey.

The minor failure rate of the $Eircuit-breakers is 30% higher than that of thstfi
survey. It is because of more signals of the monigosystems and because ofsSF
leakage problems

The operating mechanism is subject to the moatrisl in the failure modes of “Does

not open or close on command” and “Locked in opeciased position”.
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Voltage (kV) Major failure rate Minor failure rate
(Failures per year) (Failures per year)

1% Enquiry 2" Enquiry 1% Enquiry 2" Enquiry

1974-1977 1988-1991 1974-1977 1988-1991
All voltages 0.0158 0.0067 0.0355 0.0475
63-99 0.0041 0.0028 0.0165 0.0223
100-199 0.0163 0.0068 0.0417 0.0475
200-299 0.0258 0.0081 0.0639 0.0697
300-499 0.0455 0.0121 0.1635 0.0776
500 and above 0.1045 0.0197 0.0493 0.0837

Table 2.1: Summary of major and minor failure saséthe ¥ and 2 enquiries

Voltage (kV) Ratio between
minor and major failures

15 Enquiry 2" Enquiry

1974-1977 1988-1991
All voltages 2.25 7.09
63-99 4.02 7.96
100-199 2.56 6.99
200-299 2.48 8.60
300-499 3.59 6.41
500 and above 0.47 4.25

Table 2.2: The ratio between minor and major fagu
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3  Switching Stresses of HV Circuit-Breakers

3.1 Switching Stress Parameters

Stresses of circuit-breakers can be divided into three groupshameal, thermal and
electrical stresses. Mechanical stresses are composéi@ct from winds, earthquakes and
weather conditions. In some areas subject to such mechanicatstrassuit-breakers with
special insulation and very strong supporting structures must benepied. Electrical
stresses are composed of stresses from normal switching earthglfaults. For example,
circuit-breakers are subject to stresses when they arestequ® interrupt short-circuit,
capacitive and small inductive currents. In other words, circuitkbreaare subject to stresses
from interruption of no-load transmission lines, no-load cables, capéeitds and chopping
currents of reactors. In addition, the interruption of short-line fassilts in very high
stresses or high rate of rise of recovery voltages (RRR\@ssaaircuit-breakers. Electrical
stresses of circuit-breakers according to operating curreatssiaort-circuit currents have
been thoroughly studied in [24]. It is concluded that stresses oiftdir@akers according to
operating currents and short-circuit currents are not severe, Girotit-breaker rating had

been oversized to cope with the increment of energy consumption in the future.

In order to investigate electrical stresses of circuit-lreakccording to effects of grounding
and types of applications, interrupted currents, transient recovetygesl (TRV) across
circuit-breakers and rate of rise of recovery voltages (RR&¥®)taken into account in order

to compare the stresses of circuit-breakers in any applications.

3.1.1 Interrupted Currents

Circuit-breakers are designed to be used as interrupting dédttesr normal operations and

during short-circuit circumstances.
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The rated normal current)lcan be defined according to IEC standard [25] as follows:

“The rated normal current of switchgear and controlgear is the r.m.s. \iltee
current which switchgear and controlgear shall be able to carry continuauslgr specified

conditions of use and behavidur

The rated short-circuit withstand current is equal to the rdted-sircuit breaking current

(Ip) in IEC standard and can be described as:

“The rated short-circuit breaking current is the highest short-circuitrent which the
circuit-breaker shall be capable of breaking under the conditions of use and dehavi

prescribed in the standard”

For example, the stresses of HV circuit-breakers from the alaard short-circuit currents

were thoroughly investigated and can be summarized in Table 3.1 and 3.2 [26] and [27].

Voltage (kV) 95 % Percentile Maximum value
IIoac/lr |Ioad,ma>(|r
123 24 % 58 %
245 25 % 60 %
420 38 % 84 %

Table 3.1

rated current (Jaq: l0ad current)

Stresses of HV circuit-breakers according to loadntwoenpared to

Voltage (kV) 95% Percentile Maximum value
Lt i lkare/ o late/ o lkate/ b
123 - 91 % - 104 %
245 66 % 81 % 86 % 94 %
420 67 % 78 % 77 % 86 %
Table 3.2: Stresses of HV circuit-breakers according to shedHcicurrent

compared to rated breaking currepi«{# single-phase fault at terminal,

lkste: three-phase fault at terminal)
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It can be seen from Table 3.1 that the stress of normal loachtunterruption is relatively
low, since the 95 % percentiles @LdI; are between 24-38 % and the 95 % percentiles of
load,matly @are around 58-84 %. The stresses of normal load current interrapéioncreased
with increasing voltage levels. However, this is from the stfdstresses in Germany where
the energy consumption has been growing relatively slow compardd deieloping

countries.

In comparison to stresses of normal load current interruption, teessef of short-circuit
current interruption are higher. Nevertheless, it is not a sepooislem as long as the
interrupted short-circuit current is still lower than the rateghking current. It is shown in
Table 3.2 that only in the case of a three-phase fault at then&riisre) of 123 kV system

could the maximum short-circuit current of 104 % of rated breakingrube reached. It is
obvious that the stresses of short-circuit current interruptionoarer lat the higher voltage

levels.

3.1.2 Transient Recovery Voltages and Rate of Rise of Recovery Voltages

Transient recovery voltages are the voltages occurring aswmisshing devices after the
current interruption and their voltage waveforms are determined byerp@ystem
configurations. It can be physically explained that this TRVillason results from the
change of the energy before and after interruption and its cdrai in the order of
milliseconds. In the past, the TRV was first an unknown phenomenon and ramtulze
explained until the development of the cathode-ray oscilloscope whaltieégo investigate

high frequency oscillation.

The large investigation of TRV was started in 1959 by usin@43ekV networks. The tests
focused on the first phase-to-clear after clearing thresephiagrounded faults. As a result of
this investigation, a large number of TRV waveforms in relatioghtart-circuit currents in
the networks up to 45 kV were collected [28]. The results of invéistigat 245 kV systems
were then applied by IEC standard and the extension of investigatdftOtkV system were
performed by CIGRE Study Committee 13. It was found that the RE#MId be 2 kV/us

with a first-phase-to-clear-factor of 1.3 [29].
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According to IEC standard, the characteristics of TRV can berrdeted by two methods:
two-parameter and four-parameter methods. These methods are based graphical
analysis which can represent the magnitude of TRV and RRRV. Thand four-parameter
methods are represented in Fig. 3.1 The detail of how to usettheseethods to find the

magnitude of TRV and RRRYV is represented in the appendix of [7].

voltage voltage

-

Utd t ty Time Ulu ot t.--Til“l‘le

(@) (b)

Figure 3.1: (a): two-parameter method, (b): four-parameter method

Normally, the two-parameter method is applied in systems witlages less than 100 kV or
in systems with voltages greater than 100 kV where the shouitcnarrents are relatively
small. In other cases, the four-parameter method is appliggstams with voltages 100 kV
and above. The TRV parameters in the IEC standard are clasgifirecespect to proportion
of maximum short-circuit current rating, for example, 10 %, 30 %, 6@n% 100 %. The

characteristics of each test duty can be summarized as follows:

e 10% short-circuit current, IEC test duty :1The fault current is supplied from only one
transformer and the TRV has very high steepness of 5.5 kV/us at 1@1Ix/6 kV/us
at 765 kV.

e 30% short-circuit current, IEC test duty T.30he fault current is supplied from 1 or 2
transformers connected in parallel and the RRRV is 5 kV/us for 100 kV and above.

e 60% short-circuit current, IEC test duty T.60he fault current is supplied from
transformers connected in parallel. The TRV has a steepn8sMifis for 100 kV and
above.

e 100% short-circuit current, IEC test duty Ti10Dhe RRRYV is 2 kV/us. The additional
requirement of this test duty is ability to interrupt shortigircurrent with operating

sequence, for example, 0-0.3s-CO-3min-CO. O represents openingiavparad CO
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represents closing operation followed immediately by an openinatope The test
duty T100 can be divided into two types: T100s (test with symmekstuart-circuit
current) and T100a (test with asymmetrical short-circuit current).

3.2 Effects of Grounding and Types of Applications to Stresses of HV

Circuit-Breakers

In order to investigate electrical stresses of circuit-leesakccording to effects of grounding
and types of applications, the 110 kV radial network model which haghtrecircuit rating
of 40 kA and 10 kA is established. This model is composed of five trasgmiline circuits
and five cable circuits. The capacitor bank and the shunt reactatsaréntroduced in the
network to simulate the stresses of interruption of capacitiverduand chopping current
respectively. Various types of grounding, isolated grounding, compengaiedding and
solid grounding, at the main transformer have been applied. Interrapiszhts, TRV and
RRRYV are taken into account in order to compare the stressescoit-breakers in any
applications. The simulation of TRV and RRRV have been carried gutuding
PSCAD/EMTDC program, whereas short-circuit and load currents sareilated by
ABB/NEPLAN program.

3.2.1 Test System Configurations, Specifications and Modelling of Equipment

The test system diagram is represented in Fig. 3.2. Thegaiin830/110 kV transformers,
300 MVA and 1200 MVA, are selected regarding the rated short-caguignts of 10 kA and
40 kA respectively. The specifications and modelling of elemeats be represented as

follows:

e Voltage sourceThe voltage source of 380 kV with the rated short-circuit capadit
63 kA is selected.

e 380/110 kV power transformer¥he transformer ratings of 300 MVA and 1200 MVA
according to 10 kA and 40 KA respectively are applied. This 40 kAgragiconsidered

as the maximum short-circuit rating for 110 kV circuit-breakers.
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Transmission linesThe length of transmission line of 25 km/circuit is modelled as
distributed elements by using a frequency dependent model. The cimglector Al/St
240/40 and a double circuit have been used to model the transmission line circuit.

110 kV cablesThe single conductor per phase of the XLPE cable with thgtHeof

15 km/circuit has been used.

20 kV cablesThe 20 kV cable with length of 80 km/circuit in the distributionveek is
modelled as lumped shunt capacitance.

110/20 kV distribution transformer3he distribution transformers of 31.5 MVA are
selected for supplying the loads of 13.5 MW(/circuit.

Shunt reactarThe shunt reactor of 100 MVar is installed at the receivingoéige 110

kV cable circuit to compensate the reactive power. Stray ittapee with the natural
frequency of 2 kHz must be taken into account.

Capacitor banksGrounded and ungrounded capacitor banks of 10 MVar are installed
behind the main circuit-breaker in order to study the stressbsedre different
configurations.

Load In each circuit, the load of 15 MVA at 0.9 power factor is takém consideration.
The load model for medium voltage system is recommended in [30]. Tiadepa
capacitance represents the capacitance of cable in distribution circuit.

System groundingg he groundings of the system are composed of three typesedsola
compensated and solid grounding. The compensating coil in compensated gyasndin

introduced in order to compensate the earthed fault current.

3.2.2 Simulation Cases

Different circuit-breaker applications have been introduced in dalsimulate stresses of

circuit-breakers. In every application, the simulation is carriedbyuthanging types of

grounding and interrupting currents. The three main parametersuptget current, TRV and

RRRYV are taken into account. The applications of circuit-breakehssirstudy are composed

of:

1. Switching-off no-load transmission line (Fig. 3.3a)
2. Switching-off no-load cable (Fig. 3.3b)

3. Interruption of single-phase 90 % short-line fault in transmission line 3(3g)
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31L.5MVA
110/20kV

Uk=15%, u,=0.5% 15 MVA

Transmission line, Double-circuit 0,9 power factor

25km
! : Xo(f)
| 1
| 1
1 1
| 1
| 1
| 1
: : X5
| 1
| |
1200MVA or 300MVA ! !
380/110 kV ' '
= 0,
U=15% 31.5MVA
110/20kV
Cable (Al), 500 mm?, U=15%,u,=0.5% 15 MVA
D XLPE-Isolation D 0,9 power factor
15km

Reactor

100 MVar

X5

Figure 3.2: Simulation diagram of a test radial 110 kV system

Interruption of three-phase 90 % short-line fault in transmission line (Fig. 3.3d)
Interruption of single-phase 90 % short-line fault in cable (Fig. 3.3e)
Interruption of three-phase 90 % short-line fault in cable (Fig. 3.3f)
Switching-off ungrounded capacitor bank (Fig. 3.39)

Switching-off grounded capacitor bank (Fig. 3.3h)

© © N o 0 &

Switching-off shunt reactor (chopping current of 2.5 A, Fig. 3.3i)

TRV waveforms of the first-phase-to-clear of HV circuit-tk@a in mentioned applications

are illustrated in Fig. 3.3
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Figure 3.3: Transient recovery voltages across circuit-breakers apafigations

(a): Switching-off no-load transmission line

(b): Switching-off no-load cable
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(c): Interruption of single-phase 90 % short-line fault in transmission line
(d): Interruption of three-phase 90 % short-line fault in transmission line
(e): Interruption of single-phase 90 % short-line fault in cable

(N): Interruption of three-phase 90 % short-line fault in cable

(9): Switching-off ungrounded capacitor bank

(h): Switching-off grounded capacitor bank

(1): Switching-off shunt reactor

3.2.3 Simulation Conditions

In order to simulate transients in power systems, the conditiadhe sfmulation must be paid
attention, for example, the simulation time step and applied modélks. simulation

conditions in this study are described as follows:

e Simulation time steprhe simulation time step is determined by the maximum esgec

frequency €. ) which is recommended in [30]. The simulation time step can be

max

determined from:

At < 1
10xf .

(3.1)

The simulation time step of 1 us is applied for the simulaticesaf short-line faults
(cases 3-6), since the maximum expected frequency of the begiahithe recovery
voltage is very high. The time step of 5 us is applied for the3G;ashereas the time step
of 50 us is sufficient for cases 1, 2, 7 and 8.

e Opening of circuit-breakerCircuit-breakers are requested to open at current zero in
cases 1-8 and at 2.5 A in case 9. The opening time after tlagionitof faults is not less
than 100 ms.

e System grounding poinin case of isolated grounding, there are no grounding points at
any transformers. The grounding point in cases of compensated andreahdigg is
employed at the 380/110 kV main transformer.

e Transmission lines and cable modelBhe configurations, for example, conductor
configuration, tower configuration, sag distance and insulation ceafign must be

taken into account.
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3.2.4 Resultsof Simulations

The considered parameters of the simulations are composed of rirec@age across

circuit-breaker (TRV), rate of rise of recovery voltage (RRRsteady-state interrupted
current (b) and types of system grounding. The results are representedlen3ra and 3.4. It

must be noted that the recovery voltages in case of short-line &altonsidered by the first
peaks of the voltage waveforms. In Table 3.3, there are soree icaghich the RRRVs are
over the IEC standard of 2 kV/us. The values of the RRRV whicbveaelEC standard are
then highlighted.

System grounding

Simulation cases Isolated grounding | Compensated grounding Solid grounding

Ib TRV | RRRV Ip TRV | RRRV Ip TRV | RRRV
(kA) | (p.u) | kVius | (kA) | (p.u.) | kVius | (kA) | (p.u.) | kV/ius

1. Switching-off no-load

J 9 0.009 | 1975/ 0.023 0.009 1.967 0.023 0.009 1.970 230)0
transmission line

2. Switching-off no-load

cable 0.051 | 2.022] 0.022 0.051 1.920 0.021 0.051 1.p56 210/0

3. Interruption of single-
phase 90% short-line faultin 0.883 | 0.007| 0.147 0.074 0.002 0.046 29.Y80 0. 6.054
transmission line

4. Interruption of three-
phase 90% short-line fault in31.073| 0.204{ 6.127 | 31.073 0.204 6.130 | 31.073 0.20§ 6.13
transmission line

5. Interruption of single-
phase 90% short-line fault in 0.907 | 0.002| 0.015 0.113 0.001 0.008 33.250 0.0734840
cable

6. Interruption of three-
phase 90% short-line fault in31.406| 0.068 0.506 31.406 0.068 0.5p8 31.406 0{068%09
cable

7. Switching-off ungrounded

; 0.052 | 2.346| 0.028 0.052 2.346 0.028 0.052 2.346 2800
capacitor bank

8. Switching-off grounded

. 0.052 | 2.044| 0.022 0.052 1.962 0.021 0.052 1.985 210{0
capacitor bank

9. Switching-off shunt

0.505 | 1.952) 0.862Z 0.50% 1.9%1 0.862 0.505 1.951 6208
reactor

Table 3.3: The results of simulations of circuit-breaker stresses with the
short-circuit rating of 40 kA (the highlighted RRRVs are the values

over IEC standard)
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System grounding

Simulation cases Isolated grounding | Compensated grounding Solid grounding

Iy TRV | RRRV Iy TRV | RRRV Iy TRV | RRRV
(kA) | (p.u) | kVius | (kA) | (p.u.) | kVius | (kA) | (p.u.) | kV/ius

1. Switching-off no-load

J9 0.009 | 1.956/ 0.022 0.009 1.949 0.022 0.009 1.949 220)0
transmission line

2. Switching-off no-load

cable 0.050 | 2.002] 0.0233 0.050 1.902 0.021 0.050 1.p37 210/0

3. Interruption of single-
phase 90% short-line faultin 0.956 | 0.017] 0.113 0.090 0.004 0.029 8.251 0.210 68L)5
transmission lines

4. Interruption of three-
phase 90% short-line fault in 8.8 0.218| 1.631 8.8 0.218 1.63 8.4 0.218 1.631
transmission lines

5. Interruption of single-
phase 90% short-line faultin 1.0 0.005f 0.01 0.132 0.001 0.002 9.321 0.074 0.L64
cables

6. Interruption of three-
phase 90% short-line faultin 9.09 | 0.074] 0.164 9.09| 0.074 0.164 9.09 0.074 0.164
cables

7. Switching-off ungrounded

; 0.052 | 2.319| 0.028 0.052 2.319 0.028 0.052 2.319 280{0
capacitor bank

8. Switching-off grounded

. 0.052 | 2.025] 0.022 0.052 1.944 0.021 0.052 1.965 210{0
capacitor bank

9. Switching-off shunt

0.479 | 1.860f 0.80§ 0479 1.860 0.808 0.479 1.860 0808
reactor

Table 3.4: The results of simulations of circuit-breaker stresses with the

short-circuit rating of 10 kA

3.2.4.1Transient recovery voltages (TRV) across circuit-breakergaedof rise of recovery
voltages (RRRV)

The stresses of circuit-breakers in the mentioned applicat®asfanction of the TRV and
the RRRV can be represented in Fig. 3.4a-c for the case of 40kAcsicart capacity. It can
be concluded from Table 3.3 and 3.4 that:

e In case of switching-off no-load transmission lines (caseh®) récovery voltages are
between 1.949-1.975 p.u. and the RRRVs are around 0.023 kV/us depending on the
types of system grounding. It is obvious that the stress of TRMasvely high, whereas
the stress of RRRYV is not the problem.
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The TRVs and the RRRVs in case of switching-off no-load cafolese 2) are 1.902-
2.002 p.u. and 0.022 kV/us respectively. In comparison to switching-off tregsiemi
lines, the stress of the TRV is slightly higher in the aasisolated system grounding,
but the stress of the RRRYV is fairly similar.

The results from the short-line fault in transmission lines sthatvthe RRRVSs relate to
the interrupted currents and characteristic impedances. It caebdlat the RRRVs in
the case of single-phase short-line fault (case 3) with tisglagrounding and
compensated grounding are relatively low compared with the casdicbfyrounding and
3-phase short-line fault (case 4).

The stresses of the RRRVs in case of short-line fault iresabk not so severe as in the
case of the short-line fault in transmission lines becausteoflower characteristic
impedances of the cables. The RRRVs of single-phase and 3-phasknshiatits are
not higher than 0.51 kV/us.

Switching-off ungrounded capacitor banks results in the highestsTR¥.3-2.35 p.u.)
regardless of the types of system grounding. The stresses of RRRVsregidnted due
to very low RRRVs.

The TRVs in the case of switching-off grounded capacitor baeksetween 1.94 p.u.
and 2.04 p.u. corresponding to the system grounding and rating. It is showhethat
TRVs are slightly higher when the ratings of the systarashigher. The stresses of the
RRRVs play no important roles in this case.

The stresses of switching-off the shunt reactor from the TRWd RRRVs are

moderately high. The TRVs are around 1.86-1.95 p.u. and the RRRVs are around 0.808

0.862 kV/us.
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Figure. 3.4: Transient recovery voltages (TRVs) and rate of afseecovery
voltages (RRRVSs) of different applications
(a): Isolated grounding system
(b): Compensated grounding system

(c): Solidly grounded system

3.2.4.2Interrupted currents and rate of rise of recovery voltages (RRRVS)

The relationship between interrupted currents and the RRRVs capibteden Fig. 3.5a and
b. It can be concluded that:
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Figure 3.5:  The stresses of circuit-breakers with respeatéaupted currents and
rate of rise of recovery voltages (RRRVS)
(a): Short-circuit current of 40 kA
(b): Short-circuit current of 10 kA

The RRRVs subject to the short-line faults in transmissios kame relatively high when
the high short-circuit currents are interrupted. It can be se#n Kig. 3.5a that the
RRRVs of such cases are around 6 kV/us. However, the RRRVs ofctseseare lower
than 2 kV/us, IEC standard value, when the interrupted currents age tloan 10 kA

(Fig. 3.5b).

In case of short-line faults in cables, the RRRVs are not $odsgn transmission lines.
The maximum value of the RRRV is less than 0.5 kV/us when theupted currents

are lower than 40 KA.
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e Stresses of circuit-breakers in terms of the RRRVs in athees are not so severe
because they are lower than standard value of 2 kV/us

3.25 Conclusions

Stresses of circuit-breakers in terms of the TRVs, the RR&\ interrupted currents can be

concluded from the simulations:

e Types of system grounding result in different TRVs, RRRVs arefrunited currents.
For example, the interrupted currents of single-phase shofalits are relatively low
in case of isolated grounding and compensated grounding compared with solid
grounding. However, types of grounding play no important role in casglo&se short-
line faults and switching-off ungrounded capacitor banks.

e In the case of capacitive switching (except switching ungroundeakcitar banks), the
TRVs in an isolated system are higher than those in a s@rdiynded system and a
compensated system respectively. These TRVs are dependentrafiohef positive-
sequence to zero-sequence capacitang€qC

e The interrupted currents of single-phase short line faults indygtounded system are
relatively high since the faults occur near the supply. In destibution system, they
would not be so high because of the impedances from the power plant fewlted
position are taken into account. Nevertheless, single-phase shofalite must be
considered when the circuit-breakers are installed near power plants.

e Itis obvious that 3-phase short-line faults result in very high Y&RiRus leading to the
breakdown of circuit-breakers. In order to reduce the very high RRR&ses$istance or
capacitance will be applied in parallel with contact break.

e It could be concluded from the simulation that the circuit-breakessgrasd for
interrupting capacitor banks can be also used for interrupting no-ksirtission lines
and no-load cables.

e It is evident that the RRRVs in case of short-line faultsralated to the interrupted
currents.

e The configuration of the whole system plays an important role inTR¥s and the
RRRVs. For example, the zero-sequence capacitances of catlgtsciaffect the
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transient recovery voltages. Without these cable circuits, trangieovery voltages are
supposed to be higher.

e In comparison to IEC standard, the values of the RRRV in most easdower than the
standard value (2 kV/us) except in some cases of interruption due to a short-timedaul

cable and/or transmission line.

3.3 Stressesof HV Circuit-Breakers by Combined Statistical M ethod

The electrical stresses of circuit-breakers are malatgrmined by operating currents, short-
circuit currents and switching operatidn.addition, the number of faults on overhead lines
which circuit-breakers have to be interrupted is taken into accounbhbsidered separately
from the electrical stresses. The aim of this study isotmbine and investigate electrical
stresses of circuit-breakers as a function of fault frequency faoll severity. The
combination of fault density and fault severity of circuit-brealkeescarried out by statistical
method. Number of faults, short-circuit currents and length of trasemidéines in 123 kV,

245 kV and 420 kV were collected from the utility during 10-year operation.

3.3.1 Conceptsof Combined Statistical Method

The approach of combined statistical method is introduced by [31] amemsioned as
Chessboard method. This method can combine stresses of circuit-braak&rfunction of
fault density and fault severity. The result of the investigatrahicates which areas are

subject to the highest stress and which area the faults most frequentliatake p

3.3.2 Investigation of HV Circuit-breaker Database

The population of circuit-breakers is taken from a utility in Gamgn Only this utility is taken
into account, since the utility provides the required information, sischumber of faults,
short-circuit currents and the length of transmission lines. Suolmation is necessary for
the combined statistical method. Due to lack of complete informatiber diatabases from
other utilities cannot be applied in this study. The total populationrofiicbreakers on

different voltage levels is represented in Table 3.5.
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123 kV

245 kv

420 kV

no. of circuit-breakers

656

74

55

Table 3.5: The total population of HV circuit-breakers

Transmission lines in 123 kV, 245 kV and 420 kV are taken into consmerblowever, not
every transmission is subject to the faults. Table 3.6 represkatdotal number of
transmission lines and the total lengths. It can be calculated Trabte 3.6 that the
proportions of faults in terms of the line length are 28.84 %, 66.33 % and 8419423 kV,

245 kV and 420 kV respectively. In comparison with the proportions of féolterms of
number of faulted lines), the proportions of faults are 22.40 %, 45.24 % and 48139 % i
123 kV, 245 kV and 420 kV respectively. In conclusion, the faulted areagherhvoltage

levels are larger than in lower voltage levels.

123 kv | 245 kV| 420 kV
no. of lines 299 42 31
the length of lines (km) 3320 1417 963
no. of faulted lines 67 19 15
the length of faulted lines 951 940 81§

Table 3.6: The population of transmission lines and the lengths of transmission lines

The maximum expected short-circuit currents in the substations éewl tecorded and
divided by the rated short-circuit breaking currents.(Regardless of fault types, faults of
each phase on faulted transmission lines were investigated. Theersuaf faults per phase

on different voltage levels are represented in Table 3.7

123 kV | 245 kV | 420 kV
307 260

no. of faults per phase 352

Table 3.7: Investigated faults on transmission lines

In connection with Table 3.6, the average number of faults per phas@agen different

voltage levels can be calculated. It is represented thavénage number of faults per phase
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per line are 5.25, 16.16 and 17.33 in 123 kV, 245 kV and 245 kV respectively. It is obvious

that the higher the voltage level, the higher the numbers of faults per phase per line.

3.3.3 DataEvaluation and Analysis

In order to apply the combined statistical method, the necesdargnation is collected and

then investigated. The data evaluation steps are represented in Fig.3.6

Transmission line length and maximum expecteate
taken into account

l

Every fault per phase on transmission lines is atizad
on 100 km basis

'

Percentile of fault per phase per 100 km is catedla

'

Percentile of/l,, is calculated

'

Combined statistical method is applied

Figure 3.6: Steps of evaluation

The density of fault or frequency of fault can be calculated lmgusansmission line length
and numbers of faults. After that the values are normalized on a 10@dim Every fault in
every transmission line is separately considered. In other wieddts per phase per 100
km” of each fault can be calculated by the following equation.

Faults per phase per 100 km = (1/line length) x 100 (3.2)

The examples of fault determination from the database are givieaibie 3.8. After faults per

phase per 100 km are calculated, the percentile of them are tleemidet. Fault severity or
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the proportion of maximum expected short-circuit current to rateckingea&urrent (dd1m,)

can be obtained from the database. Afterwards, the percentile of it is det@rmi

fault ID Line length (km) | Faults/phase/100 km <Jl}y
1 4.5 22.22 0.71
2 4.5 22.22 0.71
3 10.4 9.62 0.53
4 10.4 9.62 0.53
5 10.4 9.62 0.53
6 10.4 9.62 0.53
7 17.5 5.72 0.23
8 175 5.72 0.23
9 17.5 5.72 0.23
10 23.02 4.34 0.31

Table 3.8: The examples of fault determination

3.3.4 Implementation of Combined Statistical M ethod

The percentiles of faults per phase per 100 km and percentilgdoin 123 kV, 245 kV and
420 kV are carried out. Table 3.9 represents the percentiles of faults per phH3@ kma and
percentiles of /1. In 245 kV and 420 kV, there are only 19 and 15 faulted transmission
lines respectively, thus resulting in repetitive “faults per phzese100 km” values. As a
result, the percentiles in 245 kV and 420 kV are not well distributed.

The percentiles of faults per phase per 100 km and percentilgd,ptan be represented in
terms of graphs as shown in Fig. 3.7 and 3.8



48

3. Switching Stresses of HV Circuit-Breakers

%

100 -

80 -

60 -

40 -

20

T T T T )
10 20 30 40 50

%

100 -
90 -
80 -
70 4
60 -

40 4
30 4
20 -
10 1

T T T
0.2 0.4 0.6

T
0.8

numbers of faults per phase per 100 km Isc/Irb
(a) (@)
100 100 -
90
80 80
70 1
60 60
X R 50
40 - 40 4
30 1
20 20
10
0 ; ; ; ; ; ‘ 0 ‘ ‘ ‘ ‘ ‘
5 10 15 20 25 30 0.2 0.4 0.6 0.8 1
numbers of faults per phase per 100 km Isc/Irb
(b) (b)
100 - 100 -
90 1
80 4 80
70
60 60
X R 50
40 - 40
30
20 + 20
10 4
0 ; ‘ : : ‘ 0 ; ; ; ‘
1 2 3 4 5 0.2 0.4 0.6 0.8
numbers of faults per phase per 100 km Isc/Irb
(c) (c)
Figure 3.7:The Percentiles of faults per Figure 3.8:The percentiles qffl:»
phase per 100 km (@): 123 kV
(a): 123 kv (b): 245kV
(b): 245kV (c): 420 kV
(c): 420 kv

The percentiles of faults per phase per 100 km (Fig. 3.7) arelatald from the individual

faults on different line lengths at different voltage levels.ré&foee, it cannot be concluded

that the number of faults are dependent on the voltage levelastcertained by CIGRE WG

13.08 that the number of faults is independent from the voltage levelshown in Fig. 3.8
that the 100% percentile ofdl,, in 123 kV system is higher than in 245 kV and 420 kV
systems. In other words, circuit-breakers in 123 kV system hawe stress from short

circuit-current than those in 245 kV and 420 kV.
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Percentileg 123 kV 245 kv 420 kV

faults/ faults/ faults/

phase/ Isdlrb phase/ lsd b phase/ Isdlrb

100 km 100 km 100 km
10% 3.154 0.198 0.840 0.149 0.988 0.226
20% 4.437 0.280 0.917 0.206 0.988 0.2%8
30% 4.669 0.307 0.917 0.33B 1.428 0.325
40% 5.121 0.343 0.956 0.34p 1.476 0.340
50% 5.716 0.389 1.1364 0.369 1.492 0.368
60% 7.703 0.503 1.1364 0.431 1.909 0.488
70% 9.507 0.571 1.1364 0.599 2.194 0.571
80% 11.342 0.661 1.637 0.73 2.194 0.612
90% 18.975 0.756 2.841 0.756 2.794 0.714
100% 47.551 0.950 25.873 0.826 4.495 0.746

Table 3.9: Percentiles of faults per phase per 100 km and percentiés,of |

3.3.5 Resaultsof Combined Statistical M ethod

Parameters of faults, faults per phase per 100 kmsghgl In 123 kV, 245 kV and 420kV are
compared with th@ercentile values in Table 3.9 by using a counting program developed i
MATLAB and then placed into the 10 x 10 squared boxes. Every square-pmsepts
percentiles of faults per phase per 100 km and percentileglgfih a range of 10 %. The
squared boxes of faults in 123 kV system are represented in Figargl9he size of squared
boxes can be reduced into 5 x 5 squared boxes as shown in Fig. 3.9b.
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Figure 3.9:  Results of combined statistical method in 123 kV system

(a): Population distribution in % (10 x 10 squared boxes)

(b): Population distribution in % (5 x 5 squared boxes)

It is obvious that the highest density of faults (7.67%) lies bet@eh% percentile ok,

and 60-80 % percentile of faults per phase per 100 km. In other words,heglibst density

of faults, circuit-breakers are subject to 7.7-11.3 faults per phasd(Qfekm with the
proportion of /I, up to 0.280. The second highest density (6.82 %) lies between 60-80 %

percentile of d/1,, and 40-60 % percentile of faults per phase per 100 km. Circuitdrseak

this area are exposed to 5.1-7.7 faults per phase per 100 km with thetipnopbrs/l

between 0.50-0.66.

The results of combined statistical method in 245 kV and 420 kV systeendistributed as

shown in Fig. 3.10 and 3.11 respectively.
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Figure 3.10: Results of combined statistical method in 245 kV system
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Figure 3.11: Results of combined statistical method in 420 kV system

In 245 kV system, the highest density of faults (12.70 %) is placedeee 20-40 %
percentile of /I, and 60-80 % percentile of faults per phase per 100 km. In other words,
circuit-breakers are mostly subject to 1.1-1.6 faults per phasE)pekm with the proportion

of Isdlp between 0.20-0.34.

In 420 kV system, the highest density of faults (15.77 %) lies bat@@el0 % percentile of
Isdl, and 0-20 % percentile of faults per phase per 100 km. This valwesponds to circuit-
breakers subject to 0.99 faults per phase per 100 km and the proportidi, tbiekween 0.26-
0.34.

When the 90 % percentile of faults per phase per 100 km and 90 % peroénill,, are
considered, the population in the area from 90 % to 100 % has to be aggyré&gatexample,

the population of circuit-breakers in 123 kV system between 90 % to 1p6rééentile of
faults per phase per 100 km andl} represents 19.88 % as shown in shaded area of
Fig. 3.9a. This 90 % area in 245 kV and 420 kV systems represents 1308 .77 %
respectively. The highest density of faults at different voltagels can be concluded in
Table 3.10.
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Voltage Percentile of faults Percentile of 4/l
(kV) per phase per 100 km
123 60 — 80 % 0-20%
245 60 — 80 % 20-40 %
420 0-20% 20-40 %

Table 3.10: The highest density of faults at different voltage levels

It is concluded that the combined statistical approach is a useful tool tagateshe stresses
of circuit-breakers in terms of fault density and fault sevefitye result of the investigation
can highlight the areas subject to the highest stress and Hgetheefaults most frequently

OocCcur.

In order to have more reliable results, a large number of sampistsbe taken into account.
It is recommended that utilities should provide the informationte@léao the numbers of
faults, faulted transmission line length and short circuit-curmemhaximum expected short-

circuit current.
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4  Failure Modes and EffectsAnalysis

4.1 Conceptsand Definitions

The main principles of designing optimal diagnosis and maintenangeams depend on the
basis of: which types and how often the failures occur, howeelie consequences are and
which maintenance strategies are suitable to prevent sucleaikailure Modes and Effects
Analysis (FMEA) is the systematic approach to investigatleres by identifying functions,
failure modes and consequences of failures. In addition, the falhtebase such as the
probability of failures must be integrated into the FMEA approaclrder to assess the
severity of failures.

FMEA can be considered as an important part of Reliability-Ceritftaintenance (RCM)
which is the method for achieving cost-effective programs. RCMfiwgsapplied in the civil

aircraft industry in 1960s for the Boeing 747 series, which are roomeplicated than
previous types. Concepts and fundamental principles of RCM can bedléfi[32], [33] and

[34]. It can be concluded from the first definition of RCM [33] ttie aims of RCM method
are: preservation of system functions, identification of failuogl@s, prioritizing of functions
and selection of effective maintenance programs. The other defirgtid process of RCM

method are based on seven questions [34]:

e What are the functions and associated performance standards?
e In what ways can the functions fail?

e What are the causes of each functional failure?

e What are the effects of each failure?

¢ What are the consequences of each failure?

e How to predict or prevent each failure?

e What can be done if there is no suitable preventive task?
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The steps of an RCM analysis can be summarized as followed [35]:

e  Study preparation

e System selection and definition

e Functional failure analysis

e Critical item selection

e Data collection and analysis

e Failure modes and effects analysis

e Selection of maintenance tasks

e Determination of maintenance intervals

e Preventive maintenance comparison analysis

e Treatment of non-critical items

The application of RCM to power systems was first introduced PRRIEN the area of the
nuclear power industry. In the area of substation and HV circuit-neake RCM methods
and techniques can be reviewed in [36], [37] and [38]. The more detiadoanplete process
of RCM applied to distribution systems is shown in [39]. In that study, the caibnss were

selected from the RCM process to perform maintenance evaluation.

In the following evaluation, the application of FMEA to HV circuielkers had been studied

and implemented in two aspects:

e Which components affect the functional failures of circuit-breakers

e How high are the risks to components in circuit-breakers

In order to conduct a FMEA process for HV circuit-breakersfuhetions of circuit-breakers
must be first defined. Afterwards, the types of damages froffutiational failures are listed.
The consequences of failures are then investigated by consideungnain categories of
consequences: personnel safety, environmental impact, operation awailatdi costs of
repair. With the integration of the HV circuit-breaker databafsBarmstadt University of
Technology, it is possible to evaluate the severity of failofesach component of circuit-

breakers resulting in risk assessment.
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4.2 Patternsof Failures

The patterns of failures or failure characteristics repitete development of failures over

time. The failures can occur suddenly or over a long period of filme patterns of failures

depend mainly on physical, on chemical mechanism and on types of egtiprhe main

patterns of failures as a function of failure rate can be represented fFig

hy

\4

(a): Bathtub curve

ne

(c): Wear-out

h

\4

(e): Gradually increasing
failure rate

Figure 4.1: The patterns of failures

hy

v

(b): Infant mortality

(d): Constant failure rate t

hy

\4

(): rapid increase to a relatively
constant level

According to Fig. 4.1, the meanings of patterns of failures can be explainetbagdol

e (a) Bathtub curve: This is the typical failure characterisfi power system equipment

such as transformers and circuit-breakers. The failure ratelasvely high at the

commissioning period and then reduced to the constant level during ugefulhe

failure rate is increased when the equipment starts to deteriorate.

e (b) Infant mortality: This type of failure characteristis considered right after

commissioning. The failure rate is relative high and then graduetlyced to the

constant rate. The causes of high failure rate at the beginrsulg frem manufacturing

defects, defective parts, poor quality control, contamination and poor workmanship.
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e (c) Wear-out: This pattern of failure is recognized during dle¢erioration process
resulting from corrosion, aging and friction. The failure ratgralually increased with
increasing ages of equipment.

e (d) Constant failure rate: This failure characteristic entioned as “Acts of God” or
random error, since the failure rate remains constant for adpefitime. It is the pattern
of failure during useful life.

e (e) Gradually increasing failure rate: This is the agiagern without identifiable wear-
out age.

e (f) Rapid increase to a relatively constant level: Thisgpatof failure represents very
low failure rate at the beginning because of new status aghi@ment. The failure rate

is then increased until it is constant.

The failures related to the operating time, as shown on theidefte$ Fig. 4.1, can be
prevented by using preventive maintenance programs such as sdheclailgtenance,
inspection and overhaul. In this circumstance, the specific period tormpegreventive
maintenance is defined to keep failure probability within the @ebée level. This

maintenance program is carried out without consideration of equipment status.

The other type of failure, which is not relevant to the operatng,tas shown on the right-
side of Fig. 4.1, can be prevented by using predictive maintenancenditien-based
maintenance. The maintenance programs of HV circuit-breakersbeacategorized as

follows:

e Corrective maintenance: This maintenance program is mentiased replacement
program when the components fail. It is usually applied for componewntsicii failures
have small consequences to the operation or when the failures rarely occur.

e Condition-based maintenance: This maintenance program is applied on the bteissof
of components by using diagnosis methods. However, the technical and ex@nomi
aspects must be taken into account.

e Time-based maintenance: It can be referred to scheduled mairgenbiot is carried
out according to specific interval. This type of maintenancélighee most widely used
maintenance program nowadays.

e Reliability-centered maintenance: This is a systematiat@aance program which is
based on the status and failure consequences of equipment to the whole system.
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4.3 Stepsof Failure Modes and Effects Analysisfor HV Circuit-Breakers

The reference FMEA table and its example can be represantédbie 4.1 and steps of
FMEA of HV circuit-breakers can be explained in order as follows:

Failure Failure cause Prob. | Consequences Failure | Criticality | Ranking| Maintenanceg
mode level 1 level 2 level 3 of of failures detection
failure
1. Does | 1. 1.1 111 0.0058| O-/C- Easy 12.63 42 Condition
not close | Operating | Drive Motor based
on mecha- fails fails

command| nism fails

1.1.2N2| 0.037 | O/C- Easy 90.79 20 Condition-
Storage based
fails

Table 4.1: The reference of FMEA table and its example

4.3.1 FailureDatabase and I nvestigation

The failure database must be provided before the FMEA process.bEginfilure database,
collected from utilities from 1960s to 2003, has been divided into five w@mponents:
operating mechanism, HV insulation, life-parts, control/auxiliangl athers. Each main
component can be further subdivided into many subcomponents. The detailegl diagram

of every component can be found in Appendix D of [40]. The subcomponents with the
number of failures can be found by using the web-based failure datdeaeloped by the
Institute of Power Systems, Darmstadt University of Technoldgya result, a complete
treeing diagram of HV circuit-breakers composed of subcomponents arménahfailures is
achieved. The subcomponents with the failure statistics playyamportant role for failure
modes and effects analysis, since the functional failures aeetldirrelated to those

subcomponents.

In this study, only SF6 circuit-breakers are of interest bectheseare predominant in the
high voltage levels. The number of 4275 failures from 4357 SF6 cboedtkers has been
arranged regarding the subcomponents. It must be noted that the idistbetiveen minor

and major failures is not defined in this database.
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4.3.2 Functionsof HV Circuit-Breakers

This is the first step to start the FMEA of HV circuit-lkees. The functions of HV circuit-

breakers can be defined as follows:

e  Switching-off operating current
e  Switching-on operating current
e  Short-circuit current interruption

e Secure open and closed position

The next step is to consider the failures where HV circugtk@aes cannot fulfil the functional

requirements.

4.3.3 Functional Failure Modes of HV Circuit-Breakers

When HV circuit-breakers cannot fulfil the functional requiremerststated in section 4.3.2,
the types of functional failure modes must be defined. Normally,aitheds can be divided
into two types of failures: major and minor failures. The mindur@s can be prevented by
using scheduled maintenance. In order to do such maintenance, two questibnse mus

answered:

e What are the causes of failures? e  Which events generate the failures?

The possible functional failure modes of HV circuit-breakers ategrto CIGRE surveys
can be listed as followed:

e Does not close on command Breakdown to earth

e Does not open on command

Breakdown between poles

e Closes without command e Breakdown across open pole (Internal)
e  Opens without command e Breakdown across open pole (External)
e Does not make the current e Locking in open or closed position

e Does not break the current e Others

e Fails to carry the current
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These functional failure modes are listed in the “failure moadtincn of FMEA Table as

represented in Table 4.1.

4.3.4 Causesof Failures

This is the process after the functional failures are setsegtion 4.3.3). The causes of
functional failures regarding components are considered and categdéfurétermore, the
detail of the component failures must be investigated with the knowledigeexperts and
guidance of IEEE [41]. For example, the failure of an operatinghamsm results in the
functional failure modes “Does not close on command”, “Does not operommand”,
“Close without command”, “Open without command” and “Does not break thenturThe
possible causes of failures of an operating mechanism musgurediout. They are then
compared with the failure database; thereby the number of tatare be arranged regarding
components. It must be noted that the failure database is baseslfailutes of components
without the records of failure modes. Therefore, the proportion ofdailuom CIGRE, Table

4.2, which occurred in any failure modes, must be applied.

For example, the causes of hydraulic operating mechanism failube functional failure
mode “Does not close on command” are composed of: 20 failures of ni@Or&ilures of
N2 Storage, 230 failures of connection, 33 failures of values and other&illine causes in

FMEA Table are subdivided in 3 levels as represented in Table 4.1.

4.3.5 Consequencesof Failures

After the causes of failures are classified, the next stefheofFMEA is to evaluate the
consequences of failures. The evaluation of the consequences of falgigsificant to
figure out the importance of failures. In this study, the consegserf failures are

categorized into four groups:

e Personnel safety
e Environmental impact
e  Operation availability/Duration of repair

e Costs of repair
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Characteristic Proportion of failures
2" Enquiry
Does not close on command 24.6 %
Does not open on command 8.3 %
Closes without command 1.1%
Opens without command 7.0%
Does not make the current 1.7 %
Does not break the current 3.0%
Fails to carry the current 1.5%
Breakdown to earth 3.2%
Breakdown between poles 1.5%
Breakdown across open pole (Internal) 3.6%
Breakdown across open pole (External) 15%
Locking in open or closed position 28.5 %
Others 14.6 %

Table 4.2: The proportions of functional failure modes from the CIGF{E"erQUiry

Moreover, these four main groups are subdivided into 10 levels of consesweititehe
application of a score system as shown in Table. 4.3 The total consegw# failures can be

represented as:

Consequences of failures = Personnel safety + Environmental impact

+ Duration of repair + Costs of repair (4.1)

The consequences of failures of FMEA Table (Table 4.1) areseqedl in the column of
“Consequences of failures”.
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Consequence Description of consequences Score

P: Personnel safety Injury or death of personnel 10

E+: Environmental impaq Release of Sfand oil insulating medium 9

E: Environmental impad Occurrence of fire 8

E-: Environmental impad No release of Sfand oil insulating medium 7

O+:  Duration of repair > 5 days 6

O: Duration of repair 2-5 days 5

O-:  Duration of repair 2 days 4

C+:  Costs of repair > 10000 Euro 3

C: Costs of repair 1000-10000 Euro 2

C-:  Costs of repair <1000 Euro 1
Table 4.3: Consequences of failures and their descriptions

4.3.6 Failure Detection

In order to evaluate the consequences of failures in section 4.3.5vativedy, the criterion

of “Failure detection” must be considered. In other words, it ig Weportant to determine if

the failures can be detected by the diagnosis or observation metmd#stance, the

consequence of $Heakage is severe, but it is easy to detect this circunestbgca

monitoring technique, thus reducing the probability of occurrence.pfbeess of failure

detection analysis is carried out by introduction of a score system asemreckin Table 4.4

Failure detection Score
Impossible to detect 3
Difficult to detect 2
Easy to detect 1

Table 4.4: Failure detection
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The descriptions of different levels of failure detection can be explained asddllow

e Impossible to detect: The failure cannot be discovered by the maintenance method.
e Difficult to detect: The failure is not be able to be diagnoseth@radditional diagnose
must be required.

e Easy to detect: The failure can be detected by the maintenance method.

4.4 Failure Modes and Effects Analysis Evaluation Process

The process of the FMEA, after assembling the required infammat section 4.3, can be

represented in Fig. 4.2

Record the functional failure modesg

v
Record the causes of failures for every
functional failure mode

v v v
Evaluation of failures regarding Evaluation of failure regarding failure Probability of failure from the failure
consequences detection database

Y

v

Risk assessment of failures [«

v
Ranking risks and evaluation of
maintenance programs

Figure 4.2: The flowchart of FMEA evaluation process

It can be seen from Fig. 4.2 that the risk assessment of fadneecomprised of the product
of three parameters: consequences, failure detection and probabidityiad. The product of
first two parameters, consequences and failure detection, areonsehtas the entire
consequences. The consequence damage with the highest score refiresegteest risk of
the considered component. Therefore, the appropriate maintenancerprogsa be applied
to reduce this high risk. Due to the application of the score systedifferent parameters,

the results of the evaluation are largely dependent on the o&tiyge score scales. In order to
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reduce this effect, the decision matrix approach as shown in FignusB8be implemented

[42]. With this method, every 2 parameters are compared with ethen, in this case

providing an indication of the risk.

Criteria S 5 | T [WF/%

c

) 2

2 |, |5

()

6v5358

S=To LY

Oguw ga 3

<50 d0 &
A: Consequence of failur{ 0 1 1 2 16.7
B: Failure detection 310 3 6 50.0
C: Probability of failure &) 1|0 4 33.3

12| 100.0

Figure 4.3: The decision matrix

The weighting factors with respect to the decision criteaa be defined as follows:

(example)
e The effect of parameter A is smaller than B: 1
e The effect of parameter A is similar to B: 2
e The effect of parameter A is larger than B: 3

The summation of each parameter on the horizontal axis is compatiedthe total
summation on the vertical axis, resulting in the proportion of eadcnsder to the total
effect. The evaluation with this method represents the maximughtvey factors that should
be applied for each parameter. The maximum weighting fabtoreach parameter can be

concluded as followed:

e Consequence of failure 16.7%
e Failure detection 50.0%
e Probability of failure 33.3%
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The weighting factors of the three parameters show that thet eff failure detection plays a
higher significant role for risk assessment than the other tvaoeders. The equation of risk

assessment composed of three mentioned parameters can be expressed as:

Risk = Consequence of failure x Failure detection x Probability of failure (4.2)

It must be noted that the maximum values of the mentioned paranfreter section 4.3.1,
4.3.5 and 4.3.6 must be transformed to match with the maximum weighttogsfdom the
decision matrix. The transformation method and the related ensatie® represented in

Appendix A.

45 Resultsof Failure Modes and Effects Analysis

With the FMEA evaluation process, the risk of failure of every mament can be
investigated. The damage of one component can lead to many fundadoeds. For
example, the failure of a motor could result in the functional &sluiDoes not close on
command” and “Does not open on command”. The priority of risk in relatidartctional
failures and damage of components from the FMEA process in secticmsh8wn in Table
4.5. It is obvious from Table 4.5 which functional failures, from which compenenist be

carefully taken into account. The full analysis of FMEA is found in Appendix B1.

In addition, it is very useful to assess the risk with respednty components, since the
typical maintenance program is designed to maintain the comgzoniée evaluation of risk

based only on components can be represented in Table 4.6. The detal®whluation can

be found in Appendix B2.
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Priority | Score Functional failure Damaged component
1 4011 | Does not break the current Controlled capacitoL
2 3482 | Does not close on command Linkage
3 1530 | Does not open on command Linkage
4 1455 | Breakdown to earth Porcelain
5 1216 | Does not make the current Switching contacts
6 1196 | Breakdown to earth Arcing chamber houging
7 1140 | Does not close on command ¢ BEating equipment
8 1124 | Fails to carry current Switching contacts
9 928 | Breakdown along open pole (external) Porcelain
10 830 | Does not break the current Linkage
11 806 | Breakdown across open pole (external) Arcing chamber housing
12 451 | Does not open on command ¢ BEating equipment
13 187 | Does not close on command ¢ [BAakage/Sealing
14 182 | Does not close on command Damping equipment
15 155 | Opens without command Trip latch
Table 4.5: The priority of risk in relation to functional failures and damage of
components
Priority Score Damaged component Maintenance strategy
1 3659 | Linkage Corrective
2 2999 | Controlled capacitor Time-based
3 1421 | Porcelain Time-based
4 1414 | Switching contacts Time-based
5 1134 | Arcing chamber housingl Time-based
6 1120 | Sk heating equipment Condition-based
7 222 | Skleakage/Sealing Condition-based
8 165 | Damping equipment Time-based
9 132 | Trip latch Corrective
10 111 | Sensors Corrective

Table 4.6: The priority of risk with respect to damaged components
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4.6 Risk Assessment of HV Circuit-Breakers

The risk assessment in this section is carried out by using diregeam with the different
classes of risk. In Fig. 4.4, the risk diagram is representedphya®neters: total consequence
and probability of failure. The total consequence of failure, in thsecis the product of
consequence of failure (Table 4.3) and failure detection (Table 4.4)ditioa, the decision
matrix approach as explained in Section 4.4 must be taken into accasifdulhd that failure

detection plays a more significant role than the consequence of failure itiahef #5:25.

0.08 \
0.07
0.06 ®7
0.05
0.04
0.03 5
0.02 Low * le 2 ¢
0.01 & 8
0 B
0 10 20 30 40 50 60 70 80 90 100

Total consequence

High

Medium

Probability of failure

Figure 4.4:  The risk diagram of §Eircuit-breakers (The numbers on the diagram

are related to the priority of risk in Table 4.6)
In order to evaluate the levels of risk, the classificationsif with respect to probability and
total consequence must be defined as followed:
The probability of failure:
e 0.00-0.02:Low e 0.02-0.04: Medium e 0.04 -0.08: High

The total consequence:

e 0-30%:Low e 30-60%: Medium e 60— 100%: High
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From these criteria, the iso-risk curves can be calculated attédplas shown in Fig. 4.4.
These iso-risk curves illustrate the identical degrees ofatimkg the iso-risk curve lines. It

can be concluded from Fig. 4.4 that:

e The components 1 and 2 corresponding “linkage” and “controlled capacieoih @he
region of “Medium” level of risk. In order to reduce the degree s, ran improved
maintenance program is recommended. For example, the typicaito@nmaintenance
of linkage and time-based maintenance of controlled capacitor ceulchénged to
online condition-based maintenance.

e The components 3, 4 and 5 regarding “porcelain”, “switching contaatd” “arcing
chamber” housing are on the low-medium iso-risk curve. In this dasepossible to
reduce the risk by introducing the more effective maintenanaggmo However, it is
not necessary to change the maintenance technique, since thalpiebaf failures are
relatively low.

e The component 6, “SFheating equipment”, is close to the low-medium boundary. In
order to reduce the risk to the secure position (low region), the tmmbased
maintenance should be more frequently carried out. The more frequeniaehdied
maintenance can be also applied to component %,s&king”, to reduce the probability
of failure. However, those components are already in the loweagskmn. It might not be
cost-effective to improve the maintenance program.

e The probabilities of failures from components 8 and 9, “damping equipraadt™trip
latch”, are considerably low. Therefore, it is not necessanhamge the maintenance
programs.

e The component 10, “sensors”, has the highest probability of failuresdoytsmall
consequence of failure. It is possible to improve or change theamaitde method from
corrective to time-based or condition-based method. However, it issomagale to use

the additional monitoring methods for the monitoring devices such as sensors.

It can be concluded in this chapter that the Failure Modes andtE#ealysis (FMEA)
method is very useful method to evaluate the risk of components of ddiitdreakers.
Consequently, the improved maintenance programs for determined compcaantse

introduced.
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5  Probability and Reliability M odels

5.1 Probability Distributionsin Reliability Evaluation

Probability distributions are considered as the main parameteosder to evaluate the
reliability of components and systems. These probability distributcameespond to the
time-to-failure of components which are variable due to differeqedy structures,
manufactures and operating conditions. Practically, the time-to-dadannot be obtained
directly from the components or systems but must be determinedhssample testing or

from the data collection.

The main types of distributions are divided into two groups: discaete continuous
distributions. Discrete distributions represent random variablessasete values which are
normally nonnegative integer values, whereas continuous distributionsseaprrandom
variables as real numbers. The two most important discretebdigins are binomial and
Poisson distributions. The frequently-used continuous distributions comprisealnorm

exponential, Weibull, gamma and Rayleigh distributions.

The four main probability functions: the reliability function, the cilative distribution
function, the probability density function and the hazard rate functiom@ogluced in this
chapter. In addition, mean time to failure and mean time to repataken into account. The
fundamentals of reliability engineering can be reviewed in [43] [@4d. The focus of

reliability engineering on power systems can be found in [45].

5.1.1 TheRdiability Function

The cumulative distribution function, designated by Q(t), is the bligtan function
increasing from zero to unity. At time t = 0, the component isijusperation, then Q(t = 0)
is equal to zero. In other words, there is no failure at the begihithe operation. When the
time reaches infinity (&> ), the probability of failure is likely to be unity, since the

component will fail when the time is long enough. In the area ddhiéty, it is often to
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mention the cumulative distribution function in terms of the relighilinction, R(t), which is

the complementary value of the cumulative distribution function as represented in Eq. 5.1.

R(t) = 1-Q(Y) (5.1)

In case of a continuous random variable, the probability density fun(f@Di) can be

obtained by the derivative of the cumulative distribution function. The pildigadensity

function can be mentioned as a failure density funcfigh,

f(t) = % = —d%t(t) (5.2)
or QU = j[f(t) dt (5.3)
0
and R() =1 j f(t) dt :Tf(t) dt (5.4)
0 t

For the discrete random variable, the integralEdn5.3 and 5.4 are replaced by summations.
The shapes of cumulative distribution functionjatglity function and probability density

function are depicted in Fig. 5.1

5.1.2 FailureRate Function

The failure rate or hazard rate functid(f), is one of the most important functions in
reliability analysis. It is described as a tramsitirate of failure over a period of time. This
function is dependent on the number of failurea specified period of time and the number

of components subject to failure.

number of failure per unit time

M) =
® number of components exposed to fail

(5.5)

The general reliability functions can be represgérdaad explained by simple equations as

follows:
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QW
1O e

R(t)

(b) t
®

() t

Figure 5.1:  (a) The cumulative distribution fuoat Q(t)
(b) The reliability function, R(t)
(c) The probability density function, f(t)

Assume that a number of identical componengafd under test.

N¢(t) = number of components surviving at time t
N¢ (t) = number of components failed at time t

Np = N(t) + Ny ()

The reliability function, R(t), at any time t, ispresented as

R(t) = NNL(I) (5.6)
0
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:NO- Nf(t) =1 - Nf(t) (5 7)
N, N, '

Likewise, the cumulative distribution function Q&)

N; (1)
f) = 5.8
Q(t) N, (5.8)

From Eq. 5.2, the probability density function d¢encalculated as

dQ(t) _ -dR()

f(t) =
0= "4 dt
i) = IO hen dis 0 (5.9)

Comparing the equations 5.5 and 5.9, the failute aad the probability density function are

identical at time = 0. The general equation of failure rate at ttronan be expressed as

o= L AN Ng 1 dNE
N, dt N, N dt
= &.i.de (®) = 1 (1) (5.10)
Ny N, dt R(t) '
or _ "1 dR() (5.11)
R(t) dt

The reliability function R(t) can be derived fromiltire rate function as follows:

AMb) = -1 dr@® At)dt = -dR(Y)
R(t) dt R(t)
Integrating,
tktdt—R(t)1 dR(t tktdt—IRt
{-() —{R—(t)- (t) g-() = InR(Y)
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R(0) = ex;{ jf k(t)dt} (5.12)
0

5.1.3 Mean Timeto Failure

The mean time to failure (MTTF) or expected valaa be defined as

MTTF = E(T) = [ t-f(t)dt: continuous distribution (5.13)
0
or MTTF = E(X) = > x-B,: discrete distribution (5.14)
x=0

Substituting the Eq. 5.2 into Eq. 5.13 results in

MTTF = T-@

0

- tdt

MTTF = -t-R(t), +T R(t)dt MTTF = TR(t)dt (5.15)

The mean time to failure is one of several meastorespresent the central tendency of the
failure distribution. The other important paramstare the median time to failurged and
the modetno.ge The median time to failure divides the failurestdbution into two halves

(50:50), while the mode represents the maximumevafithe failure distribution.

R(t,.,) = 0.5 (5.16)
f(tmods) = Eggoz(f(t) (517)

The example of MTTF, the median and the mode avesshn Fig. 5.2
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(0)

tmode tmed MTTF t

Figure 5.2: The example of MTTF, the median arertiode

It is obvious from Fig. 5.2 that only the MTTF catnrepresent the shape of failure
distribution. The other measure which can be usatkscribe the shape of failure distribution

is variancep?, expressed by

(t- MTTF)?- f(t)dt

2 _
o° =

o—38

2 _
o° =

t?-f(t) -dt - (MTTF)? (5.18)

o3

5.14 TheExponential Distribution

The exponential distribution is one of the most am@nt distributions in a reliability
evaluation. It has a constant failure ratg Which is the characteristic of the components in
the useful life region of bathtub curve. The megrbehind the constant failure rate is that the
failures occur randomly. In other words, the tiroddilure of a component is independent to
the period of time that a component has been ogbr&br example, the probability of failure
of a component in the next 10 years is the sambeaprobability in the first few years. This

characteristic of the exponential distribution ismioned as memoryless property.

According to Eqg. 5.12, the reliability function R@ith the constant failure ratey(t) = A,

can be represented as
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R(t) = exr{ ;f th} = eM (5.19)
0

and Q(t) = 1-e"

Therefore, the probability density function, meamnet to failure and variance are represented

as
i) = - 9RO _ g (5.20)
0 0 e—M © 1
MTTF = [R()dt = | €" dt MTTF= —| = = (5.21)
0 0 o A
HORE R 1
o’ = (1 - —] reMdt = = (5.22)
oL A )

In order to prove the memoryless property of thposential distribution, the conditional

probability and Fig. 5.3 are applied.

f(9)

R(To +t/Ty) = exyd At]

R(Ty+t) = exy AM(Ty+)]

To To+t t
Figure 5.3: The memoryless property of exponeuligttibution

_ R(Ty+1) _exp[ MT+ 1)
R{To+ ) = R(T,) T exp[ ATy

_ exp(Ty) - exp(3) exp(t) = e = R(Y) (5.23)

exp(*Ty)
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5.1.5 TheWaebull Distribution

The Weibull distribution is the most important distition to analyse and predict failures of
components. According to the bathtub curve, Fig, & can identify the distributions of
infant mortality (region 1), constant failure (regi2) and wear-out (region 3). The Weibull
distribution was found by Waloddi Weibull (1887-B7&vho defined the model of a product

life as a function of

p-1 B
f(t) = g[ﬂ exp{ Gj } (5.24)

Region1 Region 2 Region 3

\ 4

Figure 5.4: Bathtub curve

The relevant equations of Weibull distribution are

R(t) = Tf(t)dt

ol
R(t) = ex {—j (5.25)
o

B-1
At) = %Gj (5.26)

Thep is referred to the shape parameter of the digtabuThe different values ¢f represent

the different shapes of distribution as follows:

e [B<1: the Weibull distribution has a hyperbolic seamd f(0) =o. The distribution
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represents the infant mortality or debugging period
e [=1: the failure rate is constarit & 1/0) and the distribution is similar to
the exponential distribution representing the udédtiperiod.

e [(>1: thedistribution is skewed from left to rightcorresponds to the wear out

period.
The illustration of the Weibull distribution withfterent shape parameters can be represented

in Fig. 5.5a — 5.5d. The is referred to the scale parameter which influsrtbe mean and the

spread of the distribution. It is also mentionedhescharacteristic life.
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Figure 5.5:  The Weibull distribution with differeshape parameters,
(a): The probability density function, f(t)
(b): The cumulative distribution function, Q(t)
(c): The reliability function, R(t)
(d): The failure rate,

5.2 Treeing Model

The treeing Model of HV circuit-breakers is theiabllity model which is composed of the

distribution of consecutive failures. The aim oistmodel is to investigate when the failures
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occur and what probabilities are during the lifetinThe conditional probability method is
applied to investigate the probabilities of faikifeom a new status to the first and second
failure in subsequent years. As a result, thecalityears of which the failures frequently

occur can be figured out.

5.2.1 Conceptsand Diagram

The failures of HV circuit-breakers up to their sed failures are taken into account. The
failures of each circuit-breaker can be represewitiirespect to time, for example, as shown
in Fig. 5.6.

0 ° 10 15
| | | | | | |
4 } t(yean)
| |
| |
new status 15 failure 2™ failure next failures

Figure 5.6: The occurrence of failures with reg¢pedime

It can be concluded from Fig. 5.6 that the firsiuf@ occurs at the fourth year and the second
failure on the tenth year. Such information is takar every HV circuit-breaker. The steps of

establishing the treeing diagram can be explaisddlbws:

1. The failure-free durations of HV circuit-breaken® a&xtracted from the database. For
instance, the failure-free durations of the cirdu#aker in Fig. 5.6 are 4 years from the
new status to the first failure and 6 years fromftrst to the second failure.

2. The numbers of failures with respect to the faiine® durations are arranged. Therefore,
the numbers of failures in any years are made abail

3. The counting program developed in MATLAB is appliedcount the number of circuit-
breakers under specified time conditions. For exanthere are 11 HV circuit-breakers
having the first failure in the first year and sgerond failure in the third year.

4. With the conditional probability method, the tregisiagram of failures is established.
The two-dimensional diagram of HV circuit-breakerselation to the number of failures

is applied.
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The formula of conditional probability is

P(An B)

P(AIB) = PB)

(5.27)

where P(A|B)is the probability of A given B. The treeing diagraf all types of HV circuit-
breakers is represented in Fig 5.7. In this figulhe, number of circuit-breakers subject to
failures and their conditional probabilities in aysars are written. For example, there are 190
from the total of 9305 circuit-breakers exposethmfirst failure in the first year. From those
190 circuit-breakers, there are 36 subject to go@isd failure within the next 6 months. This
treeing diagram can be illustrated as a two-dineradi diagram in Fig. 5.8. It shows how
many circuit-breakers exposed to the second falarel at which years. For example, it can
be read from Fig. 5.8 that the highest number @lud-breakers subject to the second failures
is 36. Those 36 circuit-breakers had the firsufasé in the first year and the second failures in
the next 6 months. More detail as to the numbeciuit-breakers subject to the second
failures can be read from Table 5.1.

Using Fig. 5.7 and Table 5.1, the critical pathsh& development of failures can be figured
out. When only the first failures are consider¢ds bbvious that the failures most frequently
occur in the sixth year (252 out of 9305 CBs). $keond highest failure amount takes place
in the first year (190 out of 9305 CBs). After th#he second failures are taken into
consideration. It is seen that the most criticdhpapresents the first failure in the first year
and the second failure in the same year (36 098066 CBs). The second most critical path
shows the first failure in the sixth year and thead failure in the same year (28 out of 9305
CBs). In order to make this information easy tocbhenpared with information from other

types of circuit-breakers, the years of the sedaildres must be transformed with respect to

the starting point. The first five critical pathedisted in Table 5.2.
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| |
. | o | .
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l 190/9305 l 21/190 months
| 1% year t 1% year
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Figure 5.7: Treeing diagram of all types of H\cciit-breakers

The second failure/ The year after the first failure occurs

1] 5 10 15 20 25 30
The first failuref The year of which the first failure occurs

Figure 5.8:  Two-dimensional diagram representing humber of failures with
respect to time
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year The first failure/ The year of which the first faie occurs

ol1]2[3]4]5[6]7]8[]9]10]11]12]13]14]15 17] 18
5 [ 0]|14]36] 23] 18 16 23 28 24 19 14 18 16 [14 |18 [15 [18 | @ | 16
®[1]10]/21] 2] 8] 9] 9] 11 11 1p 8 g 12 % 6 10 3 [3 [5 |7
%125 |11[ 13/ 5] 9| 11 14 6] 6/, 8 5 1 2 & 3 2 b [4 I3
'»:=) 3|2 |5 [10/5] 8] 12 19 6] 3] 8 13 3 § 4 6 B8 B [2 n
|44 |7 | 53|10 4] 8] 4] 2] 3] 4 2/ 55 5§ 4 3 38 pb p
5515|3476 7|5 5[ 5] 3/ 3] o] 2/ 4 5 3 4 3 QL
®l6|1 (125 |5 1] 1] 1] 2] 2] 4] 4 1/ 3 d 4 4 0 L B
§|7|1 ]9 6 4]2[2[7]2] 1] of 3/ 2] 11 2 g 3 0 4 D
>~[8|1 |9 [3]|5| 2o 7] 7] 3] 4] 2[ 1 20 5 242 2 1 Dp b
2lol1 2|3 ]1]o]a] 2] 2] 2] 2] of 3 2 11 2 1 1 Dpb 1
Elaolr 322 1] 4| 4] 1] ol 3 o 1 o 141 1 2 1 o bp
Slaa|1 (21 o[o a2 2] 4[ o] 1 2[ 20 d d d 2 b P
F|12|1 o |30 1[0 2] 2] 0of of 2/ o o 1 1 1 0 P D
(131 o3 |3]1] 12} of 1) 1[ 1} 2[ 0o 3 Qq ¢ ) p P
S|14|1 [383]2 )10} 2] 1] 1] 2] of of o 0o q g & 1 o
©|15|0 [3 |3 ]1]o0o] 4] 0] of 2] 1] 1 o o 1 1 ( ) [ D
2 |16|/0 [0 O | 2] 0] 0] 1] 0] O] 0] O0f 2[ o q Qq ¢ ) p P
Fl17[o [1 o] o[ 2] 0] o] 3] o] of] 2] of 1 d a4 ¢ ) p P
18lo oo 2] 1] o] o] 1] 2] 2] of o o a9 4 d ) b P
Table 5.1: The table representing the numbeaibfres under specified time

The probabilities shown in Table 5.2 are the alisoprobabilities with respect to the total

number of circuit-breakers (9305 CBs). For examtile, probability of the circuit-breakers

conditions

having the first failure in the first year and teecond failure in the same year is 0.0038

(36/9305). In connection with the treeing diagrdfig. 5.7 and the conditional probability

method, it is possible to consider the probabsdiseep by step. For instance, the probability of
the circuit-breakers having the first failure iretfirst year is 0.02 (190/9305). The conditional
probability of those 190 circuit-breakers having second failure in the same year is 0.19

(36/190).
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Critical path The first failure/ The second failure/ | Probability under

year of which the fist | year of which the second  specified
failure occurs failure occurs conditions

1 1™ year f'year 0.0038 (36/9305)

2 6" year 8" year 0.0030 (28/9305)

3 7" year ' year 0.0026 (24/9305)

4 2 year 2% year 0.0025 (23/9305)

5 5" year 5 year 0.0025 (23/9305)

Table 5.2: The critical paths of the failures

5.2.2 Resultsof Treeing Diagram

In addition to the investigation of all types of Hifcuit-breakers, the treeing models of four
specified types of HV circuit-breakers, Skith hydraulic drive, Sgwith mechanical drive,

minimum oil with hydraulic drive and with mecharniicadrive, are established and
investigated. The first five critical paths of @ifént types of HV circuit-breakers are listed in

Table 5.3. The two-dimensional diagrams of thepegsyof circuit-breakers are represented in

Appendix C.
Sk with hydraulic Sk with mechanical | Min. oil with hydraulic Min. oil with

f—& drive (3168 CBs) drive (1220 CBs) drive (1076 CBs) mechanical drive
a (1674 CBs)
S 15 o Prob. | £ o Prob. | £ 2nd Prob. | £ ond Prob.
= failure | failure failure | failure failure | failure failure | failure
© (year) | (year) (year) | (year) (year) | (year) (year) | (year)

1 1 1% | 0.010| 18& 16" | 0.007| 28& 26" | 0.006| 28 | 239 | 0.003

2 g" 6" | 0.009| 18 1d" | 0.002| & 14" | 0.006| 2F 27" | 0.003

7 7" 1 0.007 i | 0.002] 14 20" | 0.005| 28 29" | 0.003

w

4 v 2 | 0.006| 2¢ 4" | 0.002| 18 19" | 0.005| & 8" 1 0.002

5 2 39 |1 0.006| 16 13" | 0.002| 2% | 227 | 0.005| 17 24" | 0.002

Table 5.3: The comparison of critical paths ofatiént types of circuit-breakers

It must be noted that the probabilities in Tabl&. &e the absolute probabilities related to the

total population of each respective type. It cadrecluded from the treeing models that:
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The second failures which occur in the same yeathasfirst failures are probably
considered as the failures from human error or megerepair.

It is obvious that the probabilities of failures®¥ circuit-breakers with hydraulic drives
are higher than other types of circuit-breakers.

It is likely that, the first failures occurring ithe first 2-3 years are failures in infant
mortality or in the debugging period.

When failures in the debugging period are negledtesl failures of Sgcircuit-breakers
with hydraulic drives most frequently occur at thigth year, whereas those for SF
circuit-breakers with mechanical drives take platéhe sixteenth year. It is obvious that
the reliability of circuit-breakers with mechanicdlives is higher than ones with
hydraulic drives.

Most of the failures of minimum oil circuit-brealsefrequently occur after the 2gear.

It is because of the aging phenomena. Howevere thier some failures found in the first
ten years.

The probabilities of failures of $Fircuit-breakers over 20 years are lower thanfitise

20 years due to the fact that a great number gfcB€uit-breakers have not reached the
aging period. It might be very interesting to fumtltollect the failure database in the next
20 years and use this treeing diagram to investithe critical paths again.

The advantages of treeing diagram can be conclasliéollowed:

With the conditional probability method, it is pdde to determine the probability of
failures at any specified time condition.

The treeing model can be used to establish thetimdapaintenance programs or at least
to provide valuable information for asset managamd maintenance personnel as to
when “the following failures” are likely to occufhe adaptive maintenance program can
be explained by using the example ofs $kcuit-breakers with hydraulic drives. It is
clear that the first failures frequently occur fre t6"- 71" year. The maintenance program
should be introduced before this time to reduceptiodability of failures. Afterwards, it
can be found in the treeing diagram that the sedaihgres frequently occur within 1-3
year after the first failures. This is the inforioat for the asset managers and
maintenance personnel to be aware of the folloviarigres coming in the near future.
The treeing diagram can be expanded to study thedhd fourth failures but it requires

required a more complicated filter and countinggpam.
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5.3 Cascading Reliability M odel

A cascading reliability model can be consideredhasextension of treeing model. The main
difference is the reliability point of view. The szading reliability model determines the
reliability of consecutive failures in terms of timean time to failure (MTTF), state and
transition probabilities. In this model, the fagudatabase of different types of HV circuit-
breakers from the 1960s is applied in order to stigate reliability. With the cascading
reliability model, the durations between failurasnoean time to failure (MTTF) between
consecutive failures are investigated. Consequetitby failure development trend from the
first to the second and the third failure can béewheined. The exponential reliability
distributions of the first, second, and third fadls are introduced in terms of the cascading
reliability model. As a result, the probabilitiesida availabilities of HV circuit-breakers
subject to consecutive failures can be investigateor example, with this cascading
reliability model, the probability that circuit-kakers are subject to the first failure within 10
years, the second failure within the next 5 yeaus the third failure within the next 3 years

can be discovered.

Other probabilistic models applied to HV circuiebkers can be found in [46] and [47]. The

aging probability with an effect of maintenancerelability and costs is discussed in [48].

5.3.1 Investigation of Failure Database

In this section, the preparation of failure data amvestigation of reliability parameters are
described. It must be noted that five differentugr® (all types, SFwith hydraulic drive, S§

with mechanical drive, minimum oil with hydrauliagige and with mechanical drive) had
been studied. According to small samples of airstblaircuit-breakers, they were not

separately considered.
5.3.1.1Investigation of failure-free time of HV circuit-bakers
Since the 1960s, every failure regardless of maor minor failures had been recorded in the

database. Accordingly, failures are considered auththe distinction between major and

minor failures. The structure of the failure datsdaan be reviewed from [49] and [50]. The
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durations between failures of HV circuit-breakere @xtracted from the database, thus
forming the failure-free times. As a result, thetdbution between numbers of failures and
failure-free times can be established. For exantpgeHV circuit-breaker has 3 failures in the
10", 17", and 24' year. It can be seen that the first failure océurthe 1" year, the second
failure in the next 7 years and the third failunethe following 7 years. From the whole
population, the failure-free times of the firstlfmes are then collected and the distribution is
formed. The second and the third failure-free timmaa be carried out in the same way.
Finally, the distributions of the first, seconddathird failures are connected in series, thus
forming the cascading reliability model. The averdgilure-free time can be represented as

follows.
E(x)=zn: X P (5.28)

where X: the failure-free time i (year)

R: the probability of failures at failure-free time
5.3.1.2 Reliability parameters

This average failure-free time can be represenseth@ mean time to failure (MTTF). For
example, the MTTF1, MTTF2, and MTTF3 representdklierage failure-free times from no
failure to the first failure, the first to the sexbfailure, and the second to the third failure
respectively. These MTTFs and their distributions #hen connected in series to form the
cascading reliability model. When the distributioh failures can be represented by an
exponential distribution, the failure rate) (is then calculated by inverse of MTTF. In
conclusion, the exponential reliability distributey MTTFs and failure rates of different types

of HV circuit-breakers are investigated and th&fai developments are then compared.
5.3.1.3 Precautions of evaluation of reliabilitygraeters

Precautions in the evaluation of reliability paraene must be taken into account in order to

reduce inaccuracy of reliability parameters; foample:
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e Due to lack of commissioning date information, thanufacturing date is then applied as
the starting time. For the first failures, oneswdag in the first 3 years can be considered
as the failures in the burn-in period. MTTFs witidavithout consideration of this period
are compared.

e For the second failures, ones occurring on the sdameor in the next few months after
the first failures are considered as repetitivéufas resulting from human error and
incomplete repair/inspection. Consequently, theeetgd values or MTTFs are reduced.

The third and following failures can be treatedliy same assumption.

5.3.2 Principleof Cascading Reliability M odel

The cascading reliability model of HV circuit-break can be described as the connection of
reliability distributions of the first, second afwllowing failures in series. The probabilities
of each state, between states and the reliabiligyrildutions can be investigated. The

cascading reliability model of HV circuit-breake@n be represented in Fig. 5.9.

No failure POl . 1st failure P12 o 2nd failure P23 _ 3rd failure
PO o P1 o P2 o P3
MTTF1 MTTF2 MTTF3

Figure 5.9: The cascading reliability model of ldivcuit-breakers

The probabilities PO, P1, P2 and P3 representt#te probabilities, whereas the probabilities
P01, P12, P23 show the transition probabilitiesvben states. The state probabilities are the
probabilities of residing in any states. For exampe state probability PO is the probability
of circuit-breakers staying in failure-free stat€he transition probabilities are the
probabilities between states. For example, thesitian probability P12 is the probability of
failure development from the first to the secondufa. MTTFs and their exponential
reliability distributions represent the developmehfailures between states. In other words,
the durations between failures and their probadslitcan be investigated by using this
cascading reliability model. It must be noted tT, TFs are investigated from the database
in which the general maintenance programs aredyreeluded. It means that, the influence
of general maintenance programs to MTTFs is alréacyded.
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5.3.2.1Reliability and availability of cascading relialylimodel

The reliability and availability of the cascadingliability model can be classified into two
categories: the real case and the approximatedogaseing an exponential distribution. The
real reliability can be investigated from the redbtribution of failures, whereas the
approximate reliability can be derived from the exential reliability distribution. The

exponential reliability distribution and its reldtequations are represented in Section 5.1.4.

The survivor function, R(t), for the HV circuit-takers having many failures can be
examined by connecting the exponential functiongwdry failure in series leading to the
cascading reliability model. In this study, HV cirebreakers having up to 3 failures are
considered. The survivor function, R(t), of HV ciitcbreakers subject to 3 failures can be

represented as

R(t) - e'7\1t1 . e‘kz(tz‘tﬂ . é\3(t3't2) (529)
R('[) - e—tllMTTFl_ e—(tz—tl)/MTTFZ_ ét3—t2)/MTTF3 (5_30)
M, Ao, A3 failure rate of the first, second, and thirdues
t1,b,ta: The time of the first, second, and third fadlur

MTTF1, 2, and 3: Mean time to failure of the firstcond, and third failure

For example, the survivor function, R(t), of HVaiit-breakers having the first failure within

10 years, the second failure within the next 5 geand the third failure within the next 3

years can be calculated Rgt) = €:(0. g2). &@®

5.3.3 Resultsof Investigation

The results of investigation can be divided into arts. The first part represents the failure
development from the beginning to the last failuf@se to small numbers of HV circuit-
breakers having more than 3 failures, only the adisg model up to 3 failures is illustrated.
The state probabilities and transition probabdsitean be examined from the model. The
second part represents the exponential reliabdisgributions of the cascading reliability

model.
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5.3.3.1State and transition probabilities of cascadin@bdity model

The state and transition probabilities of the cdswareliability model with respect to Fig. 5.9
can be summarized in Table 5.4. This table showsdifferent types of circuit-breakers
subject to failures and how those failures trafisin state to state. For example s $kfcuit-
breakers with mechanical drive stay in the failires2 state, PO, 83 % and the transition
probability from the failure-free to the first fare state, P01, is 17%. The MTTFs with and
without the consideration of burn-in period andetgpre failures (according to the section
5.3.1.3) are represented in Table 5.5. These MT&piesent how fast the failures occur from
state to state. For instance, S¢trcuit-breakers with mechanical drive stay 10y&hrs

(MTTF1) until the first failures occur. After thathe second failures occur 2.09 years

(MTTF2) later.

Type of CB State probability Transition probability
PO P1 P2 P3| POl P12 P2B
All types 0.66 0.18 0.07 0.03 0.34 0.47 0.56
Sk with hydraulic drive 0.47 0.25 0.12 0.06 0.53 0.530.59
Sk with mechanical drive 0.83 0.13 0.08 0.01 0.17 302 0.28
Min. oil with hydraulic drive [ 0.45 0.27 0.12 0.0Y .56 0.51 0.59
(';’I'riiCéo” with mechanical | g3 | 010| 003| 001 017 042 0H1

Table 5.4 State and transition probabilitiesiéiedent types of HV
circuit-breakers
Type of CB with burn-in period and without burn-in period and
repetitive failures repetitive failures

MTTF1 | MTTF2 | MTTF3 | MTTF1 | MTTF2 | MTTF3
(year) | (year) | (year) | (year) | (year) | (year)

All types 12.35 3.43 2.25 14.62 5.11 4.09

Sk with hydraulic drive 7.79 3.30 2.35 10.10 4.84 .0

Sk with mechanical drive 10.74 2.09 2.84 14.06 3.6 634

Min. oil with hydraulic drive | 16.96 4.68 2.30 17.68 6.44 4.44

m‘i(‘,éo" with mechanical 18.99 | 3.4 | 245| 1923 569 5.2

Table 5.5 Mean time to failures of different tymdddV circuit-breakers
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It can be seen from Table 5.5 that MTTF3s are shothan MTTF2s and MTTF1s
respectively. In other words, the following failareccur faster than the previous ones. The
state probabilities and MTTFs can be illustratedFig. 5.10 and 5.11 respectively. The
summation of state probabilities of each type ofwst-breaker is equal to unity, but only the
summation to state P3 is represented in Fig. 3tli6.apparent that more than 90 % of HV
circuit-breakers are not exposed to more thanl@rés. It can be seen that more than 80 % of
HV circuit-breakers with mechanical drives stay feilure-free state, PO. It could be
concluded that HV circuit-breakers with mechanidal’es have higher reliability than HV

circuit-breakers with hydraulic drives.

0.9 -
0.8 -
0.7

0.6 |
0.5
0.4+

0.3
0.2 +—

State probabilities

0.1 +—

oP3
opP2
mP1
@PO

All types

SF6-hy  SF6-mech Oil-hy Oil-mech

Types of circuit-breakers

Figure 5.10: State probabilities of different tgp HV circuit-breakers

Oil-mech(a)

Oil-mech(b) |

Oil-hy(a)

Oil-hy(b) |

SF6-mech(a) |

SF6-mech(b) |

SF6-hy(a) |
SF6-hy(b) |
All types(a)

Types of HV circuit-breakers

All types(b) |

5 10 15 20 25

Mean time to failures, MTTFs, (year)

‘D MTTF1 @ MTTF2 O MTTF3 ‘

30

35

Figure 5.11: Mean time to failures of differenpé&g of circuit-breakers
(a): with consideration of burn-in period ange#gtive failures
(b): without consideration of burn-in period anegetitive failures
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The failure development in terms of MTTFs can bpl&xed from Fig. 5.11. It is obvious
that without the consideration of burn-in periodlaepetitive failures, the cascading MTTF
(MTTF1, MTTF2, and MTTF3) is extended up to arouhglears. The effect of human error
and incomplete repair/inspection can be derivethfi@ble 5.5 and Fig. 5.11. For example, in
case of all types of HV circuit-breakers, MTTF2 dam extended up to 49 % without the
consideration of repetitive failures. In other ward perfect repair/inspection is able to extend
MTTF2 up to 1.68 years or 49% in case of all typeRV circuit-breakers.

5.3.3.2The exponential reliability distributions of thescading reliability model

The exponential reliability distributions of thescading reliability model are composed of
three distributions of failures connected in seriézsamples of the exponential reliability
distributions of SF circuit-breakers with hydraulic drives are depicte Fig. 5.12. It is
obvious that the failure development of the thadure is faster than the second and the first
failure respectively. The cumulative distributiaim€tion or probability of failure, Q(t), and
the survivor function, R(t), can be calculated Bing Eq. (5.1), (5.29) and (5.30).

For instance, the survivor function, R(t), of thEs Rircuit-breakers with hydraulic drives
having the first failure within 10 years, the seddailure within the next 5 years, and the
third failure within the next 3 years, can be cldted by using MTTFs from Table 5.5 as

follows:

R(t) - e—lO/MTTFl. e—(lS-lO)/MTTFZ. e—(18-15)/MTTF

R(t) = e—lO/lO.l. e—5/4.84. e—3/4.0 = 0062

Q(t) = 1-R(t) = 1-0.0625 = 0.937

The interpretation of the calculation must be aahgfpaid attention. For the above example,
it can be concluded that SEircuit-breakers with hydraulic drives having etha@ failures

will have the survivor function of 6.25 % when thbove time conditions are taken into
account. In other words, the probability of failweSF circuit-breakers in these conditions is
93.75 %. However, the population of thegSdircuit-breakers with hydraulic drives having

exactly 3 failures, state P3, represents only & %etotal population of this type.
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(@)

(b)

(©)

Fig. 5.12:
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The exponential reliability distribois of Sk circuit-breakers with

hydraulic drives (without consideration of bumperiod and repetitive
failures)
(a): The first failure (b): The second failur@): The third failure

When the survivor function up to the second fail(the first failure within 10 years and the

second failure within the next 5 years) is con®detthe calculation is then carried out as

follows:
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R(t) - e—lO/MTTFl_ e—(lS—lO)/MTTFE

R(t) = e—lO/lO.l. e—5/4.84 = 0132

Q(t) = 1-R(t) = 1-0.0625 = 0.867

It can be concluded in the same way thag 8Fcuit-breakers with hydraulic drives having
exactly 2 failures will have the survivor functiof 13.23 % when the above time conditions
are given. The probability of failure in this case86.77 %. The population of this type of
circuit-breakers having exactly 2 failures, stat2, lorresponds to 12 % of the total
population. The survivor function of $Eircuit-breakers with hydraulic drives having only
one failure within 10 years is 0.37 %. The popolatof this type of circuit-breaker having

only one failure, state P1, is 25 % of the totgdydation.

In order to compare the survivor functions of diffiet types of HV circuit-breakers, the
identical time conditions must be taken into actco@n the other hand, the time conditions
can be compared when a similar survivor functiorcasisidered. For example, the time
conditions of HV circuit-breakers having exactlyadures (the first failure within 10 years,
the second failure within the next 5 years, andtivel failure within the next 3 years) are set,

and the survivor functions of different types of ldWcuit-breakers are then compared.

e Sk with hydraulic drives: R(t) = 0.0625
e SK; with mechanical drives: R(t) = 0.0616
e Minimum oil with hydraulic drives: R(t) = 0.133

e Minimum oil with mechanical drives: R(t) = 0.139

It is obvious in the comparison that minimum oflcaiit-breakers have approximately 2 times
higher survivor function than $I€ircuit-breakers under a similar condition. Furthere, the
state probability P3 must be taken into considenatio compare the percentage of the
population at this state. It can be seen from T&bfethat the population of HV circuit-
breakers with mechanical drives ¢&thd minimum oil circuit-breakers) at state P3 espnts
only 1 % of the total population of its type, whasehe circuit-breakers with hydraulic drives
show 6-7 %. It is then concluded that the HV cirdueakers with mechanical drives have
higher reliability than HV circuit-breakers with disaulic drives.



94

5. Probability and Reliability Models

5.3.4 Conclusions

The following can be concluded from the investigatof the cascading reliability model of

HV circuit-breakers:

The cascading reliability model of HV circuit-bresik is composed of state probabilities,
transition probabilities, and reliability distriboihs. This model is very useful to study the
probability of failures and availability of circtitreakers in any states. It is also beneficial
for maintenance personnel to be aware of thedmstfollowing failures.

State probabilities represent the probabilitiesiafuit-breakers residing in any states. For
instance, state PO shows the probability of HVuwtrbreakers having no failure and state
P1 represents the probability of HV circuit-breakisaving only one failure.

Transition probabilities show probabilities betwestates. As a result, the development of
failures from state to state can be investigated.

The probability of failure, Q(t), and survivor furan, R(t), can be examined by using the
exponential reliability distributions. These Q(fdaR(t) can be considered separately
regarding only interested failure or many failuiescombination. For example, it is
possible to calculate the survivor function of Hxtuait-breakers having exactly 3 failures
under specified time conditions or calculate orfig ssurvivor function of the second
failure.

It can be seen from the investigation that HV dirbweakers with mechanical drives are
subject to failures less than ones with hydraulicas.

It is obvious that minimum oil circuit-breakers lealonger MTTFs than SFcircuit-
breakers. This result is ascertained by circuitkee international surveys that SF
circuit-breakers are prone to gas leakage.

It can be concluded that the repetitive failuresutliing from human error and incomplete
repair/inspection reduce the MTTFs (MTTF1, MTTF2daMTTF3) of HV circuit-
breakers up to 6 years.

MTTF3 is shorter than MTTF2 and MTTF1 respectivetyis implied that the upcoming
failures occur in shorter periods of time than phevious ones. In other words, it is likely
that HV circuit-breakers subject to many failures prone to the upcoming failures faster

than ones with only few failures.
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6  TheApplication of Markov M odel

In this study, the Markov model with the combination of a failatabase is applied to HV-
circuit-breakers. In the Markov model, the HV circuit-breaker camposed of five
components in parallel: drive, HV insulation, life-parts, control/aamili and others. The
different types of HV circuit-breakers, i.e. all types,s S#th hydraulic drive, S§ with
mechanical drive, minimum oil with hydraulic drive and minimum othwnechanical drive,
are taken into account in order to compare the reliability. The tea& to failure (MTTF) of
mentioned components are investigated by using the failure datalbeseas the mean time

to repair (MTTR) is obtained from the manufacture.

6.1 Principlesof Markov M odel

The Markov model is used to describe the process of the systehmgw.e¢he system changes
from state to state. It can be described as a state-spacé winde is composed of state
probabilities and transition probabilities between states. Thensystates represent the
conditions of their states, for example, working states, down saatbgepair states. The

examples of illustrations of state-space models can be given in Fig. 6.1a and 6.1b.

aup X up
/ h \ / o \
aup a down X up X down
b down b up y down y up
\ . / \ - /
b down y down

€Y (b)

Figure 6.1: The examples of state space models
(a): the system with two independent components

(b): the system with a main unit (x) and a standby unit (y)
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The state-space model is very applicable for reliabilityuaten of repairable systems. It can
be applied to HV circuit-breakers in order to determine the stetadly probability, the mean
time to failure and the interval of residing in each state.ustnbe noted that the Markov
model can be implemented only when the system states do not depenctani¢hetates. In

other words, the Markov model can be applied to the exponentiabdigin corresponding

constant failure rate. In some cases when the systems do pnesamt the exponential
distribution, the Markov model is still applicable for studying tbegl term circumstances
[51]. The general principle and arrangement can be explainedRrgn®6.2 representing a

single component with repair.

Figure 6.2: A diagram of a single component with repair

The system has a constant failure rategand a constant repair rate, . It is assumed that the
system will be in one of two states: in operation (state 1) oerurgpair (state 2). With the

application of Markov process, the following equations are:

B =380 +up0 61)
HOREACES (62)

The state space equations can be generally expressed in terms of nfatiowas

a, &, - a,

~U S0

S0

g | L & o a,




6. The Application of Markov Model 97

where (;—If iIs the changing of stat® represented in column matrix consisting of

ﬁ ﬁ ....,ﬁ)and a is the transition matrix.
dt  dt dt

P is the column matrix representing the state pitibas of P, P, ...P,. It can be concluded

from Eq. (6.1) and (6.3) that the changing afi® equal to the minus of the number of
transitions to other states and the plus of thebmurof transitions from other states. In order

to form the transition matrix (a), the followingles must be taken into account.

e The primary diagonal elements are negative, wheheasther elements are positive.

e The primary diagonal elements are the negative satromof the transition rates from
state i to state |.

e The secondary elements are equal to the transdies from state | to the state i.

e The secondary elements agg:# g

e The summation of the elements in the same columaris

At steady state condition(:jﬂt“is zero and then the Eq. (6.3) can be represested a

0 a, &, = &, Fl)

0 P

ST a'Zl 3:22 : 6:2” ' :2 (6.4)

0 ay &y o &y Fg
Likewise the Eq. (6.2), the summation of everyestatist be unity.

1=R +P +..F (6.5)

Since the Eq. (6.4) is linear, any row can be suitstl by Eq. (6.5) as shown.

0 a1 ay, | | R

OB B v | P (6.6)
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The state probabilitied;, P,, ... B, can be calculated from Eqg. (6.6) by multiplying th
inverse of the transition matrix at both sides. Tleguency that the equipment changes from
state to state can be calculated by the produtteo$tate probability and the sum of transition
rates of this state to other states.

Hn = _aam

The mean duration of residing in each state cagxpeessed as:

Tn =-— (6.7)

6.2 Rédiability Parameters

The average failure-free time can be representédeamean time to failure (MTTF). When
the distribution of failures is represented by apamential distribution, the failure ratg) (is
then calculated by the inverse of the MTTF. ThéufairatesX) of five main components of
different types of HV circuit-breakers can be ob¢ai from the database (shown in section
6.5). Afterwards, MTTFs and failure rates of fivaimcomponents of different types of HV
circuit-breakers are investigated and then compakéareover, the mean time to repair
(MTTR) of each component, obtained from the manufa; must be taken into account. It is
assumed that the MTTR as shown in Table 6.1 hasxpenential distribution corresponding
the constant repair rate (u).

(day) U (1/a)
1. Drive 3 121.67
2. HV Insulation 4 91.25
3. Life-Parts 10 36.5
4. Control/Auxiliary 2 182.5
5. Others 2 182.5

Table 6.1: MTTRs and repair rates of componentd\o6tircuit-breakers
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The failure-free time must be carefully considesatte there are many failures recorded on
the same day or in the next few months. It canXpdaeed that these failures resulted from
human error and incomplete repair/inspection. Cogusetly, the expected value or MTTF is

reduced. The effects of human error and incompiepair/inspection on MTTF will be

discussed in the upcoming section.

6.3 Paralle Markov Model for HV Circuit-Breakers

The possible states of HV circuit-breakers havingotnponents in parallel are 32 states.
However, it is assumed from the physical charasties of an HV circuit-breaker that only a
failure from one component results in the intenaptof operation. Afterwards, the action
must be called upon to repair or replace such apooent. Consequently, the numbers of
states are reduced to 6 states. The parallel Mankoglel of HV circuit-breakers can be
represented in Fig. 6.3. It can be explained frogn 6.3 that at state Z0 every component of
HV circuit-breakers is in operation. When thera i&ilure in a component (state Z1-25), the
repair or replace program must be taken into actdter that, HV circuit-breakers return to
the normal operation (state Z0).

Z0
1. +
2. +
3. +
4. +
/1 5. +
1l A ) )
He A3 |13
v
Z1 2 Z3
1. - 1 + 1 + 1 + 1 +
2. + 2 - 2 + 2 + 2 +
3. + 3 + 3 - 3 + 3 +
4. + 4 + 4 + 4 - 4 +
5. + 5 + 5 + 5 + 5 -

Figure 6.3: Parallel Markov model of HV circuitdakers

In Fig. 6.3, the + sign represents that there isaflare on the component, whereas the - sign
represents the failure on the component. The asdigrumbers of the components (1-5)
correspond to the different components as repredentTable 6.1.
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6.4 Matrix Approach

The transition rates of the multi-component systears be easily expressed in the form of a
transition matrix. The primary diagonal elements () of the matrix are the negative of the
summation of outgoing transition rates of statear the secondary diagonal elements, the
element i, j is the transition rate into stateoinfr state j where# j. The transition matrix of
the parallel Markov model (Fig. 6.3) can be repnése as:

dR |
dt
| L
ot -AL+)2+A3+M+05) pl 2 u3 4 p5| | R
op 21 w 0 0 0 Oof|R
22 0 o 0 oflp
ddFt;: 23 ofwo o'é (6-:8)
dt 2 0 0 0 4 O||PR
@well A5 0 0 0 0 5 |R]
ot
di
| dt |
R+R TR +P +P +P (6.9)

The Eq. (6.9) will be replaced in the Eq. (6.8ugmesulting in the transition matrix, a.

0] [-AM1+)2+23+M+)5) pul p2 w3 p4 u5][PR
0 Al 41 0 0 0 O||P
0f_ A2 0 w2 0 0 0f(R (6.10)
0 A3 0O 0 w3 0 Of|R
0 yYi! 0 0 0 4 O|R
1] | 1 1 1 1 1 1||R]

The probabilities PO to P5 of states Z0 to Z5 carcélculated by using Cramer’s rule. The
steady-state availability of HV circuit-breakerscensidered as the probability of state Z0. In

addition, the duration of residing in each state loa calculated as follows:
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T, = 1 (6.11)
AL +A2 +A3 +A4 +A5
1 1 1 1 1

T1 =, T2 =, 'I; =, I =, I = (612)
ul u2 u3 péd us

The residing duration ofplrepresents the most important parameter. It repteghe duration
of HV circuit-breakers being in operation withoutyeailures.

6.5 Resaultsof Markov Modd

As mentioned earlier, the expected value of faifuee time or mean time to failure (MTTF)
of different components on different types of HVcait-breakers must be first investigated.
The investigation of MTTFs of different componerisd types of HV circuit-breakers is
shown in Table 6.2 and 6.3. MTTF1, MTTF2,, MTTF5 correspond to the components 1-5
stated in Table 6.1

All Types SF6 with SF6 with Min. oil with Min. oil with
hydraulic drive mechanical | hydraulic drive mechanical
drive drive
No. of faulted CB 3153 1678 203 589 280
No. of total CB 9305 3168 1220 1076 1674
No. of failures 6858 3994 265 1263 658
MTTF1(yrs)A1 9.015/0.111 6.172/0.162 4.577/0.218 11/42087 | 16.787 /0.060
MTTF2(yrs)iA2 11.763/0.085 7.804/0.12¢ 6.181/0.162 14/36070 | 16.510/0.061
MTTF3(yrs)A3 10.068 / 0.099 9.302/ 0.10¢ 13.691/0.073  17/9%057 5.479/0.183
MTTF4(yrs)\4 8.821/0.113 7.079/0.141 6.730/0.149 12/@v79 | 17.025/0.059
MTTF5(yrs)iA5 10.23/0.098 7.434/0.134 7.962/0.126 18/49054 | 14.194/0.070

Table 6.2: MTTFs and failure rates of differeaimponents and types of circuit-

breakers (every failure is taken into account)



102

6. The Application of Markov Model

All Type SF6 with SF6 with Min. oil with Min. oil with
hydraulic drive mechanical hydraulic drive mechanical
drive drive
No. of failures 5207 2968 207 1021 439

MTTF1(yrs)iAl 12.046 /0.083 8.773/0.114 7.176/0.139 14/20870 19.823/0.050
MTTF2(yrs)A2 15.084 / 0.066 11.076/0.090 12.5/0.080 17/0D659 18.250/ 0.055
MTTF3(yrs)A3 14.930/0.067 12.051/0.083 15.880/0.063  3AB/B.042 12.275/0.081%
MTTF4(yrs)i4 10.582 / 0.094 8.569/0.117 8.926/0.112 15/2ZB065 18.427 / 0.054
MTTF5(yrs)A5 13.664 /0.073 10.197/0.098 9.545/0.105 22(rba4 18.590/ 0.054
Table 6.3: MTTFs and failure rates of differeninonents and types of circuit-

breakers (failures occurring within the first yaae not taken into

account)

It can be concluded from Table 6.2 and 6.3 that kwenan error and incomplete

repair/inspection occurring within the first yeaduce the MTTFs, thus leading to reduced

availability of HV circuit-breakers. In case of &bpes of circuit-breakers, the comparison of

failure density functions of components is représeém Fig. 6.4
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Figure 6.4:

HV circuit-breakers

Comparison of failure density funcsaosf components of all types of
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It can be seen from Fig. 6.4 that the functions raot perfectly exponentially distributed.
However, the error between the real failure functamd exponential function is relatively
small and will not be discussed in this study. Exponential function can be represented as

follows:

f(t) = -eM

The investigation of availability of HV circuit-ba&ers has been carried out by replacing the
values from Table 6.2 and 6.3 into the Eq. 6.1@-6As a result, the probability and duration

of residing at every state can be found. The resufltthe investigation are represented in
Table 6.4 and 6.5.

All Types Sk with Sk with Min. oil with | Min. oil with
hydraulic mechanical | hydraulic mechanical
drive drive drive drive
PO 0.9943 0.9928 0.9930 0.9962 0.9932
P1 0.0009 0.0013 0.0018 0.0007 0.0005
P2 0.0009 0.0014 0.0018 0.0008 0.0007
P3 0.0027 0.0029 0.0020 0.0016 0.0050
P4 0.0006 0.0008 0.0008 0.0004 0.0003
P5 0.0005 0.0007 0.0007 0.0003 0.0004
TO (year) 1.9763 1.4837 1.3736 2.8818 2.3095
T1 (year) 0.0082 0.0082 0.0082 0.0082 0.008%
T2 (year) 0.0110 0.0110 0.0110 0.0110 0.0114
T3 (year) 0.0274 0.0274 0.0274 0.0274 0.0274
T4 (year) 0.0055 0.0055 0.0055 0.0055 0.0055
T5 (year) 0.0055 0.0055 0.0055 0.0055 0.0054

Table 6.4:

Probabilities and durations of residmgach state of different types of

HV circuit-breakers (every failure is taken intaaant)
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All Types Sk with Sk with Min. oil with | Min. oil with
hydraulic mechanical hydraulic mechanical
drive drive drive drive
PO 0.9959 0.9947 0.9951 0.9970 0.9962
P1 0.0007 0.0009 0.0011 0.0006 0.0004
P2 0.0007 0.0010 0.0009 0.0006 0.0006
P3 0.0018 0.0023 0.0017 0.0011 0.0022
P4 0.0005 0.0006 0.0006 0.0004 0.0003
P5 0.0004 0.0005 0.0006 0.0002 0.0003
TO (year) 2.611 1.992 2.004 3.571 3.401
T1 (year) 0.0082 0.0082 0.0082 0.0082 0.0082
T2 (year) 0.0110 0.0110 0.0110 0.0110 0.011d
T3 (year) 0.0274 0.0274 0.0274 0.0274 0.0274
T4 (year) 0.0055 0.0055 0.0055 0.0055 0.0055
T5 (year) 0.0055 0.0055 0.0055 0.0055 0.0055

Table 6.5: Probabilities and durations of residmgach state of different types of
HV circuit-breakers (failures occurring within thiest year are not

taken into account)

The duration of residing in state Z0 or the duratibat HV circuit-breakers are in operation

without failures can be plotted as bar graph asvaha Fig. 6.5.

It is obvious in Fig. 6.5 that without the consal&wn of the first-year failures (T02), HV
circuit-breakers stay in operation 32%, 24%, 45%%2and 47% longer in all types, SF6
with hydraulic drive, Sk with mechanical drive, minimum oil with hydrauldrive and
minimum oil with mechanical drive respectively.dould be implied that the duration of
operation can be prolonged when the effects of mueneor and incomplete repair/inspection
are reduced. It is obvious from the proportionrafreasing duration that HV circuit-breakers
with mechanical drives are subject to human enndriacomplete repair/inspection more than

ones with hydraulic drives.
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Figure 6.5:  The durations of residing in state Z0
TO1: every failure is considered

TO2: failures in the first year are not consater

The steady-state availabilities of different typpé$1V circuit-breakers are all over 0.99 since
the repair times of components are considerablytshdhan their MTTFs. It could be

concluded that as long as the action to repais ish@rt as mentioned, the availability of HV
circuit-breakers remains high.

As mentioned earlier that there is no distincti@iween minor and major failures in the
database, state Z0, represented the duration witfadlures, appears to be shorter than
expectation. Practically, it is beneficial to catesi the state Z0 with only the effects of major
failures. Therefore, the relationship between miand major failures [2] is applied. The
average ratio of minor and major failure is 7.3 M#/ This factor is then applied in Eq.
(6.11) to find the durations of residing in stat@. Zhe durations of residing in state Z0

calculated from only major failures can be représgin Table 6.6 and Fig. 6.6.
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All Types Sk with Sk with Min. oil with | Min. oil with
hydraulic mechanical hydraulic mechanical
drive drive drive drive
TO1 (year) 14.427 10.831 10.027 21.037 16.86(
TO2 (year) 19.060 14.542 14.630 26.068 24.821
Table 6.6: The durations of residing in state Zlzwalated from only major
failures
TO1: every failure is considered
TO2: failures in the first year are not considered
S 30
(&)
8 25
i 20 A
5 g 15 | @701
g m T02
S 10 A
% 5
a 0 :
All Types  SF6-hy SF6-me Qil-hy Oil-me
Types of HV circuit-breakers
Figure 6.6:  The durations of residing in state &z@glated from only major failures

TO1: every failure is considered

TO2: failures in the first year are not considered

It can be seen from Fig. 6.6 that the durationarofterrupted state Z0 are around 14 years
for the Sk circuit-breakers and 24-26 years for minimum oitwit-breakers.

6.6 Conclusions

It can be concluded from the MTTF investigation avwailability of HV circuit-breakers by
the Markov model:
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e The investigation of all types of HV circuit-breake representing the largest studied
population, shows that HV insulation has the IlobhgddTTF, whereas the
control/auxiliary component has the shortest MTTF.

e The populations of Sfcircuit-breakers with hydraulic drives and ¢SEircuit-breakers
with mechanical drives are very different. Therefat is difficult to make conclusions as
to the MTTF. However, it is obvious from Table @hat the proportion of faulted circuit-
breakers to total circuit-breakers in the samegmaterepresents the overall reliability.
More than half of the population of §Eircuit-breakers with hydraulic drives had been
exposed to failures, whereas only 16 % of the padmn of Sk circuit-breakers with
mechanical drives had experienced failures.

e The mechanical drive has longer MTTF than the hyldradrive which is in accordance
with practical experience.

e The control/auxiliary components of minimum oil aurt-breakers have longer MTTF
than control/auxiliary components of SEircuit-breakers due to less complicated
control/auxiliary in minimum oil circuit-breakers.

e |t can be seen from Table 6.2 and 6.3 that witlloeitconsideration of failures in the first
year, the MTTFs of components can be increase uf¥ t%. It is recommended that
repair/inspection must be carefully carried oubider to prevent the following failures
occurring in the same year.

e Components of minimum oil circuit-breakers havegenMTTFs than components of
SKs circuit-breakers. However, it must be paid atmthat the database of minimum oll
circuit-breakers is longer than SEircuit-breakers. The record time of minimum oil
circuit-breakers is around 50 years, whereas therdetime of Sk circuit-breakers is
only 30 years.

e The failure density functions of components areghdy exponentially distributed. In
other words, this exponential distribution corrasi® to random failures. Hence, the
preventive or time-based maintenance cannot eXt¥€ntF or reduce the failure rate. In
order to extend MTTF, the predictive or conditicesbd maintenance must be

introduced.
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7  Cost Sructureand Maintenance Optimization

The first part of this chapter is to investigate the influesfoarcuit-breaker specifications on
the costs of circuit-breakers. By using the decision matrix apiprdas possible to figure out
the cost structure of the main components related to the speaifecal he second part of this
chapter deals with the maintenance optimization. The optimal mamte frequency during
useful life is carried out by using the optimal maintenancguirarcy model [52] in order to
minimize the downtime. The last part represents how to improvesliaeility of HV circuit-
breakers during the wear-out period. The reliability during the ‘wetperiod can be
investigated by the use of probability distribution and improved digguthe preventive
maintenance. The Weibull distribution model is therefore applied tgrdéise improved

preventive maintenance model.

7.1 Cost Structure Deter mination

The specifications of HV circuit-breakers according to IEC 62271-100 eatutitional
specifications are determined in order to study the influeneadt specification on the cost

of the circuit-breaker. The steps of cost determination are describetbastbl

1. The table is composed of considered specifications and five main components:
e guenching unit
e insulation
e supporting structure
e drive
e control system
2. The influence of every specification to each component is discussid tine
manufacture and the results are then fulfilled into the table (Table 7.1)
3. The specifications having the same properties are grouped anddineedetable is
formed (Table 7.2). For example, “rated lightning” and “switchingutee” withstand

voltage has the same influences on quenching unit, insulation and supporting structure.
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4. The cost proportion of main components is taken into consideration byaisiegsion
matrix approach (Fig. 7.1). In other words, the relationship &f inain components to
the costs of an HV circuit-breaker can be explored.

5. The specifications in each related main component are investigatexing the decision
matrix approach to find the significance of each specification (Appendix D).

6. Finally, the influence of each specification to HV circuit-breakers catetsrmined.

It can be seen from Table 7.1 and 7.2 that the specifications play no important role on the cost

of control systems.

Component Quenching Insulation Supporting Drive Control systen
Specification Unit structure

1. Rated voltage X X X X

2. Rated lightning impulse

withstand voltage X X X

3. Rated switching impulse
withstand voltage

4. Rated operating current X X X X

5. Power factor X X

6. Rated duration of short
circuit (1 s)

7. Rated short circuit
breaking current

8. DC component of the ratgd
short-circuit breaking curreng X X X X
(20 %)

9. First pole-to-clear factor X X

10. Rated out-of-phase
breaking current (optional)

11. Rated line-charging
breaking current

12. Rated cable-charging
breaking current

13. Rated single capacitor
bank-breaking current

14. Rated back-to-back
capacitor bank-breaking X
current

15. Rated capacitor bank
inrush making current

16. Rated back-to-back
capacitor bank inrush makin
current (optional)

Q
X

17. Rated operating sequenge X X

18. Temperature class X X

19. Classification: number of
operation
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Component Quenching Insulation Supporting Drive Control system
Specification Unit structure
20. Earthquake level X X X
21. Bending strength X X
22. Pollution level X
23. Overvoltage across CB X X
24. Rate of Rise of Recovery X X
Voltage (RRRV)
25. Short-line faults X

Table 7.1: The influence of specifications to the components

Componen
Specification

Quenching
Unit

Insulation

Supporting
structure

Drive

Control system

1. Rated voltage

X

X

X

2. Rated lightning and
switching impulse withstand
voltage

3. Rated operating current

4. Rated duration of short
circuit (1 s)

5. Rated short circuit
breaking current and DC
component

6. First pole-to-clear factor

7. Rated out-of-phase
breaking current (optional)

8. Rated line-charging
breaking current

9. Rated capacitor bank
inrush making current

10. Rated operating sequenge

11. Temperature class

12. Classification: number of
operation

13. Earthquake level

14. Bending strength

15. Pollution level

16. Rate of Rise of Recovery
Voltage (RRRV)

Table 7.2: The influence of specifications to the components (reduced version)
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Nr. |Criteria 112 3|4]|5] Sum |WF/%
1 |Quenching unit 0)l]45]2]5 16| 26.7
2 JInsulation 2|10|5]3]|5 15| 25.0
3 [Supportingstructure [ 1 | 1 | 0| 1| 4 7 11.7
4 |Drive 41351015 17] 283
5 [Control System 11112110 5 8.3

60 100.0

Figure 7.1:  The decision matrix of five main components

Influence evaluation: 1: very small  4: strong
2: small 5: very strong
3: similar

By using this decision matrix approach, Fig. 7.1, every parameatenipared with each other
with different degrees of significance. For example, the quegchinit compared with the
insulation has stronger influence on the costs. Therefore, the numbgiated in the first
row and the second column. On the other hand, the quenching unit comparddwsgithas
smaller influence on the costs. The number 2 is then placed in shecfiv and the fourth
column. The upper triangle of the matrix (above the primary diagara) must be
considered. The lower triangle of the matrix (below the primaagahal axis) is justified by
reversion of the investigation of the above triangle. For exantipdejnsulation compared
with the quenching unit has smaller influence on the costs. The n@nibéren placed in the
second row and the first column. After the whole decision mamompleted, the proportion
of every main component can be found. The proportion distribution of main comptments

the costs of HV circuit-breakers is represented in Fig. 7.2

M Control system

8% O Quenching unit
27%
O Drive
28%
O Supporting M Insulation
structure 25%

12%

Figure 7.2:  The proportion distribution of five main components to the cost of

HV circuit-breakers



7. Cost Structure and Maintenance Optimization 113

It is seen from Fig. 7.2 that the drive or the operating meanapiays the most important
role on the total cost followed by the quenching unit, the insulation laadsupporting

structure.

The specifications of each component represented in Table 7.2 ardecedne by one by
using the decision matrix in order to find the proportions of speciicatiAppendix D). The
proportions of specifications with respect to each component can leserfd as web
diagrams in Fig. 7.3.

(c) Supporting structure (d) Drive

Figure 7.3:  Web diagrams of the circuit-breaker specifications withaetgpeach
component (The numbers at the perimeter of the circle correspond to
specifications represented in Table. 7.2)
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For instance, the proportion of rated voltage (no. 1) to the cost of thehjugniit is 10%,
while the proportion of rated line charging (no. 8) to the cost of thadthugg unit is only
3.3%. In case of the insulation, rated lightning and switching impulsstand voltage (no.
2) accounts for the highest proportion (20 %).

Component Quenching Insulation Supporting Drive Total
Unit structure

Specification
1. Rated voltage 2.7 % 4.0 % 2.3% 4.1 % 13.1 %
2. Rated lightning and
switching impulse withstand 2.1% 50% 2.6 % 9.7 %
voltage
3. Rated operating current 25% 2.0% 0.8 % 1.6 % 6.9 %
4. Rated duration of short 0 0
circuit (1 s) 1.4% 1.4%
5. Rated short circuit
breaking current and DC 3.1% 3.6 % 22% 3.9% 12.8 %
component
6. First pole-to-clear factor 1.9% 2.2% 4.1 %
7. Rated out-of-phase 0 0
breaking current (optional) 1.6 % 1.6 %
8. Rated line-charging ,
cable-charging and capacitqr 0.9 % 0.7 % 1.2% 2.8%
bank breaking current
9. Rated capacitor bank 0 o
inrush making current 1.8% 1.8%
10. Rated operating sequenge 2.3 % 3.7% 6.0 %
11. Temperature class 25% 3.9% 6.4 %
12. Classification: number of 0 0 0
operation 2.1% 3.0% 51%
13. Earthquake level 3.2% 1.7% 2.0% 6.9 %
14. Bending strength 3.6 % 1.7% 53%
15. Pollution level 3.6 % 3.6 %
16. Rate of Rise of Recovery 0 0 0
Voltage (RRRV) 2.1% 2.4 % 4.5 %
Total 27 % 25 % 12 % 28 % 92 %

Table 7.3: The proportions of specifications to the main components

(without control system)

The proportions of specifications related to the circuit-brealeishown in Table 7.3. The
whole table of which the control system (8 %) is not included repte92 %. It can be

expressed in terms of pie chart in Fig. 7.4. The influence offsyaimns on the cost of the
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circuit-breaker is as shown in Fig. 7.4 is valuable for the ctiraidker designers to design

the optimal and cost-effective HV circuit-breakers.

2,9.7

Figure 7.4: The proportions of specifications to the cost of HV circuit-breaker

The most and least important specifications to the cost afielbreakers can be summarized

in Table 7.4
The most important % The least important %
specifications specifications
1. Rated voltage 13_1R_ate_d duration of short- 1.4
circuit
Rated short-circuit breaking Rated out-of-phase
2. 12.8 . 1.6
current breaking current
Ra_ted _Ilgh-tnlng and . Rated capacitor bank
3. switching impulse withstand 9.7 | . . 1.8
inrush making current
voltage

Table 7.4 The most and least important influences on the cost of circuit-breakers

7.2 Maintenance Optimization

In the first part of this section, the optimal maintenance frequencgg the useful lifetime is
calculated by using the optimal maintenance frequency model andefatiatistics during

1991-2000 [37]. The optimal maintenance frequency of different types afitdift-breakers
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at different voltage levels had been investigated. The second plaig séction concerns with
the improvement of maintenance strategy during the wear-oodpdie wear-out behaviour
of HV circuit-breakers is simulated by a Weibull distribution. Tihtegration of different
preventive maintenance models represents the improvement of litglialbi HV circuit-

breakers.

7.2.1 Optimal Maintenance Frequency

The equipment of HV circuit-breakers breaks down from time te.timorder to reduce the
breakdowns, periodic maintenance must be implemented. However, themaacg might
result in the system downtime. More frequent maintenance could rdtidewntime due to
system failures but increase the downtime due to maintenance. ifleglprof optimal

maintenance frequency in order to minimize the downtime can be expressed in.Fig. 7.5

Total downtime D (n)

Downtime due to maintenance

Downtime due to
system failures

Total downtime (D)

|

Maintenance frequency (n)

Figure 7.5: Optimal maintenance frequency: Minimization of downtime

It is obvious from Fig. 7.5 that the total downtime, D(n), is the summation of dowdtim&
maintenance ([9) and downtime due to system failures. The downtime due to syatienes

can be mentioned as downtime due to repaig3.(D

D(n) = Dy + Dy = AW 4 1 (7.1)

i i
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where:
Parameter Equation Remark

AMn) 1/mean time to failure (MTTF) Fallu_re rate or nl_meer of
repairs per unit time

M 1/mean time to repair (MTTR) Repair rate

N Number of periodic
maintenance per unit time

[ 1/mean time to maintenance (MTTM) Maintenance rate

Dr AMn)/u Downtime due to repair

. Downtime due to

Dwm n/i .

maintenance

In order to find the optimal maintenance frequency, the derivafig®wntime is applied as

followed.

dD(n) _ A (n) L1 q 7.2)
dn u [ '

It is assumed that the failure rate varies invgragth the number of periodical maintenance.
k is the arrival rate of failure per unit time whene periodical maintenance is made per unit

time.

Mn) = % A(n) = % (7.3)

From Eq. (7.2) and (7.3), the optimal maintenamegtfency, n, can be found. The value n is

the number of optimal maintenance frequency per.yea

o= ik =\/MTTR~k (7.2)
I MTTM

From the database, it is estimated that the peabdninor and major maintenance of HV
circuit-breakers are carried out every 4 and 7 geaspectively. It is assumed that the minor

maintenance is related to the minor failures aredrttajor maintenance is related to major
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failures. Accordingly, the failure rates in the Tal3.5 represent the major failure rates when
major maintenance tasks are carried out. Likewiable 7.5 represents the minor failure rates
when minor maintenance programs are introducedh Wigse assumptions, the two optimal

maintenance models are then introduced:

e the optimal major maintenance of HV circuit-breakier relation to major failures

e the optimal minor maintenance of HV circuit-breakar relation to minor failures

According to the statistics [37], the major failusges of HV circuit-breakers in Germany at
different voltage levels are represented in Tale The minor failure rates are calculated by
using the relationship between the major and miaidure rates according to CIGRE. They

are represented in Table 7.6.

Type 123kV 245kV 420kV

minimum oll 0.0021 0.0104 0.0203
air-blast 0.0039 0.0114 0.0319
Sk 0.0024 0.0144 0.0260

Table 7.5: Failure rates of major failurégg

Type 123kV 245kV 420kV
minimum oll 0.0147 0.08944 0.12992
air-blast 0.0273 0.09804 0.2041¢4
Sk 0.0168 0.12384 0.1664

Table 7.6: Failure rates of minor failurés;

7.2.1.1 The optimal major maintenance of HV cirdariéakers in relation to major failures

The assumptions in this case can be concludedlas/$o

e Itis estimated that the actual major maintenarazklieen carried out every 7 years
e Number of failures per year, k, when 1 major maiatee is made per yeabge/ 7

e Mean time to repair (MTTR) = 3 days
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e Mean time to major maintenance (MTTM) = 1 day

(7.5)

. . : i-k MTTR -k MTTR - A e
The optimal major maintenance, n = = =
n MTTM MTTM 7

Substitute the values from Table 7.5 into the EgB)(thus resulting in the optimal major
maintenance per year, n. The inversion of n coordp to the optimal major maintenance
interval which can be represented in Table 7.7

Type 123kV 245kV 420kV
minimum oll 33.3 15.0 10.7
air-blast 24.5 14.3 8.6
Sk 31.2 12.7 9.5

Table 7.7: Optimal major maintenance interval (ggar

In order to study the influence and deviation @& #ttual major maintenance to the optimal
major maintenance interval, the relationship betwiem must be investigated as followed:

e The actual maintenance interval is varied from @.2oyears while keeping the major
failure rate Mg, constant.

e The actual maintenance interval is varied while rirggor failure ratejiyr, is changed
proportionally. The longer the actual maintenantterval, the higher the failure rates.

As a result, the optimal major maintenance inteivabnstant.

The example of S§circuit-breakers is represented in Fig. 7.6. bveh the varied optimal

major maintenance interval when the actual majomteaance interval is changed. The
shaded area is the deviation between the consgatithal maintenance interval and the
variable one. For instance, in case of 123 kV, dpgmal major maintenance interval is
increased from 31 to 41 years when the actual nmgintenance interval is changed from 7
to 12 years. The deviation of 245 and 420 kV céseslatively small when the actual major

maintenance is varied.
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Figure 7.6:  The deviation of optimal major mairvgrce interval with respect to

major maintenance interval (S€ircuit-breakers)

7.2.1.2 The optimal minor maintenance of HV cirduieakers in relation to minor failures

The assumptions in this case can be summarizeullaws:

e Itis estimated that the actual minor maintenasaarried out every 4 years
e Number of failures per year, k, when 1 minor maiatece is made per yeabz:/ 4
e Mean time to repair (MTTR) = 1 day

e Mean time to minor maintenance (MTTm) = 0.5 day

(7.6)

. : . i-k MTTR -k MTTR - A,
The optimal minor maintenance, n = = = m
MTTm MTTm -4

[

Substitute the values from Table 7.6 into the Eg6)(thus resulting in the optimal minor
maintenance per year, n. The inversion of n coordp to the optimal minor maintenance

interval which can be represented in Table 7.8
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Type 123kV 245kV 420kV
minimum oll 11.7 4.7 3.9
air-blast 8.6 4.5 3.1
Sk 10.9 4.0 3.5

Table 7.8: Optimal minor maintenance interval (g¢a

The influence and deviation of actual minor maiatee interval to the optimal minor

maintenance interval can be performed in the sa@ne a8 major maintenance. The actual

minor maintenance interval is varied from 3 to rnge

Fig. 7.7 represents the example of SKcuit-breakers. The deviation between the carista

optimal maintenance interval and the variable enghown in the shaded area. In case of 123

kV, it can be seen that the optimal minor mainteeainterval is varied from around 11 to 16

years when the actual minor maintenance is chafriged4 to 9 years. The deviation in case
of 245 and 420 kV is smaller than 123 kV.

®
f% 18
= | 123 kV
g 16
[}
E 14
8 12
c
8 10 1
[}
€ 8-
‘© 245 kv
E 61 e N A XIS OO TNY
-é 4*:::::=="‘=:::C;S;:\:z;§;:\z’—;"—‘—‘\“/\—}{/5\72—:,7\
® 2 420 kV
IS
.S_ O T T T T 1
o 3 5 6 7 8 9

Actual minor maintenance interval (year)
Figure 7.7:  The deviation of optimal minor mairdene interval with respect to

minor maintenance interval (S€ircuit-breakers)

The optimal minor and major maintenance of differeypes of HV circuit-breakers at

different voltage levels can be concluded in Tab%



7.Cost Structure and Maintenance Optimization

123 kV 245 kV 420 kV
minor major minor major minor major
maintenanceg maintenancg maintenance maintenance maintenanceg maintenanceg
(years) (years) (years) (years) (years) (years)
minimum oil 11.7 33.3 4.7 15.0 3.9 10.7
air-blast 8.6 24.5 4.5 14.3 3.1 8.6
10.9 31.2 4.0 12.7 3.5 95

Table 7.9: The optimal minor and major maintenantervals of HV circuit-breakers

It can be concluded from Table 7.9 that:

Since 123 kV-HV circuit-breakers had been subjecttatively small failures, the actual
minor and major maintenance intervals of 4 and &ryeespectively are too frequent.
The optimal minor maintenance interval should beuad 8 — 12 years depending on
types of circuit-breakers. The optimal major manmatece programs of 123kV-HV
circuit-breakers should be performed every 24 y&8s.

The minor failure rates of 245 kV-HV circuit-breakeare relatively high. The optimal
minor maintenance intervals in this case are arodwid years. The optimal major
maintenance interval should be extended from 7syteai4 years in this voltage level.

In case of 420 kV-HV circuit-breakers, the optimahor maintenance interval should be
performed every 3-4 years, whereas the optimal mmapintenance programs should be
carried out every 8-10 years.

It can be seen from the calculation that with th&mal minor and major maintenance
programs, the numbers of maintenance are reducddthan systems operate at the

minimum downtime.

7.3 Rdliability under Preventive Maintenance

7.3.1 Conceptsof Preventive Maintenance

The preventive maintenance programs can reduceffipet of aging or wear-out resulting in

the extending of lifetime of HV circuit-breakerst is assumed that after preventive
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maintenance, the reliability of HV circuit-breakassrestored to the original condition. The

reliability of HV circuit-breakers with preventiveaintenance is represented as

R, () =R() for0 < t<T (7.7)
R, () =R(T) R(t-T) forT < t<2T (7.8)

Rm(t) in Eq. (7.7) is the reliability without maintence and T is the interval to perform
preventive maintenance. It is seen in Eq. (7.8)tti@a preventive maintenance is performed at
time T, where R(T) is the survivor function untiktfirst preventive maintenance and R(t - T)
is the survivor function at additional time (t -. THV circuit-breakers are restored to their

original state at time T. The Eq. (7.8) can be gaheexpressed as:

R, =R(T): R(t-nT, (7.9)

where nT < t < (n+1)T, n=1,2,3, ...

R(T)" is the survivor function of surviving n maintenanmtervals and R(t - nT) is the
survivor function of additional time (t - nT) aftdne last preventive maintenance. It is noted
that the preventive maintenance cannot be appliethgl the useful life having exponential
distribution. In other words, the preventive mairaece is not applicable under constant

failure rate condition as represented below.

R(t) = &"

R, (1) = R(Ty- R(t-nT,
R, (1) = ("] (™

R ()=¢". &. & =#

It can be seen that the preventive maintenanceotancrease the reliability under constant

failure rate condition.
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7.3.2 Application of Preventive Maintenanceto HV Circuit-Breakers

It must be noted that the preventive maintenane#éstive in the wear-out period in order to
increase their reliabilities. After preventive maimance is performed, the reliability of HV
circuit-breakers is restored to the original coiodit The equation of reliability of HV circuit-
breakers with preventive maintenance is represaagddllowed:

R ()= exr{ -r(Iﬂ- ex% Et' ”Tﬂ nT < t < (n+1)T (7.10)
o o

where n: the number of preventive maintenancerbdfe considered period of time

T: interval of time between preventive mainterenc

The case of all types of HV circuit-breakers haerbeised to show the application of
preventive maintenance. The failure rate distriugxtracted from the failure database of all
types of HV circuit-breakers is depicted in Fig8.7The failure distribution represents the
relative failure rate of the first failures of aiitbreakers. As a result, the trend of failure

development during the lifetime can be investigated

. A
0.3 / K
\\ I
o M Vet et Y :

Failure rate

Figure 7.8: The relative failure rate distributioinall types of circuit-breakers
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It can be seen from Fig. 7.8 that the failure isteelatively constant until the 20/ear. From
the 20" year, the failure rate is increased and it is msslthat this is the Weibull distribution.
From the 38 year, the distribution is fluctuated and not psedbecause of small numbers of
samples. Therefore, the parameters of Weibullidigion are determined by using the failure
distribution during the 2b- 30" year.

From the failure database, it is found that themtemiance and overhaul are carried out every
7 and 12 years respectively. As discussed eatfierpreventive maintenance cannot increase
the reliability when the failure rate is constathig(first 20 years). The investigation then starts
at the 28 year and it is assumed that the reliability otwit-breakers starts at unity in this
year in order to simplify the explanation of reiléaip under preventive maintenance. By using
the MATLAB curve-fitting program, it is possible ftnd the Weibull parameters and 8
which are equal to 10 and 4 respectively. The bditg with the preventive maintenance can

be represented as:

_ TY t-nT)'
R, ()= ex;{ F[Ej } exE ( 10 j } (7.12)

With the Eq. (7.11), the maintenance interval Tvasied in order to study the effects of

preventive maintenance to the reliability of HVctiit-breakers. The example of maintenance
interval of 7 years is illustrated in Fig. 7.9. Téiféects of different preventive maintenance in

terms of the maintenance frequency to the religtalie represented in Fig. 7.10.

It is obvious from Fig. 7.9 that the preventive manance has the same distribution as the
original reliability distribution but it will be ®tored to the original condition at the specified
maintenance period. When the preventive maintenasmdenplemented into the original
reliability distribution, the decreasing reliabjlibver time can be slowed down. As a result,

the lifetime of the HV circuit-breaker can be exted.

The more frequent preventive maintenance resulthénmore effective extension of the
lifetime. However, the cost of frequent maintenaxceing the wear-out period might be
more expensive than the cost of replacing with rlegv circuit-breakers. Therefore, the
optimal maintenance during wear-out period mustdieulated.
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Figure 7.10: The comparison of preventive mairmeraat different intervals
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7.3.3 Preventive Maintenance during Wear -out Period

The optimal preventive maintenance during wearpautod is carried out after section 7.3.2.
The maintenance costs of different maintenancerpmog are calculated. Afterwards, the
maintenance costs are compared with the costs wfareuit-breakers. The results of the
calculation represent when the circuit-breakersukhbe maintained and when those should
be replaces by the new ones. Nevertheless, théseduwptimal maintenance are different
depending on the required reliability of circuiebkers. The steps of optimal preventive

maintenance can be listed as follows:

e The maximum lifetimes of circuit-breakers are seatound 40-50 years

e The different preventive maintenance programs fitka 20" year (during wear-out
period) are calculated. In this study, the maimeerainterval of 3, 5 and 7 years are
taken into account.

e The required reliabilities are determined. Therefothe year in which the circuit-
breakers having reliability below specified levalan be investigated. This year is
referred to as the year-to-replace the circuitdeeawith the new ones. In addition, the
year-to-replace is dependent on the maintenancegrars. The more frequent
maintenance programs are able to extend the yeaeplace. However, the addition
maintenance costs are increased along with the frexygent maintenance programs.

e The preventive maintenance programs can be chaingedone to another program in

order to fulfill the reliability requirement.

The examples of different reliabilities can be expéd from Fig. 7.11. The requirements of

reliabilities of circuit-breakers after 20 yearsservice are set to 0.9, 0.7 and 0.5.
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Figure 7.11: The requirements of reliabilities aimel different maintenance programs
It can be concluded from the Fig. 7.11:

e When the reliability of circuit-breakers of 0.9dssired, the 7-year interval maintenance
cannot prolong the time to replace, since the tineeplace (at the byear) takes place
before the implementation of preventive maintenaree time to replace can be
prolonged to 29 years when the 5-year interval teaance is applied. The time to
replace can be even extended to 60 years, wher3-frg@r interval maintenance is
implemented. However, the maximum lifetime is liedtto 50 years and the 3-year
maintenance might not be cost-effective.

e When the reliability of circuit-breakers of 0.7rexqquired, the original distribution shows
the time to replace of 28 years. With the 7-yesgriral maintenance, the time to replace
can be extended to 33 years. The time to replat®degrolonged to 49 years with the 5-
year interval maintenance. The 3-year maintenanagram is not considered, since the
lifetimes of circuit-breakers are however limited30 years.

e When the reliability of 0.5 is acceptable, the oral distribution represents the time to
replace of 29 years. With the 7-year interval neiance, the time to replace can be
extended to 41 years. The 3 and 5-year intervaht@a&nce programs are not taken into

account, since the time to replace is beyond thdéman lifetime.
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The time to replace due to the different maintergmograms and required reliabilities can
be concluded in Table 7.10.

Reliability Replacing time due to maintenance programs
Qriginal 3-year $-year ?-year
maintenance| maintenance| maintenance| maintenance
0.9 26 > 50 29 26
0.7 28 > 50 49 33
0.5 29 > 50 > 50 41
Table 7.10:  The time to replace due to the dfiémaintenance programs and

required reliabilities

7.3.4 Consideration of Optimal Preventive Maintenance during Wear -out Period

The optimal preventive maintenance during wear-petiod can be carried out by
consideration of repair costs, maintenance costsrarestment costs. The assumptions can be

made as follows:

e The original reliability distribution in Fig. 7.8-X0 is investigated from the first failures
of circuit-breakers. Therefore, this reliabilityrga is a relative reliability distribution
considering only the circuit-breakers subject tirtfirst failures.

e The original reliability distribution representsettturve of circuit-breakers of which
normal overhaul programs are included. From theulwete, the overhaul of circuit-
breakers had been carried out every 12 years.

e The different additional preventive maintenance gpams are introduced into the
original reliability distribution. The costs of nmaénance per year are calculated

e The cost of investment of a new circuit-breakercadculated based of the economic
lifetime of 30 years with the interest rate of 6.5¥he interest rate of 6.5% is also
applied for the maintenance costs.

e The inflation rate is not taken into account.

e The outage costs for non-delivered energy are taki®naccount by using the outage
costs of 5 € / kwh.
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e The repair costs of old circuit-breakers are 25 fdthe costs of new circuit-breakers,
whereas the repair costs of new circuit-breakeesamly 12.5 % of the costs of new

circuit-breakers.

The failure rate to replace the old circuit-breakerth the new ones can be calculated from
Eq. 7.12. This equation represents the costs ofaottl new circuit-breakers per year. The
optimal reliability to replace circuit-breakers che found when the costs of old circuit-
breakers are equal to the costs of new ones. Tam@er of 123 kV of circuit-breakers with
the optimal reliabilities corresponding to the difnt maintenance programs are depicted in
Fig. 7.12

M(Cri +Co) + Gy FACRra+Cp)+Cy, +C (7.12)

where:;: failure rate of old circuit-breakers
Ao failure rate of new circuit-breakers
Cr1:  Costs of repair of old circuit-breakers
Cr2.  Costs of repair of new circuit-breakers
Co:  Outage costs (5 € / kWh)
Cwvi: Maintenance costs per year of 3, 4, 5 and 7-ye@amtenance interval period
Cwv2:  Overhaul costs per year of 12-year interval period

G Investment costs per year

From Eq. 7.12, the failure rate of old circuit-lkees, A4, is an unknown value and must be
calculated. After that, the failure rakteis converted to investigate the time and religpbif
the original distribution. The optimal reliabiliseto replace circuit-breakers are then
calculated from thé\; by using Eq. 7.12, 5.26 and 5.27. The additionstiaits of the

calculation of parameters can be explained:

e ) is represented by the failure rates ofs Skcuit-breakers (Table 7.5), since it is
assumed that all the old circuit-breakers will eplaced with Sgcircuit-breakers.

e The calculation with and without the influence otage costs (§) is considered.

e The average outage time per year of Germany isi@0tes.

e |tis assumed that a circuit-breaker carries a madent of 500 A.
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¢ In the case with the outage costs, it is assumadhle outage powers per circuit-breaker

for 123, 245 and 420 kV are 106, 212 and 364 M\ideesvely.

e The maintenance and overhaul cosii(@nd Gy2) per year are calculated by present

value calculation and annuity method. The periodadéulation is 30 years.

e Investment cost is calculated from the annuity métwith the period of 30 years.

The mentioned parameters of HV circuit-breakemdifferent voltage levels can be concluded

in Table 7.11

Parameter 123 kV 245 kv 420 kV
Interest rate 6.5% 6.5% 6.5%
Cost of new CB 25000 € 75000 € 220000 €
Cr1 6250 € 18750 € 55000 €
Cr2 3125 € 9375 € 27500 €
CM]_:

3-year program 1563 € 3126 € 6252 €
4-year program 1107 € 2215 € 4430 €
5-year program 878 € 1756 € 3512 €
/-year program 573 € 1145 € 2291 €
Cz: 264 € 528 € 1057 €
12-year program

Co 176666€ 353333€ 606666€
G 1914 € 5743 € 16874 €
A2 0.002 0.0144 0.026

Table 7.11: The values of parameters represented.i7.12

Without the influence of outage costso(€ 0), the different maintenance programs result in

the significantly different failure rates of oldrciuit-breakers. The optimal reliabilities from

different maintenance programs are marked on tiebilty axis in Fig. 7.12. The horizontal

lines are drawn parallel to X axis and then crbssdifferent reliability curves. The vertical

lines are then drawn from the intersection poiatthe X axis. The optimal time to replace the

old circuit-breakers with the new ones can be rfeaih Fig. 7.12 and can be concluded in

Table 7.12
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Figure 7.12: The optimal reliabilities and yetarseplace the old 123 kV

circuit-breakers

The results from Table 7.12 must be carefully jpteted. It is obvious from the Fig. 7.12 and
Table 7.12 that the 5-year and 7-year maintenanedhe optimal maintenance programs
which can prolong the time to replace up to 54 a8@d/ears while keeping the reliability of

0.66 and 0.58 respectively. Although the 3-year4dygar maintenance can prolong the times
to replace up to more than 65 years, they cannaihsidered as the optimal maintenance,

since the optimal years to replace are beyondxpeated lifetime of circuit-breakers.

123 kV Optimal reliability Optimal time to
replace (years)
3-year maintenance 0.86 > 65
4-year maintenance 0.73 > 65
5-year maintenance 0.66 54
7-year maintenance 0.58 39

Table 7.12:  The optimal years to replace of 1¥3kcuit-breakers regarding

the different maintenance programs
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The optimal years to replace of 245 kV and 420 k¥¢uit-breakers can be carried out in the
same way by changing the costs of maintenancejrrepats and investment costs. The
optimal times to replace and reliabilities of 249 knd 420 kV circuit-breakers can be
represented in Table 7.13.

245 kV 420 kV
Optimal Optimal time to Optimal Optimal time to
reliability replace (years reliability replace (years
3-year maintenance 0.74 > 65 0.67 > 65
4-year maintenance 0.66 > 65 0.62 > 65
5-year maintenance 0.61 59 0.59 64
7-year maintenance 0.56 39 0.55 40

Table 7.13:  The optimal years to replace of 24 420 kV circuit-breakers

regarding the different maintenance programs

In case of 245 kV circuit-breakers, it is recommahdo introduce the 7-year maintenance
program in order to prolong the time to replace8%years while keeping the reliability of
0.56. The 7-year maintenance program can also pkimented for 420 kV circuit-breakers

to prolong the time to replace up to 40 years etrdhiability of 0.55.

When the outage costsd{)Care taken into account, all the values in Tabld are substituted
into Eq. 7.12. Therefore, the failures rates of aidcuit-breakers X;) from different
maintenance programs are determined. It is fouadttie failure rates of old circuit-breakers
from different maintenance programs are not sigaiftly different due to the high influence
of outage costs. The small difference between thdailure rates and the new failure rates
implies that the circuit-breakers must be replaaethe early ages (20-25 years), as only a
small change of failure rate occurs. This circumstaleads to the fact that the different
maintenance programs cannot prolong the time ttacep since the time to replace occurs
before the first maintenance is carried out. Thienogd reliabilities and the optimal times to

place in the case of considering the outage coststanmarized in Table 7.13.
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123 kv 245 kV 420 kV
Optimal | Optimal time| Optimal | Optimal time| Optimal | Optimal time
reliability | to replace | reliability | to replace | reliability | to replace
(years) (years) (years)
S-year 0.99 22 0.99 23 0.99 23
maintenance
4-year 0.99 22 0.99 23 0.98 24
maintenance
S-year 0.99 23 0.99 23 0.98 24
maintenance
-year 0.99 23 0.99 23 0.98 24
maintenance

Table 7.13:  The optimal reliabilities and yeassplace in the case of taking the

outage costs into consideration

It can be seen from Table 7.13 that the optimalesinto replace occur before the first
maintenance programs are performed. In this cdme,different preventive maintenance

programs play no important role in order to proldimg times to replace.

Without consideration of outage costs, it is codelll from the optimal maintenance that
different preventive maintenance programs can pglthe lifetimes of circuit-breakers.
However, the life-cycle cost must be taken into stderation in order to find the optimal
times to replace of circuit-breakers. This optintallculation depends mainly on many
parameters as shown in Eq. 7.12. Consequentlyethdts of the calculation could be varied
when the parameters are changed.

It is obvious from the life-cycle cost calculatigBq. 7.12) that the outage costs have the
highest influence. When the high outage costsalentinto account, the difference between
the old failure rates and the new failure ratesignificantly small. Consequently, the old

circuit-breakers should be replaced at the earlgsa@0-25 years). In this situation, the

different maintenance programs have no influenctherime to replace.
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8 Conclusions

The main objectives of this thesis were to analyze the okkdV circuit-breakers, develop
the probabilistic models, breakdown the cost structure and establishmireved
maintenance strategies. Owing to deregulation of electricagkets, the competitiveness of
markets is significantly concerned. This issue is related thie reliability, availability of
systems and costs of maintenance. HV circuit-breakers whichnaref the most important
equipment in power systems have been served as interrupting equipmepefating and
short-circuit currents for more than a century. Many technolagigerms of interrupting
medium had been developed from oil, air-blast, vacuum go AFpresent, a number of HV
circuit-breakers are reaching the aging period and they queed to be effectively handled.
Some can be prolonged by using the effective maintenance, wiseraasmust be replaced

before the major failures occur.

Normally, HV circuit-breakers have been maintained by usingufaaturers’ guidelines and
experiences of operators. It is not well proved that such maimtenprograms are effective
regarding costs and performance. Although there are mangtlites introducing the optimal
maintenance for HV circuit-breakers, most of them propose only#asiand mathematical
models without the reference from the failure database. In thisxtahtvas challenging to
design and investigate reliability and maintenance strategiesrinection with the failure

database.

This thesis was constructed of three main parts to handle sofolerps. In the first part, the
failure modes and effects analysis method was applied to deteitmimisks of components
of HV circuit-breakers. The second part was to develop the prolighmiedels to investigate
the reliability of HV circuit-breakers and failure development.the last part the cost
structure of HV circuit-breakers was determined. In additibve, doptimal maintenance
strategies during useful and wear-out period were establishedfaillve database of HV
circuit-breakers collected by the Institute of Power SysteDarmstadt University of

Technology had been implemented in all parts.

In order to conduct the failure modes and effects analysis method, the functioncio€ii

breakers and their functional failure modes were first definedt, Nle¢ causes of failure
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related to the function and components were investigated and the nwhli@itares were
taken from the database. The consequences of each failure inchelisgnnel safety,
environmental impact, operation availability and costs of repaie wegaluated by using a
score system. The criteria of failure detection must be caeside evaluate the severity of
failures. Consequently, the risks of HV circuit-breaker componentspased of the
consequence of failure, the failure detection and the probabilitylafefaould be calculated
and the ranking of risk is then represented. The weighing factosudbr three parameters
were determined by using the decision matrix approach. It waeveisd from the risk
diagram that the components of HV circuit-breakers are imotheand medium risk region.
The improved maintenance strategies should be applied to the componeritsarehin the
medium risk region to assure that those components will not readfigtheisk region. The
disadvantage of the risk diagram is that it is a time-indepemtiegtam. Consequently, the

diagram cannot predict which component should be replaced at which year.

The probabilistic models were developed to investigate the rélyabilHV circuit-breakers
and how the failures develop from year to year. The first mt@eling diagram, is the model
representing the probability of failures occurring in any subsequears. The development
of failures from the failure-free state to the first ancbsel failures was investigated by using
the conditional probability method and represented as a treeing rdiaditae critical
pathways of failure development could be investigated with this métel.second model,
the cascading reliability model, was the extension of thintyebagram. The development of
failures from failure-free state to the first, second andltfailures was represented in terms
of mean time to failure, transition and state probabilitieshWhis model, it is possible to
discover when the failures could occur and at which probability. Itrisflmeal for the asset
managers and maintenance personnel to be aware of the followlogedaiThe last
probabilistic model is the reliability model obtained by using dpglication of Markov
process. In this model, HV circuit-breakers are composed of fiva c@nponents. The
reliability parameters such as mean time to failure and nim@arnto repair of each component
were examined from the database. By using the Markov process mtthof@jlure-free
durations and availability of different types of HV circuit-breakean be investigated. It was
concluded from this Markov model that the availability of HV cirdargakers is over 99%.
The influence of repetitive failures resulting from human erroncomplete repair was taken

into consideration.
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In the first part of the last section, the cost structure of ¢i¢uit-breakers related to
specifications was broken down by using the decision matrix approhhddcision matrix

was also applied to each main component resulting in the detasédtructure. It was found
from the cost breakdown that “rated voltage” has the highesteimie on the total costs
followed by “rated short circuit breaking current” and “rated lightand switching impulse
withstand voltage”. The cost structure provides the valuable informatrathé designers to

design the cost-effective HV circuit-breakers for different appilons.

Maintenance optimization was the last issue in this thestanlbe divided into two periods:
useful life and wear-out period. These periods were handled with fieeedif maintenance
models. The optimal maintenance frequency during useful life peraadestablished from
the principle that more frequent maintenance could result in nystens downtime; on the
other hand, less maintenance could result in downtime due to failureandthematical
model and the failure rates of HV circuit-breakers were applieé different types of HV
circuit-breakers at different voltage levels were taken into deration. It was found that the
minor and major maintenance for 123 kV HV circuit-breakers should lhermed every 8-
10 and 24-33 years respectively. For 245 kV, the 4-year interval minor ayeaf4nterval
major maintenance are suggested to be implemented. For the vekag®efl 420 kV, it is
suggested to introduce the minor and major maintenance every 3-4 and eéaf y

respectively.

During the wear-out period, the failure rate of HV circuit-breakepresents the Weibull
distribution. With the preventive maintenance, it is possible toaser¢he reliability during

this period. Nevertheless, the more frequent maintenance resutte imore costs of
maintenance. Therefore, the optimal maintenance was consideré&akiby the costs of
repair, costs of undelivered energy, costs of maintenance and afostgestment into

account. The different preventive maintenance programs show the mtiffesellts regarding
the reliability of HV circuit-breakers and optimal time to eeg@ the old circuit-breakers with
the new ones. It must be noted that this optimal maintenance mod&derably relates to

mentioned costs. The results could be changed when one or more costs are changed.

The optimal maintenance programs during useful life and weareoiatdpare very useful for
asset managers to make a decision when and what kind of maintehanicel® performed.
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It is recommended that this optimal maintenance could be investigatnore detail in terms

of the sensitivity of the different cost parameters.
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List of Symbolsand Abbreviations

Symbols

Al,O3 Aluminium oxide

CaOo Calcium oxide

f(t) Probability density function

lkatF Single-phase short circuit-current at terminal
lkatF Three-phase short circuit-current at terminal
l10ad Load current

I Rated normal current

lrp Rated short-circuit breaking current

ls Short-circuit current

MTTF Mean time to failure

MTTR Mean time to repair

NaOH Sodium hydroxide

N> Nitrogen

N; (t) Number of component failed at timet
N(t) Number of components surviving at timet
Q(b) Cumulative distribution function

R(t) Survivor function

SFs Sulphur hexafluoride

Zy Characteristic impedance

ME) Failure rate

82 Variance

B Shape parameter of Weibull distribution

o Scale parameter of Weibull distribution

® Operating frequency
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List of Symbols and Abbreviations

Abbreviations

EPRI
FMEA
HV
|IEEE
RCM
RRRV
TRV
XLPE

Electric Power Research Institute

Failure Modes and Effects Analysis

High Voltage

Institute of Electrical and Electronics Engineers
Reliability-Centred Maintenance

Rate of Rise of Recovery Voltage

Transient Recovery Voltage

Cross-linked polyethylene
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Appendix A  TheTransformation Method Used for

Decision Matrix Approach

Cn2

Cnl

\

Col Co2 X

Figure A1: The transformation method

The transformation of the actua values from section 4.3 into the values with embedded
weighting factors as described in section 4.4 can be explained by using Fig. AL1. This method
issuitable for the datathat is linearly distributed. The variables on Fig. A1 are composed of:

Col: the real minimum value Co2;: the real maximum value

Cnl: the new minimum value Cn2: the new maximum value

The related equations are expressed as follows:
y=a+b-x

Cn2-Cnl . (A1)
Co2 - Col

b= Cn2-Cnl
Co2 - Col

a=Cnl-

The real minimum values of the parameters can be obtained after FMEA Table (Appendix B)
is formed and completed. For example, the Table Al resulting in Table 4.5 and 4.6 shows the
real values from FMEA table and the values after performing the decision matrix approach as
explained in section 4.4. The priority scores of Table 4.5 can be calculated by the product of
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transformation of parameters 1,2 and 3, while the scores of Table 4.6 are calculated from

parameter 1,2 and 4.

Parameter Real values Transformed values
minimum maximum minimum maximum

1.Consequence of failure 1 28 1 17
2.Failure detection 1 3 1 50
3.Probability of failure

by functional failure 7.7e05 0.055 1 33
4.Probability of failure 70004 0.073 1 23

by component

Table Al: Therea values and transformed values.

By using the equation A.1, the transformed equation can be obtained as stated:

1 Consequence of failure: y = 0.4074 + 0.5926x (A.2)
2. Failure detection y =-23.5 + 24.5x (A.3)
3. Probability of failure by functional failure y =0.996 + 0.1363x (A.4)
4. Probability of failure by component y =0.69 + 0.103x (A.5)

The parameters for calculating the total consequences of section 4.6, risk diagram, are
composed of only the consequence of failure and the failure detection. The decision matrix
between these 2 parameters had been applied. It is found that the weighting ration between the
failure detection and the consequence of fallure is 75:25. By using the equation A.l, the
transformed equations can be obtained.

1. Conseguence of failure y =0.111 + 0.888x (A.6)

2. Failure detection y =-36 + 37X (A.7)
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Appendix B The FMEA Evaluation of SF¢ Circuit-Breakers
B1l: TheFMEA evaluation based on the functional failures. SF¢ cir cuit-breakers
No. of | Rank
Information Reference Consequence evaluation Score Failure dectection failure | ing
Impos- Diffi-
Failure mode Failure cause E+ E- |0+ O |O- |C+ C- sible | Easy | cult
1.1 Mechanical drive
1. Does not close on command | 1.Operating mechanism fails fals 1. Motor fals X X 5 X 4.49 47
2. Spring fails X X 6 X 217 | 48
3. inadequate lubrication X X X
4. Energy transfer fails
4.1 Damping fails X X 5 X 0.72 19
4.2 Hydraulic pump fails X X 5 X 0.72 52
5. Others
1.2 Hydraulic drivefails | 1. Motor fails X X 5 X 20.19 | 42
2. N2 Storagefails X X 6 X 160.76 | 20
3. inadequate lubrication X X X
4. Energy transfer fails
4.1 Damping fails X X 5 X 8.22 14
4.2 Linkagefails X X 14 X 5139 | 2
4.3 Hydraulic pump fails X X 5 X 7178 | 30
4.4 Hydraulic cylinder fails X 6 X 77.02 | 27
4.5 Conduit/Connection fails X X 5 X 229.55| 18
4.6 Collective tank fails X X 15 X 3365 | 26
4.7 Vavesfail X 7 X 119.40 | 24
4.8 Others
5. Others
2. Control and auxiliary system fails 1. No supply voltage X X X
2. Sensor fails X X 5 X 234.78 | 17
3. Relay fails X X 5 X 184.20 | 22
4. Connection cablefails X X 5 X 50.10 | 37
5. Hester fails X 6 X 7552 | 7
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No. of | Rank
Information Reference Consequence evaluation Score Failure dectection failure | ing
Impos- Diffi-
Failure mode Failure cause P |E+|E |E- |O+|0O0 |O |[C+|C |C- shle | Easy | cult
6. Others
3. Current carrying parts fail 3.1 Arcing chamber fails | 1. Low SF6 density X X X 13 X 161.92 | 13
2. Low temperature
1.1 Mechanical drive
2. Does not open on command | 1.Operating mechanism fails fails 1. Motor fals X X 5 X 151 50
2. Spring fails X X 6 X 076 | 49
3. inadequate lubrication X X X
4. Energy transfer fails
4.1 Damping fails X X 5 X 0.24 21
4.2 Hydraulic pump fails X X 5 X 0.24 54
5. Others
1.2 Hydraulic drivefails | 1. Motor fails X X 5 X 6.81 46
2. N2 Storagefails X X 6 X 5424 | 32
3. inadequate lubrication X X X
4. Energy transfer fails
4.1 Damping fails X X 5 X 2.78 16

4.2 Linkage fails X X X 14 X 18.50 8

4.3 Hydraulic pump fails X X X 2422 | 41
4.4 Hydraulic cylinder fails X X 6 X 2598 | 40
4.5 Conduit/Connection fail X X 5 X 7745 | 29
4.6 Collective tank fails X X X 15 X 11.35 | 39
4.7 Valvesfail X X 7 X 4029 | 35
4.8 Others
5. Others
2. Control and auxiliary system fails 1. No supply voltage X X X
2. Sensor fails X X 5 X 79.22 | 28
3. Relay fails X X 5 X 62.15 | 33
4. Connection cable fails X X 5 X 16.90 | 43
5. Heater fails X X 6 X 2548 | 12
6. Others
3. Current carrying parts fail 3.1 Arcing chamber fails | 1. Low SF6 density X X X 13 X 5463 | 25

2. Low temperature

1.1 Mechanical drive
3. Closes without command 1.Operating mechanism fails fals 1. Energy transfer fails

1.1 Damping fails X X 5 X 0.03 23
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No. of | Rank
Information Reference Consequence evaluation Score Failure dectection failure | ing
Impos- Diffi-
Failure mode Failure cause E+ E- |O+|O0 |O- |C+ C- shle | Easy | cult
1.2 Spring fails X X 6 X 0.10 51
1.3 Linkagefails X X 5 X 0.27 53
1.4 Hydraulic pump fails X X 5 X 0.03 55
1.2 Hydraulic drivefails | 1. Valvesfail X 7 X 534 | 44
1. Current flowsin the close
2. Control and auxiliary system fails coil
2.Relay fails X X 5 X 824 | 45
3. Other reasons 1. Vibration of circuit-breaker
1.1 Mechanical drive
4. Opens without command 1.0Operating mechanism fails fails 1. Trip latch not secure X 6 X 4.00 15
1.2 Hydraulic drivefails | 1. Valvesfail X 7 X 3398 | 38
2. Control and auxiliary system fails 1. EMCfails X X
2.Relay fails X X 5 X 5241 | 36
3. Other reasons 1. Vibration of circuit-breaker
5. Does not make the current 1. Current carrying parts fail 1.1 Arcing chamber fails | 1. Contact fails X X X 28 X 13.28 5
2. Other reasons 1. Human failure
1.1 Mechanical drive 1. Mechanism does not travel
6. Does not break the current 1.0Operating mechanism fails fails complete distance X X X X
2. low velocity
1. Mechanism does not travel
1.2 Hydraulic drivefails | complete distance X X X
2. low velocity
3. Linkage breakdowns X X 14 X 6.69 10
2.Current carrying partsfail 2.1 Arcing chamber fails | 1. Insufficient contact opening X X X X
2. Low SF6 density X X 13 X 19.75 | 34
3.0vervoltage stress from
switching exceeds CB
capability X X X X
4. Lightning X X X
2.2 Controlled capacitor
fals X 15 X 56.00 1
7. Failsto carry the current 1. Current carrying partsfail 1.1 Arcing chamber fails | 1. Contact fails X X X 28 X 11.72 8
1.1 Insulating material 1. Damaged interrupter from
8. Breakdown to earth 1. Insulation fails fals external impacts X X X
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No. of | Rank
Information Reference Consequence evaluation Score Failure dectection failure | ing
Impos- Diffi-
Failure mode Failure cause P |E+|E |E- |O+|0O0 |O |[C+|C |C- shle | Easy | cult
2. Contact from animals
3. Lightning X X X X
4. insulation aging X X X X
5. Water infiltration X X X X
6.Flashover by transient effect X | X X
7. Porcelain fails X X | X 15 X 1566 | 4
8. Arcing Chamber Housing X X | X 15 X 11.57 6
9.Pollution X X X X
1.1 Insulating material
9. Breakdown between poles 1. Insulation fails fails 1. Contact from animals
2.Flashover by transient effect X | X X
3.Pollution X X X X
10. Breakdown across open
pole (internal) 1. Current carrying partsfail 1.1 Arcing chamber fails | 1. Leak of SF6 X X X 13 X 2370 | 31
2. Low temperature
3.FHashover by transient effect X | X X
11. Breakdown across open 1.1 Insulating material 1. Damaged interrupter from
pole (external) 1. Insulation fails fails external impacts X | X X X X
2. Contact from animals
3. Lightning X X X X
4. insulation aging X X X X
5. Water infiltration X X X X
6.Flashover by transient effect X | X X
7. Porcelain fails X X | X 15 X 7.34 9
8. Arcing Chamber Housing X X | X 15 X 5.43 11
9.Pollution X X X X
12. Others

Remark: There is no information from the database for some causes of failures. However, the consequence evaluation had been carried out for all possibilities of

failures.
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B2: TheFMEA evaluation based on component failures. SFs circuit-breakers
Fault
No. of Conse- | detec-
failure cause failure characteristic Consequence evaluation Failure detection failure | quence |tion | Ranking
Impos- Diffi
E+ E-|O0+]| O | O | C+ C- | sible Easy | cult
1.Operating mechanism fails 1.1 Mechanical drivefails 1. Motor fails X X X 6 5 1 20
2. Spring fails X X X 3 6 1 21
3. inadequate lubrication X X X
4. Energy transfer fails
4.3 Trip latch not secure (closing latch) X X 6 6 2 9
5. Mechanism does not travel complete distance X X X X
1.2 Hydraulic drivefails 1. Motor fails X X X 27 5 1 19
2. N2 Storage fails X X X 215 6 1 14
3. inadequate lubrication X X X
4. Energy transfer fails
4.1 Damping fails X X X 12 5 2 8
4.2 Linkagefails X X X 75 14 3 1
4.3 Hydraulic pump fails X X X 96 5 1 17
4.4 Hydraulic cylinder fails X X 103 6 1 16
4.5 Conduit/Connection fails X X X 307 5 1 11
4.6 Collective tank fails X X X 45 15 1 15
4.7 Vavesfail X X 199 7 1 13
5. Mechanism does not travel complete distance X X X X
2. Control and auliliary system fails 1. No supply voltage X X X
2. Sensor fails X X X 314 5 1 10
3. Relay fails X X X 307 5 1 11
4. Connection cable fails X X X 67 5 1 18
5. Heater fails X X 101 6 2 6
6. EMC fails X X X 6 3
3. Current carrying parts fail 3.1 Arcing chamber fails 1. Low SF6 density X X X 260 13 1 7
2. Contact fails X X X X 25 28 2 4
3. Insufficient contact opening X X X X
4.Overvoltage stress from switching
exceeds CB capability X X X X
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Fault
No.of | Conse- | detec-
failure cause failure characteristic Consequence evaluation Failure detection failure | quence |tion Ranking
Impos- Diffi
P|E+| E|E|O+]| O |O- |C+| C|C-|shle Easy | cult
f3a|2| SControlled capacitor X X X X - 15 3 5
4. Insulation fails 4.1 Insulating material fails | 1. Damaged interrupter from external impacts X | X X X X
2. Lightning X X X X
3. insulation aging X X X X
4. Water infiltration X X X X
5.Hashover by transient effect X | X X
6. Porcelain fails X X | X X 23 15 3 3
7. Arcing Chamber fails X X | X X 17 15 3 5
8. Pollution X X X X
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Appendix C  Two-dimensional Diagrams of Treeing M odel

C.1 SFgcircuit-breakerswith hydraulic drives
4

35

3

248

The second failure/ The year after the first failure occurs
]

D_Z /m\

a 5 10 15 20
The first failure/ The year of which the first failure ocours

FigureC.1: Two-dimensional diagram representing the number of failures with

respect to time (SF¢ circuit-breakers with hydraulic drives)

C.2 SFgcircuit-breakerswith mechanical drives

The second failuref The year after the first failure occurs

a 2 4 G a 10 12 14 15
The first failured The year of which the first failure occurs

FigureC.2: Two-dimensiona diagram representing the number of failures with

respect to time (SF¢ circuit-breakers with mechanical drives)
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C.3 Oil circuit-breakerswith hydraulic drives

The second failuref The year after the first failure oceurs

The first failured The year of which the first failure occurs

Figure C.3: Two-dimensiona diagram representing the number of failures with

respect to time (oil circuit-breakers with hydraulic drives)

C.4 OQil circuit-breaker s with mechanical drives

The second failure/ The year after the first failure occurs

0 5 10 15 20 2 30
The first failured The year of which the first failure oceurs

FigureC.4: Two-dimensiona diagram representing the number of failures with

respect to time (oil circuit-breakers with mechanical drives)
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Appendix D The Decision Matrix of HV Circuit-Breake  r's Main Components
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Nr. | Kriterium 1 2 3 4 5 6 7 8 9 10 11 12 13 Y WF%
1  Rated voltage B8 2 3 5 2 4 5 5 3 4 3 4 4 46 9.829
2 | Rated lightning impulse withstand voltage 2- 2 4 1 3 3 5 4 4 2 3 3 36 7.692
3 Rated operating current 3 400 4 2 4 4 5 4 4 3 3 4 44 9402
4 | Rated duration of short circuit (1 s) 1 2 2- 1 3 3 4 2 2 1 2 2 25 5.342
5 | Rated short circuit breaking current 4 5 4 5- 5 5 5 5 4 4 4 4 54 11.54
6  First pole-to-clear factor 2 3 2 3 18 4+ 4 3 2 3 3 3 33 7051
7 | Rated out-of-phase breaking current (optional) 1 3 2 3 1 2 - 4 3 2 2 2 3 28 5.983
8 | Rated line-charging breaking current 1 1 1 2 1 2 2- 1 1 1 1 1 15 3.205
9 | Rated capacitor bank inrush making current 3 2 2 4 1 3 3 5- 2 2 2 2 31 6.624
10  Rated operating sequence 2 2 2 4 2 4 4 5 4- 3 4 3 39 8.333
11  Temperature class 3 4 3 5 2 3 4 5 4 3@ 14 4 44 9402
12 | Classification: number of operation 2 3 3 4 2 3 4 5 4 2 2- 2 36 7.692
13  Rate of Rise of Recovery Voltage (RRRV) 2 3 2 4 2 3 3 5 4 3 2 4@ 37 7.906
468 100

Table D.1: The decision matrix of quenching unit
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Nr.  Kriterium 1 2 3 4 5 6 7 I WF%
1  Rated voltage B8 1 5 4 4 3 3 20 1587
2 | Rated lightning impulse withstand voltage 5- 5 4 4 4 4 26 20.63
3 | Rated operating current 1 1- 2 2 2 2 10 7.937
4 Rated short circuit breaking current 2 2 400 4 3 3 18 1429
5  Earthquake level 2 2 4 28 3 3 16 127
6  Bending strength 3 2 4 3 3@ 3 18 1429
7 | Pollution level 3 2 4 3 3 3- 18 14.29
126 100

Table D.2: The decision matrix of HV Insulation

Rated voltage

Rated operating current
Earthquake level
Bending strength

Rated short circuit breaking current
Rated line-charging breaking current

[ I Y l w N Rated lightning impulse withstand voltage

Nr.  Kriterium 1 3 4 5 6 7 X WF%
1  Rated voltage G 5 3 5 4 4 24 19.05
2 | Rated lightning impulse withstand voltage 3 5 4 5 5 5 27| 21.43
3 | Rated operating current 1 - 1 3 1 1 8 6.349
4 Rated short circuit breaking current 3 5 - 5 4 4 23 18.25
5 | Rated line-charging breaking current 1 3 1 - 1 1 8 6.349
6  Earthquake level 2 5 2 58 3 18 1429
7 | Bending strength 2 5 2 5 3 - 18 14.29

126 100

Table D.3: The decision matrix of supporting structure
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Nr.  Kriterium 1 2 3 4 5 6 7 8 9 10 > WF%
1 | Rated voltage 6 5 2 4 5 4 3 5 5 5 40 1481
2 | Rated operating current 1- 1 2 3 1 1 1 3 2 15 5.556
3 Rated short circuit breakingcurent ~ 2 SO 5 5 4 3 4 5 5 38 14.07
4 First pole-to-clear factor 2 4 1@ 4 1 1 2 3 3 21 7.778

Rated line-charging breaking

5 | current 1 3 1 2 1 1 1 1 1 12 | 4.444
6 | Rated operating sequence 2 5 2 5 5- 3 4 5 5 36 13.33
7 | Temperature class 3 5 3 5 5 3- 4, 5 5 38 14.07
8 | Classification: number of operation 1 5 2 4 5 2 2- 4 4 29 10.74
9  Earthquake level 1 3 1 3 5 1 1 208 2> 19 7.037
10 | Rate of Rise of Recovery Voltage 1 4 1 3 5 1 1 2 4@ 22 8148
270 100

Table D.4: The decision matrix of drive
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Appendix E Zusammenfassung in Deutsch

Die Hauptziele der Arbeit sind Risiko Analyse der LeistungdsahaEntwicklung der
Wahrscheinlichkeitsmodelle, Aufstellung der Kostenstruktur und Aufbau @pten
Instandhaltungsmafinahmen. Normalerweise werden die Instandhaltungemefn an
Leistungsschalter nach Hersteller-Richtlinien und ErfahrungenBa¢reibers durchgefthrt.
Dieses Verfahren ist noch nicht Gberprift worden, ob es leigimgaund kosteneffizient ist.
Obwohl es viel Literatur Giber optimierte InstandhaltungsmafZnahmerstglen die meisten
Beitrage nur ldeen und mathematische Modelle ohne ZusammenhaegenitDatenbank
vor. Es ist daher eine Herausforderung, die Zuverlassigkeit urahthstltungs-Strategie im

Zusammenhang mit einer Datenbank zu untersuchen.

Diese Dissertation ist aus drei Hauptteilen zusammengesatarsten Teil wird ,Failure
Modes and Effects Analysis (FMEA)“ vorgestellt, damit dasik® der Komponenten
festgelegt werden kénnen. Der zweite Teil behandelt die Wahnéichkeitsmodelle, um die
Zuverlassigkeit und Entwicklung der Fehler zu erforschen. Im let4teih wird die
Kostenstruktur aufgestellt. AuRerdem werden optimierte Instandhaltungsmafnaihrend
der Betriebszeit und Alterungszeit vorgestellt. Auf Grundlage derfangreichen
Betriebsmittel-Datenbank des Instituts flr Elektrische Eneegsergung der TU Darmstadt

ist es moglich, alle Teile durchzufuhren.

Das Ergebnis der FMEA-Methode reprasentiert, dass alle Komponenteredrigen und
mittleren Risiko-Bereich liegen. Um das Risiko der Komponentemittieren Bereich zu
reduzieren, sollten verbesserte Instandhaltungsmaflinahmen zum E@hsathgwerden. Mit
Hilfe des ,Treeing-und-Cascading-Reliability-Model“-Diagnaam ist es mdglich
herauszufinden, wann die folgenden Fehler auftreten und mit welcherséiaimlichkeit.
Das Markov-Modell ist ein Wahrscheinlichkeitsmodell, um die Zuesitkeit einzelner
Komponenten zu finden. Die Kostenstruktur ist nutzlich fir Designer, unmailati
Leistungsschalter fir verschiedene Anwendungen zu planen. Diadhataung wahrend der
Betriebzeit wird mit Hilfe der Fehlerrate und der optimalentanghaltungsfrequenz
durchgefuhrt. Wahrend der Alterungszeit wird die optimale Instdnottya mit Hilfe der
Weibull-Verteilung und eines zeitorientierten Instandhaltungsmodeltgestallt. Schliellich

kann die optimale Zeit zum Austausch eines Leistungsschalters bereehnden w
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