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ABSTRACT

DESIGN, IMPLEMENTATION AND VERIFICATION OF GAS INSULATED
LOAD BREAK SWITCH AT 12 KV VOLTAGE LEVEL

HARMANLI, Ayse Beril
M.S., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. ismet ERKMEN

October 2014, 164 pages

In this thesis, the engineering design contributions on arc extinguishing method,
relevant arc stretching issue, selection of magnet to obtain expected magnetic force,
contact structure and magnet selection parameters, insulation medium properties
and design effects, operation mechanism, arc modeling and derivation of the design
arc modeling formula on 12 kV SFg gas insulated load break switch is handled. By
these contributions of the thesis, the design, prototype manufacturing and verification

of the design via testing at an accredited laboratory is investigated.

Literature survey is completed related to arc models, arc extinguishing methodology
and operation mechanism. As the outcome of this literature survey and the market
search the designed load break switch is implemented with an arc extinguishing
method based on forcing the arc to diminish via the magnetic force effect of the
magnet within contacts. As the operation mechanism, rotation around central axis is
applied. The arc extinguishing method and mechanism structure selection are based
on the design target of extinguishing the arc in less duration within less separation

between contacts compared with other products in market.



Arc models starting with Cassie and Mayr models are investigated, and the Cassie
model is selected as the most suitable model. Derivation of the Cassie formula and its
application on the design is studied. Maxwell and Matlab simulation results are
investigated and compared with the mathematical calculations. The SFs gas
parameters as the insulation level are studied and simulated. Contact structure and

magnet selection parameters with the spring constant calculations are studied.

Key words: Switchgear, RMU, Load breaker, SFg, Arc, Arc modeling
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0z

12 KV GERILIM SEVIYESINDE GAZ IZOLELI YUK AYICISI HUCRESI
TASARIM1, PROTOTIP YAPIMI VE TASARIMIN UYGUNLUGUNUN
DOGRULANMASI

HARMANLLI, Ayse Beril
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Fakiiltesi
Tez Yéneticisi: Prof. Dr. ismet ERKMEN

Ekim 2014, 164 sayfa

Bu tezde, 12 kV seviyesinde SFg izoleli yiik ayiricisi tasariminda arkin séndiiriilmesi,
buna bagl arkin uzamasi konulari, gereken seviyede manyetik giic elde etmek igin
miknatis se¢imi, kontak yapist ve miknatis segilmesi ile ilgili parametreler, izolasyon
ortaminin Ozellikleri ve tasarima etkileri, mekanizma yapisi, ark modellemesi ve
tasarima uygun ark model formiiliiniin tiiretilmesi konularinda miihendislik katkilari
ele alinmistir. Bu tezin katkisiyla hiicresinin tasarimi, prototip imalati ve tasarimin

akredite laboratuvarlarda testlerle dogrulanmasi ele alinmistir.

Ark modelleri, ark sondiirme yontemleri ve mekanizma yapisi ile ilgili literatiir
incelenmistir. Bu literatiir incelemesi ve piyasa arastirmasi sonucunda, tasarlanan
yiik ayiricisinda ark sondiirme yontemi olarak kontak igerisine yerlestirilmis miknatis
yardimi ile ark lizerinde manyetik gii¢ etkisi yaratilmasi suretiyle, ark uzatilarak
soniimlenmistir. Mekanizma yapis1 olarak da merkez etrafinda rotasyona dayali yap1
secilmistir. Ark sondiiriillme yontemi ve mekanizma yapisi se¢iminde hedef alinan
tasarim parametresi olan piyasadaki diger {irlinlere gore daha kisa siirede ve

kontaklar arasinda beklenen mesafeyi azaltarak arkin soniimlenmesi baz alinmustir.
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Cassie ve Mayr basta olmak lizere ark modelleri incelenmis ve Cassie modelin
tasarima en uygunu oldugu saptanmistir. Cassie formiiliiniin tiiretilmis ve tasarima
uygulanmistir. Maxwell ve Matlab simulasyon sonuglart ile matematiksel
hesaplamalar karsilastirilmistir. SF6 gazi 6zellikleri incelenmis ve simule edilmistir.

Kontak yapis1 ve miknatis se¢imi ile yay sabiti hesaplamalar1 izerinde durulmustur.

Anahtar kelimeler: Hiicre, RMU, Yiik ayiricisi, SFg , Ark, Ark modellemesi
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CHAPTER 1

INTRODUCTION

1.1 Overview of Components in the Electrical Power System Distribution

The changing dynamics of the electrical energy structures has started with the 18"
century to now on, emerging fundamental topics: Energy reliability and availability.
These topics create a great market for the components that protect the generation,
transmission and especially the distribution systems from the faults that might cause
long term outages. In this Section, the main focus is the distribution system and its

components with their mission on the reliable, safe distribution network.

The electricity used for domestic usage, in factories are low voltage one phase or
three phase energy. The generation plants generate energy typically at medium or
low voltage (up to 40 kV, depending on the geographical and technical properties of
the plant or the source of energy). However due to the expected loss on long distance
transmission of energy, it is disadvantageous to transfer the generated energy to the
distribution nodes at its generated voltage. On transmission lines, current is the
component determining the loss on the transmission components. To be able to keep
current value as minimum, it is needed to increase the voltage level via step- up
generation substations. At the final node of the transmission system, the voltage level
needs to be step down as per the distribution system requirements. In Figure 1.2, an

example for the passage between transmission and distribution systems with single



line diagram modelling is seen. After the secondary side of the power transformer,

the distribution network limits are started.
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Figure 1: The transition between subtransmission station to distribution station [6]
The main distribution system components can be listed very basically as below:

e Transformers
e Medium Voltage Switchgear and switching devices
e Overhead line components

e Cables and underground connection components
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e Protective relays
e Substation Automation- Smart grid configurations

e Compensation equipment

The importance of the distribution system components has increased due to several
reasons. The first reason is the increased importance given to improve the power
system continuity and reliability which is getting a demand with increasing
industrialization. This reason makes the MV switchgear components more and more
important. Secondly, to decrease the duration of outages via coordinated distribution
network and to limit the fault point as narrow as possible becomes a crucial
consideration with worldwide regulations. To success the coordination within
networks, protective relays, as a component connected to the switchgears and
substation automation, get more fundamental. The coordinated switchgear network is
also very important to ensure that any fault faced in the distribution network needs to
be cleared fast without leading any adverse effect on the remaining distribution

network or transmission network.

The switchgear is a connection and protection device of the distribution network. The
switching devices used in switchgears are mainly disconnecting switches, circuit
breakers and load break switches. These devices have different functionalities and
abilities that are used regarding the switchgear connection point. Therefore the

system requirements determine the switchgear elements and combinations.
The switchgear usage purpose can be listed as;

= Protecting the system from any kind of temporary or permanent system
fault including short circuit, overcurrent, under-over voltage, under-over
frequency, etc. via CB+ Relay combinations.

= Leading to the distribution system coordination

= Limiting the temporary fault durations via auto reclose property on CB+
relay combinations.

= Causing load addition or subtraction from the grid



= Protecting the expensive distribution network components such as cables

and transformers

The switchgears can be classified based on many different parameters. This thesis is
based on the switchgear classification regarding the insulation medium material and

function of the switchgear

Load Breaker function in gas insulated MV switchgear at 12 kV voltage level is

investigated thoroughly in Chapter 2.

Figure 2: 12 kV Modular type gas insulated switchgear as incoming and outgoing
feeder with load break switch and transformer protection with load break switch and

fuse combination

This switching unit includes a load break switch panel as the incoming of the ring, a
load break switch panel as the outgoing of a transformer or a motor and another load

break switch panel as the outgoing of the ring. Each of the 3 switching devices are in



conjunction with the busbar, a conventional three-position switch as an isolator,

which in this case may be in the form of a so-called linear-travel switch.[2]

1.2 The Classification of the Switchgears

The switchgears that are used in the modern electrical power systems can be
classified according to many aspects. These classification aspects vary depending on
the switchgear usage field and usage purpose. This thesis adopts the topic of load
break switch application in gas insulated switchgear at 12 kV voltage level.
Therefore the considered classification parameters in this thesis are the insulation
medium and the voltage level. The first classification aspect is regarding of the
insulation material between the movable contacts of the switching device which is
mentioned in detail at Sections 1.2 and 1.3. The second classification aspect is the
classification regarding of the voltage level. To understand the classification of
switchgears regarding the voltage level, firstly it is necessary to understand the
transaction of energy, the reason of voltage levels and demanded insulation

requirements on different voltage levels.

Electricity is generated, transmitted through different regions and distributed to the
customers via constructed generation, transmission and distribution systems.
Electricity and the paths used until it reaches to the end customer get more and more
important especially after 18" century with the Industrial Revolution. Nowadays,

energy and electricity market are the one of the most crucial markets on the worlds.

Generation Subsystems are composed of generation plants, that produce electrical
energy from another form of energy such as hydropower, wind power, fossil fuel via
typically turning motion of an alternator by a prime mover to generate power with
the voltage between 0.4 kV and 40 kV, and generation substations , which connect
generation plants to transmission lines through a step- up transformer that increases

voltage to transmission level. [1]



Transmission Subsystems transport electricity over long distances from generation
substations to transmission or distribution substations. The transmission system is
composed of substations, switching stations and subtransmission systems.
Transmission switching stations serve as node in the transmission system that allows
transmission line connections to be reconfigured. Transmission substations are
transmission switching stations with transformer that step down voltage to
subtransmission levels. Subtransmission system transport electricity from
transmission substation to distribution substations. [1]. In Turkey the transmission
voltage level is mainly 154 or 380 kV while the subtransmission voltage level is 36,
10.5, 6.3 kV.

Distribution Subsystems is composed of distribution substations, primary distribution
system and secondary distribution system. Distribution substations are nodes for
terminating and reconfiguring subtransmission lines plus transformers that step down
voltage to primary distribution level. Primary distribution systems deliver electricity
from distribution substations to distribution transformers. The primary voltage range
is 4.16 kV to 40 kV with the most common 34.5 kV in Turkey. The distribution
transformers, which have typically 5 kVA to 2500 kVA power rating, convert
primary distribution voltages to utilization voltage. Secondary distribution systems
deliver electricity from distribution transformers to customer service entrance. This is
the distribution starting node as the output of the distribution transformer. Voltage

level is typically 220 V single phase or 380 V three phase in Turkey [1].
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Figure 3: Electricity generation, transmission and distribution modelling

1.3 SFg Gas Insulated Switchgear Usage in Distribution and Transmission
Network

After the invention of the SF¢ gas at 1975, SFg gas has become an important material
that used in industrial applications and scientific studies. The SFg gas has very
outstanding features that make it very important energy studies such as MV and HV
applications. The voltage level manners the creepage distance between the
conducting ends that has different potential levels. The creepage distance between



the conductors matter the voltage difference as well as the insulating medium

properties between contacts.

Air is an insulator but also a good conductor. The electrical property of the air as an
insulating material depends on the environmental conditions especially the humidity,
temperature and altitude. To be able to have desired insulation conditions at
especially MV and HV on air, it is needed to obtain long creepage distance. After the
discovery of the SFs gas, the idea of changing the insulation medium between
contacts at HV and MV for leading better insulation class and smaller creepage
distances became a dominant idea. This is the reason that, SFg gas insulation is the
most popular insulating material used in MV and HV. Nowadays, with the KYOTO
Protocol, there is a tendency on decreasing the SFs gas usage in energy field.

However, still SFg is the most dominated insulation medium in HV and MV.

1.4 Other Insulation Material Applications in Distribution Network

There are many classification methods that can be used for the switchgears. In this
thesis, one of the emphasized classification manners is regarding the insulation
material between the movable contacts of the switching device. Therefore the types
of MV switchgears used in distribution systems other than medium voltage gas
insulated switchgear which is explained at Section 1.2 can be classified in mainly
three groups according to the insulation medium used in switching element operation

contacts: Air insulated switchgear, oil type switchgear and solid insulated switchgear



Table 1: Comparison of MV switchgears regarding the insulation materials

Type

Advantages

Disadvantages

Air insulated

Compact structure

Easy maintenance since the
components of the switchgear
can be reached easily

The insulation medium is air
itself, so no aging problem on

medium

e Bigger dimensions
e Not beneficial on
international

transportation

Gas insulated

Can be in modular type or
compact type

Low weight

Small dimensions

Beneficial in transportation

e Dangerous for
environment
e The

switchgear needs to be

case of the

used carefully. Any

damage on the case of

the switchgear might
lead the insulation
medium to be
distracted.

e Difficult maintenance




Table 1 (Continued):

Type

Advantages

Disadvantages

Solid insulated

Better insulation level that oil,
gas and air types

Environment friendly

Smaller dimensions

Better performance on high
voltage levels

Better performance on high
current values since the heat
transmission in solid is less

compared to other equipment

Expensive than gas, oil
and air types

More heavy

Difficult maintenance
Less manufacturer on
the world, so less
competition

Less flexibility on side
for different
combinations of
switchboards

Aging problem on the
insulation medium
Difficult transportation

because of its weight

Oil insulated

Aging problem on the
insulation medium
Difficult transportation
because of its weight
More heavy

Difficult maintenance
Requires frequent
maintenance

Old application, not

used any more
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1.5 Scope of Thesis

12 kV load break switch application on gas insulated switchgear is designed,
prototype manufacturing is completed and the design work is validated by the tests
on the manufactured prototype. This thesis work provides engineering contribution to
the design process on arc extinguishing method, relevant arc stretching issue,
selection of magnet to obtain expected magnetic force, contact structure and magnet
selection parameters, insulation medium properties and design effects, operation
mechanism, arc modeling and derivation of the design arc modeling formula on 12

KV SFg gas insulated load break switch.

Although the main purpose is to design a load break switch, the design of the full
switchgear, including the load break switch needs to be completed in order to make it
work as a real electrical power unit. Therefore, the load break switch is mounted in a
compact type gas insulated switchboard. By this compact kit the load break switch is
used as incoming and outgoing feeder and also it is implemented for transformer
protection as a load break switch and fuse combination. Firstly, literature survey and
market search related to load break switch applications are completed. All material
properties; mechanical parts including spring properties used in the load break switch
operating mechanism, SFg gas properties, copper contact selection parameters are
worked in detail. The arc extinguishing methodology is adopted as magnetic force
effect of magnet embedded into the busbar contact. This methodology is adopted
without the supportive effect of the SF¢ gas puffering, to ensure safer and more
reliable extinguishing method comes with fewer arc extinguishing duration with less
contact separation requirements. This arc extinguishing methodology is also
supported by the selection of operation mechanism as rotational motion around the
central axis. The mathematical calculations related to the arc extinguishing, related
magnetic force effect and magnet parameters are completed. The mathematical
calculations are supported and compared with Maxwell and Matlab simulation
results and computations. After the study and simulation on currently applied
theories, design stage and prototype assembly are completed. The prototype as a full
11



switchboard enclosure is prepared for design validation. In power system, the
simulations are not sufficient to validate a prototype. The verification of the design
could be accomplished by only performing the type tests declared in TEDAS MYD
95-002 that addresses to IEC 62271-200. Some of these tests are done in Europower
accredited laboratory; others are done in some other accredited laboratories. The
results of the tests are defined at Chapter 4 separately. At the conclusion part the
comparison between the test results and the design parameters/ expectations are

discussed.

The designed 12 kV compact gas insulated switchgear has 3 switching modules in it;
line incoming load break switch module, line outgoing load break switch module,
and transformer protection as load break switch+ fuse combination module. The
verification of this designed switchgear is accepted as the verification of load break

switch design at 12 kV insulation level.

This research has made the following contributions to the area of MV gas insulated

switchgear:

e The target of this thesis work is to obtain arc extinguishing manner with
parameters of less arc extinguishing duration with less distance between the
contacts which means smaller rotation angle of the operation mechanism.

e The 12 kV gas insulated switchgear is designed and validated without using
external arc limiting devices. This design method adopts the arc
extinguishing method as the magnetic force applied by the permanent
magnets in the contacts. Other frequently used methods, limiter or rotating
puffering arc extinguishing methods are not preferred in the design stage. As
the contribution of this thesis on the load breaker design parameter is that,
the arc extinguishing mechanism is totally based on magnetic force effect
without any impact of puffering. Rotational puffering is simply blowing the
SFg gas as the insulation material with high dielectric property to the source
point of the arc to suppress the arc formation. This method is not a safe

method for arc extinguishing since SFg gas dielectric property will decrease

12



due to the contaminations and ionization occurred with the effect of arc or
other causes in time. Therefore, depending on insulation material suppression
effect on arc ,which will lose its dielectric strength and also might face with
change on its pressure, is not an acceptable arc extinguishing method
according to the design limits of our load breaker.

The 12 kV load break switch used in the gas insulated switchgear within the
scope of this thesis is the first known local manufactured load break switch
that adopted magnetic arc extinguisher without any effect of rotary puffering
as arc extinguisher which leads a safer design with long life time.

The operation mechanism types are investigated and the rotation around the
central axis model is selected and applied to the design. It is ensured that this
operation mechanism also supportive in terms of selected arc extinguishing
method and simulation results.

The design criteria of gas insulated switchgear with load break switch are
investigated with all aspects by concerning all components.

After the prototype verification, the product gets commercialized and it turns
to a real commercial business.

The parameters of SFs gas as the insulation medium is studied and simulated
by using related calculations and Maxwell simulation results. The SFg gas
insulation medium is compared with air. The contact structure within SFg gas
medium is verified in terms of potential distribution during arc extinguishing
distance.

Literature survey on arc models is completed and necessary comparisons
among the models are completed

The Arc modeling based on Cassie model is adopted to control the design
parameters related to the arc extinguishing. The derivation of the Cassie
model formula with its adaptation on our system is completed. The formula
and calculation results are compared and supported by Maxwell and Matlab

simulation results and plots.
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e Maxwell simulation results are acquired to compute the electrical and
magnetic parameters related to the contact structure of the load breaker. The
magnet selection parameters are calculated and the proper magnet is selected
for the arc extinguishing mechanism. The magnet selection is done from the
rare earth type magnet class with neodymium magnet.

e Mechanical design parameters such as spring selection parameter are
investigated. Necessary calculations are completed to determine the k

constant of the selected springs.
The outline of the thesis is as follows:

In Chapter 2, the MV gas insulated switchgear is taken as the general topic. All
possible components that are currently used in MV gas insulated switchgear
application are investigated. AIll possible configurations are taken in the
consideration. The materials and devices used in gas insulated switchgear are
explained in detail. The main components that are based on the design topic of thesis
are described including load break switch and SFg gas. Circuitry diagram, figures and
component based explanations are given in this Section. Also other configurations
and components that might be used in gas insulated switchgear are referred in this
Chapter.

Chapter 3 is the part that refers structural design and engineering contribution of the
thesis on the design process of 12 kV gas insulated switchgear with load break
switch configuration. The main contribution is to obtain an arc extinguishing
methodology which leads less duration of arc extinguishing with less contact
separation. All design parameters are referred in detail. After the overview of all
design criteria, the component merging to finalize the system assembly is mentioned.
The working principle and milestones on operation are also explained in this Section.
The literature survey on arc modelling, arc extinguishing methods and operation
mechanism are mentioned in this Section. The arc modeling, magnetic selection, SFg
gas medium milestones and electrical features related to the contact structure of the
load break switch are developed in this Chapter. Mathematical calculations related to

14



mechanism, arc extinguishing, SFs gas medium, magnet selection and verification of
contact structure in SFg gas medium are provided in this Chapter. All Maxwell and
Matlab simulation results are given and interpreted, necessary comparisons are also

provided in this Chapter.

In Chapter 4, the validation of the design of the prototype is taken into consideration.
The type tests that are required for the design approval in terms of international
specifications are investigated separately. The test set up, the purpose of the test, the
outcomes of test and simulation results are shared. Since the test results met the
international specifications by IEC 62271-200 and TEDAS MYD 95-002, the

prototype is validated to be commercialized in domestic and international markets.

Finally, in Chapter 5, the theoretical design is justified with the implementation and
verification tests. The results are discussed and further work is proposed in order to
improve the design. The future plans for converting this prototype study to a mass

production, the strategically plans are also mentioned.
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CHAPTER 2

GAS INSULATED SWITCHGEAR COMPONENTS AND MECHANISMS

2.1 Gas Insulated Switchgear General Properties:

In modern power generating stations, power switching stations and power
substations; gas-insulated switchgears are widely used as switching equipment since
by this way, the area required for the installation of the station can be reduced and
the maintenance of the station components can be maintained easily. In this kind of
switchgear apparatus, a suitable gas such as SFg¢ gas ,having an excellent electrical
insulating property, is filled within a sealed vessel or metal enclosure which is
maintained at the earth potential, and high-potential loading conductors are disposed
within this sealed enclosure in a relation electrically insulated from the enclosure by
an electrical insulator. Due to the fact that the electrically insulating gas such as SFg
gas is contained within the sealed enclosure of the gas insulated switchgear apparatus
for the purpose of electrical insulation of the high-potential loading conductors from
ground, the distance required for the electrical insulation between the conductors and
ground, i.e. ground insulation distance, can be greatly shortened compared with that
in a conventional air-insulated switchgear apparatus, and the distance required for
the electrical insulation between different phases, i.e. interphase insulation distance,
can also be greatly shortened. Thus, the overall size or volume of the switchgear

apparatus can be greatly reduced [5].

In other words, due to the SFs gas electrical and thermal characteristics, improved
gas insulated switchgear has shortened axial length between main busbar and the

connection conductors.
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Gas insulated switchgear application on MV is frequently used especially in the areas
where the land is limited and also at the places where the climate conditions are
severe. Especially, at the distribution points where the attitude is higher than 1000m
from the water level, SF¢ is preferred as the insulation material for switchgears
because of its heavy weight. Therefore, in these conditions gas insulated switchgears
are preferred instead of air insulated switchgear. In some countries such as UAE,
Saudi Arabia, medium voltage GIS is the main component of the distribution system
while AIS is totally out of topic at the distribution network. The reason behind of this
application is the SFg gas advantageous thermal property in terms of its cooling

effect during the flow of the current.

MV gas insulation switchgears can be classified in many different manners. One of
them is the configurationally connection type. MV Gas insulated switchgears could
be in compact or modular structure. The compact structure leads the standard, basic
configurations to be manufactured easily and to decrease any risks that might occur
at the connection points between separate panels. Compact type switchgear could be
classified as extensible type and non- extensible type. Extensible compact GIS could
be enlarged via external busbar connection with the modular MV GIS switchgear or
with any other extensible type compact switchgear. Another classification of MV gas
insulated switchgear could be modular type. Modular construction leads flexibility in
the distribution network configuration. By using modules separately or connecting
modular switchgears with extensible compact type switchgears, different

configurations could be attained.

Figure 14 shows an example distribution network starting from the transmission
substation to primary distribution network. As it is seen, at the transmission
substations the voltage level is decreased to distribution voltage level which is 12 kV

for this case. The distribution is composed of 4 different branches.
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Figure 4: Compact type 12 kV gas insulated switchgear

Figure 5: Compact type extensible 12 kV gas insulated switchgear shown with the

extension bars as circle
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Figure 6: Example distribution network constructed by using 12 kV gas insulated

switchgear, taken from Schneider RM6 GIS catalogue [25]
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Table 2: Branch description related to Figure 14

Branch

Description

There are 2 transmission substations with the secondary outage of 12 kV.
After that step, other branches are exemplifying the distribution network
cases starting from secondary side of the transmission. These substations are
the starting points of the distribution network.

The system shows the primary distribution, distribution transformer and the
entrance of the secondary distribution to a residential point. The switchgear
used in the primary distribution is a compact type 12 kV gas insulated
switchgear composed of 3 non separable (compact) and non-extensible
modules. In basic designation, this is a LLF compact unit (which is
corresponding to IDI in Schneider branded designation). There is one
incoming line as load breaker which leads to entrance of the electricity to the
main busbar of the switchgear coming from the MV outgoing of branch-3.
The second unit is the outgoing line of the branch-1 with load breaker which
acts as the incoming line of the branch-2. The third unit is the transformer
protection with load breaker and fuse combination for protecting the
transformer from any overcurrent problems and so maintaining the safety of
the residential customer point. This compact type gas insulated switchgear is

the design and prototype manufacturing issue mentioned at the Chapter 3.

The system shows the primary distribution, distribution transformer and the
entrance of the secondary distribution to an industrial customer point. The
switchgear used in the primary distribution is a compact type 12 kV gas
insulated switchgear composed of 3 non separable ( compact), load breaker
+ load breaker and circuit breaker combination and one extension as modular
switchgear with load break switch. There are two incoming lines as load
break switch which lead to entrance of the electricity to the main busbar of
the switchgear coming from the branch-1 and branch-3. Also there is one
unit of outgoing feeder as the incoming of branch- 4, one transformer

protection unit with circuit breaker. Such a configuration is seen in Fig. 2.5.
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Table 2 ( Continued):

Branch

Description

3

The system shows the primary distribution, distribution transformer and
the entrance of the secondary distribution to an unknown industrial,
residential or any other kind of customer point. The switchgear used in the
primary distribution is a compact type 12 kV gas insulated switchgear
composed of 3 non separable (compact) and non-extensible modules. In
basic designation, this is a LLCB compact unit (which is corresponding to
IQI for Schneider branded designation). There is one incoming line as
load break switch which leads to entrance of the electricity to the main
busbar of the switchgear. The second unit is the outgoing line of the
branch-3 with load break switch which acts as the incoming line of the
branch-2. The third unit is the transformer protection with circuit breaker
and protective relay for protecting the distribution transformer from any
find of overcurrent, short circuit, over/under voltage, over/under
frequency, etc. problems and so maintaining the energy safety and

reliability of the industrial customer point.

This switchgear is composed of one compact and extensible unit
composed of 2 load break switch and 4 extension modules. These
extension modules are one current voltage measurement switchgear, one
load breaker module, one circuit breaker module and one coupling+ bus

riser module.

2.2 Switching Configurations and Components Used in a Gas Insulated
Switchgear

Gas insulated switchgears could be designed in many different configurations

regarding the system requirements. The switching components have different
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functions and properties. In Table 2, the standard configurations used in modular or
compact type gas insulated switchgear are symbolized and explained. In Section

2.2.1 the properties of the switching elements will be described.

Table 3: Gas insulated switchgear module configurations with different switching

elements

Incoming/ Outgoing feeder with load
breaker: The switching apparatus is

ﬁ \1 load breaker. Mainly used as cable

entry or outages. Load breaker is used

'”_l

for open and close operation on

system when the load is on the circuit

within the nominal ratings.

| —

Load break switch + fuse combination
ﬁ ,\l . for transformer protection: The
@@

switching apparatus is load breaker

o

@ 3] and fuse combination. Load breaker
= used for open and close operation at
Y nominal current value while the fuse

is used for limiting the current value

supplied to the transformer. Therefore
fuse is basic protective equipment for

overcurrent conditions.
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Vacuum circuit breaker unit:

This unit is composed of only circuit
breaker and protective relay with CT
to be able to open on normal system
conditions and also on the fault

conditions.

|_/H/x_|

Bus Sectionalizer unit with circuit
breaker: This unit can section and
couple two separate busbar and
system via a circuit breaker operation.
Since on the system there is no CT or
VT, and so no protective relay, circuit
breaker could be operated manually
even on the fault condition. The
disconnector is used for maintenance
reason of the circuit breaker and
earthing of the circuit breaker open

contacts.

"

Bus Sectionalizer unit with load
breaker: This unit can section and
couple two separate busbar and
system via a load breaker operation.
That can only operate on nominal load

[ current values.
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Direct cable connection:
This unit is used as direct incoming or
outgoing without any protection or

switching elements.

Cable connection with earthing
switch: This is the direct cable
connection but also with the earthing
switch leads to the earthing of the

cable and the main busbar.

The protective unit with circuit
breaker and disconnector
combination:

In this unit, circuit breaker is used
with a protective relay and current
transformer.  Circuit breaker can
operate on load and also on fault via
the directive of the protective relay.
Protective relay gets information
about system via voltage and current
transformers or sensors. Regarding the
program embedded into relay, the
tripping operation of the system on

undesired system cases will be
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acquired via circuit breaker operation.

Voltage and current measurement and

metering unit:

ot This unit is used for metering on

. gﬂ system and determining -power usage

of customer via measurement devices.

2.2.1 L oad Breaker as a Switching Component
A load break switch could be also referred as switch and disconnector apparatus

basically working on 2 conditions. Firstly, it can maintain open and close operation
while the system is de-energized. At that instant the system is out of any direct
current application, therefore open and close operation will be an issue of
mechanical, nothing electrical on the system. At that instant load break switch is
working as a basic disconnector. Secondly, the load break switch can perform the
open and close operation while the system is under energy and the system ratings are
met nominal conditions. At that moment, the load break switch can open and close
the system via its mechanism of arc extinguishing and fast mechanical separation
mechanism. Load breaker with insulation medium of SF¢ gas is the main design topic
that will be handled at the Chapter 3. All possible arc extinguishing mechanism of a
load breaker will be defined at Section 2.3. The apparatus can perform the switching
and disconnecting operations with insulation medium of air, gas, oil or vacuum,
while the frequently used model and the topic of this research is the apparatus
working on insulation medium of gas- SFe. In particular, it relates to an apparatus
which, in the closed position, is able to convey in a controlled manner, in keeping
within the limits set forth in relevant regulations, the rated current required by the
load to which the apparatus is connected and withstand the short-circuit current
which may arise as a result of a fault at its terminals. The apparatus according to the

invention is able to establish, in its open position, the short-circuit current due to a
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fault at its terminals. Finally, in the open position, it is able to ensure a disconnecting
level suitable for the voltage level of the installation, again in accordance with the

regulations [6].

A load breaker mechanism which leads to movement of the moveable contacts with
respect to the fixed contacts which also reflects to the arc extinguishing mechanism
have 3 different types. The first type is the rotational type around a central axis, the
second type is the linear movement and the third type is the hinge type [6]. The
details of these operating mechanisms will be explained at Section 2.3 with the arc

extinguishing mechanisms.

2.2.2 Disconnector as a Switching Component
A disconnector is basically a load breaker with no load breaking capacity but only

disconnecting the system while the system is de-energized. Therefore it has no arc
extinguishing mechanism. Some main usage of disconnector are the overhead line
primary distribution to ensure that no probability of energizing the system while
there is a maintenance service on the pole type distribution transformer, or to be used
before a circuit breaker in any kind of MV or HV switchgear to ensure that while the
circuit breaker is under a maintenance service, the operator is safe since the contacts
of the circuit breaker is disconnected from the main busbar via open disconnector on
both sides. It is reasonable to say that a disconnector is just a security element of

system without any on load switching capability.

27



(a) (b)

Figure 7: The disconnector: (a) external type disconnector suitable for overhead line
pole mounting (the contacts are at the air), (b) SF¢ gas type disconnector where the
contacts are embedded inside of an epoxy case and the medium between the contacts
is SFs gas.

2.2.3 Circuit Breaker as a Switching Component
A circuit breaker is the switching device that is able to operate on energized system,

de-energized system, on the fault and even on the short circuit. The operation of a
circuit breaker could be managed by a protective relay which acquires information
from the current and voltage transformer on the system, working as the brain of the
circuit breaker that sends command to the circuit breaker related to the tripping
operation. A medium voltage circuit breaker which comprises an insulating base
frame supporting: a pole assembly having, for each phase, an interruption unit
housing a fixed contact and a movable contact reciprocally couplable/ uncouplable
between an open and a closed position; an actuator to actuate the opening and closing
operation of circuit breaker; and, a control and diagnostic unit comprising a control
box [7].

Circuit breakers usually consist of a pole assembly having, for each phase, a fixed

contact and a movable contact. This latter is typically movable between a first
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position, in which it is coupled to the fixed contact, and a second position, in which it
is uncoupled from said fixed contact, thereby realizing the opening and closing
operation of the circuit breaker. The pole assembly is usually mounted on a base
frame which is generally made of many separate components of metallic material,
assembled by screws and/ or welding. An actuator, for actuating the opening and
closing operation of the circuit breaker, and a kinematic chain, linking the actuators
to the movable contacts, are usually also mounted on the base frame. Medium
voltage circuit breakers also usually comprise a number of auxiliary devices aimed at
carrying out auxiliary functions for the circuit breaker. Such auxiliary functions
normally include a number of coils for the opening, closing, trip, shunt, under
voltage or blocking operations. Other auxiliary functions that need to be performed
in a medium voltage circuit breaker are the spring charging operation of the actuator
device for the mechanical operated circuit breaker. Also, auxiliary contacts are
normally foreseen in order to detect the status of the main contacts of the circuit
breaker. In addition, for each operation (e.g. shunt, tripping, under voltage, block
released, etc.) a dedicated coil, operating under a predefined supply voltage is
normally required. The usual assembly process of a circuit breaker, normally foresee
a number of steps in which some of the components of the frame are assembled
before mounting the actuator, poles and kinematic chain, while some other
components of the frame are assembled after the actuator, poles and kinematic chain

have been mounted [8].

A circuit-breaker for electric substations is able to protect the line directed to the
user. A line isolator, after the circuit-breaker has opened the line directed to the user
from the voltage supply busbar, is able to disconnect the line physically. Finally, an
earthing isolator, again after the line isolator has disconnected the line directed to the
user from the voltage supply busbar, earths the line directed to the user in order to
avoid the occurrence of discharges or induced currents [9]. The circuit breaker

actuating shaft and a disconnector actuating shaft are coaxial.
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Figure 8: The SF¢ gas insulated circuit breaker with left side operated mechanism

2.3 Opening and Closing Mechanisms in Isolating Switches:

Arc is a thermal and static discharge that occurs at current value more than 1 A with
the cause of voltage drops. Arc can feed itself. Arc results with the current

occurrence at mainly non-conductive media.

Electrical flashover is usually caused by inadvertent contact between an energized
conductor such as a busbar with another conductor or an earthed surface. This is
often the result of incorrect use of test probes, faulty or poorly specified instruments
or dropped tools and can be made more likely when the equipment is subject to
condensation, dust or corrosion. The magnetic field from the resultant fault current
will cause the conductors to separate or the tool to be blown back producing an arc,
which ionizes the air, making a conducting plasma fireball. The effects of the
flashover can radiate several meters away from the point of the arc, injuring other
people that might be nearby. When an electrical flashover occurs, conductors can

vaporize expanding to thousands of times their original volume and the high release
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of thermal energy superheats and rapidly expands the surrounding air. The result can

create a pressure wave called arc blast, which is literally an explosion [18].
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Figure 9: The arc occurrence process related to variation in voltage between anode

and cathode

In load break switch applications there are mainly 3 types of contact dispatching
mechanism which are hinge type, linear movement type and rotating type with a

central axis of rotation.

In rotating switch and disconnector with the mechanism type of rotation around a
central axis, the movable contacts are in the form of contact blades which extend
diametrically from a central axis of rotation about which they are able to rotate. In
the first position of rotation, the movable contacts are in contact with the fixed
contacts, while in the second position the movable contacts and the fixed contacts are
at an isolating distance [6].

In linear switch and disconnector, there is an upper fixed contact and a lower fixed

contact of sliding type. A conducting tube or bar is moved vertically with a rotational
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movement, while maintaining the electrical contact between the busbars (or the tube)
and the lower contact movable. The apparatus is able to assume two positions: the
first position in which the movable conducting tube or bar is inserted inside the upper
fixed contact and the second position in which it is situated at an isolating distance
from there [6].

In rotating hinge-type switch and disconnector, an axis of rotation is formed on the
lower contact, about which the movable contact rotates, in the first position being in
contact with the upper fixed contact and in the second position being situated at an

isolating distance from there [6].

2.4 SFg¢ Gas as an Insulation Medium:
SFe gas is a very stable gas that has many unique properties which makes it used in

many industrial and scientific study areas.

Fluorine, obtained by electrolysis, is allowed to react with sulphur and a strongly

exothermic reaction, giving rise to a remarkably stable gas [10].
S + 3F, —»SFs + 262 kcal

During this chemical reaction many other chemicals are produced such as SF4, SF»,
S,Fs, SoF10, as well as impurities due to the presence of moisture, air and carbon
anodes used for fluorine electrolysis. These are removed via many purification

manners [10].

SF¢ is one of the heaviest known gases. Its density at 20°C and 0.1 MPa (that is one
atmosphere) is 6.139 kg/m3, almost five times higher than that of air.
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Table 4: Physical properties of SFs gas

Parameter Value

Density 6.14 kgm>
Thermal conductivity 0.0136 WQ m™* K™
Critical point_ temperature 45,55 °C

Critical point_ temperature 730 kgm™

Critical point_ pressure 3.78 MPa

Sound velocity 136 ms*
Refractive index 1.000783
Formative heat -1221.66 kJ mol™
Specific heat 96.6 J mol™ K™

The main reasons of SFg gas usage as a HV/MV insulation medium are:

a)

b)

The SFs gas volumetric specific heat is 3.7 times that of air which is a very
important affect for reducing the heating effect on electrical equipment.
Therefore SF¢ gas is also working as a cooler in an electrical system.

SFe gas is a great arc extinguisher because of its outstanding characteristic
on thermal conductivity. Its thermal conductivity is lower than air, very
similar to gas like helium, hydrogen and higher than air. At high
temperatures, regarding the arc extinguishing modeling, SFs exceptional
characteristics make it to be used as an arc extinguisher by thermal
transport. The dissociation process absorbs a considerable amount of heat
which is released when the molecules reform at the periphery of the arc,
facilitating a rapid exchange of heat between the hot and cooler regions [10].
SFg gas has electro negativity molecule character. Therefore it has a great
tendency to capture free electrons forming heavy ions with low mobility
making the development of electron avalanches very difficult [10].
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d) The dielectric strength of SFg is 2.5 times higher than air at same conditions.

Also SF is a better dielectric when it is compared with Nitrogen [10].
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Figure 10: Thermal conductivity of SFg and Nitrogen [10]

a) Low operating energy for the switching devices.

b) No risk of fire.

¢) Not toxic hazard.

d) Independence of the installation site altitude, allowing the use of standard
products at altitudes higher than 1000 m above the sea level.

e) High protection against ambient conditions resulting in two very important
properties:
- Contaminant conductive deposits cannot build up to degrade solid
insulators, so preventing one of the most frequent causes of serious failures.
- Electrical contacts are protected against chemical corrosion that can reduce
their performance, and potentially lead also to a final failure of the

equipment.
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f)

9)

h)

)

The level of partial discharges will not increase during operation. Therefore
deterioration of insulation material by radiation and chemical reactions due
to partial discharges will not occur. As a result, the full dielectric properties
will remain practically on the level of new equipment over the total service
life time. In fact the dielectric withstand capability of all live-parts of the
switchgear is not prone to ageing.

Favorable ergonomic conditions, due to the small volume and relatively
light weight.

Easy choice of optimal installation site (independent to prevailing
environmental local conditions, close to the electrical load demand, etc). SF
insulated switchgear is used, for example, in places subjected to hazard of
flooding, or underground.

Recommended use in severe climatic conditions (sea shore, heavy industrial
pollution, etc.)

Extremely low probability of failure, due to the good performance level, and
the protection of the insulating system from any degrading influence.

Low maintenance, for the same above mentioned reasons.

Long service life.

Low operating energy, making easy to implement remote control and/or
automation schemes. This -in turn- can contribute to a fast restoration of the
service after a fault in the network. Moderate consumption of material
resources (plastic, metals, etc.) [2].

Relatively low cost of first installation and operation.

High continuity of service.

Low visual impact, which makes easier the social acceptance of the
installations.

Safety for the public and property, due to the low probability of serious
failures, limitation of fire hazard, etc.

Efficient design of the power supply system. In fact the location of the

equipment optimally with respect to the local demand reduces the losses of
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energy with a double result: better technical and economic performance of
the network and less energy generation with its environmental side-effects
[11].
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CHAPTER 3

DESIGN OF THE LOAD BREAK SWITCH

3.1 Objective of the Thesis and the Contributions of the Thesis to the Design
Process

The process of designing load break switch and switchgear based on load break
application is a process that contains many electrical and also mechanical design
limits. This design process is an engineering study with many different aspects.
Before starting the design process, first of all the main design criteria and features are
defined. In Turkish market there are many different brands of gas insulated
switchgear with load break switch application. These products are investigated,
compared and the disadvantages that need to be improved are defined explicitly to
determine the design parameters and limits. It is seen that, even there are many load
break switch applications; none of them can meet the operation expectation on arc
extinguishing in proper time with minimum required energy and contact distance.
Moreover, this disadvantageous issue leads short life time of switchgear with safety

arguments.

After defining the target as improving this faced disadvantageous property in other
applications as a design parameter, the required engineering study and research on
this issue is adopted as the subject of this thesis. In other words, the objective of this
thesis is the relevant engineering study as a part of load break switch design in the
field of ideal arc extinguishing with auxiliary design limits. The objective is to

acquire an arc extinguishing mechanism with minimum required duration and with
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minimum rotation angle on the breaker mechanism. After the definition of the
expected parameters on arc extinguishing, as the first step, the characteristic of arc on
the designed system is modelled. To determine the modelling methodology, the
literature survey on the arc modeling is completed. The two fundamental arc models
of Mayr and Cassie models are studied and compared. Other arc models derived
from Cassie and Mayr models are also studied. Regarding of these comparisons and

survey, Cassie model is adopted as the arc modeling methodology of the thesis.

Before selecting the convenient arc model, the arc extinguishing method with the
mechanical operation type of the load break mechanism are selected. Regarding to
the market search and literature survey, it is obtained that there are 3 main arc
extinguishing methodology, used in load breakers and circuit breakers, which are
limiter type, rotational puffering and magnetic force effect via magnet. According to
the market search, main application on arc extinguishing on load breakers is based on
rotational puffering. Magnetic force effect supported by rotational puffering is a very
rare solution. These arc extinguishing mechanism are defined in detail at Section 2.3.
As the contribution of this thesis on the load breaker design parameter is that, the arc
extinguishing mechanism is totally based on magnetic force effect without any
impact of puffering. Rotational puffering is simply blowing the SFs gas as the
insulation material with high dielectric property to the source point of the arc to
suppress the arc formation. This method is not a safe method for arc extinguishing
since SFg gas dielectric property will reduce due to the contaminations and ionization
due to the effect of arc or other causes in time. Therefore, depending on insulation
material suppression effect on arc which will lose its dielectric strength and also
might face with change on its pressure is not an acceptable arc extinguishing method
according to the design limits of our load breaker. Also, this arc extinguishing
method requires longer duration for arc extinguishing with longer contact separation
for ultimate arc extinguishing. As the contribution of this thesis on the load breaker
design parameter, the aim is to obtain an arc extinguishing mechanism which will be
safer and leads arc extinguishing in a shorter time with lower contact separation. In

another word, in our arc extinguishing methodology, the arc extinguishing has less
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dependence on quality of the insulation and the strength of the mechanical tripping
mechanism. Our arc extinguishing methodology depends on proper magnet selection
to provide sufficient magnetic force on the arc to diminish the arc within duration
less than 20 ms and 0.51 cm linear distance between the live contact and the
rotational contact. As calculated in Section 2.4, 0.51 cm is the minimum arc
extinguishing distance that also ensures the potential difference between the live
contact and the rotational contact to be sufficient for no breakdown occurrence on the
medium of SFg. By neglecting the effect of rotational puffering of SFg¢ on arc, the
Cassie model selection is also justified which perceives the cooling effect of SFs gas
medium as negligible for the arc extinguishing method.

As another contribution of this study on the design parameters of the load breaker,
the selected operation mechanism of the load breaker is rotational central axis.
According to the market search and literature survey, other frequently use methods
for load breaker and circuit breaker are hinge type and linear separation which are
defined in detail at Section 2.3. Rotational central axis method is the safer method
which also requires minimum energy to be applied for open or close operation.
Linear type is totally invalid for load break applications which are mainly used for
circuit breaker design. Hinge type method leads the open-close mechanism to get the
fundamental parameter to keep the contacts separation as acceptable limits.
Therefore, rotation on central axis method as the mechanism structure is the most
proper structure that will support the objective of the relation between arc
extinguishing within less contact separation. The important parameter after adoption
of the mechanism structure is to design the spring usage purposes and the spring
selection parameters related to the k constant and the required energy to be

transferred to rotational movement.

The objective of the design is defined and supported by the contribution of this thesis
on the related design parameter. The relevant steps and the process application are

covered in this Section with all details.
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3.2 General Design Parameters

In this thesis, the primary aim is to investigate all 12 kVV GIS manufacturer working
principles and obtain the optimum product with outstanding features that leads more
economical and technically safer product. Before starting the design stage, firstly the
design Criteria as listed in Table 5 are defined regarding the international standard
explanations and target countries’ technical specifications. The combination is
designated as LLF which consists of 2 line feeder with load break switch and 1
transformer protection feeder with load break switch and fuse combination as seen in
the Figure 14.

The base international and local standard and specifications taken as reference in the
design stage are IEC 62271-200, IEC61271-102, TEDAS MYD 95-002. Especially
the IEC61271-102 is the main standard that defines the load break switch technical
specifications.

Table 5: Technical requirements of the gas insulated switchgear as compact LLF

designation
ITEM RATINGS
Rated voltage U, 12 kV
Rated frequency f; 50/60 Hz
Power frequency withstand voltage (1 | Ug 50 kV
min) across the isolating distance
Power frequency withstand voltage (1 | Ug 60 kV
min) to earth and between poles
Lighting impulse withstand voltage to | U, 125 kV
earth and between poles

42




Table 5 ( Continued):

ITEM RATINGS
Lighting impulse | U, 145 kV
withstand voltage across

the isolating distance

Rated current I 630 A
Short circuit breaking | Ik 16 kA
current

Short circuit making | Io 40 KA
current

Short time withstand | Ix 20 kKA
current ( main circuit)

Short time withstand | Ix 20 KA
current  (  earthing

switch)

Short time withstand | Ix 20 KA
current ( earthing bar)

Short time withstand | tx 1s
current duration

Short time peak | Ip 50 kA
withstand current

Number of making | n 5
capacity ( LBS and earth

switch)

Arcing withstand due to 21 kKA
an internal fault ( rms)

Arcing withstand due to 1s

an internal fault

duration

43




Table 5 ( Continued):

ITEM RATINGS
Arcing withstand due to AFL
an internal fault type of

accessibility

HV live part and fuse IP 67
compartment protection

class

Front cover and cable IP 3x
cover protection class

Insulation medium SFs gas
Number of poles 3
Rated filling level for | Pr 50 kPa
insulation

Minimum functional | Ppe 30 kPa
level for insulation

Pressure relief Bottom

Busbar

1x30x7 mm?

Earthing busbar

1x 25 x 5 mm?

Dimensions (H x L x D)

1250x 1600 x780 mm
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Figure 13: The front and side view of prototype final construction
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Figure 14: The single line diagram of the compact type gas insulated switchgear

3.3 Mechanical Design Considerations and Auxiliary Circuits

The gas insulated switchgear is composed of many mechanical and electrical
parts. All of these are designed specifically by perceiving target standards and
parameters. The gas insulated switchgear with 2 incoming/ outgoing units with load
break switch and 1 transformer protection unit with load break switch and fuse

combination is composed of more than 2800 mechanical and electrical components.

3.3.1 Mechanical Design and Spring Selection
The mechanical vessel is specially manufactured as the enclosure for all switching

apparatus. Many important parameters are taken into account during the design stage

of the vessel. The vessel is produced by using external welding process. The welding
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is applied as externally to the vessel since the application of welding internally is a
very difficult process. Another advantage of external welding is that, the possible
contaminations that will occur during the welding will stay outside of the vessel.
Whether internal welding process was preferred instead of external welding process,
welding pieces and contaminations might lead insulation problem in the vessel where

electrical units are embedded in.

The vessel is manufactured from a special 3 mm thickness of stainless steel sheet.
The welding machine and the gas used during welding are specified according to the
stainless steel application. The gas used in the welding is Argon gas. Acetylene is an

alternative welding gas which is not preferred in stainless steel applications.

Reinforcements are applied to achieve the robustness of the vessel during vacuum
implementation where the pressure on the vessel is high that might lead mechanical
collapse. Another very important mechanical parameter taken into account during
mechanical design stage is the pressure relief windows of the vessel. During an
internal arc, the pressure occurred inside of the vessel needs to be relieved in a way.
Therefore, pressure windows are designed specifically. These pressure windows need
to be tough enough to stay rigid during normal pressure values while needs to be
weak enough to ripped out when the relative pressure on the windows increases a
certain amount higher than normal value. Because of this reason, the pressure relief
windows are made of 0.2 mm thickness of aluminum or stainless steel sheet. These
weak pieces are stabilized by flange and sealed to improve the stiffness. Also the
location of these pressure relief windows is very important. The pressure relief
windows are designed at the bottom end of the vessel. The reason of this design is
that the pressure relief windows need to be as far as from the operator as possible.
Therefore they cannot be placed on the front end of the vessel. Also since the height
of the switchgear is too low, they cannot be placed on the up side of the vessel since
still it is so close to the operator. They cannot be placed on the back side of the
vessel since generally gas insulated MV switchgears are used as a recumbent
installation manner. Therefore, the most proper place for the pressure relief is the
bottom side of the vessel Also the bottom side is accepted as an infinite pressure
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relief chimney because of the cable channel located at the bottom of the switchgear.
During the internal arc, the pressure will be relieved from the window and will be

diminished after being scattered a few meters in the cable channel.

Also the vessel which is the main unit of the switchgear with all switching
components embedded in within the SFg gas insulation medium, needs to be carried
and stayed in an operation level suitable for easy operation. Therefore a mechanical

standing kit is designed and implemented to the switchgears.
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Figure 15: The pressure relief windows of the vessel located at the bottom end of the

vessel
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Figure 16: The top view, front view and left view of the final drawing of fully

implemented mechanical support of vessel

3.3.2 Design of the Mechanism and Spring Selection
The method adopted for the designed switchgear mechanism is the rotating

movement on a central axis. The mechanism and its components are the key
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components of the switchgear. The tripping and the closing operations are
maintained by the mechanism while also it manages the time for tripping under load
for extinguishing the arc at the right time without any deformation on the contacts.
The end of the central axis shaft, is attached to the front panel of the vessel. After
attaching the end of the rotating central axis to the vessel, it is sealed and stabilized.

This shaft sealing point is the only node that needs to be concerned for tightness.

The end of the shaft is stabilized at one single point by using “o0” rings, sealing and
washers. This is the advantage of rotating central shaft mechanism when it is
compared with linear and hinge type mechanism. Since there is only one point where
the internal part of the mechanism is attached to the external surface, all
consideration related to the tightness of the system is concentrated on that point,
where internal mechanism is stabilized on the vessel surface. In linear type for
instance, there is many attaching points, so difficult to manage the tightness. Rotating
central axis and hinge type methods are more suitable to SFg gas insulated switchgear
models. Linear type is more applicable to circuit breakers.
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Figure 17: The Section view of the vessel as the load breaker and fuse holder
installation are completed
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Figure 18: The photo of rotating central axis that the rotation of the mechanism

moves around
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Figure 19: The photo of the mechanism installed on the switchgear

The most important instruments in the mechanism are the springs. Spring design and
selection determines the arc extinguishing and load breaking operations. Since the
switch is working as a load breaker so tripping the system while the rated current
flows and there is 12 kV voltage applied on the circuit, the open and close operations
need to be fast enough to lead the contacts to attach or detach without any

deformation and leading the inefficient stretching of the arc.

The expected tripping time of the load break switch is in between 40-60 ms. Which
is for a 50 Hz system means, within 2-3 cycle the tripping needs to be performed
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without leading arc stretching. The damping factor causes the tripping to be

completed within 2-3 cycle as seen in Figure 20.

Figure 20: The characteristics of the interrupted current through the load breaker and

the damped tripping cycle

As the mechanical design parameters, the selection of the spring regarding the k
constant is an important issue to ensure that the mechanism of the load breaker can
operate the open and close operations with sufficient force and time values.
The spring constant can be calculated regarding of the potential energy stored in the
springs and respective mechanism motion. The small spring is the one that is
converting its stored energy to the 7 cm linear displacement between contacts ( 56
degree of rotation on the central axis) which leads totally open operation of the
rotating contact.
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The design of the LBS is based on 56° of shaft rotation between open and close
points. The system between the springs is as following. There are 2 springs that one
of them is much strong than the other one. For the strong spring, the potential energy
at the beginning is roughly almost double of what it needs for only closing operation.
The trigger of the first relief of this spring can be done by hand push buttons or via
electrical coils. After the first trigger of the strong spring which we call “West
spring”, the closing occupation will be completed and the stronger spring will lead to
the squashing of the smaller spring. So now on, the small spring is also waiting for a
trigger which means the opening (tripping) of the mechanism. So the strong spring is
used for closing and preparing the small spring. The small spring is used only for the

tripping occupation.
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Figure 21: The drawing related to the alignment of springs on the mechanism

During the operation of tripping, the x change on the small spring is 4.4 cm-3.6 cm

=0.8cm
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From the potential energy of the small spring:
U=:xk xx?=-xkx (0.8 x1072)? [3.1]

U=%><I><w2=%><m><r2><4><nz><f2=0.2><2>< 8.6 x107% 2 x % x

3.92=0.444 ] [3.2]

While, m=0.2 kg, r=8.6 cm, T=56 x 40 /360 =257 ms ; so that f= 3.9 Hz

0.444
0.8 x1072 2

k=2x = 13878 N/m [3.3]

The strong spring has 2 segments of charging, 18.5 cm-12.5 cm = 6cm of charging
for the closing of the contacts, 22 cm-18.5 cm = 3.5 c¢m for the charging of the small

spring. This relation will give us the k factor of the strong spring;

U =2xkpig X (35 X1072)% = 2 X kypqu X (0.8 X 1072)? [3.4]
0.8 %1072 °
kbig = ksmall X m = 13878 x 0.0522 =724.4 N/m [35]

The structure, dimensions of the springs and the placement of the springs to the

mechanism is shown as seen in Figure 22- Figure 23.
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Figure 22: The drawing of the load break switch with the contacts and the

mechanism

Figure 23: The photo of load break switch with the contacts and the mechanism
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Figure 24: The strong spring, spring for closing and preparing the small spring for

tripping
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Figure 25: The small spring for tripping
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3.3.3 Auxiliary Devices Used of the Switchgear
Some auxiliary devices are used in gas insulated switchgear applications. Some of

them are explained in this Chapter. First of all for gas insulated switchgears,
manometer is a fundamental auxiliary device that shows the relative pressure inside
of the switchgear. Normally if the relative pressure inside of the vessel is lower than
30 kPa, it is dangerous to operate switchgear since the insulation level will not satisfy

the requirements.

Also the open and close operations can be performed via push buttons but also using
coils. By supplying the 24 VDC/ 48VvDC/ 110 VDC to the system regarding the
system requirement, the trigger could be done mechanically via the magnet force

occurred due to the energized coil.

Micro switches are applied to the mechanism to get information from the SCADA

related to open and close positions of switches, spring charge conditions... etc.

Motor application can be used for maneuver of the central axis. Normally as
standard, this rotational movement can be done manually via using special handle
that fits to the central shaft control point. As an alternative, the central shaft could be

controlled remotely by a motor installed on the mechanism.
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Upper front cover

1. Manometer

2. Mameplate module

3. Short circuit indicator mA for LLE

4. Capacitive voltage indication

5. Load break / earthing switch position indicator
=]

7

8

9

. Fush buttons close/open operation

. Charged spring indicator

. Self powered protection relay MNA for LLF

. Vacuum circuit-breaker position MA for LLF

Lower front cover

10. Nameplate switchgear

11. Fuse blown indicator

12. Disconnector / earthing switch position indicator
13. Capacitive voltage indication

Cable compartment cover

14. Cable compartment cover standard

13 14 15, Cable compartment cover with inspection windov
16. Support bar (removable)

Side cover
17. Lifting lug
18. Operating handle (standard on right hand side)

Figure 26: The listed switchgear accessories

3.4 Contact Structure and Magnet Characteristic

The contact structure and the magnet selection are one of the leading effects of this
thesis to the switchgear design process. There are 3 stationary and 1 pair of rotating
contacts per phase in the load break switch. These contacts are; busbar contact,
earthing contact, output contact and the rotating contacts.Contact geometries are
given as Figure 27,28 and 29.

All contacts are made of copper. Although the copper is a good conductor, it is a
weak material that can melt when it exposes with temperature. Therefore during arc,
there is temporary high thermal effect seen on the contact which ends up in the
corruption on the contacts. These arc effects that occur during opening and closing
operation on load (especially closing on the rated current at low p.f.) will lead small
pieces to melt from the copper contacts. These effects will lead to serious

deformation on the contacts after a while. So the contacts made of pure copper will
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have very short life time. To solve this problem there are a few methods. The first
one and the most expensive one is to make the contact touching points from a
compound of copper and wolfram (tungsten). Tungsten is a very precious element
that has 3482°C as melting point. The copper has the melting point of 1085°C.
Therefore the compound of copper and tungsten has a melting point more than 2000
°C which makes the contact life expectations higher because of its less aging
potential with the explosion of high temperature at the open and close moments.
However since this is an expensive method and tungsten is not an element that can be
found easily, we adopt another method on our design to make the contacts more
durable. The contacts touching points are covered by silver plating so that the
melting point at the contact ends is increased. By using the silver plating on contacts,
it is seen from the mechanical open and close tests, the contact resistance is still in
the expected range after the mechanical open and close tests defined with the
relevant standard IEC 61271.
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Figure 27: The busbar contact
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Area=392mm’

Figure 28: The earthing contact
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Figure 29: The output contact
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Figure 30: The rotating contacts

The magnet embedded into the busbar contact is the most important element
especially for the arc pushing and extinguishing mechanism. The selection of this
magnet is very important in terms of its B-H characteristic that determines the
magnetic force effect on the arc applied by the magnet during opening on load. This
magnetic force effect is the cause of arc stretching and finally arc extinguishing. As
the contribution of this thesis to the design, the magnet selection and related

parameters are investigated.

Because of the SFg gas dielectric property, we determine in the Section 3.6 The arc
will be extinguished at 0.51 cm of linear distance between busbar contact and
rotating contacts. It is reasonable to state that since the magnet has a diameter of 3
cm, from the center of the magnet, the length parameter for arc diminishing is
calculated as following:
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dl=0.51+1.5=2,01 cm from the center of magnet. With these results, it is possible to
measure the field strength during the arc extinguishing period as an average by
assuming the current is constant until the arc extinguishing instant, but only the
direction of the arc is changed due to the magnetic force effect applied by the magnet

on the arc.

MMF =i _ Hxdl=Nxi [3.6]

At nominal ratings;

i 6304
H=—=—"7—
dl (2,01 x10"2m

= 31.35 kA/m [3.7]

For the worst case design parameters of the magnet that is the field strength at the
short circuit current value that the contacts should withstand for 1 second;

16 kA

=—————=796 kA/m , will be used as the design parameter for the
(2,01 x10~Dm

selection of the magnet type. [3.8]

The Maxwell simulation results related to H distribution inside of the vessel in 2
cases which are the busbar contact without magnet application as a sole copper and
the busbar contact with magnet embedded into the sole copper are given as Figure 31
and 32. Since the Maxwell system design can be applied in 2D drawing, the direction
of H can not be visualised. As expected, the magnetic field strength is concentrated
between the busbar and rotating contact while the magnet is used in the busbar
contact due to the magnetic effect of the magnet. The simulation of H is obtained
from the Maxwell program solution type of Magnetic/ Magnetostatic with the
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application of rated phase current of 630 A to the busbar contcact while the earthing

contact is grounded. The x and y axis unit is cm with 1 cm unit increment for both x

and y axis.
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Figure 31: Maxwell simulation results for magnetizing force while the busbar

contact is made of sole copper without any magnet
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Figure 32: Maxwell simulation results for magnetizing force while the busbar

contact is made of copper with embedded magnet which will apply magnetic effect

For calculating the flux density we need to investigate the electron movement during
the arc extinguishing and so the drift velocity of the electrons. To understand the
magnet effect on arc extinguishing, Hall effect needs to be taken into account.
According to the Hall effect, due to the application of magnetic field and so magnetic
force of the magnet on the electrons, the electrons of the arc are curved out of the
direct current path between busbar and rotating contacts which leads to vertical
charge imbalance than produces electric field on the system. This electric field

opposes with the magnetic force.

F=qx Vdr xB =q XE [3.9]

where Vdr is the drift velocity and e is the electron charges drifting from the current
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path. The electric field which occurs due to the impact of the magnetic force on the
arc can be calculated as below:

AV (7x10%)

E = =
Ad 1.5+0.51 x 1072

=3.48 X 105V /m [3.10]

In normal system conditions, the electric field is applied on a zone, not in a single
direction. However, since Maxwell can compute our system on 2 D simulation, we
simplify the calculation and electric field effects on one direction instead of
computing 3D components.

From the simulation results of E vector, it is seen that at the instant of arc occurance ,
3.4 ° rotation from the fully closed structure, the electric field is strong and has a
direction through the rotating contact. After 20° rotation of the rotating contact from
the edge point of arc extinguishing region, the electric field vector amplitude is
getting decreased and the direction is changed. The Maxwell simulation results are
obtained in the program solution type of Electrical/ AC Conduction with the
application of rated phase voltage 7 kV applied to the busbar contcact while the
earthing contact is grounded so 0 V.
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Figure 33: Maxwell simulation results for electric field vector distribution at the

instant of arc extinguishing. Electric field amplitude and direction shows the arcing

through the contacts.
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Figure 34: Maxwell simulation results for electric field vector distribution after 20°

rotation of the rotating contact. The arc extinguishing is already completed.

According to the Hall effect and the relation between the magnetic flux density and

electric field:
F=qx V4 XB =q XE [3.11]
E= V; XB [3.12]

The drift velocity of the electrons is the main point needs to be clarified to find the
electric field on the arc region. We will assume that the drift velocity and the electric
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field is constant during the arc extinguishing. The drift velocity in SFg gas chamber
can be calculated by assuming the occurrence of the Hall effect on the arc. The drift
velocity formula with respect to time is:

V(L) = ZEXCosw [3.13]

MXVen

Corresponding maximum drift velocity until the arc extinguishing will be taken as
the basis to determine the minimum B at the arc extinguishing region. v,,, is the
frequency of electron- neutral collisions while w=2xf is the cyclic frequency of the
field.[40]

Vyr = F_ s the amplitude of the drift velocity formula. [3.14]

MXVep

By integrating both sides of the V(t) formula , we obtain the formula as below:

A=—E  _Var [3.15]

From this formula with the approximation of Levitskii, is assumed that the amplitude
of the electron displacement increases which leads A to get closer to L/2 while L is
the inter-electrode gap at the turning point of breakdown curve. Therefore it is
assumed that while the arc is extinguished, the electron displacement increases and
the Levitskii approximation will be an issue. We assume that the drift velocity is
constant at that instant of arc extinguishing and the electric field is distributed almost
uniform at that region where arc is extinguished which means the sharp points which
might lead non homogenous electric field distribution is negligible. This estimations

and assumptions come with the result that;
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_ Lxw

Vdr—T=LXT[Xf [316]

The f can be calculated from the Matlab arc simulation results. According to the
track of the arc, the frequency of the arc at the arc extinguishing instant could be
accepted as 0.02 s with the division effect of the time parameter 10°. L, inter
electrode gap at the turning point of breakdown curve, is accepted as 0.52 cm.
Normally, it is supposed to be less than 0.52 cm since arc is extinguished before
reaching to the rotating contact.

Vor =22 = 0.52 X 1072 X 1 X —= = 3.26 X 10°m/s [3.17]

10-9

E 3.48 x10°

B=—=———-=1.067T , will be used as the design parameter for the
Var 3.26 x10

selection of the magnet type. [3.18]
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Figure 35: Maxwell simulation results for magnetic flux density while the busbar

contact is made of sole copper without any magnet
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Figure 36: Maxwell simulation results for magnetic flux density while the busbar

contact is made of copper with embedded magnet that will apply magnetic effect

The simulation of B is obtained from the Maxwell program solution type of
Magnetic/ Magnetostatic with the application of rated phase current of 630 A to the
busbar contcact while the earthing contact is grounded. The x and y axis unit is cm
with 1 cm unit increment for both x and y axis. Since the Maxwell drawing can be
applied in 2D drawing, the direction of B can not be visualised. As expected, the
magnetic flux density is concentrated between the busbar and rotating contact if the
magnet is applied on the system due to the magnetic affect of the neodymium

magnet.
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These B and H values indicates the magnet selection parameters. The magnet needs
to have high magnetic field strength. This significat property indicated the magnet
selection as a rare- earth magnet. Regarding to calculated values, magnet is selected
as NEODYMIUM MAGNET- ( sintered).

It is a permanent magnet with tetragonal NdFei4B crystal structure which leads a
high saturation magnetization. This magnet has a potential of high storage magnetic

energy which leads the action of arc extinguishing.

This magnet is obtained from the company Miknatis Teknik with the model name of

NMPOT Q30.

Which has the parameters as following:

Table 6: B and H values of the Neodymium magnet

Magnet B (T)- max H (kA/m)- max
NszEMB

) 1.0-14 750-2000
(sintered)

To analyse the magnet and its magnetic characteristis, it is necessary to acquire the
load line characteristic of the neodymium used in our design. First of all, because of
its magnetic properties, it is expected to have the BH characteristic in the second
guandrant. Regarding to our measurement taken from Gaussmeter, the BH values of
the magnet is recorded as the table given below. The load line curve related to the

positive application on 0.51 cm away from the magnet surface is acquired.

With the assumption of cylindrical arc plasma as the arc conducting region, it is
possible to calculate the force applied on the arc plasma for stretching the arc and

finally extinguish it. The base asumption is that, the arc plasma has the density of SFg
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gas which is 6,2563 kg/m®. As the asumption of arc plasma diameter as 8 mm, we
can calculate the maximum arc stretching length via ineartia and the magnetic force

applied.

The mass of the arc plasma is calculated as following:

m=dXv [3.17]
m=6.2563 X7 X1r2XL [3.18]
m=6.2563 xm X (0.4 x1072)2 x L [3.19]
m = (0,31453 x L) kg [3.20]

where m is mass, [ is the length of the plasma cylinder,  is the radius of the
cylinder and v is the volume of the arc plasma.This arc plasma can carry 630 A

current as maximum,

The inertia of the plasma cylinder in the z direction, perpendicular to the force

applied on the plasma needs to be calculated to acquire the magnetic force applied.

LM xr?  0.31453 X L x (0.4 x 107%)% _ 0.025
z5 2 2 104

X L [3.21]

The plasma can be accepted as a mass that has an accelerateed motion which results
in stretching of arc and extinguishing it totally. We assume the cross section of arc is
contant until it extinguishes which leads the consequence that the arc current is
constant with the cross section until the arc is totally diminished. In this assumption,
the mass is taken by assuming the plasma as a homogenous SFg gas cylindrical path.
With this cylindrical path stretching, the arc is diminished in 20 ms, within 0.51 cm
linear distance between the contacts. The aim is to calculate the stretching length of
the arc via the application of the magnetic force established by the magnet. For
calculating this value, the force calculations will be used. In these force calculations,
real B value measured by gaussmeter in 0.5 cm away of the surface which is 42 mT
is used. The F formula obtained from accelerated motion of the arc plasma by

assuming the constant deceleration and the F formula obtained from current and
74



magnetic flux density is used and the streching effect of the magnet is calculated in

terms of stretching lenght.

L 0.02 m

X W 1T < 1Nn—-9

Var ==5—= L x 1072 x7x % 13.22]

F=BXxIxLXcosQ=B x630xL [3.23]

F=mxa=m x-& [3.24]

0.31453 X L x L/20 107 =0.042 x 630 X L 3.25
. X Sox102 -~ X X [3.25]

0.31453 X L L/20 X107 0.042 X 630 X L 3.26
. X XW— . X X [ . ]

L =3.2047 cm [3.27]

This L value corresponds to the arc stretching length valculated from the system to

diminish the arc within the SF¢ gas medium.

Therefore;

3,2047

= 0,31453 x L =0,31453
m , X , X 100

= 10,08 microgram [3.28]
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Table 7: The recorded BH values of the neodymium magnet

B (mT) H (KA per m)
Positive Negative Positive Negative
0.5cm lcm 0.5cm lcm 0.5cm lcm 0.5cm lcm
NO from the | from the | from the | from the | from the | from the | from the | from the
surface |center of | center of | center of | center of | center of | center of | center of
of the the the the the the the the
magnet | magnet | magnet | magnet | magnet | magnet | magnet | magnet
1 435 16,5 36,5 14,5 35,1 13,2 30,7 11,7
2 42,7 16,6 36,8 14,4 34 13,4 30 11,7
3 (449 17,1 37 14,5 34,2 12,7 30 11,5
4 |45 17,6 37,8 14 34,7 12,2 30,4 11,7
5 45,3 17,4 38,6 14,6 35,9 13,2 30 11,7
6 (39,8 16 43,3 16 31,8 11,7 35,8 12,8
7 45,8 17,4 38 14,6 36 13,3 30,2 12
8 (38,5 16,5 38,5 14,7 35,2 13,4 30,5 12,2
9 |38,6 15,3 43,8 16,2 29,7 11,5 35 13
10 |45,2 17 38 14,2 35,7 13,6 30,5 11,6
11 (39,9 16,7 449 16,9 32,2 12,7 35,5 13
12 |46,2 16,4 39,1 15,42 36 13,6 31,2 12,2
13 (38,7 15,24 44,6 16,31 31,2 12,21 35,2 12,9
14 |45,3 16,76 37,5 14,9 36 13,72 30 11,4
15 |38,3 15,5 442 16,4 30,7 12,23 35,1 12,7
16 |45,6 17,3 38,7 14,5 35,5 13,7 30,5 12
17 (39,3 15,9 444 16,62 30,08 12,7 35,7 13,15
18 |40 15,9 45,4 17 30,8 12,61 35,8 13,52
19 (39,6 16 447 16,7 31,6 12,62 35,3 13,4
20 |40 15,9 45,2 17 31,6 12,68 36,1 13,4
21 39,4 15,9 45,4 16,9 31,8 12,45 35,8 13,17
22 40,01 16 41,4 16,6 31,6 12,9 35,9 13
23 1449 16,8 38,4 15,17 36,2 13,9 30,4 11,08
24 43,3 16,9 37,8 14,87 34,4 13,5 30,7 11,9
25 [45,2 16,9 38,9 15,07 35,2 13,8 30,3 11,8
26 38,9 15,3 42,6 15,08 31,1 14,4 35,1 12,86
27 45,8 17,43 39,5 15,29 35,9 13,9 31,2 11,9
28 42,1 16,8 38 14,96 35,3 13,4 30,3 11,9
29 39,9 16 43,4 15,7 31,2 12,35 34,3 12,91
30 (39,2 15,8 44,8 16,6 31,6 12,5 34,1 12,9
31 |39,5 15,6 43,8 15,8 30,1 11,9 34 13,04
32 |37,2 14,7 41,8 13,8 31 12,48 35 13
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33 |46 17,78 38,1 14,9 36,5 13,76 30,9 12,08
34 46,6 17,8 38,5 14,9 36 13,8 315 12,08
35 (40 16,7 44,4 16,25 31,7 12,7 35,3 13,3
36 |39,7 15,9 44,5 16,34 31,6 12,4 35,6 13
37 (40,3 16,15 45,7 17,1 31,9 12,86 36,2 13,5
38 40,8 16,16 43,9 16,24 32,2 12,55 34,8 13,15
39 (459 17 38,4 14,96 36,9 13,26 30,2 11,94
40 |45,2 16,85 38,2 14,62 36 13,4 30,4 11,8
41 140 16,06 44,3 16,57 30,9 12,67 35,3 13,23
42 40,5 16,23 451 16,8 31,9 12,5 351 13,11
43 45,2 17,3 38 14,9 351 13,78 30,7 11,8
44 40,1 16,2 44,3 16,75 32 12,79 36,2 13,5
45 40,7 16,3 43,5 16,29 32 12,96 35,6 13,28
46 45,2 17,3 38,3 14,8 35,7 13,7 27,1 11,9
47 45,2 17,3 38,1 14,8 36,4 13,6 30,7 11,9
48 39,2 16,04 443 16,6 30,6 12,7 35,8 12,9
49 45,6 17,6 40 15,04 36,6 14,04 31,9 11,85
50 [457 17,6 38,5 14,7 36,6 14,12 30 11,85
AVG 42,1902 16,508 41,178 15,557 [33,4796 13,0408 32,878 12,464
BH CURVE

Figure 37: The load line related to BH values taken from 0.5 cm away from the
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Figure 38: The magnet embedded inside the busbar contact

To justify the selection of Neodymium as the magnet to acquire sufficient magnetic
force on arc to diminish it,the Maxwell simulation results with magnet application of
Alnico5 is acquired. Alnico5 has much lower magnetic field strength and magnetix
flux density compared with Neodymium. Moreover, Alnico5 can not provide
sufficient magnetic effect with respect to arc extinguish parameters of linear distance
between contacts to be limited as 0.52 cm and the duration of arc extinguishing as 20
ms. In Figure 37, it is seen that Alnico5 can not lead satisfactory magnetic fkux
density at the arc extinguishing region that will meet the arc diminish milestones of

the load breaker design
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Figure 39: Maxwell simulation results for magnetic flux density distribution while
the magnet is selected as Alnico5, instead of Neodymium.
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Figure 40: Maxwell simulation results for magnetic flux density distribution as

incremental change perspective.

According to the magnetic flux density simulation results view from incremental
change perspective as given at Figure 37, the comparison between magnet applied
and pure copper busbar contact could be visualized. The magnetic flux is
concentrated between the contacts at the arc extinguishing instant with the
application of the magnet. The x and y axis unit is cm with 1 cm unit increment for

both x and y axis.

According to the right hand rule; while the current passing through the magnetic
field, the electrons face with a magnetic force depending on the current value,
magnetic flux density and the length of the current carrying path. The main milestone
on arc breaking or extinguishing is the applied magnetic force on the ions (arc),

which leads the arc path to get stretched. This magnetic force is directly related to the
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magnetic induction, B which is induced by the magnet embedded inside of the
contact. This condition finally leads to the breaking of the arc via effect of the
magnetic force applied. Therefore, this magnet embedded in busbar contacts works

as magnetic field source to apply magnetic force on electrons to diminish the arc line.

Arc is not distributed uniform. Electrons have different behavior and face with
different magnetic and electrical effects. The electron’s mean path determines arc
path regarding the pre request of the points where magnetic force equals to electric
force applied on the magnet. The arc stretching occurs actually because of the
increasing magnetic force applied on arc electrons compared with the electric force
applied at opposite direction. The cause of the increased magnetic force on arc
compared with the electric force is selection of proper magnet with satisfactory
magnetic strength and magnetic field density. Arc stretching is caused by the cross
section decrease of the arc path because of the magnetic force effect of the
neodymium. The cross section of the arc is directly related to the current of the arc.
The decreased cross section comes with the result of the decreased arc current. As
the consequence, the resistance of the arc is increased and the arc is extinguished.
The Figures 38, 39,40 and 41 show the electric field and magnetic flux density
distribution between the contacts while the rotational contact has 20° and 40° from its
totally closed position. It is seen that with the increased rotational angle, the electric
field and magnetic flux density is getting decreased with different rates. Because of
the more rapid decrease in electric field drift velocity is getting decreased with the

increase in the rotation angle.
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Figure 41: The photo of the busbar contacts and magnet for arc extinguishing
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Figure 42: The photo of the earthing contacts
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Figure 43: The photo of the output contacts
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Figure 44: The photo of the rotating contacts

In Section 2.3, three type of switching apparatus mechanism is defined as the hinge
type, linear type and the rotating on central axis type, while the design work
subjected in this thesis adopts the rotating on the central axis mechanism.

3.5 Arc Modeling and the Arc Extinguishing Mechanism

Arc modelling is a frequently used method of symbolizing the high voltage arc effect
before verification at international laboratories. The arc modelling is used for

simulating the switching process with arc extinguishing by deriving formulas as
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taking some parameters into account which are arc voltage, post arc current and

transient recovery voltage and other parameters.

As the arc extinguishing mechanism there are 3 main mechanisms. The first one is
called the rotating puffering which is more applicable to rotating central mechanism
and the hinge type operation mechanism. This system is based on the extinguishing
the arc by concentrating SFg gas on the arc beginning point. With the special design
of the contacts, the system leads SF6 gas to be puffered on the arc area with the open
and close movement of the contacts. Currently most of the load break switches are
used with rotating puffering arc extinguishing mechanism while the mechanisms are

generally hinge type or rotating on the central axis.

Another, rarely used method is the limiter model. In the limiter model the end of the
output contact has a shape of hook, so that at the loading period the current is passing
in the opposite direction at the output contact. In the limiter model, the contacts have
opposite direction of current flow at the contact touching points which leads the
pushing magnetic force to occur on the contacts. Therefore in the limiter model, the
difficult point is not to open the contacts, but to keep the contacts at the close
position due to the magnetic force issue. But the verification of an apparatus matters
the safe tripping at the short circuit current, the closing at the short circuit current in

not an issue.

The final arc extinguishing model is the magnetic force effect by using the proper
magnet on the contacts. This system is more adopted in the circuit breakers working
with the mechanism of linear movement. The contribution of this thesis to the design
parameter of the load break switch is that even the mechanism is based on rotation
around the central axis, the method of arc extinguishing is the magnet effect on the
contacts. The busbar contact has the magnet embedded in the contact and covered by
silver plated copper. This method leads more basic manufacturing steps on the
contacts and it is a more secure solution on arc extinguishing. This contribution on
the thesis leads arc extinguishing in a small period with a small rotation angle. All

load break applications use puffering of SFg gas on the arc source point to increase
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the dielectric strength on the source point of arc to diminish the arc. However, SFg
gas is insulation medium whose dielectric properties get weaker in time because of
contaminations and corona ionization effect seen during arc extinguishing.
Therefore, counting on puffering mechanism as arc extinguishing leads shorter life
cycle, longer arc extinguishing duration with longer required distance between
contacts to diminish the arc. With the magnet embedded in the busbar contact, the
arc is repelled and spitted. The material that extinguishes the arc is not the SFg gas
based insulating material but the magnetic force occurred at the magnetic area
created by the magnet if the busbar contact. This study contributes to the design of
the switchgear by acquiring better arc extinguishing method with optimum distance

between contacts, optimum rotation on the central axis and longer life time.

Between the rotating and busbar contact, arc is occurred as current conducting gas
plasma. In this plasma, there are electrons and also other ions and molecules that lead
a conducting path within SF¢ medium. The arc is stretched and follows a path
regarding the balance between magnetic and electrical force. Electrical force in the
system is acquired by the existence of current conducting, so the arc. Magnetic force
is acquired because of the magnetizing force effect of the magnet embedded in the
busbar contact. As an example, the arc can be assumed to be a thin conductor
between rotating and busbar contacts. But of course, applying magnetic and electrical
force on a conductor and on a conducting gas plasma have different consequences
and parameters that need to be encountered. The arc stretching is related to the
balance between magnetic and electrical forces. While arc is stretched and pushed
away from the magnet high magnetic strength region, tha magnetic force on the arc
will be decreased. In the system , the arc cannot be assumed as homogenous plasma,
the contact geometry itself does not lead a purely linear magnetic region . Moreover,
the arc plasma contains electrons and many other ions, molecules that lead a

heterogeneous plasma structure.
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Figure 45: The contact geometry
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Figure 46: Arc occurrence region

Many application and theory was used on arc modelling at literature. The literature
survey is completed to investigate the current arc models and the most suitable model
to be adopted as the contribution of this study to the design. . The Cassie and Mayr
models are the first methodologies on arc modelling at the literature that leads to
many further works to be obtained. It is necessary to understand the milestones of
these 2 fundamental models and the future models that are derived from Cassie and
Mayr models with different modelling methodologies and with additional electrical
parameters included. Cassie model is more applicable on high currents like between
100A- 100 000 A, while the Mayr model is a better approximation for small currents
near 0. Therefore, since our main focus on load breaking switch has nominal current

of 630A, in this thesis Cassie arc modeling is selected for arc characteristic
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investigation. Before starting the milestones of the arc modeling of the thesis subject,

it is necessary to understand the available arc modeling methods [36].

Cassie model is mainly focus on the high current modelling by proposing that the
potential difference between the source and final point of the arc is constant while
the cross section area of the arc has a direct proportion with the current. Moreover,
Cassie model declares the arc temperature as constant [35]. Since Cassie model states
the linear relation between the arc conductance and the stored energy, it refers the arc
dynamism with the following equation [38].

IxLolx Lo [3.29]

At this equation, G is the dynamic conductance of arc, Ua is the arc voltage which is
assumed as constant is Cassie model, T is the time constant of the arc at arc voltage
and maximum current parameters, u is the system voltage or in other words the
voltage drop across the arc until the arc is extinguished and the voltage drops to 0

volt.

Mayr arc model gives better approximation for small currents. In this model, it is
assumed that the cross section area of the arc is constant.

Ixde Iy Yoty [3.30]
G dt P

In this equation, G is the arc conductance, P is the cooling power, Uy, is the arc
voltage, i is the arc current, T is the time constant. P and T are functions of

conductance, current and voltage [37].

Cassie and Mayr arc models are the milestones on arc modelling. All other modeling
methods related to arc modelling are generally takes Cassie or Mayr as the starting

point and have an average of 5 or more parameters taken as variable.
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Schwartz arc model is a modified Mayr arc model that demonstrated on the
dependence of arc conductance with the time constant and the cooling power.
Schwartz model proposed very short post arc current with transient recovery voltage
with high damping factor and a significant arc voltage variation between the

measured and calculated one just before current zero moment [36].

Habendack arc model is effective for both arc with high current and current zero
since it considers the electric arc conductance as a Cassie conductance and a Mayr
conductivity in series connection. Haberdack model calculates shorter post arc

current that measured on experiments [36].

Schavemaker model is based on constant time parameters by taking Mayr as the
starting point. It also takes cooling power as a function of electrical power [35].
Schavemaker arc model proposes that the arc voltage remains almost constant, with

little peak before current zero moment [36].

Kema model is the combination of 3 Mayr model with its series conductance

calculated from different modified Mayr equations.

In this thesis, since the test current under work during load breaking is 630A, Cassie
model is adopted (more precise solution at modeling at high current). Also, since the
arc extinguishing method has no relation with arc puffering, cooling power is totally
neglected and assumed that it has no effect on arc extinguishing. To work on the
method and model of arc extinguishing, Matlab Simulink results and Maxwell
simulations are used. To verify Cassie model and compute the parameters related to
Cassie formula is necessary to compare and prove the Simulink simulation results.
Therefore, the steps to derive the Cassie Arc formula need to be investigated in
detail.

The total power of arc can be calculated as the sumation of power loss on arc and the

heat content of the ar [39].This situation can be formulated as:

P=uXi= Pog+2 [3.31]
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where u is the voltage drop across the arc region until the arc is extinguished and the
voltage drops to 0 volt ( the system voltage), P, IS the power loss of the arc, i is the

system current and Q is the heat content.

These calculations lead the solution of the heat content as;

aqQ

it =P — Pjyss [3-32]
So;

Q=( P—Ppss) [3.33]

Conductance of arc is actually a function of heat content so we can state :

G = G( pP— Ploss) = G(Q) [3-34]

Differentiate both side:

dG _ dG(Q) ., dQ _ dG(Q) _
2= a0 @ = a0 X (P — Pyss) [3.35]

1_d6 _ Gr(Q)
E X E = m X (P — Ploss) [336]

From ohm law’s:

P=UxI [3.37]
U=RxI [3.38]
G =1/R [3.39]
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P=U% xG [3.40]

In Cassie model we assume, arc tempreature is constant so the cross section of arc is

propotional with the current. The arc voltage is constant until it extinguishes.

Poes =U2xG and P=u®XG [3.41]
1. d6 _ Gr(Q) 2 _ 72 —

Gxdt_G(Q)x uXG-U;XG = [3.42]
UZXG u? _1. v

T X U_Cz_l =< X T 1 [343]

T is the time contant arising from the change in the arc cross section. This time
constant is also set in IEC 60265 regarding by only taking current as a variable since

change in arc contant is only depended on the current.

The program used for the arc modeling is Matlab/Simulink via “power arcmodels”
tool. This tool constructs the Cassie and Mayr arc model circuitry as given below
Modeling parameters are calculated by the program after the entry of calculated

parameters.

93



Cassie and Mayr Arc Models for a Circuit Breaker
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Figure 47: Arc modelling circuitry via Mayr and Cassie arc models on Simulink

The transient recovery voltage and time constants are determined with respect to IEC

60265. These values determine the arc model parameters.

Ue = UV=X 1.4 X Ky [3.44]
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In this equation, U, is the transient recovery voltage while U is the rated voltage of

the system. Ky is the first pole to clear factor that is accepted as 1 for rated voltages
equal or higher than 245 kV, 1.5 for the rated voltage lower than 245 kV. For our
case Ky is 1.5. 1.4 is the amplitude factor as constant [33]. Even the prototype is
designed as 12 kV nominal voltage. The voltage and making/ breaking tests are
completed as per 24 kV voltage level. As normal, any equipment that passes 24 kV
voltage tests are also perceived successful for 12 kV voltage tests. Therefore the
calculations are based on that U is 24 kV.

U, = 24kVV2x 1.4 x 1.5 [3.45]
3

U, = 40.8 kV [3.46]

The time parameter is calculated according to IEC 60265.

T

57 [3.47]
Where K is the time coordinate factor and I is the nominal current of the system. In
our case, | is 630A at the instant of starting of arc occurrence while K is given as
Table V in IEC 60265 as 70

= = [3.48]
T= §7.5us [3.49]
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— Cassie arc model (mask)

The Cassie arc model with a constant time parameter tau and a
constant arc voltage Uc: ding/dt=1/tau™({u"~2/Uc"2)-1.

— Parameters

tau [s]

B8e-6

Uc [V]
|41mm

a(0) [S]
|u.3ﬂ

circuit breaker contact separation starts at [s]

|.uz

Time constant (to break algebraic loop in model)

|1e—9

Cancel Help

Figure 48: The Cassie arc model parameters obtained from Simulink after entering

calculated time constant and arc voltage values

The calculated arc voltage and the time constant values are set to the Matlab input
parameters which leads to the other arc model parameters to be calculated from the
program. The Simulink simulation computations provide the information related to
the arc conductance at the x=0 point as 0.36 siemens and dt value as 0.02 sn which is
20 ms, corresponds to the total time period for arc extinguishing. For the purpose of
arc model and Simulink computation verification with the design contributions, the
Simulink computation outcomes and the calculated ™ and U, values are applied to
the derivated Cassie model formula.
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The accepted and adopted arc extinguishing period is 20 ms. Therefore dt is 0.02 s.

The other parameters as computed. By using these parameters, we can calculate

1 (6-0.36) 1 242 _

e (0.02x1073) ~ (87.5x1076) X (40.82 1 [3.50]
So;

G=0.042 S [3.51]

This means the arc resistance at the beginning of arc occurrence is 2.77 ohm while it
increases to 23.8 ohm until the point where arc is extinguished. As expected arc
conductance is getting lower so the arc resistance is getting higher which leads to the

extinguish of arc.

Time offzet. 0

Figure 49: The current graph of the system Cassie arc model from the Simulink
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Figure 50: The voltage graph of the system Cassie arc model from the Simulink

The Matlab simulation results with the application of the calculated values show the
voltage and current value changes at the arc instant. As expected, at the arc
occurrence, the change in the current and voltage follow an exponential decay before
reaching to the steady state condition. Also the results of the voltage and current
values are similar with the real life graphs. The current is diminished in a small
period, while from the voltage characteristics, it is seen that a great deal of oscillation
prolongs for a long period. The reason of this oscillation is the stray capacitances.
The stray capacitances are in picofarad value which leads arc extinguishing of high
current values at high frequency. In the voltage characteristic both 50 Hz and also
high frequency oscillations are observed. These voltage waves passing through the
RLC circuit meets at a steady state position after a while. The frequency of the stray
capacitance oscillations cannot be measured clearly because of the picofarad value of
the stray capacitance. At the verification of the design stage the calculated values are

used as the standard test values at the international laboratory which gave the
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simulation results same with the ones that are simulated at the modeling stage.

Therefore the modelling is accepted as successful.

3.6 SFg Gas Implementation on the Prototype

The SF¢ gas properties are defined in the Chapter 2. The prototype design is based on
SFe properties on thermal cooling effect, its heavy structure and its high insulation
level. After the contacts, the internal mechanism of the load breaker, the metallic
vessel and mechanism are prepared, the installation of the system into the prepared
metallic vessel will be completed. After the completion of the metallic vessel with all
contact and load breaker installed, the gas insulation medium preparation is the final
task. After the gas implementation is finalized, the switchgear electrical vessel

implemented on mechanical parts will be completed

As it is stated at the design criteria, the relative pressure inside of the vessel is 50
kPa as nominal. This pressure cannot decrease below of 30 kPa. Because below of 30
kPa , the gas insulation loses its effectiveness on the rated power frequency

withstand voltage that it needs to endure for 1 minute.

This minimum 30 kPa relative pressure value is defined according to the 1.2 / 50 ps
lightning impulse across the isolating devices that is defined by IEC 60060-1
standard. Even the nominal voltage parameter of the prototype is 12 kV, all the
design parameters and high voltage tests applied are to ensure the safe operation of

the equipment for voltage levels below 24 kV.

From the graphics related to the insulation characteristic of the SFg gas given in
Figure 10 and 11, the design milestone is keeping the distance to every conducting
point at least 7 cm. Calculations given in [3.1]- [3.2] and graphical comparisons in
Figure 11 prove that the expected design parameters satisfy the lightning impulse

withstand test requirement of 1.2/50 psn.

In Figure 11, the pd value is the multiplication of the distance between isolating

points and the relative pressure inside of the vessel.

pd=(30x 1073 )MPax (7x1072) m [3.52]
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pd=2.1 kPa m. [3.53]

According to the breakdown characteristic of the SFg gas given in Figure 20, the PD
value of 2.1 kPa.m assures the breakdown voltage of SFs at 30 kPa relative voltage to
be no lower than 150 kV. By this manner the voltage tests of power frequency
voltage withstand and lighting impulse withstand test as well as nominal voltage
application is verified. There is seen no breakdown as expected as the design
milestone. As a result, the testing on the prototype manufactured regarding the
milestone will pass the test successfully that will be explicitly explained in Chapter
4,

The room conditions (under standard temperature and pressure) requires 1 bar
pressure to be applied from the outside of the vessel, in order to obtain the relative
pressure of the vessel in between 30 kPa to 50 kPa, 1.3 bar to 1.5 bar SFg gas needs

to be injected into the vacuumed vessel.

The breakdown field relative to pressure of SFg is 89 V m-1 Pa-las seen in Table 4

which provides the related parameters of SFe.

The lowest SF¢ gas pressure inside of the vessel is 30 kPa.
103
89 X 30 X — = 26.7 kV /cm [3.54]

The voltage level between 3 contact during the arc extinguishing needs to be more
than 24 / V3 = 13,58 kV to ensure that the distance between the busbar and rotating
contact is sufficient to ensure the satisfactory dielectric strength that leads no
breakdown of the insulation medium. This corresponds to the linear distance between
the busbar contact and the rotating contact for arc extinguishing is to be minimum
0.51 cm which corresponds to 0.52 cm of arc length that is 3.40 central rotation
angle. Therefore it is accepted that the arc extinguishing is handled in a region where
the rotating contact is rotated 3.4 cm from its vertical position. This contribution to
the design parameter leads the arc extinguishing at smallest possible distance

between contacts.
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To visualize the effect of SFg gas as an insulation medium compared with air by
perceiving the design parameter of this thesis contribution on minimum distance
between the contacts to extinguish the arc, the Maxwell voltage simulation is used.
As the simulation outcomes the potential distribution inside of the vessel are taken

for both SF¢ gas vessel medium and air vessel medium.

Yoltage[¥]
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Figure 51:The Maxwell simulation of the potential distribution results while

insulation medium is SFs, the applied voltage on the busbar contactis 12 3 7 kV,

the applied voltage on the earthing contact is 0 V
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Figure 52: The Maxwell simulation results of the potential distribution while

insulation medium is air, the applied voltage on the busbar contactis 12 3 7 kV,

the applied voltage on the earthing contact is 0 V

The steps listed below are applied to prepare the SFg gas insulation medium of

prototype;

1. After the mechanical vessel design and manufacturing is completed, the first
task is to vacuum the mechanical vessel.

2. The second step is to inject Helium gas into the vacuumed vessel. The reason
of this task is that Helium is the smallest molecule after Hydrogen gas
molecule which is not preferred in these applications because of its
combustive nature. This Helium injection procedure is just applied to verify
whether there is any hole on the vessel after the welding procedure. So it is
reasonable to say that this step is done only for controlling the welding
quality. This is very important since the gas insulated switchgear has to have

a relative pressure inside of the vessel in between 50 kPa to 30 kPa. Any
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possible hole might lead the leakage of SFg gas out of the vessel which will
lead the gas insulated switchgear to lose its insulation property after a while.
Since Helium is a very small molecule, verifying no leakage at the Helium
filled vessel ensures that no leakage will happen with SFg gas. The
spectrometer is used to detect any possible Helium leakage.

3. After verifying that there is no leakage on the welded vessel, the helium
inside will be vacuumed.

4. The vacuumed vessel is filled with Nitrogen gas for the purpose of cleaning
the vessel from any kind of contaminates. The reason of why Nitrogen gas is
preferred for this cleaning process is that the Nitrogen itself is an insulating
gas. Figures 10 and 11 shows its high breakdown properties even lower than
SFs gas.

5. Then the Nitrogen filled vessel is vacuumed again. Even there is Nitrogen
particles remained in the vessel after vacuuming process, since it is a non -
conducting material, it does not lead to any insulation problems.

6. As the final step, SFg gas will be filled to the vacuumed vessel and the vessel

gas gate will be sealed.

Crucial design milestones regarding the SFg gas properties and SFg gas filling
occupation is that the vessel material needs to be selected as 3 mm stainless and non-
magnetic steel sheet, since this kind of steel sheet is much smooth compared with

regular steel sheet. This leads a great advantage on the Nitrogen gas cleaning.

Another important design milestone is that while the outside pressure is constantly 1
bar, vacuuming the vessel might lead the vessel cage to be deformed. To prevent this
kind of mechanical impact on the vessel, some supporting mechanical pieces are
welded on the vessel that will lead the vessel to withstand 1 bar relative pressure.

Also during the load break switch operation, the arc and its thermal effects will lead
the decomposition of the SFg gas and some unwanted gasses such as SyFig, SFs... etc
are occurred at the SFg insulation medium. Therefore an amount of active alumina is

added to the SF¢ gas medium which is used for unwanted gasses to be collected at a
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certain region. Active Alumina works similar to the silica gel behavior on humidity

for a transformer.
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CHAPTER 4

VERIFICATION OF THE PROTOTYPE SWITCHGEAR

4.1. Test Methods

The verification of the prototype switchgear is based on the international standards

and general technical specifications of the target country’s distribution utilities.

The adopted international standards used for MV gas insulated switchgear and load
break switches are IEC 62271-200, IEC 62271-100, IEC 62271-102, IEC 60060,
IEC 60265 and IEC 60076-4 for High voltage test methods applied of the switchgear,
IEC 60076-3 for the dielectric tests

According to the Turkish regulations, the technical specification used as the base for
the gas insulated switchgear manufacturing is TEDAS MYD 95-002.

According to the IEC 62271-200 which defines the mandatory tests as;

- Tests to verify the insulation level of the equipment

- Tests to prove the temperature rise of any part of the equipment and
measurement of the resistance of circuits

- Tests to prove the capability of the main and earthing circuits to be subjected
to the rated peak and the rated short-time withstand currents

- Test to prove the making and breaking capacity of the included switching
devices

- Tests to prove the satisfactory operation of the included switching devices

and removable parts
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Tests to verify the protection of persons against access to hazardous parts
and the protection of the equipment against solid foreign objects

Mandatory type tests, where applicable:

Tests to verify the protection of persons against dangerous electrical effects
Tests to verify the strength of gas-filled compartments

Tightness tests of gas- or liquid-filled compartments

Tests to assess the effects of arcing due to an internal fault (for switchgear
and controlgear classification IAC)

Electromagnetic compatibility tests (EMC)

For Turkish regulations, the defined type tests that are satisfying for verification of
the switchgear reliability on the network are listed in the TEDAS MYD 95-002 as:

Dielectric tests ( regarding IEC 62271-200 clause 6.2)

Temperature rise test ( regarding IEC 62271-200 clause 6.5)

Measurement on resistance at the main circuit test ( regarding IEC 62271-200
clause 6.4)

Short-time withstand current and peak withstand current tests ( regarding IEC
62271-200 clause 6.6)

Mechanical tests ( regarding IEC 62271-200 clause 6.102)

Verification of the protection class ( regarding IEC 62271-200 clause 6.7)
Tightness test ( regarding IEC 62271-200 clause 6.8)

Internal arc test ( regarding IEC 62271-200 clause 6.106)

Making and breaking test ( regarding IEC 62271-200 clause 6.101)

Pressure test capacity ( regarding IEC 62271-200 clause 6.103)

4.2 Dielectric Tests on Main Circuit and Auxiliary Circuits

The dielectric test is a voltage test that verifies that the equipment insulation can

withstand against electrical shocks. The dielectric test failure is inherently the

breakdown of the insulation. During the breakdown, an abnormal and sudden current
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flow increase can be noted by the test simulator. The actual breakdown can be

visualized as a strong sound or seen as a light flashover

The Dielectric Test is applied on 12 kV 630A 16 kA SFg gas insulated compact type
switchgear. The pressure of SF¢ gas during the test was 0,4bar (absolute) at 10,2
Celcius. The connection to the live part of the switching device in the switchgear is
done by YE3SV type 1 x 95 mm”2 XLPE insulated cable per phase.

Figure 53: The photo related to test set up of Dielectric Tests on Main Circuit and

Auxiliary Circuits

4.2.1 Lightning Impulse Voltage Test
Switchgear and controlgear is subjected to lightning impulse voltage tests in dry

conditions only. IEC 60060-1 is applied using the standard lightning impulse 1.2/50
us. Fifteen consecutive lightning impulses at the rated withstand voltage are applied
for each test condition and each polarity. Instrument transformers, power
transformers or fuses may be replaced by replicas reproducing the field configuration
of the high-voltage connections. Overvoltage protective devices are disconnected or
removed. Current transformer secondary are short-circuited and earthed. Current

transformers with a low ratio may have their primaries short-circuited too. During the
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lightning impulse voltage tests, the earthed terminal of the impulse generator is
connected to the enclosure of the switchgear, except that during the tests the
switchgear is insulated from earth in order that the voltage appearing between any of
the live parts and the switchgear will not exceed the test voltage

During this test for each phase, 15 times the defined lightning voltage is applied. No

more than 2 breakdowns are accepted to verify the equipment as passed the test.

According to Impulses with the front duration of 1.2 us are called lightning impulses
while impulses with longer front duration are called switching impulses. As it is
referred above the impulse type that used in the test is a full lightning impulse with
1.2 ps front duration and 50 ps time to reach the half value. During the test, the
maximum amplitude of the impulse obtained from oscillogram is the peak value of
the defined test voltage [13].
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Figure 54: The oscillogram results of lightning voltage withstand test taken from
page 6 of the test report 42912
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Figure 55: The oscillogram results of lightning voltage withstand test, taken from

page 7 of the test report 42912

As seen from the oscillogram plot in Fig.51, The test object can withstand the
impulse voltage up to 145 kV. As explained before, even the product is produced
with the purpose of 12 kV nominal voltage level, because of the design parameters,
all voltage tests are done according to the 24 kV voltage level. As the result, the
product passed the test successfully regarding the Table la of IEC 60694 which
states that if the equipment has 24 kV ( rms) rated voltage value, the rated lightning
impulse withstand voltage ( peak value) has to meet 125 kV as the common value

and 145 KV across the isolating distance [31].
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4.2.2 Power Frequency Voltage Test
Switchgear and controlgear is subjected to short-duration power-frequency voltage

withstand tests in accordance with IEC 60060-1. The tests are performed in dry
conditions with the period of period is 1 minutes. Instrument transformers, power
transformers or fuses may be replaced by replicas reproducing the field configuration
of the high-voltage connections. Overvoltage protective devices may be disconnected
or removed. A transformer, a coil, or a similar device normally connected between
phases is disconnected from the pole stressed with test voltage. During the power-
frequency voltage tests, one terminal of the test transformer is connected to earth and
to the enclosure of the metal-enclosed switchgear and control gear. Except that
during the tests, the mid-point or another intermediate point of the voltage source
should be connected to earth and to the enclosure in order that the voltage appearing
between any of the live parts and the enclosure will not exceed the test voltage. If
this is not practicable, one terminal of the test transformer may, with the agreement
of the manufacturer, be connected to earth and the enclosure is, if necessary insulated
from earth [30].

Test method states that neither of the two voltage values applied to the two terminals
shall be less than one-third of the rated withstand voltage phase-to-earth [31].
Therefore the rated power frequency voltage across isolating device is 60 kV to earth
and between poles it is 50 kV. The test results that is shown below indicates that the

test is passed.
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Figure 56: The photo of the test set up for power frequency voltage test

The testing result table of power frequency voltage test, taken from page 10 of the

test report 42912 is given as Appendix-B

4.3 Verification on the Degree of Protection

IP classification of the gas insulated switchgear is defined according to the IEC
62271-200, IEC 60529,IEC 60694.

According to the IEC 60694, MV and HV equipment defined as internal does not
have any protection from water. This is the reason of the second digit on IP value to
be 0. And according to the IEC60529, even the RMU is an internal equipment, it
needs to have the protection degree of 3 to ensure that an operator can not reach to
the internal pieces of equipment via a work tool while the system is under energy.
Also it is ensured that any animal / insect that might cause any disorder on the
system cannot enter to the internal area of the RMU. Therefore the required IP
classification is IP30. This means;
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“3” as; protection against access to hazardous parts and protection against the
penetration of solid foreign objects which corresponds to the protection against the
particles that has diameter equal or more than 2,5 mm. So an access probe with 100
mm length and 2,5 mm diameter is used as testing apparatus . The switchgear passed
the test.

“0” as; no protection on water.

The test results indicate that the RMU is passed the test regarding the international

standards.

4.4 Temperature Rise Test and Measuring the Main Circuit Resistance

This test are applied regarding of IEC 61271/200 clause 6.4 and 6.5.
The test procedure is as following:

1) Measurement of the resistance of the main circuit before and after the test.

2) Temperature rise test on cubicle type on incoming and outgoing feeders with
load break switch as LBS-S1 and LBS-S2 at I= 630A/ 50 Hz and to the
transformer protection feeder with load break switch and fuse combination as
LBS-S3 I=200A/ 50 Hz

The temperature rise test is performed with all components and arrangements are
mounted as its original form. The system needs to be constructed in normal service
position with all normal enclosures, doors, shutters, partitions and covers are closed.
In the system the rated number of phase and rated current needs to be applied. So in
the test system, 3 phase incoming unit is used as the entrance. The current of 630A
is applied to switchgear for 12 hours. The current enters to the incoming feeder,
leaving the system from outgoing unit and transformer protection unit. The
temperature sensors are connected to the current passing crucial nodes to be able to
record the temperature value instantly. The temperature rise of the different
components is referred to the ambient air temperature outside the enclosure and

should not exceed the values specified for them in the relevant standards. If the
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ambient air temperature is not constant, the surface temperature of an identical

enclosure under the same ambient conditions may be taken as reference.

When testing individual functional units, the neighboring units should carry the
current which produce the power loss corresponding to the rated conditions. It is
admissible to simulate equivalent conditions by using heaters or heat insulation, if
the test cannot be performed under actual conditions. Where there are other main
functional components installed within the enclosure, they shall carry the currents
which produce the power loss corresponding to the rated conditions. Equivalent
procedures to generate the same power dissipation are acceptable. The temperature
rise of the different components shall be referred to the ambient air temperature
outside the enclosure and should not exceed the values specified for them in the
relevant standards.

The resistance measurement on the main circuit is done by digital ohmmeter
OMICRON CPM 500 before and after the application of the temperature rise test.

Table 8: The test result of main circuit resistance before and after the temperature

rise test

Resistance Phase R Phase S Phase T

R1[uQ] 187 188 201 Resistance
before
temperature
rise test

Ro [uQ] 186 186 199 Resistance
after
temperature
rise test

AR[%] -0,5 -1 -1
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Figure 57: The placement of temperature rise test measuring sensors

Temperature values were measured using the temperature computerized system type
multimeter. Measurement points are given in the Figure 55. The environment
temperature before the temperature rise test is 12 Celsius while the environment
temperature after the temperature rise test became 12,3 Celsius.
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No. Phase | Place of the | Nature of the Material  |[Maxim value of
of measurement part rise
Mp points MP atambientair | Final | Tempe- | Tempe-
temperature air fempera-ture \rature rise [Tature rise
not exceeding  |for Al<1K/h reserve
40°C
_ K] [°cl K] [K]
R Incoming 6035 46.60 340
MPI s Terminals | Connection Cu/Cu 50 50.14 47.39 281
T 58.47 4572 4.28
R Tput 71.38 5863 | 637
MPz{ S contacts Contact CuAg/Cu 65 73.47 60.72 428
T | fromLBSS2 7364 60.89 41
R Output 77.54 64.79 Lo
M3 | S terminals | Connection | Cu/CuAg 75 75.28 6253 | 1247
T | fromLBS 82 76.44 639 | 143!
R Bus bars 60.24 47.49 251
MPi{ S |FromLBSS2Z| Connection Cu /Cu 50 5064 46.85 an
T 60.27 47.52 —
R Bus bars 59,31 46.56 344
MPS S fom Connection Cu/Cu 50 60.32 4757 243
T LBS-81 60.47 47.72 228
R Input 7235 59.60 G
MPs | 8 conlacts Contact Cu Ag /Cu 65 7454 61.79 3
R Output 7536 6261 e
MP7 3 terminals Connection Cu /Cu Ag 75 77.24 6449 101
T | from LBS-S1 75.17 6242 | 1258
R Input 6434 s159 | B4
MP8 | S terminals | Connection | Cu Ag/Cu 75 64.47 5172 | BB
T | from LBS-53 65.12 5237 | 663
R Output 4568 3293 | 407
MPY | § terminals | Connection Cu/Cu Ag 75 46.32 3357 Ry
T | fromLBS-83 45.77 3302 | 4198
R Bus bars 40.27 2752 | 28
Meio| S form Connection Cu/Cu 50 40.38 2763 | 237
T LBS-83 41.20 2845 | 2155
MPil| - Handle Tnsulator - 30 18.37 5.62 2458
MP12 - Environmet | Environment - -
temperature
12.75" -

Figure 58: The testing result of temperature rise measured from temperature sensors

on 10 crucial point of switchgear, taken from page 60 of the test report 11053

The 3 phase temperature rise test was performed by passing current of 630 A/ 50 Hz

on the incoming and outgoing feeders with load break switch as LBS-S1 and LBS-S2

until the temperature variation did not exceed 1°C per hour. At the same time with

another source the temperature rise test was performed by passing a current of 200
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A/ 50 Hz on the transformer protection feeder with load break switch and fuse
combination as LBS-S3. Same successful results are obtained. As the result, since all
temperature rise recorded by the sensors is lower that allowed temperature rise value,

the prototype passed the test.

4.5 Mechanical Operation Test

The Mechanical operation test is applied regarding the IEC 61270-200 clause 6.102
which states that for the switches and the removable parts : Switching devices and
withdrawal parts shall be operated 50 times, and removable parts inserted 25 times
and removed 25 times to verify satisfactory operation of the equipment [30].

The function of the test verifies especially the mechanical switching elements
durability after a certain period of operation time. Also this test verifies the
functionality of the interlocks. The interlocks shall be set in the position intended to
prevent the operation of the switching devices and the insertion or withdrawal of
removable parts. During these tests only normal operating forces shall be employed
and no adjustment shall be made to the switching devices, removable parts or
interlocks. In case of manually operated equipment, the normal manual operation
handle shall be used to perform the tests. The interlock test is accepted as satisfactory
if during the interlock is active; the insertion of the removable parts are prevented,
the switching device cannot be operated, the effort to operate them is practically the

same before and after the tests [30].

The test procedure is handled in 2 stages.
The first stage is for switching devices with the following steps:
- 50 close- open operations on Load Break Switch in Switchgear with LBS-S1
- 50 close- open operations on Load Break Switch in Switchgear with LBS-S2
- 50 close- open operations on Load Break Switch in Switchgear with fuse
combination as LBS-S3
- 50 close- open operations on Earthing Switch of LBS-S1

- 50 close- open operations on Earthing Switch of LBS-S2
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50 close- open operations on Earthing Switch of LBS-S3
50 close- open operations on Earthing Switch cable side in EURORMU_LLF

The second stage is for interlocks with the following steps:

50 attempts to operate the Load Break Switch in Switchgear with LBS-S1

50 attempts to operate the Load Break Switch in Switchgear with LBS-S2

50 attempts to operate the Load Break Switch in Switchgear with fuse
combination as LBS-S3

50 attempts to operate the Earthing Switch of LBS-S1

50 attempts to operate the Earthing Switch of LBS-S2

50 attempts to operate the Earthing Switch of LBS-S3

50 attempts to operate the Earthing Switch cable side in EURORMU_LLF

Interlock tests are applied as follows:

1. The interlock was set in the position intended to prevent the operation of
the Load Break Switch in Switchgear with LBS-S1
The following operations were performed;

50 attempts to close the Load Break Switchwith Earthing Switch of Load

Break Switch in close position

2. The interlock was set in the position intended to prevent the operation of
the Earthing Switch of Load Break Switch in Switchgear with LBS-S1
The following operations were performed;

50 attempts to close the Earthing Switch of Load Break Switch with Load

Break Switch in close position

3. The interlock was set in the position intended to prevent the operation of
the Load Break Switch in Switchgear with LBS-S2
The following operations were performed,

50 attempts to close the Load Break Switchwith Earthing Switch of Load

Break Switch in close position
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4. The interlock was set in the position intended to prevent the operation of
the Earthing Switch of Load Break Switch in Switchgear with LBS-S2
The following operations were performed;

50 attempts to close the Earthing Switch of Load Break Switch with Load

Break Switch in close position

5. The interlock was set in the position intended to prevent the operation of
the Load Break Switch in Switchgear with LBS-S3
The following operations were performed,
50 attempts to close the Load Break Switch with Earthing Switch of Load
Break Switch in close position
50 attempts to close the Load Break Switch with Earthing Switch on cable

side in close position

6. The interlock was set in the position intended to prevent the operation of
the Earthing Switch of Load Break Switch in Switchgear with LBS-S3
The following operations were performed,

50 attempts to close the Earthing Switch of Load Break Switch with Load

Break Switch in close position

7. The interlock was set in the position intended to prevent the operation of
the Earthing Switch on the cable side
The following operations were performed;
50 attempts to close the Earthing Switch on cable side with Load Break
Switch in close position
50 attempts to close the Earthing Switch on cable side with Earthing Switch
of Load Break Switch in close position
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As the test results of the interlock tests, the load break switch cannot operate at the
test procedure of 1, 3and 5. The earthing switch of load break switch cannot be

operated at the test procedure of 2, 4 and 6

4.6 Making and Breaking Tests

The Making and Breaking tests are applied regarding the IEC 61270-200 clause
6.101 to verify the switchgear rated making and breaking capacities under the proper
conditions of installation and use. As it is not possible to cover all possible
configurations and designs of switching devices, the following procedures shall be
followed, the precise combination of tests being determined by the characteristics
and location of the particular switching device being considered [30].

a) The complete appropriate making and breaking current test sequences are made
with the switching device in one of the compartments. If other compartments are
similar in design, and also the switching device intended for use in the compartment
is identical, then the tests referred to above are also valid for these compartments
[30].

b) Where the compartments are not similar but are designed to accept the same
switching device, the following tests/test duties are to be repeated in each of the other
compartments, as appropriate to the requirements of the relevant standard:

IEC 62271-100 test duty T100s, T100a, and critical current tests (if any) also taking
into account the requirements of 6.103.4 of the standard for the test connection
arrangement, where applicable [30].

IEC 62271-102 short-circuit making operations according class E1 or E2, as
applicable.

IEC 60265-1: 10 CO-operations with rated mainly active load breaking current (Test
duty 1). Test duty 5 according to class E1, E2 or E3, as applicable, unless the switch
does not have a rated short-circuit making capacity.

IEC 62271-105:Test duties TDIsc, TDIWmax and TDItransfer.

IEC 60470: Verification of coordination with SCPDs to 6.106 of IEC 60470.
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c) Where compartments are designed to accept more than one particular type or

design of switching device, each variant of switching device shall be fully tested.

4.6.1 Making and Breaking Test on Load Break Switch

This test mainly covers close loop distribution line circuit current test, mainly active

load current test, cable- charging current test, line charging current test, earth fault

current test , cable- charging and line- charging under earth fault current test. The test

program is made of 6 main steps. These test duties are defined with technical points

as below:
1) Test dutyl- mainly active load current test;
a) One hundred close- open ( CO) operations applied at the parameters of U=
24 kV, 11= 630A, cos ¢, =0,7, Uc= 41 kV, Ug/ts= 0,466 kV/ us
b) Twenty close-open ( CO) operations applied at the parameters of U= 24 kV,
11.=31,5A, cos @, =0,7
2) Test duty2a- Close loop distribution line circuit current test;
Twenty close-open ( CO) operations applied at the parameters of U=
4,8 kV, l2,= 630 A, cos @,=0,3
3) Test duty4a- cable charging current test;
a) Ten close- open ( CO) operations applied at the parameters of U,= 24 kV, l4=
16A
b) Ten close-open ( CO) operations applied at the parameters of U,= 24 kV, I=
(0,2-0,4) 14 A=3,2 A
4) Test duty4b- Line charging current test;
Ten close-open ( CO) operations applied at the parameters of U= 24
KV, lgp A=1,5 A
5) Test duty6a- earth fault current test;
Ten close-open ( CO) operations applied at the parameters of U= 24
KV, lga A=48 A
6) Test duty6b- cable charging and Line charging under earth fault current test;
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Ten close-open ( CO) operations applied at the parameters of U,= 24

KV, lgp A=28 A

Test duty 1 (100 %l,) 1(5%l) 22
Number of phases 3 3 3
Power supply/ Connection Gl/A GI/Y G1Y
Transformer/Ratio TR 4,5,6/742 | TR 4, 5,6/7.42 TR 4, 5, 6/1.07
Earthing Power supply 600 600 600 Q

Apparatus The metal enclosure was connected to earth through current

transformer

Reactor Q1 0.18 | 0.6 { 04
Power factor <0.15

Reactor L fmH] 83 1660 10
Load Resistor R[] 26 534 1.12
circuit Capacitor C [uF] s = =

Power factor 0.7 0.7 0.3
TRV, i [uF] = - _
adjustment | Resistor R _[Q] - - -
M2 - Test current

- Shunt 2kARV - 2kA2V
- Current transformer - S0A/SA -

M3 - Leakage current - Current transformer 5 A5 A
M4, M5 — Power Vol -Vo transformer 15000 V/100 V
M6 - Voltage on supply circuit - Voltage divider 120kV /60V
M8 - Data acquisition system TRAS 1 — 16 bit / 16 channels
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Test duty 4a (ls) 4a (02-0.4 4b 6a 6b
Number of phases 3 3 3 3 3
Power supply/ Connection T T T T T
Transformer/Ratio TR 7, 8, 9/7.42 TR 4,5,6/142 TR 7,8, 9/7.42

Apparatus The metal enclosure was connected to earth through current transformer
Reactor Q] 04 [ 0.4 04 0.4 0.4

Power factor <0.15
Reactor L [mH]} - - - - -
Load Resistor R [Q] 15 150 461 15 15
circuit Capacitor C [uF] 3.87 0.8 029 32 32
Power factor - - - - -
T.R.V. i [uF] - - - - -
adjustment | Resistor R {Q] - - o - -
M2 - Test currcat
- Shunt - - - - -
- Current tranformer S0A/5 A 50 A5 A S0A/SA

M3 - Leakage current - Current transformer S A/S A

MS - Power supply voltage - Voltage transformer 15000 V/100 V
M6 - Voltage on supply circuit - Voltage divider 120 kV /60 V
M7 - Voltage across poles — Capacitive divider 50 kV/7 V

M3 - Data aquisition system TRAS 1 — 16 bit / 16 channels

Figure 59: Test duty cycles technical specs

The transient recovery voltage properties is given as belo with its oscilloscope view.

Values
Characteristics Symbol Test duty 1

T.R.V. peak value Uc kv 41
Time corresponding to Uc 13 us 88
Rate of rise Uc/t3 | kKV/us 0.466
Frequency f Hz -
Amplitude factor - - 1.4
Power frequency recovery voltage | Ur kV 13.86
First pole to clear factor - - _ 1.5

Figure 60: The properties of the transient recover voltage
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Figure 61: The TRV (the transient recovery voltage) oscilloscope

view

The data obtained from the test is provided as Appendix- A. The test results are
controlled and it is observed that with the making and breaking test at different
conditions, does not lead any serious contact default or any arc problem after
different applications. Also according to the Cassie arc model applied at Section 3.5
theoretical results of test parameters and the simulation results met with the test

parameter defined in IEC 62271. This situation proves the arc model consistency.
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Figure 62: The oscilloscope view at the initial condition
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Figure 64: The oscilloscope view after last 10 open and close action
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4.6.2 Making and Breaking Test in Test Duties TDISC, TDIWmax, TDIltransfer

The test procedure can be summariesed as below

1)

2)

3)

Test Duty TDsc

One calibration test

One open ( O) operation at the following parameters: U= 24 kV, ls.= 16 KA,
cos ¢,<0,15, U= 41 kV, t3= 88 us

One close-open (CO) operation at the following parameters: U= 24 kV, ls=
16 kA, cos ¢, < 0,15, U;=41 kV, t3= 88 us

Test Duty TDwmax

One calibration test

One open ( O) operation at the following parameters: U= 24 kV, lwmax=

3,22 kA, cos ?1<0,15, Uc= 44 kv, 13 = 264-352 us

One close-open (CO) operation at the following parameters: U= 24 kV,

lwmax= 3,22 kA, cos 1< 0,15, Uc= 44 kV, t3 = 264-352 us

Test Duty TDtransfer,

One calibration test

Three open ( O) operations at parameters U= 24 KV, lyanster= 630 A, C0OS @, =
0,3, U= 41 kV, t3 = 176 pus. During the tests the fuse link was placed on a
phase and the other phases were short-circuited with rigid connections. For
each test the fuse was places on other phase. One power frequency withstand

voltage test in dry conditions at 48 kV.
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Characteristics Symbol Values
Test duty
TDysc TDrw max TDx transer
T.R.V. peak value Ue kV 41 44.7 429
Time corresponding to Ug t3 us 89 282 190
Rate of rise Uc/t3 | kV/us 0.46 0.159 0.224
Frequency f Hz - - -
Amplitude factor kar - 1.4 1.52 1.45
Power frequency recovery Ur kV 13.86 13.86 13.86
voltage
First pole to clear factor Kop - 1.5 1.5 1.5

Figure 65: Prospective tansient recovery voltage ( TRV) in Test Duties TDISC,
TDIWmax, TDItransfer
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Figure 66: Oscillogram on TRV in Test Duty TD)sc
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Figure 67: Oscillogram on TRV in Test Duty TDwmax

Tox BN Single Seq 200kS/5
= L] L

T B T

e A+ - o —m'-cﬁr‘-.r—brrv]

Test duty TDyransfer

Figure 68: Oscillogram on TRV in Test Duty TDansfer
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1. After tests SF6 Insulated Compact Extensible type RMU has been submitted to dielectric tests according to IEC 62271-1/2007 clause 6.2.6.1 by
applying a volage of 48 kV/50 Hz during | minute between the conlacts and between phases and ground. During the dieleciric tests there were
ohserved no breakdown or flashover.



As the test result, RMU has been submitted to dielectric tests by applying 48 kV/ 50
Hz during 1 minute between the contacts and between phases and ground. During the

dielectric tests, there were no breakdown or flashover observed.

A condition before the test: New
| Operati | Ups | U | Ig Tow U tog ter ta. tw | tm
Test | Oscillogra | onand | Usy | Us Is T pp Ips Us las ks tag Is s Remarks
No. m No. time | Um | Usr Iy [s] Ipy Uy tor ter tar ter tr
interval | [kV] | [kV] | [A] el | [kA] | [kV] | [ms] | [ms] | [ms] |[ms]| [ms]
0. 1. 2. 3, | 4 5. 6. 7. [N 5. 10. 1N 1. | 13. | 14 5.
Test duty Ty,
75 | - | soo0 | - . - . = 5 . 5 N
8010212011 : 725 | - | so00 | - - - 5 5 5 s 5 - ICalibration test
75 | - | so00 | - | ss- 5 s . . . . .
- - | 16000 | - . 5 14 48 - 1 8 49 | Al fuses worked
i |soloaony | O3min | . | . [ 16200 | - [e6078 | 805 | 14 | 48 . 1 6 | 49 | geaswen
5 - | 16300 | - - 1.5 14 48 : 15 5 | 495 opened |
242 | 14 | 16100 | - - 13 14 48 76 1 10 49 Aﬂmﬂ M'zhm
2 | soloanoil | CO | 242 ) 14 | 16200 [ - 5 83 14 18 76 1.5 6 | 49.5 | o selen
| ‘ 242 | 14 Jieao0 | - | - [ a5 | 14 | a8 [ 76 | 1 | 9 | e | Tone
Test duty TDyw
- 245 ] - | 3200 | - 5 = - - N - F N
80105/2011 5 245 | - | 3200 | - . - - g 5 5 - - |Calibration test
245 | - | 3200 | - 50 - 5 . . 5 = :
. - | 3220 - b | 33 14.2 48 - 5.5 93 | 533 "“':ﬁﬂ‘?::ﬂ
1 | sor0er2011 | O-3min | . - 3220 - - 2.1 142 48 - 35 65 | 515 | seconnecior
. .| a2 | - . 1 | 142 48 5 30 | 93 | 510 opened
246 | 142 | 3220 | - - 32 | 142 | % 76 3 10 | 51 (PuscsonRind T
4 |so0720n1 | €O | 246 | 142 | 3220 | - . 15 | 142 | 48 76 3 . 51 rorked nd switch
246 | 1421 320 | - - 10 | 142 48 76 3 0 | s apened
243 | - | 640 = S 5 5 E . 5 E 5 o
801252011 . 243 | - | 638 e : 5 : . - . . . Calibration
243 | - | 637 5 e . . A R . . . test
243 | - | 640 5 s 5 1402 | a0 5 8.4 5 100
s | 30126/2001 | O3min | 243 | - | 557 . . . 1402 | 30 . 8.4 5 100 [Fuse on T phase
| 243 | - | ss7 5 . - | 2430 | 30 5 - 71 .
I 243 | . | ss2 5 = - | 2430 [ 30 5 . 65 -
|6 | g012772011 | O-3min | 243 | - | 635 5 - 5 1402 | 30 5 9.6 5 94 |Fuse on R phase
243 | - | ss2 5 5 5 1402 | 30 8 9.6 5 94
243 | - | 554 : 5 E 1402 | 30 - | 2 5 66
7 | so128r2011 4] 243 | . | 554 5 5 - | 2430 | 30 5 | . 37 - [Fuse on § phase
243 | - | 637 . 5 . 1402 | 30 5 2 5 66

Figure 69: The table of the test results for making and breaking test in test duties
TDisc, TDiwmax: TDitranster, , taken from page 7-8 of the test report 11051

4.7 Internal Arc Test

The switchgear internal arc classification is defined at the design criteria Section as
IAC. This internal arc class offers a tested level of protection to persons in the
vicinity of the equipment in normal operating conditions and with the switchgear and

controlgear in normal service position, in the event of internal arc.
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The test is applied according to IEC 61271-200 Annex A. The test is performed at
the normal operation conditions of the switchgear. The removing or replacing of the
active components like fuses or removable parts are not considered to be normal
operations, neither those required to carry out maintenance works.The normal
operation activities means the conditions of metal enclosed switchgear and
controlgear required to carry out operations such as opening or closing HV switching
devices, connecting and disconnecting withdrawal parts, reading of measuring
instruments and monitoring equipment, etc. If the test defined needs to be carried out
as any cover removed and/or any door has to be opened, the test is carried out with
the cover and/or door removed.

Internal faults inside metal-enclosed switchgear and controlgear can occur in a
number of locations and can cause various physical phenomena. For example, the arc
energy resulting from an arc developed in any insulating fluid within the enclosure
will cause an internal overpressure and local overheating which will result in
mechanical and thermal stressing of the equipment. Moreover, the materials involved
may produce hot decomposition products, either gaseous or vaporous, which may be
discharged to the outside of the enclosure. The internal arc is intended to verify the
effectiveness of the design in protecting people in case of an internal arc. It does not
cover all the effects which may constitute a hazard, such as the presence of gases
with potential toxic characteristics that can be present after the fault. The Internal
Arc Classification IAC makes allowance for internal overpressure acting on covers,
doors, inspection windows, ventilation openings, etc. It also takes into consideration
the thermal effects of the arc or its roots on the enclosure and of ejected hot gases
and glowing particles, but not damage to internal partition and shutters not being
accessible in normal operating conditions [30].

The test is handled in a few steps. Firstly 3 phase current calibration test is done. The
internal arc test is applied by 3 phase arc initiation point on the lower terminals of
load break switch inside of tank of incoming/ outgoing switchgear with LBS-S1 and
3 phase applied voltage on the input terminal of incoming/ outgoing switchgear with
LBS-S2. The arc initiation is done by the customer. The supply is made with copper
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cables of 3 x 240 mm’. The test parameters were I,=55kA, Ik=22kA, tk=1 s and
f=50Hz.

As the second stage, 2 phase current calibration test is applied. The internal arc test is
applied by 2 phase arc initiation point in the cable compartment on input terminals of
incoming/ outgoing switchgear with LBS-S1 and 3 phase applied voltage on the
input terminal of incoming/ outgoing switchgear with LBS-S1. The arc initiation is
done with copper wire,0,5 mm diameter. The supply is made with copper cables of 3
X 240 mm?. The test parameters were 1,=47,85kA, 1k=19,14kA, tk=1 s and f=50Hz.
As the second stage, 2 phase current calibration test is applied.

The compact RMU is placed in a special room/ chamber with floor, two
perpendicular walls and ceiling settled on a cable channel with dimensions of 950
mm x 980 mm x 600 mm. The dimensions between RMU, walls and ceiling were
100 mm from the laterial right wall, 1200 mm from the ceiling, 100 mm from the
rear wall. The combined vertical and horizontal simulator made og 140 g/m? cotton
fabrics were placed in the front and the left side of the switchgear assembly at 300
mm distance corresponding to accessibility class A.

The internal arc test is the most important test in terms of the safety of the operator to
be maintained at the operation period. Most of the injuries and accident in switchgear
operations are happened because of internal arc. The test is applied at the arc

chamber with the arc simulator that creates the internal arc for the switchgear
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The result of test is prepared as a summary table as following:

Table 9: Results of the internal arc test

Criterion Remark
The doors, covers etc... correctly secured do not Satisfactory
open

All earthing connections are still effective Satisfactory
Arcing does not cause holes yto develop in the Satisfactory
freely accessible external parts of the enclosure as a

result of burning or other effects

No fragment of the enclosure occurs within the Satisfactory
time specified for the test. Projections of small

parts, up to an individual mass of 600 kg are

accepted

The indicators arranged vertically and horizontally | Satisfactory

do not ignite

As the test result, during the test doors did not open, the indicators arranged
vertically and horizontally did not ignite, no detached parts of the SFg insulated
compact RMU were observed, the midriffs for the pressure relief worked correctly at
the test inside of the tank. The result table of the test completely consistent with the
parameters defined at IEC 61271-200 Annex A which is totally dedicated to internal

arc test.

4.8 Short Time Withstand Current and Peak Withstand Current Test on Main

Circuit and Earthing Circuit

Short time and peak current withstand test are performed according to the IEC

61271-200 clause 6.6 which is consistent with IEC 60694.
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The test is applied on main circuit and earthing circuits both according to the
standard. For the test on the main circuit, the test applied to verify the capability of
the main circuit to withstand the rated short time and peak withstand current under
the normal conditions of installation and use. The test needs to be performed such
that all associated components influencing the performance or modifying the short
circuit current. The short circuit tests carry out according to the rated number of

phases.

Equipment which does not include any current-limiting device may be tested at any
convenient voltage. Equipment which incorporates with a current-limiting device
shall be tested at the rated voltage of the switchgear and controlgear. Other test
voltages can be used, if it can be demonstrated that both the applied peak current and
resulting thermal effects are equal to, or higher than, those with rated voltage. For
equipment including current-limiting devices the prospective current (peak, r.m.s
value and duration) shall not be less than the rated value. Self-tripping circuit-
breakers, if any, shall be set on their maximum tripping values. Current-limiting
fuses, if any, shall be provided with fuse-links having the maximum rated current
specified. After the test, no deformation or damage to components or conductors
within the enclosure, which may impair good operation of the main circuits, shall
have been sustained [30].

For the test on the earthing circuit, the test applied to verify the capability of the
earthing conductors, earthing connections and earthing devices to withstand the rated
short time and peak withstand current under the neutral earthing condition of the
system. The test needs to be performed such that all associated components
influencing the performance or modifying the short circuit current. The short-circuit
current tests with earthing devices shall be carried out according to the rated number
of phases. Further single-phase tests may be necessary in order to verify the
performance of all the circuits that are intended to provide the connection between
the earthing device and earthing point provided. Whether there are any removable
earthing devices, the earthing connection between the fixed part and the removable
part shall be tested under earth-fault conditions. The earth-fault current may flow
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among the earthing conductor of the fixed part and the earthing point of the
removable part. After the test some deformation and degradation of the earthing
conductor, earthing connections or earthing devices is permissible, but the continuity
of the circuit shall be preserved. Visual inspection is sufficient to check the

continuity of the circuit.

The test procedure is as following:

1) Measurement of the main circuit resistance.

2) 3 phase short time withstand current and peak withstand current test on the
main circuit at parameters: Ip= 50 kA, Ik= 20 kA, tk=1s. The supply was
connected with 3x1x240 mm2 copper XLPE cable.

3) Measurement of the main circuit resistance.

4) 1 phase tests on Earthing Connections of LBS-S2 at parameters: 1p= 50 kA,
Ik=20 kA, tk= 1 s. The supply was made with 2x1x240 mm2 copper XLPE
cable between the ends of the earthing connection.

The base of the testing process is to arrange the test object in a way that the most
onerous condition. The test connections to the terminals of the switchgear and
controlgear shall be arranged such a way as to avoid unrealistic stressing to the
terminals. The switching devices shall be in the closed position and fitted with clean
contacts in a new condition. Each test shall be preceded by a no-load operation of the
mechanical switching device and, with the exception of earthing switches, by

measurement of the resistance of the main circuit [30].
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Figure 70: The test set up photo for short time withstand current and peak withstand

current test

The tests are performed and the RMU passed the test. After tests load break switch
and earthing switch opened at first attempt and no visible damages were observed.
The resistance measured on main circuit after tests did not exceed %4,21 of the
resistance measured before tests. After tests no deformation or interruption of current

paths were observed.
The test result can be summarised as following table;

Table 10: Results for the short time withstand current and peak withstand current

test

Requirements Remark

A no load operation of the mechanical switching devices shall | Satisfactory
be performed immediately after the test, and the contacts shall

open at the first attempt.

The resistance shall be measured after test and shall not Satisfactory
increase by more than %20 the resistance measured before the
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test

After test on earthing circuit some deformation and Satisfactory
degradation of the earthing connection or earthing devices is

permissible, but the continuity of the circuit shall be

preserved.

After the test, no deformation or damage of the components Satisfactory

and conductor within enclosure, which may impair good

operation of the main circuits, shall have been sustained.

The test results obtained from the 3 phase test are tabulated as following:

Oscillogram | Iz { Is DU Remarks
No. Ls [ ks t. | Itmed | Itmedequivtk | DUs
Lr | Lr | [sec] | [kA] (kA] DUy
[kA]| [kA] M
50.8| 205 18 S
8013272011 | - | 208 | 1.0 | 20.76 20.76 i: Test on main circuit
- 1210

Figure 71: The table related to test results acquired from the short time withstand

current and peak withstand current test on 3 phase

The oscillogram plot related to the test result is given as below;
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Figure 72: The oscillogram plot for short time withstand current and peak withstand

current test on 3 phase

The result is consistent with the calculated equivalent value of the short time

withstand current:

[4.1]

el

It med equiv. tk = It med X

Where limeq IS the effective current mean value, | imed equiv tk 1S the equivalent value of

short time withstand current on t,= 1s, t is the duration of the short circuit.

The test results obtained from the 1 phase test are tabulated as following:
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Oscillogram | I, L t Tt equiv. ¢
No. | (]| KAl |[ecy| kAl Remarks
79908/2011 | 501 | 215 | 096 | 21.06 I%Eﬂm@gwcmmﬁﬁﬁs’gmmmg’

* rns - - A oens P

Figure 73: The table related to test results acquired from the short time withstand

current and peak withstand current test on 1 phase

The oscillogram plot related to the test result is given as below;

42.00 kA

~58.00 kA |

200.0 ms/div 1.27% |

Figure 74: The oscillogram plot for short time withstand current and peak withstand

current test on 3 phase

The result is consistent with the calculated equivalent value of the short time
withstand current:
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Ikequiv. = lt X = [4.2]

ot
P

Where limeq is the effective current mean value, li equiv. t IS the equivalent value of

short time withstand current on tk= 1s, t is the duration of the short circuit .
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

Design, implementation and prototype testing of 12 kV gas insulated load break
switch and its enclosure has been successfully completed with the engineering
contribution of this thesis work. This load break switch is based on the needs of
industry and related international technical standards. Prior design phase of literature
survey, market research have been carried out considering not only domestic market

but also international target markets.

In the design phase, the arcing nature of medium voltage has been thoroughly
analyzed and several methods for mechanical opening and closing operations are
investigated. Regarding the literature and market survey, as the engineering
contribution, the target is defined as designing a load breaker with safer and more
reliable arc extinguishing methodology with its supplementary design segments that
leads less arc extinguishing duration with less required separation between contacts
during arc diminishing which means smaller rotation angle for our case. Firstly arc
modeling and arc extinguishing type is investigated. Many arc models are studied
starting with the Mayr and Cassie models. According to the system parameters, due
to the high rated current, Cassie model is adopted for modeling. Arc simulations are
obtained from the Maxwell and Matlab programs. The derivation of the Cassie arc
formula is studied and the derived formula is applied to our system to get arc
conductance/ resistance calculated at the arc starting and arc extinguishing instants.
Arc model parameters are computed from Matlab and simulated with Maxwell

program. After determination of the arc model parameters, it is seen that the defined
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parameters met with the test parameters used in making/ breaking tests. Also, the
simulations related to the arc modeling shows the voltage and current behavior after
the breaking action. The mathematical calculations compared with the simulation

results and the system behavior is verified.

In order to extinguish the electrical arc, many methodologies are investigated. It is
seen that from the literature, the common arc extinguishing method is based on
rotational puffering or any other methodology used with the support of rotational
puffering. As the contribution of this thesis on the load breaker design parameter is
that, the arc extinguishing mechanism is totally based on magnetic force effect
without any impact of puffering. Rotational puffering is simply blowing the SFs gas
as the insulation material with high dielectric property to the source point of the arc
to suppress the arc formation. This method is not a safe method for arc extinguishing
since SFg gas dielectric property will reduce due to the contaminations and ionization
due to the effect of arc or other causes in time. Therefore, depending on insulation
material suppression effect on arc which will lose its dielectric strength and also
might face with change on its pressure is not an acceptable arc extinguishing method
according to the design limits of our load breaker. Also, puffering arc extinguishing
method requires longer duration for arc extinguishing with longer contact separation
for ultimate arc extinguishing. Therefore as a conclusion, the adopted arc
extinguishing method investigated with this study is based on magnetic force effect
created by the magnet embedded into the busbar contact. By neglecting the effect of
rotational puffering of SFs on arc, the Cassie model selection is also justified which
perceives the cooling effect of SFg gas medium as negligible for the arc

extinguishing method.

The magnet character is determined regarding of the B and H calculations which lead

to the best selection as the magnet to be neodymium from the group of rare earth

magnets because of its magnetic characteristics. By this way, selection of the magnet

is verified with the calculations based on system parameters. This arc extinguishing

method is a novel technic which diverts the electrical arc and extends the arcing

distance by the Hall effect on the arc plasma and electrons. The Hall effect is studied
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and the drift velocity of the arc plasma and electrons due to the magnetic force
applied by the magnet is calculated. Such an increasing distance results in higher
impedance and inherently forces on the arc to extinguish it. The SFs gas and the
mechanism had to be put in a special vessel, therefore this vessel and its surrounding
auxiliary subsystems have been also designed. The technical drawings for prototype

production are prepared.

The design of the mechanism is based on rotating around the central axis, which is
one of the 3 methods that could have been implemented. Rotational central axis
method is the safer method which also requires minimum energy to be applied for
open or close operation that leads to the design contribution called less linear
distance between the contacts, so smaller rotational angel for arc extinguishing. This
mechanism is to break 630A current at 12 kV voltage range. These technical
requirements are also selected for standard current and voltages that are commonly
used in the electrical market. According to the market survey, the contacts in other
market products are made from tungsten material. However, tungsten is an expensive
material compared to other conductive material. Since the arcing stress is reduced on
the contacts by using magnetic force effect, it enabled the usage of cheaper material
such as silver plated copper. The contact structure is investigated. Also the
mechanical parameters related to the load tripping are calculated. Spring parameters
and the spring usage on the system are studied. The k constant of the springs which

are important for spring selection are calculated.
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The vessel implemented according to the initial design is tested with the required
relative pressure (between 30-50 kPa) and it has been seen that it has failed to
withstand the requirements. Therefore, the design of the vessel is revised with the
external reinforcements. The internal reinforcements are avoided because welding
process introduces irregularities and contaminations which defects the homogeneity
of the internal electrical field distribution. Regarding the minimum distance between
live end grounded parts within SFg gas medium is verified to pass the necessary
voltage tests of 24 kV system by necessary calculations. Maxwell simulation results

are used to compare the insulation effect of air and SFg gas.

Even this thesis witness to a whole design process of 12 kV rated compact type gas
insulated load breaker application; the main engineering contributions of this thesis
are listed as below with the objective of arc extinguishing at less duration with less
rotational angle as safer and more reliable arc diminishing method. These topics are

simulated, calculated and verified in detail throughout the Chapter 3.
» Arc modelling and arc extinguishing methodology
» Parameters related to SFs gas as the insulation medium
» Contact structure and magnet selection parameters

» Mechanical design parameter as spring selection parameter

The verification of electrical switchgear has to be certified by internationally
accredited laboratories in order to be sold in the market. The prototype load break
switch that has been produced according to the design is first tested in Europower
Energy factory in Kazan, Ankara. After it is seen that the prototype is ready for the
type test, it has been taken to Icmet Laboratory in Romania. The IEC 62271-1, IEC
62271-101, IEC 62271-103, IEC 62271-200 which are also based on IEC 60060-1
clearly states the required type tests for such a product. The following tests have been

carried out;
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e Dielectric Tests on Main Circuit and Auxiliary Circuits: Lightning Impulse
Voltage Test and Power Frequency Voltage Test

o Verification on the degree of protection

e Temperature rise test and Measuring the main circuit resistance

e Mechanical Operation Test

e Making and Breaking Tests: Making and Breaking Test on Load Break
Switch and Making and Breaking Test in Test Duties TDISC, TDIWmax,
TDltransfer

e Internal Arc Test

e Short time withstand current and peak withstand current test on main circuit

and earthing circuit

The prototype has proved successful in each and every test mentioned above. The
details of the test are explained in Chapter 4 and appendices in detail. The design of
insulation system with SFs material has verified successful in the dielectric tests. The
auxiliary systems have also verified successful in their individual dielectric tests. The
prototype withstands all the voltage requirements. The current flowing through the
main circuit does not cause an additional heating more than 30-75 K according to the
temperature sensor location. The rated current of 630A can also be safely switched
in the making and breaking tests under regular load conditions. The prototype can
also satisfy the peak current conditions specified in IEC standards. The panel

enclosure verified to be compliant with IP3x.

The prototype design has been slightly modified and introduced to mass production.
The produced RMU systems has been first exported to Nigeria and then to Kosovo.

These units has been successfully commissioned and in service.

The magnetic force method based RMU that is implemented within the scope of this
thesis work shall lead the design of new products with extended current and voltage
levels. As a further work, these arc extinguishing method and models can also be
implemented to other types of switchgear such as air insulated metal enclosed

switchgear. The magnet optimization can also be carried out in new projects. The arc
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model used in the design stage is also proved by the verification of test method. The
simulation results taken from Simulink are consistent with the real test outcomes

which show that the arc modeling parameters calculated leads successful results.

As a conclusion, with this thesis it is verified that the designed 12 kV compact type
gas insulated switchgear with load breaker as incoming/ outgoing and load break
switch+ fuse combination as transformer protection is designed convenient to
international standard verification parameters. In other words, the design parameters
met the planned verification limits and the product has satisfactory design
limitations. During the design stage, arc modeling is used for simulating the test
effect on design parameters. The crucial methodologies used as design milestones is
the load break mechanical structure as the rotating switching apparatus around the
central axis, arc extinguishing method via magnetic force effect with the magnets
placed on busbar contacts. The simulation results show that the arc extinguishing and
mechanical design parameters will give satisfactory results. Also the type tests that
are defined at the international standards are applied for the verification of the
design. The test results are consistent with the international acceptable limits.
Therefore the design contribution on the 12 kV gas insulated switchgear with load

breaker and the complete design is successfully accomplished.
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APPENDIX-A : THE TEST DATA OF MAKING AND
BREAKING TEST ON LOAD BREAK SWITCH

TEST DUTY 1:

%100 of the I, while, 1=630 A

9,1 Test duty 1 (100% 1) 1=630 A — Table 4
App condition before the test: New
Test | Oscillogram | Operati | UIR | 1R UZR | URS | TCR | TOR | TeR | ToR
ne. ne, on |UIS| 18 | DC | vU2s | ust | TCS TOS | Ta8 TbS REMARKS
hest and |UNT| IT | (%] | U2T | UTR | TCT | TOT | TeT | THT
duty time | [kV] | [A] [kV] | [kV] [ms] [ms] [ms] [ms]
interval
0. L. 2. 3 4 | § 6. 7, . 9. 10, 1. 12,
- - - - 78 48 . 2 ) )
799092011 | CO . £ - . . 18 48 2 No load closing- opening limes
N . - - 78 48 N "
14 | 640 139 | 24 78 4R 10 59 :
Wi | 99100011 _,F':." 14 1635 | <20 (439 | 24 7% TR T 59 Load Break Switch closed and
min vy | s38 13.9 24 T8 | 4R fi 54 opened
14| 640 139 | 24 18 48 11 59 ich closed
21 | 7991172011 f‘i} 12 1 a35 | <20 139 | 24 = 48 I ) mm“sw'l:g" wd
min ™4 | 838 139 | 24 18 45 f 54 open
14 | 640 119 24 T8 4% 11 39 Load i
| 7991272011 ED“ 14 | #as | <20 [ 39 | 24 78 T T] 59 el S chikas) i
min_ a1 gas 139 | 24 I8 4R & 54 opened
14| 640 13.9 | 24 I8 48 11 59 Break Swi
an | 7e9unont | £ Tl Tgs| <20 [Tie [ 2a i 1 w | Up‘::;’ D
Imin 41 aam 110 | 24 8 | b 24
114 640 139 24 18 33 Load Bresk Swi Josed and
sn | 19914n011 | S5 [Tl [aas | <20 130 | 2 18 4% 10 ) fm”“" e
min g 5 130 24 | 78 Fr R T iR
14 | 640 139 | 24 78 4R 13 61 Load Break Switch ¢l 4
61 | 79915f2011 JCO 14 | 635 | <20 139 | 24 8 48 i 56 S“n”::‘"””d“
min g | a8 139 24 98 48 11 &l ope
14| 640 139 | 24 78 48 15 63 Load Switch closed and
| motenon | €O T Tes | <20 (a0 | 24 8 48 10 58 B""kmm e
3min My 6w 13,9 24 18 4R _I; Il
14 | 640 3424 18 33| Load Break Swiich closed and
an |797z0n | €& [ <20 (139 | 24| 38 T T ) Swiich closestan
Jmin ™41 & 139 | 24 I8 a8 | 10 | 8 pe
co- |14 640 | 119 | 24 18 8 3 i3 Load Break Switch closed and
oM | 79918/2011 Imi 14 635 | <20 139 24 T8 4R 10 58 apened
mn T4 | &3 139 24 2 «m___m_u __3361
co. |14 | 640 139 | 24 & 48 . Load Break Switch closed and
11 | 7991902011 . 14 £35 | <20 | 119 24 I8 48 | R
| 3min ™34T 3R 139 | 24 78 | 4g 11 Al opened

Figure 75: The results of test on “Test Duty 1” %100 of the 11, taken from the test
report 11049
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0. i 2. 3. 4. | 5 1 & 7 8. 9. 10. 11. 12,
14 | 640 | 139 24 I8 48 13 61 .
un |ms0011 | £ T Tes T <20 e 24 i8] Vowd Brak Swich closed nd
14 | AR 119 | 24 b 48 11 &1 apen
14| 640 139 | 24 18 14 62 :
121 | 7992172011 35:3; 14 | &35 | <20 139 | 24 1R 48 9 57 ke s‘"“:‘:“""“d“d
14 | &% 139 24 18 48 14 [3] apen
14| 640 139 |24 8 48 I 54
131 | 7992202011 J‘ﬁl 14 a5 <20 (13 | 24 o T o = Load Break Swu:[l;clnsndm
14 | &R 110 | 24 R 48 1 50 open
. 14 | 640 139 | 24 R’ 48 f 54 p
wn (79932011 | SO s <20 e 1 oa T | as [ 5o ] LowBreak Switchclosed and
| Jmi 14 | &8 11.9 24 1R 4R 11 59 opened
14| &4 139 | 24 ] 48 § 54 :
151 | 7992472011 m 14 £15 | <20 139 24 I8 AR 11 59 Load Break Switch closed md
14| K3k 119 24 T 48 il 50 opened
14| 640 | 119 | 24 18 T T ) -
161 | 799252011 :Eﬂl e Tes | <2030 1 24 I8 48 9 57 R s
14| &IR 119 24 AR 14 &2 opened
4 | k40| 139 24 78 48 1 5d Load .
1771 | 1992602011 ;:D.L 14 | 635 | <20 [_139 | 24 7% AR 11 50 R S“":: R
min g 4t 13.0 24 7% 48 11 50 ope
14 139 | 24 78 48 | RS | &g -
1811 | 7992772011 fof 14 T a5 ] <20 (i3e | 24 8 a8 35| s1s e Sw"’:‘:' e
mit 4 | s 139 24 I8 m As 565 open
14 | sdn | 130 | 24 78 48 1151 595 -
1011 799282011 | SO [Tja T s | <20 [i30 | 24 78 48 |15 ] sos | LemdBrek Sk g
min T s 139 24 78 4R &5 545 open
14 | 640 | 13.9 24 78 48 8 | 56 | "
200 |79929m011 | S0 e Taas] <20 130 [ 2a | 78 | s [ 3 [ 5 | edBrekSvieclowiand
14 | 638 139 | 24 78 | 4% i 36
14| 640 | 139 | 24 78| 48 11 39 .
211 | 7993002011 fc." 14 615 ] <20 [0 | 24 78 48 10 9 Lo Swm  —
min s | a3g 139 24 78 | 48 I 54 ope!
14| 640 139 | 24 4 ] 36 :
21 |moaaont | O Tia gas | <20 39 [ 24 7% as_ 3 51 l"“‘m“’ks‘"‘ﬁ‘l"""ﬁ“ﬂ
min ™ e 119 24 8 48 E [T it

Figure 76: The results of test on the “Test Duty 17, taken from the test report
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o I 7 13 ] & | 5 [ s 7. B 9 0. ] il T
I [ 14| &40 39 |24 78 T T 66
2311 | 1993212011 ]Cn? 14 | &35 | <20 [ 130 | 24 R 4813 3] Load Break Swu::ctmm
M T4 [ &R 139 4 R 48 18 i open
14 | 640 139 | 24 78 48 | 10 58 Break Swi
241 | 799332011 ]co 14| 635 | <20 [ 138 | 24 28 4f 15 &1 Load Gl
min T R 139 | 24 78 48| 15 [ £3 opened
14 139 | 24 18 48 |1 | 5o Beesk Swi
2501 | 79934/2011 fo; 14 | g5 | <20 [ 1319 | 24 78 48111 50 L Switch closed and
min TR 139 |24 78 48 i 54 opened
14| 640 119 | 24 78 48 12 ) -
261 |m93sn011 | O e T gas | <20 130 | 24 78 4R &0 Load Break Switch closed and
min s R 139 74 78 1 55 opene
14| 640 139 | 24 8 11 29 -
211 | 7993602011 :::c:-n 14 &5 | <20 (139 | 24 R 48 1 59 Load Braak Swiich closed and
= 14 | 638 139 | 24 % 48 6 7 opened
14| 640 139 | 24 8 43 11 59 e
28/1 | 7993772011 _?D‘ 4 65 | <20 (138 | 24 78 48 11 ) Lo Bl bl St
min_— T 139 | 24 78 48 f a4 opened
4 39 | 24 [ 78 4R 10 R :
2071 | 7993872011 3'50 14 T eas ] <20 [3a | 24 7% 15 | Load Break S“m‘ T
min T s 119 | 24 7% 48 15 A3 ope
14 | 640 139 | 24 78 ag 11 59 Load -
3001 | 7993972011 ;30' 14 | €15 | <20 [139 | 24 6] 48 [T ) Break Swhsh closed and
M BT T 119 | o4 78 48 f 54
14640 139 | 24 18 a8 101 s8] .
3171 | 799402011 fc.'“ 14 a5 <20 (130 24 18 s s Load Bevek Switch closed and
mit ™4 | sas 13.9 24 18 48 15 £3 openod
14| 640 130 | 24 78 48 14 Leod Break Switch closed
3 | 799412011 301} 14 5315 | <20 |_139 24 I8 48 9 51 G and
it |4 | s38 139 24 1] m 14 62 opened
14 1 640 39 1 24 g] 4| 14 62 o~
s |meaznont | SO [Tl Teas | <20 [T130 [ 24 ) 8 [ o | &1 e ‘"“::""'“d and
min 4 | g3 1.9 24 78 | 48 id 62 ped
. 14| 640 139 124 18 4812 &0 ;
aan 790430011 | €9 i Teas | <20 a8 | 24 78 48 158 Losd Break Switch closed und
3 opened
| min 14 1 sag 139 | 24 8 4R 12 60 pe
Figure 77: The results of test on the “Test Duty 17, taken from the test report
0. 1. > 3. [ 4. | 5. 3 7. 8. 9. 0. | 1L [
— 14 | 640 o | 24 78 38 16 54 ,
351 | 799442011 ]"f;n 14 1615 ] <20 (130 | 24 78 T BT ) Losd Brek S“’“:‘f' closed and
14 | &8 119 24 18 48 T3 71 open
. 14 139 | 24 8 48 5 5 .
36n [ 7soasont | SO [la Tgas | <20 130 | 24 78 48| 10 | s& Loed Beeak Switch slosed and
" 4 1 gm 139 1 24 78| 4R 10 7] opened
14 | 640 | 139 | 24 78 48 4 5 "
3 (79946200 | yo [Tia T gas | <20 (139 | 24 | 7 T Load Break Switch closed end
14 | 638 11.9 24 78 4R 9 57 opened
14| 640 139 | 24 78 48 14 £2 3
3w [resarnon | SO T <20 139 |94 [ | ax [ o | —s3 | LoadBreak Switch closed and
min_ s 130 | 24 8 48 (7 ) opened
14 | 640 130 | 24 78 48 13 6l -
son {90amnon | OO a1 <20 [Cive | e | aa | an g | s | LowBreskSvitchclosedand
14 1 & 130 | 24 78 48 13 &l opened
14 | 640 139 | 24 78 48 15 &1 :
4071 | 7994972011 3CO; 14 L &5 | <20 (139 | 2 78 48 01 s& Load Breek Switch closed and
il 14 1 g3R 19 | 24 T 4R 15 53 opened
14| 640 | 130 | 24 18 48 6 54 -
411 | 799502011 f‘?‘ 14 T 635 <20 139 | 24 18 FTEEEINY| 0 Load Becak S"’"’":L‘ closed and
min [y | gk 119 24 7% 48 LL 59 opena
14| 640 | 139 | 24 78|48 5 5 :
421 | 7995142011 ::.‘(} 14 | 615 ] <20 (138 | 24 8 a8 | 0| 58 Load Break s“‘::"mm
min ™s | &34 139 24 18 48 10 28 open
14| 64D 139 | 24 78 48 13 Al .
431 | 1995272011 fc.} 14 | &35 ] <20 139 | 24 28 a | & | s Losd Bresk Switch closed and
min ™4 | gas 13.9 24 18 4% 13 1 opened
14| 640 139 | 24 78 4§ 1316l Load g
441 | 7995312011 fc." 14 & | <20 (130 | 94 8 48 2 56 Broak s"’ﬁ b
min ™4 T siR 119 | 274 7% 48 [ 13 f1 ope
14 | 640 139 |24 78 T Y ) Lond 6
4511 | 7995412011 ;IF 14 [ g5 | <20 [ 130 |24 28 a8 a 5] Break 5“"“:;1 el
MmN "4 | 638 139 24 7 48 14 2 open
14 130 | 24 1 4y 1 1 54 e e
4611 | 7995502011 330' 14 L &35 | <20 130 | 24 7 48 1z go_| oodBresk q‘“t:}“ L
mm [ 4 | IR 11.9 24 IR 48 iz 60 open

Figure 78: The results of test on the “Test Duty 17, taken from the test report
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0. 1. 2. 3. ] 4 | 5 3 7. R 9, 0. [ 1L 1z,
12| &40 | 130 | 24 78 48 7 55 7
471 | 7993812011 3':“3; 14 Teas | <20 139 | 24 18 P T T L Mswﬁ"m“d
14 | sIR 139 | 24 7% 48| 12 | 60 ope
| 14 39 | 24 78 48 ] 55 Load :
4801 | 7995772011 f'?' la_ | 635 | <20 139 | 34 78 48 12 &0 Break 5‘“‘:;'“”"”"
min e | A3k 139 24 18 48 12 60 open
. 14 139 | 24 78 48 15 63 -
49/1 | 79958/2011 fo," 14 | &35 | <20 | 139 | 24 T 48 10 58 R e CLpae AL
min_ | sas 130 | 24 78 48 15 51 opened
14| 640 | 38 | 24 78 48 3 54 F
son |799sonon | SO [T gas ] <20 139 | 24 a8 | 11| 59 | LowdBresk Switchclosed and
i s | ogI 139 24 8 48 11 59 opened
14| 640 | 139 | 24 78 48 8 56 Preak Switch
S1/1 | 799602011 ;3& 14 | €35 | <20 [T130 | 24 78 8 | 3 | & Load closed and
mn s | sk 19 24 18 4R & 6 opened
14 | 640 | 30 | 2e 28 48 12 Al T o Break Svh
52/1 | 7996172011 fo' 4615 | <20 130 | 2 78 48 12 &0 S“"‘:”Md"’d
min s | s 13,9 24 7R 4R 7 45 opens
14 | 640 139 | 24 8 48 3 36 X
sin (79622011 | Do [ Tha [ gas | <20 139 | 2 % TR 51 - 5‘“‘“;' olosed and
min_ ™y T s 130 24 18 48 I [T opene
14| 640 130 o4 78 4g 11 59 Brezk Swi
safl | 79963/2011 fo' 14 | 635 | <20 [ 430 | 24 7% 48 I %9 Lamd e
min | g | s3R 139 24 I8 48 I 54 opened
14 | 640 139 1 24 78 4R 7 55 Lond ;
55/1 | 79964/2011 fcf' 14 635 | <20 (4310 | 24 7% 4R 2 50 Break S“'::; olosed ped
min ™4 | g3 119 24 78 AR 7 55 ope
14| 640 130 | 24 78 48 | 18 T Load .
s6/1 | 7996512011 ;:9' 14 | &15 ] <20 130 | o4 T a8 | 1% Al Bresk Sw“:: closed and
L TR T 139 | 24 73 48 18 66 open
14 | 640 13.0 |24 78 48 10 s :
st (799662011 | oo [Tia | gas | <20 130 | 2 T T N T ) Leas B“"‘m closed and
e Y T 119 24 18 48 15 61
T 14| 640 130 | 74 78 48 11 59 "
san 962011 | SO [Tla Tgas | <20 [ae |24 [ 38 [ ax a1 se | UewdBeakinChclosedend
mn 4 | oAk 139 1 24 18 4% g 7
Figure 79: The results of test on the “Test Duty 17, taken from the test report
0. 1. 2. 3 | 4 | s 6. 7. 3 9, 0. ] IL 12.
4 | &40 EC Y T 48 11 58 Load .
5071 | 799682011 ﬁn 14 | 635 | <20 130 | 24 T 48 11 50 Beeak S“'":: closed and
14| ik 9 | 24 bl 4R A [ oper
14 | 640 139 1 24 8 48 11 [T Load Break Swi
8071 | 79969/2011 fﬁ; 14 635 | <20 139 | 24 % 48 1 59 s“'::; closed and
14 | 63K 119 24 1 4 3 54 ape
14| 640 139 | 24 7 11| e
&1/1 | 799702011 ;:D' id £15 | <20 139 24 1 4 11 59 CoadBren) Sniich g s
min ™ eax 139 24 18 48 6 54 opened
14| 640 | 39 | 24 78 a8 | 10 58 =
62/1 | 79971/2011 fD' 14 <20 139 | 24 1R 48 15 61 Lol Bl smt::"'mdm
min ™y | s 130 24 % 4 15 3 open
14 139 | 24 78 48 1 59 5
831 | 7997272011 fﬂg;l 14 | &5 | <20 130 | 24 7% | a8 11 39 LR S“"‘:;' ahed
14 [ &8 119 24 18 48 A 54 open
T 14 | g4 | 39 | 24 7% 48 | 10 | s Break
6411 | 799732011 350 14 | €15 | <20 139 | 24 72 AR5 A1 o Sw'“:l' Eloasdiend
min_ s | g 3 24 78 AR 15 &1 opene
14 3 24 78 48 14 &2 Load Break Swi
6511 | 7997472011 ,fo.' 1a L as | <20 13 24 78 4k 9 57 Sw"’:: closed axd
min 7ya | sk 139 | 24 7% AR 14 £ open
14 139 | 74 78 48 14 2 Load :
66/1 | 7997572011 ;39' 14 | gis | <20 30 4 7] 4% 9 57 Break Switch closed and
min_ | eae [EY) 78 4% 14 %2 opened
14| 640 139 | 24 18 48 14 £ Load .
671 | 7997672011 ;.‘0— 14 | 835 ) <20 [_139 24 78 AR 9 §7 R
min_ T ean 110 | 24 18 48 14 82 opened
14| 640 139 | 74 28 T 14 £2 Load Break Switeh elosed
681 | 7997772011 fo“ 14 | 65 | <20 139 | 24 78 48 | 0 51 wm’;“ and
min ™4 | 638 119 24 18 48 14 fi2. opene
14 1 640 136 | 24 28 a8 14 62 -
go/n | 799782011 fof 14 T 635 ] <20 (139 | 24 R a8 g9 | 47 b S““:: closed and
min g | a3 119 24 IR 43 14 62 open
14 139 24 I8 43 10 58 Break Swi
7001 | 79979i2011 ;:n?i; 14 | 618 | <20 [130 | 24 T 48 15 53 Load osm closed and
14 18 119 24 T8 48 15 63
Figure 80: The results of test on the “Test Duty 1”, taken from the test report
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...... R
0. L. 2. 3. 4. 3. [ 8. 9, 10, 11. 12.
5 14| 640 139 | =24 78 48 11 59 -
1 |7e9s020n | SO [Tia T s | <20 [139 [ 24 i 8B = Load Break Swichclosed nd
mn 4 | 638 1e | 24 | T8 4R £ 54 opel
14 | 640 | 139 | 24 78 43 i0 [T :
72/1 | 7998172011 ;.‘0:. 4|65 | <20 130 24 T 4R 15 £3 Lond Break Sw“:;“’m"“d
Ll 14| &R 139 | 24 % 48 15 61 open
14 | 640 139 | 24 78 48 12 60
B |mesanont | O 14 Teis | <20 (130 | 24 | T3 Lowd Brosk Swich closed and
wi 14 | 638 13.9 24 8 48 1 55 open
14| 640 139 | 24 78 48 12 60 .
74/1 | 7998312011 3(!0- 14| A5 | <20 130 | 24 18 48 12 &0 ol s“'“:‘:' closed and
| min 4| saR 139 24 8 4 1 55 open
14 640 119 24 B 48 A1 hi) ;
750 {7998an0n1 | SO i Teas | <20 [uxe |24 | 7 da— i T—5a—] Lowd Bresk Swih cloesd nd
™ 4 | g8 139 24 ] 48 fi 5d open
14| 640 139_| 24 8 48 il 50 :
70 |7osmsnon | SO i gas ] <20 a9 [ 24 1 e [ ex |11 s T T T
14| &IR 139 | 24 18 4R & i Pe
14 139 | 24 78 4% 10 T ;
7701 | 799862011 fo' 14 L fis | <20 139 | 24 8 4R 15 61 Load mm::: closed snd
o T T 139 24 18 48 15 fil ope
14| 64D 139 | 24 78 a8 T 66 -
78/1 | 799872011 ;:0' 14 | 638 | <20 130 | o4 75 4R 11 61 Lol ok S"‘m:: closed and
min s | sIR 139 24 T8 48 1’ &6 open
14 | 64D 13.9 | 24 78 48 8 56 Break Swi
791 | 79988/2011 303 14 | 15 | <20 [ 130 [ 24 7% 4R 1 51 Load us“'“"‘h closed and
mn g [ e3m 110 24 18 R [T penied
14 | 640 130 | 24 % 48 11 9 .
8071 | 79989/2011 350 14 |l g35 | <20 [ 139 | 24 8 4R T 59 Load Break s"‘nﬁ closed and
Mn [ 14 | 618 13.9 24 18 48 & 54 ope
14| 640 139 | 24 78 48 3 55 -
s |m9902011 | T [Tla {gas | <20 {139 | 24 % 8 T2 Load Break Switch closed and
min_ g 1 g3R [EX) 24 I8 48 T 55 open
14 139 | 24 75 | 48 11 59 :
821 | 7999172011 fO.L 14 | &38| <20 [138 | 24 2% FrA T ) L“”“”"‘m":} closed and
min 44 | g3g 119 24 IR T 3 54
Figure 81: The results of test on the “Test Duty 17, taken from the test report
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0. I 2 13 14 15 ] 6 [ 7 3 R T S
14 139 | 24 78 a8 B 56 g
831 | 7999212011 ;3(?“ 14 g5 ] <20 (139 | 24 78 a8 T3 | &l Load Break Switch closed and
min ™4 | g3R 139 | 24 74 48 R |34 ope
14| 640 | 139 | 24 18 48 5 5
8471 | 7999312011 ;:0' 14 | g5 | <20 {130 | 24 78 48 i 53 Load Break s““:‘:"b”"m
min TR 139 | 24 18 4 10 5% open
114 | &4 129 | 24 18 4§ 14l & :
ss/1 | 799942011 | 0 [Tla s | <20 T30 | 2 18 e 5 B e
min £IR 139 | 24 78 48 14 A2 opened
14 18 | 24 18 48 3 4 -
86/1 | 79995/2011 SCO' 14 | 638 | <20 24 8 48 |11 59 MMSW"::C]MW
min ™R 139 24 78 1t 59 open
14| 640 139 | 24 18 48| & 54 :
g1 | 799962011 | SO [Tia [ gas | <20 139 | 24 I8 a1 [ 50 Load Break s“'“:: EREN e
| 3min T eR 159 | 24 1] 48 1 9 open
14640 139 | 24 T8 48| & 4 -
881 | 79997/2011 390 14 [ 635 ] <20 30 | 24 T8 48 i1 T Load Betek Suilchicicasd Snd
min_ R 139 | o4 78 FTR T 9 opened
14 | 640 130 |24 g 48 | 14 82 -
£9/1 |79998/2011 fc." 14| g5 | <20 139 | 24 % T 57 mmsmﬂ”lmd Lo
mim ™y g3g 119 24 I8 48 | 14 7] Open
14 &40 139 24 78 48 13 a1 o
/1 7999972011 _fo' 141635 | <20 [130 | 24 78 48 [ 5 Load Break Sw":;' L
min ™4 | g3k 139 24 78 4% 13 &1 open
14 30 | 24 | 7% a8 113 | 6l -
911 (800002011 | SO i T gas | <20 (139 | 24 g 48| & 56 Losd Break Switch elosed sud
i | g |8 130 24 1R 48 13 51 opeded
141 640 30| 24 78 48 i 5 5
o |soooron | £ [Tla Tgas | <20 39 24 I g [ | 5y | Lood Break Switchclosedand
min 5T gag 130 | 24 I8 48 | o 51 open
14 3.9 | 24 I8 4 [3) 7
93/1 |80002/2011 3‘3':; 14 1 s ] <20 130 | 24 I® P ) s L B""‘f"”ﬂ Elussdse
i 14| 63k 130 | 24 28 48 9 57 pe
14 o | 24 78 48 [E -
gan |sooo3zon1 | SO 4T ee| <20 (130 | 2a I a3 % Load Break Switeh closed and
mm ™, 1 ge Mag 24 18 13 &l open

Figure 82: The results of test on the “Test Duty 17, taken from the test report

0 ] 2 3 4 | s 6 1 3 9 10 1 1 12
co. 14 | sa0 | 139 | 24 bi ] 48 14 62 Load Break Switch closed and
95/1 | 8000412011 | -0 4 | 15 | <20 130 | o4 7= 48 9 51
sl EETER ST 130 | 24 75 4R 14 £2 openred
N 14 G40 1319 24 18 4R 3 33 Load Break Switch closed and
9671 | 8000572011 ;:0 & | 835 <20 130 | 74 ) a8 10 5B el ©
min e 1 g3s 139 | 24 1% 43 10 | 58 opened
14| 640 139 | 74 78 48 1l 59 Load Break Switch closed and
071 | 80006/2011 ;:Q' 14| 638 ] <20 430 | o4 75| _an u s w an
min g | g 139 | 24 | I8 4 6 54 openod
: 14 139 24 8 | 48 12 60 | Load Break Switch closed and
o8/l | 80007/2011 ;‘:q 14 &35 | <20 139 | 24 T 12 60 aule
mi [y | a3m e | 2 18 7 55 opened
4| 640 139 | 24 78 43 1z [ ,
Break Switch
gor | soooszot1 | €O [Ti T @as | < [ 139 | 24 | a5 [ | e | \edBrek Swichclosdand
e TN 139 | 24 78 a8 7 55
14| 640 159 | 24 7% 48 13 61
1ot | sooos-12010|co |18 | 638 | <20 [T130 |24 | 7 | 8 | s | Bk closed and
14 | 638 | 139 | 24 T8 48 13 61 -

Figure 83: The results of test on the

TEST DUTY 1:

“Test Duty 1”, taken from the test report

11049
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%05 of the 1, while, 1=31,5A

9.2 Testduty 1 (5% 1) 1=315A Table 5
Apparatus condition hefore the test: After test duty -1(100%I1)
Test Ostillogram | Operation | UIR R U2R URS TCR TOR TaR THR
no. fest no. and uis | 18 | bc | us | usT | TCS | TOS TaS TS REMARKS
duty time | UIT [ 1T | e | U2r | UR | TCT | TOT TaT 6T
iervel | [KV] | [A) V] | [kv) | (ms] [ms] ms] {ms]
0. 1. 3. 3, 4 3. 3 7. 8 9. 10. 1. 12,
14 | 312 39 24 7 48 4 2 -
V1 | 80009/2011 | CO-3min |14 | 312 | <20 3.9 7 7 a8 : 5 Load Break Switch closed and
s | 317 39 24 7 48 g 7 opened
4 2 39 24 7 18 4 2 ]
21| 80010/2011 | CO-3min 2 | <2 [ 1. 4 a8 g 5 Load Bresk Switch closed and
i 1 24 18 g 7 opened
2 13 4 48 4 52 -
¥1 | 300112011 | CO-3min |14 2 | <20 [ 13 74 78 m 9 3 Load Bresk Switch closed and
4 K 139 24 78 48 g 7 opened
4 2 139 2 78 48 i 59 -
41 | 8001272011 | CO-3min |14 2 | <20 [ 139 24 78 a8 T 5 Load Break Switch closed and
r 17 13.9 24 8 48 3 54 opened
4 12 13.9 4 78 48 11 59 )
51| 800132011 | CO-3min 2 | < 0 24 78 yr T 5 Load Break Swnmc‘lil closed and
7 9 24 T8 18 3 5 ope
2 .9 24 78 48 10 58 ;
&1 | 800142011 | CO3min [ 14 | 312 | <20 [ 139 | 2 78| a8 10 53| \ond DBreak Switch closed and
14| 317 9 4 7|48 5 53 opened
14| 312 .9 24 78 48 4 52 -
71 | soms2o11 | codmin [ 14 | 312 | <20 [ 139 4 78 48 9 57 Load Bresk Switeh closed snd
L ] 9 24 b1 48 [ 57 ope
4 2 9 4 78 48 4 52 ;
81 | 800162011 | CO-3min |14 2 | <20 9 Y 78 a8 3 5 mew:::cmm
4 i, .9 4 78 48 [ 57 ope
4 2 .9 X 78 48 4 52 -
91 | 800172011 | CO-3min |14 2| <m0 24 78 18 g Load Break sw:: closed and
7 24 78 18 9 pe
2 3 24 78 48 10 .
101 | 80018/2011 | CO-3min 2 | <20 39 3 8 m o 5 Load Break Switch closed and
[ 7 39 24 78 48 3 5 opened
0. 1. 2. 3 4 5. 2 7. B [ 10. i1, SR T R
14 9 24 78 48 10 58
1| 8001972011 | CO-3min [ 14 2 | <20 Y 78 48 i0 38 Load Bmkosmh closed and
4 | 31 4 8 48 5 53 pened
4| 3L 4 78 48 10 5§
121 | 800202011 | CO3min [ 14 | 312 | <20 Y 7 m 10 | Lo Bml:nSMtch closed and
4 1. | 24 78 48 5 5 pened
1 1. 24 78 48 3 51 )
1311 $0021/2011 | CO=3min 4 1. <20 24 78 56 wmswmhdmodand
4 . X 24 8 48 3 opened
4 2 9 24 78 48 5] -
40| 800222011 | CO-3min |14 2| <20 ) 24 78 m 0 % Load Break Switch closed and
14 i 139 24 78 48 8 36 Opened
14 ] 13.9 24 78 a8 9 57
151 | $0023/2011 | CO3min |14 2| <20 [ 139 24 78 48 4 = Load Break Switch closed and
14 Kl 9 24 78 51 Opencd
4 F 9 4 78 48 7
161 8002412011 | CO-3Imin 4 R <20 . 4 78 18 r 2 Load Break Switch closed and
4 3l BN 4 78 48 7 opened
4 | 31 13. 78 48 T :
171 | 8002572011 | CO-3min 4 3. <20 13. 78 48 3 5 Load Break Switch closed and
4 2 24 | 78 | 48 EJ 31 g
4 ! 9 24 78 48 [ 58 -
181§ 80026/2011 | CO-3min 4 <20 9 4 78 a8 0 8 Load Brcakn&nch closed and
] 7 139 24 78 48 5 53 pencd
4 139 24 78 48 s 3 -
191 | 8002772011 | CO-3min |14 <20 i 24 78 m W Load mﬂs;w::g closed and
y 135 Y] 78 48 10 58 pe
4 F 13. 24 78 48 13 61
200 | soos2011 | CO 4 2 | <20 [ 139 24 7% 13 61 Lond Broak Switch closed and
14 i 139 24| 18 8 36 opencd

Figure 84: The results of test on the “Test Duty 1” %5 of the I1, taken from the test
report 11049
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TEST DUTY 2:

l,,=630 A
Test | Oscillogram | Operation ] UIR | IR U2R | URS | TCR | TOR | TaR THR
no. ftest]  no. and |UIS| 1S | DC | U28 | UST | TeS | Tos | Tes TbS REMARKS
duty time | UIT| 1T | (%] | U2T | UTR | TCT | TOT | TaT | TobT
interval | [kV) | [A] V] | V] | [ms) | fms] | fmg] | {ms)
0. N 3. 3. | 4 | s 6. 7. 8, 9. 10, il. 12,
278 | 645 277 | 48 8 IT] 17 65 :
1/2a | 80029/2011 | CO-3min | 2,78 <20 {277 48 78 48 17 5 Load Break Sw::;n closed and
278 | 648 277 48 78 48 12 60 ope
2.78 | 645 277 | 48 78 48 23 71 ;
2728 | 800302011 | CO-3min | 2,78 | 647 | <20 [ 277 | 4.8 e ) o = Lomnmksm:dn closed and
2 8 277 1 48 48 28 76 open
278 | 645 277 | 48 78 48 23 71
32a | 800312011 | CO-3min [ 278 | 647 | <20 [ 277 | 48 | 78 48 2 7g| Lowd Break Switsh closed and
278 | 648 2,71 4.8 78 48 28 16 opened
278 | 645 277 | 43 78 48 7 53 -
4/2a | 80032/2011 | CO-3min | 278 | 647 | <20 77 78 48 13 50 Load Break Sw:g closed and
H e Y O T =
sa | 800332011 | CO-3min [ 278 | 647 | <20 [ 277 | 44 48 28 76| Lo Bresk Switch closed and
278 | 648 277 4.8 18 48 23 il
| 278 645 277 4.8 78 48 13 (1] .
6/2a | 8003472011 | CO-3min [ 2,78 | 647 | <20 71 4 7 48 8 56 Load Break Switch closed and
278 | 648 277 | 2 3 a8 13 6l opened
278 | 645 271 | 4 ] a8 27 175 -
72a | 8003572011 | CO-3min | 278 | 647 | <20 | 277 4.8 78 m 57 7¢ | Load Break Sw:l:ct; closed and
278 | 648 277 | 42 18 48 22 70 Jpen
2,78 645 2.77 4.8 T8 48 15 63
82a | 8003612011 | CO-3min [ 278 | 647 | <20 | 277 | 4 78 m 2 e ] Lo Breaknwiwl closed and
22_18._15 _‘% 71 1 _;'g_'_ﬁ 41_2_ ﬂ
9/2a | 800372011 | CO-3min | 2,78 | 647 | <20 [ 277 | 48 78|48 16 61| Lowd B'ﬁka?::;' closed and
278 | 271 4.8 78 48 1 39 _
278 | 645 277 | a8 8 43 s 63 ;
1072 | 8003872011 | CO-3min [2.78 | 647 | <20 [ 277 | a8 | 78 | 48 10 sg | Lo B’“"um Eloel e
278 277 |_a8 78 a8 is 63
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0, I z P T 3 7, 5 5. 10, i, 2.
278 | 643 277 | 48 78 48 15 &
1172a | 800392011 | CO-3min [ 298 | 647 | <20 [ 277 | 48 78 48 20 68 Load Break Switeh closed aod
278 | 648 a7 4 78| ag 2 &8 opened
J8 | 645 277 |4 78 48 16 64
1222 | 800402011 | CO3min | 278 | 647 | <20 [ 277 4 78 48 is 6 L 5“‘:3‘ clased and
38 | 648 77 4 78 48 1 59 ape
278 | 645 7| 78 48 14 62
1322 | 800412011 | COmin [ 278 | 647 | <20 | 277 | 4 18 48 9 57 Loal Bk Suiteh losed el
T8_| 648 .77 48 78 48 F ) Opened
278 | 645 277 | a8 78 48 [ 3]
1 | 800422011 | CO3min [ 2798 | 647 | <20 [ 277 | 48 78 48 & sl
78 | 648 14 78 48 10 56 opened
78 | 645 E 78 48 14 3
15722 | 800432011 | CO-3min | 298 | 647 | <20 | 277 | & ) a8 5 57 Lond Break Switch closed and
E 548 277 | 48 | 18 48 i4 5] -
78| 645 27 4. 78 48 16 64
16720 | 8004472011 | CO-3min | 278 | 647 | <20 | 277 | 48 78 48 21 ) Load Break Switch closed and
278 | 648 F 4 78 48 69 o
378 | 645 2 3 78 48 65
172 | 8004572011 | CO3min | 278 | 647 | <20 [ 2. Y 78 48 [ Load Break Switch closed and
278 | 648 277 | 48 | 18 48 2 60 opened
278 1. 645 277 78 48 13 61
1820 | 8004672011 | CO3min | 278 | 647 | <20 | 277 | 4 78 5 56 Losd Break Switch closed and
278 | 648 277 4 18 43 13 6l -
278 | 643 277 | 4 78 a8 13 61 -
1905 | 8004772011 | CO-3min [ 278 | 647 | <20 [ a7 Iy i 43 s 56 ERRCE sl Suitth ciond Syl
78 | 6is 70 N T 13 ] opened
781645 570 Y 78 48 i5 3]
2070 | soodgnotl | co  [a78 | ea7 | <20 [ am | 4 78 20 R Load Break Switzh clused and
278 | 648 77 4 78 48 20 63 opencd

Figure 85: The results of test on 1, =630 A, taken from the test report 11049

TEST DUTY 4a:

142=16 A
Test | Oscillogram | Uperation | UIR | IR U2k | URS | TCR | TOR TaRk ToR
no. Atest no. ad |UIS | 18 | pc | uss | vust | TCS | TOS TaS TS REMARKS
duty tme | UIT | 1T | % | vt | UR | TCT | TOT TaT THT
interval | [kV] | [A] [kv] [kV] [ms] fms] ms [ms]
0. T 2, 3 4 5 7. . 9. 0. 11, 12,
14| 61 [EX 24 78 48 36 )
Vs | $004972011 | CO-3min |14 | 165 | <20 i 2 28 48 5 Load umﬂwn::aow and
14| 162 13, 24 78 48 36 . pen
12| 161 3. 7] 78 48 56 -
24a | 800502011 | CO3min |14 | 165 | <20 9 24 78 48 5 Load Break S“":‘:' closed and
4| 162 9 24 78 48 8 5 open
4 [ 161 | 9 24 78 48 8 36 )
34a | 8005172011 | CO-3min 4 165 | <20 ) 24 78 ag 51 Load Break Switch closed and
4 162 13.9 24 78 48 56 opened
4 | 161 | 139 24 78 48 56
44a | 8005202011 | CO3min [ 14 | 165 | <20 i 24 7 ) 3 S| Load Bresk Sw:::;l closed and
14| 162 X 4 78 48 56 P
14| 1. ] 78 48 [ -
Sida | 800532011 | CO-3min | 14| 165 | <20 y 7 a8 8 Load Break Switch closed and
a2 78 48 56 ope
4 16.1 | A 78 48 6
648 | 8005472011 | CO-3min |14 | 165 | <20 39 2 78 a8 3 I Load Break Switch closed and
4 16. 13. 24 18 48 [ 56 opened
4 | l6. i 24 78 48 8 36
7M4a | 800552011 | CO.3min 14 16. <20 24 I a8 51 Load Break Swlt:‘l; closed and
14| 16 24 7 48 56 open
14| 6. I 24 7 48 56
84a | 800562011 | CO3min [ 14| 165 | <20 | 3. 4 7 48 3 5| Lood Break Switch closed and
14| 162 3. 24 18 48 3 56 pe
14| 6.1 ) 24 78 48 [ 56 -
Sidn 8005772011 | CO-3min 4 165 | <20 |13 24 18 48 M Load Bmkom closed and
4| 62 24 8 a8 56
4| 16 i 24 78 48 56 )
10/4a | 800582011 | €O 14 | 165 | <20 | 139 24 78 a8 51 Load Break Switch closed and
14 162 139 24 T8 48 E: 56 f

Figure 86: The results of test on 14,=16 A, taken from the test report 11049
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12a=3,2 A

Test Oscillogram | Operstion | UIR | IR UR URS | TCR TOR TaR TER
1o, ftest T0. and | UIS | 18 | DC | uzs | ust | Tcs | Tos TeS Tb$ REMARKS
duty wme | UIT | | %) | ver | U | Ter | ToOT TaT ™Y
interval | JkV} | [A] [kv] [kV] [ms] [ms [ms] [ms] -
0. I 2. 3 ry 5 6. 7|8 9. 10. i1, 1z
4 1 S 24 78 ] 7 5
s | 8005912011 | COamin | 14| 35 | <20 [ i39 2 78 a8 2 0 Load Break Switeh closed and
i 4 9 4 3 as 7 5
r 3 9 34 73 a8 7 55 -
24e | 800602011 | CO3min [ 14 | 39 ] <20 9 78 a8 2 50 Load Break Switch closed and
14 4 o 24 78 a8 7 5 peacd
T 3 139 24 78 m 7 55 -
34z | 8006172011 | CO-3min [ 14| 39 ] <20 | 138 Y 73 48 7 50 Load Break Switch closed sd
T 133 7 W4 53 dpened
T4 1 39 T 78 a8 55 _
4ia | 5006272011 | CO3min [ 14 | 39 | <20 9 24 78 a8 50 Load Break Switeh closed and
14 4 9 24 | 78 48 55 opened
14 3 0 24 78 48 55 -
Sida | 8006372011 | CO-3min | 14| 39 | <20 y 78 a 2 50 Load Break Switch closed and
r 4 r r 78 48 5 e
F 4 g 4 78 48 5 N
6ia | 800642011 | CO3min | 14 | 39 | <20 [ 138 7 78 48 50 i
4| 4 Y 7 7 48 55 opened
o y 7 13 7 55 -
Ti4n | 8006572011 | CO3min [ 14| 39 | <20 z 4 7 48 2 50 mnum L]
14 4 £ 24 78 48 7 35
1 1 9 24 78 a8 7 55 .
®4n | 300662011 | CO3min |14 | 38 | <20 ) 24 7 48 2 50 Load Break Switch closed and
14 4 13.9 24 T8 48 7 55 Lo
14 4 13.9 24 T8 48 11 59 "
9n | 8006772011 | CO3min |14 | 39 | <20 [ 13 24 78 48 1 59 mnmmmm
14 4 13, 4 78 a8 54
14 4 13, 24 78 48 56 -
10ia | 800682011 | co 4| 39 | <20 [ 138 | 2 78 48 sl B a4
14 4 13.9 24 TR 48 ] 51
Figure 87: The results of test on 14,,=3,2 A, taken from the test report 11049
lsp=15A
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s vt s s v s s s ey ) aqg o e
Test Oscillogram UIR | IR U2R URS TCR TOR TaR TR
no. ftest 0. and ums | 15 | pC u2s usT | TCS TOS TaS TS REMARKS
duty time T | oI | W | ver UTR | TCT TOT TaT THT
interval | [kV]_| [A] [k [kV] [ms] [ms) [ms] [ms]
0. 1. 2, 3 4, 3. . 7. 5. 9., 10. 11, 12,
3 50 ) 24 78 48 [} 52 -
1iéb | 8006972011 | CO-3min |_ 14 58 | <20 I 4 78 . 5 Load nmosw.ﬂ. closed and
4 50 24 ] 48 4 52 =
4 50 4 78 a8 [ 52
245 | 800702011 | CO-3min |14 35 | <20 13 4 78 48 E 51 Load Break Switch closed and
4 60 3.9 1 78 48 4 opened
14 50 3.9 24 78 43 4 52 i
34b | 8007172011 | CO3min | 14 55 | <20 18 4 75 3 i Load Break Switch closed and
4 60 . L 18 48 4 52 ;
4 S50 . 4 78 48 F ]
44b | 800722011 | CO-3min |__14 55 | <20 3 Y 78 48 3 3 Load Break Switch closed and
4 1 160 . ! 78 48 opened
4 1.50 13 4 18 4%
s/b | 8007372011 | CO-3min 4 155 | <20 [ 138 24 78 48 Load Break Switch closed and
4 1.60 1 24 78 48 52 opened
4 1.50 1 34 78 45 52 -
6/4b | 8007472011 | CO-3min 4 55| <20 4 78 48 Load Break Swn:: closed and
4 I 4 78 [ 4 2 open
4 50 i 24 78 a8 4 2
b | 80075/2011 | CO-3min | 14 155 | <20 [ 13 24 78 a8 T Load Bmkusﬂlall closed and
4 60 139 24 78 48 4 52 '
4 50 139 7] 78 18 [ 52
84b | 800762011 | CO-3min 4 55 | <20 |13 7 ) 4 5 Load Break Switch closed and
4 60 13. 24 78 48 52 S
4 50 1 2 78 48 53
9/4b | 8007772011 | CO-3min 4 155 | <20 13. 24 78 I 51 Load Break Switch closed and
4_1 160 13. 24 78 48 3 32 ¥
] 3. 24 78 48 4 52
10/4b | 8007872011 co 14 155 | <20 13.9 24 78 48 3 51 Load Break ;:ult:;- closed and
14 | 160 13.9 24 78 48 4 52

Figure 88: The results of test on 14, =1,5 A, taken from the test report 11049
TEST DUTY 6b:

lep =28 A
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P

Test | Oscillogram | Operation | UIR | IR Uzk | URS | TCR | TOR TaR THR
no.fest | no. and | UIS| 18 | DC | uss | UST | TGS | TOS | TS ™S REMARKS
duty dme | Uit | 1w | pe | ver | um | ter | TOT | T 5T
interval | [kV A [xv] [kv] [ms] [ms] [ms] [ms]
0. I 2. FR Y 5. 7. 8. 5, 10, L Iz
| 215 7] 2 78 8 9 5 -
6b | 8007972011 | CO-3min [_14_| 280 | <20 r 24 78 18 6 54 Lowd Break 5""‘;‘ R
g . E 24 78 48 . . open
4| 59 g, 24 78 a8 5 5 )
26b | 800802011 | CO-3min |14 | 280 | <20 | 24 2% 78 a8 6 54 Load Break Switch closed and
o I . I . 1 e -
6b | 800812011 | CO3min 14 | 280 | <20 |2 2 78 18 5 ) Load Break Swich closed and
- - N 2 s I - : peaed
| 718 7 2 78 18 3 7
ai6b | 800822011 | CO3min [ 14| 380 | <20 |24 r 78 8 5 54 Load B"‘kf“’“"’ closed and
p . - Y 7 18 . i pened
T ] g, 4 78 18 5 5
sisb | 300832011 | CO-3min |14 | 280 | <20 |24 24 78 48 3 54 e — Klosed hid
5 5 g i 78 a8 - g ope
W | 719 FT] 78 18 9 )
/6 | B0084/2011 | CO3min | 14 | 280 | <20 24 4 78 48 6 34 Load B"“km closed and
- N 5 7 8 a8 . 5
i | 379 7] r 78 48 g )
V6b | 8008572018 | CO3min [ 14 | 280 | <20 |24 2 78 48 6 5 Load Break Switch closed aad
R N 2 78 a8 5 . :
4| 779 FT] 2 78 18 7 ri)
b | 8008672011 | CO-3min | 14 | 280 | <20 [ 24 ; 78 a8 3 s4 Load B"d‘ws"‘“fd‘ wlosed and
- - . 24 T8 48 N -
14| 379 2 i 78 I 7 bl
o6 | 800872011 | CO-3min | 14 | 280 ] <20 |24 78 48 3 4 I-oad Bresk Switch closec and
- - - 4 78 :1_8 - -
| 379 2 r 78 a8 s 5
and
\o6b | sooss20n) | co [ 14 | 280 | <20 a4 | 7|48 s sa_ | Lond Break Swel closed
N - - 2 78 a8 - -

Figure 89: The results of test on lg, =28 A, taken from the test report 11049

TEST DUTY 6a:

lea=48 A
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Test | Oscillogram | Operstion | UIR | IR UZR | URS | TCR | TOR TaR ToR
no. fest no. and uis | 18 | bc | uss UST | TCS | TOS TaS ThS REMARKS
duty time uIT | IT | (% | uaT | UR | TCT | TOT Tal THT
interval | [kV] 1AL [xV] v frms] Jms] [ms} [ms
0. 1. 2. 3. a. 5. [ 7. [ 9. 10, 11 [F)
. - - 74 78 1 B - — ———
Ibn | B00BS/2011 | CO-3min - - <20 = 24 78 18 N B Break Switch ¢
14| 478 139 24 7 48 3 opened
= : - 24 78 48 = 3 )
260 | BOO9OA2011 | CO3min | - . <20 N T % r = E Load Break Switch closed and
i4_| 4718 139 4 7 48 36 opened
- - - 78 [0 -
Y6a | B0O912011 | CO-3min |- 5 <20 N % M = a Load Bwus\m: closed aad
14| 478 139 2 78 48 8 36 pen
- - - ; n i - . Load Break Switch closed and
4/6a | 30002/2011 | CO3min | . 5 <20 5 3 78 18 . - reak Switch o
14| 418 [EX) 78 48 ] 36 opened
N B 5 2 78 [ - - -
Siba | B80093/2011 | CO-3min - B <20 B B 75 I . N Load Bmd(nSml.ch closed and
14| 418 13.9 78 [ 8 56 pened
- - = F 78 [ 5 .
Gi6a | 3009472011 | CO-3min = 5 <20 B y =5 a8 " - mammﬂ closed and
14| 478 13.9 4 48 g 56
- - - 4 48 - -
Tba | 800952011 | CO-3min B . <20 N 24 a8 = - Load Break Switch closed and
14| 418 39 | = 7 48 8 56 L
- - 5 24 7 [ 5 = -
&6 | 80096/2011 | CO-3min - E <20 R 24 18 M = - Load Bleﬂl(uSmnI:’I closed and
12| 478 139 4 b} 48 8 36 pe
- - . I 78 48 = = -
%6a | 80097/2011 | CO-3min [ - B <20 . T 7] 38 = - Load Break 05«—.3 closed and
4| 478 3.0 T8 48 8 56 pe
- - - 24 8 48 5 N
10/6a | 8009872011 co P = <20 5 24 78 a8 " - Load Break Switch closed and
ia 47 139 24 78 48 [l 56 opened

Figure 90: The results of test on lg; =48 A, taken from the test report 11049

159




VOLTAGE TEST

APPENDIX-B : THE TEST DATA OF POWER FREQUENCY

Psition af switching Voltage applied to Earth Free terminals Level
devices _ connected to of
Lsh- | LSB- | LSBF- | LSB- | LSB- [ LSBF LED - LB - LSBF - Lsm- LS - LSEF~ | testing Test results
Bi 74 o) 5 5 - S1 j:n A 51 i1 A ....n.ﬂu.hm
£5 .
_ kY]
Ll | L | L1 [FAEVEXEN ] 121312 LYF [FETED 50 Withstood 60 sec
classd | chosed | eleacd . LAF
[F%] 1L | L2 nELILIF [NENENENS IARLL, - . - L Withatood 60 see
LAE — —
13,03 | JaL3 | I5L3 ILELILZF ILIELTLZF 2L, . . - [ Withstoed &0 sex
LZF
i, L L1 L1 EOLILEF 1213, TLzL3, 0 Wilhstood 50 sec
LI F ILIZIF ||. J
closed | opent open L2 L L2 I3 LILLAF L1L3, LIL3, 50 Withstood &0 sec
1JL0F L2 DF
L5 L3 L3 L3 nBL1LLLF LILZ LiLL 0 Wigistood 60 s
ILIZIZF L1213 F
| LL L1 Ll LIL3, LZL3, 25 L2LLF L] Withstood &0 sec
ILIZ15E 1LIZ3.F .
open | open closed 12 Lz L2 LLL3, LIL3, ILEBLLLYF 50 Withsiood G0 aes
| [IRERERS MR
L3 L3 1513 LLLZ LLLL NELILLF 50 Withstood 60 sex:
[{KFAERY ILIEBF
[T n 1] LLLZELE, LILLLE, 2B LILE 0 Withstood &0 sec
IZ3F 1ZLF LiF
opn apen opEm Iz 2 ] LLLE LS, | L1LZLS 3L L2 - ] Withstood &0 ses
11L,13,F ILBF LiF 4
[E) 13 ] LIL3L3, LLLzl3, NizLLED 0 Withstood G0 s
ML 1L,2,F L3F . )
IL L1 L1 Li E 1] 1t [FXEE N LZ,L3, LZL3. &0 Withsioed G0 sec |
L3F 1513, F I3 13.F
closed | opem apen 1Lz L2 L2 - [ 12 ILELY, [ATEN LLL, L Withatood &0 sec
L3F ILEF 11,13,F .
B.L3 L3 L3 - B G IzLT, LILEL L1L2, 7] Withmood 60 gec
L2F ILIZF ILI2F
[ <1 1LEL Tl il . [ETER L1L3, 121312 &0 Withstood 60 sec
. LLOLF JRISE L
cpm | o closed L2 L2 L2 [F] it - LIL3, L1L3, 1Ll 60 Withstood &0 sec
NBF | NGF LIF .
L3 L3 15 L3 [ &] . L1LZ, Ll 11zl ] Withstood 60 s
1,12F ILILFE LZF
i Tl IL,L1 L1 Ll . [FTER YR a0, &0 Withstood 80 e
. LILIF L2L3F Lilar __ I
L closed (- H Iz Lz LZ L2 - 113, [THEN ., & Withsteod &0 sec
LLLSF | LLL3F | LLEAF :
[1] 5] 15,13 L3 L3 - 11,1 TR ILEZ, 0 Witksrood 60 s
LLLAF L1,LLF LILLEF
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