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In the nearest future the Republic of Karelia is waiting for ingugtowth, which
consequently leads to a growth in the number of electricity consumers. In order to
occur a power supply of new consumers in the region anghtgaly unload
existing substationsit was decided to build a power substation designed for
voltage levels of 110, 35, 10 kV. The substation is designed to solve the issue of

power supply and to give impetus to the growth of industry in the region.

This work is focused on the designing process of new substation. The main goals
of this thesisare todetermine the most suitable structure of substation according
to techneeconomical point of view and to choose equipment according to the

structure of substation.
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1.Introduction

Within the framework of the approved program ddvelopmentof Karelian
Republicit is planned to build a number of factories gotahts whichwill mine
and process minerals. In tunb,will increase the load on the existing electrical
network. Thereforen the framework of the regional development progitwas
decidedto allocatefunds forsolving problems of lectricity supply in the region.
This problem includegroviding of electricity to new customers and partial

unloading ofexisting power substains.

The mainaim of the ma s t thesi8 £an be identifieéds selection of the
substation structure according to techm@zonomical calculationsloreover, it is
also necessarip choosesubstation equipment, which will libe most suitable

according taifferentoperationaimodes.

1.1 Scope

The scope of this thesis is to study and develop methodology by which techno

economical dimensioning of primary substation in power system can be done.

The thesisconsidersexisting power supply system and changes should be
donein the process ofdesignng of new substationThe equipment that will be
usedin the substations described All necessary calculatiorsse made on the

basis of whichthe equipmenis selected according state standard§&OST)

1.2 Objectives

Designing of a substation is a process, when lgaue to considenot only
technical aspects of the issue, but economical aspects as Twal. work

considers the special features and parameters of powtensysat could finally

affecta powersubstation.
The work address the following issues:

9 Definition of optimal structure of power substatioraccording to the

investment cost, operational cost and reliability coskong run



1 Estimating techneeconomic range of power substation structure
depending onthetotal peakload of the area

1 Evaluating the effect afutage costs in techrezonomic studies.

The second chapter of the work is focusedtmn techneeconomic planning of
electricity networks. The main principles of teckemdnomic planmg are

mentionegand introduction into the lileime cost analyses is presented.

Chapter number three introduces primary substation planning process. Also the

role of primary substation in the power system is described.

The fourth chapter considers aliatal view on primary substation. The main
components of primary substation are mentioned and described.

In chapter number five the case studies about substation designwesented.
Methodology which was already describad,adapted to the chosen reqi

Chapter numbesix includes finalconclusion



2. Techneeconomic planning of electricity network

2.1 Principles of electricity networks planning

Electricity distribution is experiencing changes nowNowadays sset
management and distribati business start playing a key role in electricity
distribution Because of thatmore and more attention is paid aptimization
based investment policies and ebased invesnent strategieswhich are

actively used in network planning and substaticsigte

The first thing that has to be learned is that rational strategy, which is used for
caseenvironment, is the foundation for successful asset managefemect
strategy provides objective and diversified information, based on which it is

possible tanake more rational strategic decisions.

The foundation of a rational strategyais/ell prepared and analyzedney. The
survey includes the listfdactors, which could affedbng-term strategy or final
resut of this strategy. fie survey isalwaysunique, because it takes into account
unique properties of each regiomonditions of distribution network, available
resources.The survey, which might be used in case ofclosennetwork
developmentshould include climate and landscape features, infoomatbout
radial lines primary substationendusers, generation plantsthe region Thus,

the voltage level of these elements, the fault statistics, peak power, forecasted
peak power, amount of | osses in the
shouldbe mentionedMoreover, in case of primaisubstations some extra data
about main transformersheir amounttheir capacity and load level should be

provided.

The example of survey and strategic analyses is presented on figuBased.on
the presemd figure it might be concluded thatethneecononc choices and
asset development are very dependent from the survey. That is why it is so

important to use only accurate and verified informatiaring survey creatiaon

In order to create an appropriatengtterm strategy for furthercasearea
development,ite strategic analysishould be&ocused on the following questions:
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1 What are the main reasons of network system renovatappearance of

new enduserslow systenreliability, etc.)

1 What are the teclmmeconomic characteristics of different development

methods?

1 What are the alternatives? What are their tearanomic

characteristics?

What calculation parameters are used in the strategy process?

Wh a t are the owner so i nt e a gsedofor s

network developmentfi]

Survey of the operating
environment and
collection of initial data

Strategic analyses

Society

- Development of regulatory models \

- Reliability and quality of electricity

- Climate change (challenges posed by
weather phanomena)

- Network's suscaptibility to blackouts
(standard compensations)

- Environmental regulations (e.0.
praservatves)

- Technology development (e.g.
telecommunications)

Development in the field

- Development of network technologies
- Service providers

- Distributed generation

- Elactric cars (energy storages)

Distribution company

- Network assets

- Human rasources, skills and knowledge

- Owner expactations and objectives

- Return and reliability targats

- Challenges posed by the geographic location
of the company (climate, soil)

- Development in the area of operation (loads)

Initial data of the analysis
- Network data (topology, components)
- Load data

- Fault history /

Which are feasible network strategies in practice?

- Transfer of overhead linas to roadsides, coverad conductors

- Underground and overhead cables, cable ploughing

- Network automation (ramote-controlled disconnector substations,
circuit reclosers)

- Light primary substations, light 110KV lines

- 1000 V tachnology

@ Is there techno-economic potential for the technologies?
What are the cost effects of the technologies?
What are the reliability effects of the technologies?

The analysis is carried out for actual network sections to get
usable results. Compact analysis tools and new

large network entities.

> calculation methodology are required for the analysis of

Owners’ objectives (return expectations, investment in
network development)?

Which calculation parameters will be used?

-Unit costs (network components, lossas, outage cost valuas, OPEX)
-Interest rate, lifetime, load growth

-Fault rates, switching and repair times

Figure 2.1Survey and strategianalyss [1].

All possible technologies and alternatives should be compmhradg strategic

analysis For example, éfore making thenalysis the economic potential afew

primary supstation constructiorshould be estimateth longterm perspective.

Furthermore all alterrative solutions (as reconstruction of existing substations)
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shouldbe analyzedThe main purpose of techhemonomic analysis is tiind out
what solutionshave an eonomic ground for application. Theege someools,
which might be used in order to estimate the potential of each salttnenfinal
conclusion should béased on the resultebtained by different toolswhich

complement each other.

Thus, comparison ofdifferent solutions takes place during teckeomnomic
analysis. One of the main criteria, by which evaluation is deneliability. The
network reliability in case of a new primargubstationconstructio should be
compared with thenetwork reliability in case of othealternatives. The main
reason for it is thatetiability directly effects on the outage co3the outage tariff
should be knowim order to calculate the outage costtese tariffs are defined by
regulator andlifferent for variouseledricity enduser group. As far as atage
cost calculationplay one of the main roles in techeroonomic analysis, thaata
for the casareashould be provided by accurate reliability statisticorder to
avoid further mistakes and inaccuracieshich could affect some final

conclusions

Certainly the reliabilityfactor should notoe considereds the only factoduring
substation desigrOne more targeif a network strategy is to establish conditions
for costefficient development actioné big attention shouldbe pad to factors
which are closelgonnected with changes ithe network.Thus,the load growth
forecast andncreasingn number of endiserswhich should be powerdaly new

or reconstructedubstationshould be included

Among other thigs, the casearea analysis should also take into account
challenges that will affect the netwodnd constructed or reconstructed primary
substationsn the future These things make techhi@conomic selection complex
because of interconnections betweenheaiter. In order to develop appropriate
strategy, the good knowledge in reliability effects of etéint network
technologies ancegulatory modelingpasto be shown.

The example of network strategy process is presented on figure 2.2. The
presented figuwe clearly demonstrates thdiet whole chairbegins with strategic

analysis On the basis of strategic analyssrategic decisions appeaihen
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strategic decisions asreadyknown,the decisionimplementatiorstarts Finally,
the onjunction of strategi decisions which are in the process of

implementationcreates a longerm plan.

Strategic decisions :
Strategic analyses Implementation of
strategic decisions
- Main technologies

Potential use of technologies (%) - Ownar's perspectves ;
- Transfer of overhead fnes fo roadsides (25 %) (amount and schedule of How a single development tachnology e.g.
- Undarground czbling (10 %) investments) underground cabling is implemented in practice?
- Remote-controlled disconnactor substations, circuit - Underground cabling: starting from the feeder sactions

reclbsers {1 pcaffeeder) most vulnerable 1o faukts, or from the oldest sections, or by
- 1000V technology (30 %) proceeding from the substation downstream from the

feader

Cost effects of the technologies - Network automation:...
- Transfer of overhead ines fo roadsides (50 km/z, 1 M&/a)
- Undarground cabiing (5 km/a, 250 k€/a) What are the effects of different development
- Remote-controlled disconnector substations, circuit methods?

rechsers {20 pes/a- 250 k€/a) - Costs, reliability, distribution fae, allowed return
- 1000V technology (50 km/a, 1 M&3)
Reliability effects of the technologies  fzult duration rate raclosings
- Transfer of overhead ines fo roadsides ) x X
- Underground cabling x) X X
- Remote-controlled disconnector

substations, circuit reclosars xix - ix
- 1000V technology ) X X Long.term p[an
Owners' objectives
- Reduction in SAIDI 20-40 % A long-term plan for the example area and the whole
- Increase in the presant value of the network from 45 10 50 % distribution company taking into account the strategic

decisions made in the process.
Calculation parameters
- Unit costs: x &km, y &pcs
- Losses: 50 ENMWh
- Outage cost values: EMA
- Interest rate: 5 %
- Lfetime: limits sat by EMA (maximum)
- Load growth: 1-3 %z (by regions)
- Fault rates: x pcs/100km,a {overhead line).
- Switching imes: 60 min (manual), 10 min (remots)
- Repar times: 4 h (cable), 2 h (overhead ine)...

Figure 2.2 Network strategy process [1].

As a result of the analysis, the most eefficient network developmerslutions
are definedDuring strategic analysigll alternatives of casarea development,
including new substation construction, should be completely analjizédtese
solutionssuts to thecaseareaboundary conditionst is possible t@o to the next
stage of longerm planning.

The next stage of l@aterm planning is a strategic decision. Strategic decisions
come from deep strategic analysisll these decisions deal with complex
interconnections, they are always unique, because they are always based on
present posture of affairgor instance, stragic decisions could be aimed at
increasing the number of substations in the network or increasing the
transfor mer s6 ¢ ap aclngeperah Juchetrategctdécisigns s u b

as construction of a new primary substation or reconstruction ctirexi
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substations should be more focused on Jwrgh result than on shetgérm

perspectives.Therefore, the lifdime period under consideration in casea

should be more than few years, in order to achieve and compardetamg
results; it will be equiao few decades.

When all strategic decisions are defined,dbeision implementation stagearts

This stage of longerm planning should cover a problem of selected pmject
realizing. It means that in case of a new primary substation such issues as
substation location, the capacity and amount of main transformers, busbar
structureand switchgeaselection should be consider&@kfore a longterm plan

will be created, an investment strategy the project must be approved
Investment strategglsocorsiders question$iow different solutions might be put

into practice. It means that a&ch solution has different vatiens of
implementatiorand different investment strategiegich finally affects the total

costof the project

The final stage of the twork planning process is a loitgrm plan In this stage
the amount and schedule of investmestisuld be determinedn other words,
long-term planning cosists of small tasks, which have a gtalminimize the
total costof power substationn long term That is why lossesoutage costs,
maintenance costsnvestment costshouldbe taken into accounh casearea

The result of longerm planning is also based on forecastnetwork load
growth. k£ might be not ver accurate in perspectivbut neverthiess it should be

included

2.2 Principles of life-time cost analysis in the network development

One of the tools, which is used in order to determine the mosteffestive
solution from different alternatives is a hfene cost analysis (LTCA)In the
optimal caseareadevelopment strategguch parameters asvestment cost, load
losses cost, ntwad losses cost, outage coahd maintenance coshould be
completely analyzedSome of them are lumgum costs, but some of them are

annual costsThe typeof all mentioned above costs is presented on table 2.1.
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Table 2.1 Types of LTCA compondiis

Lump-sum Annual
Load losses X
No-load losses X
Outage costs X
Maintenance X
Investments X

In order to compar¢he economic efficiency of differerdtiternativesall these

costs have to be summarized and compared with each bibwever some of

the costs rer to different types,thereforet h ey

summarized directly.The comparison might basoneby two ways. The first one

canot

be

is to cdculate the present value mfvestment cost durinthe wholeperiod The

c

second ways to convert investment costs into annual costs, which are distributed

among considered period.

2.2.1 Load lossés the network

The contribution of network load lossento the total amount of losses is
significant. Load lossesin the networkare produced by resistance of the

conductorto the current flow These losseare proportional to resistance and

quadratically proportional to load growtfhus, bigger resistivig and bigger

current producéigherlosses in theadial line in casenvironment Simply, these

losses might be calculated:

0

ocJOJY

P

Since anual values& n l@etdirecty compared wh lump-sum values, thiwad

losses should be discounted to the present trmarder to do thatcapitalization

coefficient should be used.

~

[ p
P

cg

o

I



15

N
| p pnr)][ C®
T ' 8
p pnf]][ q
r T~ —p—-—r?nﬁ C®
P omm

whereQ capitalization coefficient;
1 T annual loadyrowth, %;
T osystem lifetime period, years;

p interest rate, %.

During load losses calculationsot only pwer lossesn a radialline should be

calcubted, but energy losses as well:

dYh &

whereP active load, kW;
U nominal line voltage, kV;
A T +Gopower factor;

R line ohmic resistancé)

If power lossegare already knowrit is easy to calculate energy losses in the first
year It should be don®y multiplication of power and peak operating time of

losses:
» 0 h ¥
whered0 annual peak operating time, hours.
The lost cost is calculated as a sum of cost for power amgyelosses:
o) 0 D w D h R

whered price of power | osses, 0/ kWw,
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0 price of power | osses, ua/ k Wh, a.

Knowing annual lost cosit is easyto calculate lost cost during lifetime period:

~

0 [0.8)) Cdo
2.2.2Load and ndoad losses of transformer

The role of main transformers and power substations is significant inttherke

Thus a main transformesialso a reason of soradditionallosses in the system.
Therefore optimal and required amount of transformers have to be carefully
analyzed in order not to make some extra lodsesses of transformer const

load aml noload losses. These losses correspond to core losses and winding
losses Core losses are equal to-lumd losses{( ), winding losses are equal to
shortcircuit losses {{ ). They could be found from datasheet or nameplafe

each transformer.

Firstly, annual neload energy losses might be calculated like:
O 0 axoemn QS
Thus, anual neload lost cost is calculated:
0 oD o D ¢Pp

Secondly, anuity value for considered lifetime periatght be calculated

p pnm
noTn

P p TITT

Load losse®f transformer are quadratically proportional to load fadfoatio of

0 o0 OJp

P q

a load power to nominal power of transformer is too big, it will increase losses in
the network.Therefore, the capacity of main transformers on power substation

should be carefully selected.

Load losses can be calculated, if nominal power of transformer, power of the load

and shorcircuit losses are known:
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~

" o,
0 ~ ¢po

whereY nominal power of transformer, kVA;
“Y power of the load, kVA.

The following calculations of load losses cost is identical to calculations, which

were performed fothe networkin paragrapl2.21.

2.2.3 Outage cost

Outage cost calculations play one of the most important roles in network
strategieslIf there is a fault on power substationcastomer may experience
significant losses due to breaks in production cycles or other kinds of harm
causedby interruptions. In order to estimate harm from outages monetary
value is usedThe outage cost might be assessed by Cost of Energy not Supplied
(CENS) model. CENS value variby the type of fault anthe type of consumer
which is powered by sulstion Moreover, he tariff for not suppliecnergyis

much higher thathe tariff for purchased electricityecause of possible damage
and harm of endser.

Determination of the amount and duratiorfauilts whichoccur in each element
of power substatio in the network, isone ofthe main airs of outage costs
cdculations in case environmenthe reason of different outages might be
different and duration of interruptions variebecause of thatFor instance,
interruptions on substation and in the natwmight be classified awng fault
interruptions, planned maintenance outages, -Bpged autoreclosing and
delayedautoreclosing. Thus the outage costwhich is caused by higispeed
autoreclosing differs from the outagecost which iscausé by faiure of the
transformer, because the duratioh interruption in these cases is different
Generally,the outage cost depends on thet price of the outagejuration and

number of faults, power and group of consumer.

Thus, he outage cost might be cdlated by multiplication of forecasted

interruption time and CENS value:
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where — mean power of the reference period;

t average repair time, hours;
& amount of falts per 1 km of line or 1 unit of equipment
Q0 CENS, 4/ kW.

The outage cost values should be calculated independentty éach other
because each type of outage has different parameters. For instance, the outage
cost of planned interruption on sulisdn should be calculated separately from

the outage cost of auteclosings.The example of outage cost calculationsdor

single supply area is presented on figure A8 it might be concluded from the

figure 2.3, the interruption time, cost of not plipd energy and annual amount of
interruptions vary for different types of outages. Knowingtldsementioned

parametergt is easy to calculate the outage dmstising equation (2.14).

Number of Mean power of Mean power Outages/customer, a _
customers  Encrgy [MWh] the group [kW]  [kW/as] Outage time, planned C 3.3 b
Domestic & 2D % 29 > C 143 > Outage time, fault / “1h
Agriculture 52 ) 297 Number of outages, fault 5 pes
Industry 1 80 9.13 Number of outages, pla 1 pes
Public 1 1 1.26 - omatic reclosings 10 pes
Service 1 14 M/"’ Delayed automatic reclosings 2 pes
High-speed Delayed
/ Outage cost values  [€/kW] [€/kWh] AR [€/kW] AR [€/kW]
e R R " R T z 0.3 20 ) T
Cost = \umhcr of cusli\rj?vr_{;:;.‘f&{c»{n p ‘r/\ '()u g time >. @ENS,‘L_;?“NE ::;:::ncd Ql;/ /gsfl)/ 011 ET
o or —— == Agriculfurefaalt— | 0.45 9.38 0.2 0.62
ST . planncd 0.23 48
Cost :<ilcun power of the customers -> Outage time - CENS Industry  fault 3.52 2445 219 2.87
——— planned 1.38 1147
Public fault 1.89 15.08 149 234
planned 1.33 7.35
Service fault 2,65 20.89 1.31 244
planned 022 22.82
Outage costs
Domestic  Agriculture Industry Public Service Sum__ Percentage
Outage time, planned ) 429 195.0 781.3 66.5 167.4 1253 627 %
Outage time, fault 6.3 285 104.7 9.3 36.5 185 93%
Number of outages, fault 5.1 134 160.7 1.9 212 212 10.6 %
Number of outages, planned 0.5 14 126 1.7 04 17 08 %
High-speed automatic reclosings 31 1.9 199.9 188 210 255 127 %
Delayed astomatic reclosings 27 74 524 59 7.8 76 38%
61 257 1312 114 254 1998 100.0 %

Figure 2.3. Calculation of outage coga.

The outage costalue during thevhole lifetime periodcanbe calculatedif the

present value and capitalization coefficient are known.
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2.2.4Investment cost

Power substation and their main transformers are the most expensive individual
components of the network. Th@st of main transformers depends on rthei
capacity. The bigger unit is used, tmghercost it has. Thusa deep analysis has

to be made in order to seleat appropriate capacity and amount of transformers.
This analysis will help to minimize the investnt cost ofpower substation as

much as its possible.

Investment costs of power substation should include not only costs, which are
directly connected to substation construction (the cosinain transformers,
switchgear, relay protectipautomation, antrol systemauxiliary systembusbar
system, current transformers anoltagetransformery but also labor, material,
transportation cost should be includ&tus investment cost might be calculated

as a sum odll mentioned costs:

whereo cost of transformer€UR

0  cost of switchgear, EUR;

0 cost ofcontrol system, EUR

0 cost of protection and automation system, EUR;
0 cost of current transformers, EUR;

0  cost ofvoltagetransformers, EUR;

0 additional costsEUR

2.2.5Maintenance cost.

Maintenance cosif power substatiofis spent tdkeep allobjects and equipment
in good conditions by regular checkimgnd repairingit. During maintenance
some elements might be disconnected from the system. If someserslhae no
backup supplyand they are powered from a single substatioaintenance may

cause planned outages
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Generally, the price of maintenance work is not constamtiries from the type
of objectand equipment condition In practice the direct correlatiobetween

e qgui p me andmmaintertance dosxists

Maintenance ahoperational costf a certain element during the whole {ifee
period might be calculated, if the present value and capitalization coefficient is

known:
6 fos! h < X0
whereQ cagtalization factor

0 operational and maintenancest of the element.

2.2.6 Sensitivity analysis

Sensitivity analysis is a final stage of Hfiene cost analysidt helps to estimate,
how input values or different variablasight affecta designed substationn
order toreach optimal development strategy for the ea®ea it should be
determined which substation structure is the most economicahélong run

To do that, bangesin peak load of the area, unit prices for the harm of
interruption, interest rate and load growth giteuld be taken into account

Thus, due tosensitivity analysisit is possible taunderstandhow variation of
input values wl affect the final assessmerand to check different scenarios of

furthernetwork development.

Resolution levels modde] siructures

LITOTS

model
output

! } m Simulation
Model

—{fccdbackx‘ on input data and model faclors| J

Figure 2.4. Sesitivity analys|8].
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3. Primary substation as a part of network planning process

3.1 Primary substationin a power system

There are different classifications of power substations, which might be used in
network. They might be classified by their function, amount of transformers, total
power and other paramete@enerally,power substatiamare usedo control the
power flow and supply quality in the grd. The main purpose of the equipment,
which is used on subsianm, is to transform the voltage, protect thedgrand
make all necessary switching®epending on the purpose served, power

substations might be classified as

1 Stepup substationsThis type of substations stepp the generated
voltage to the voltageVel, which is used to transmit the electric power.

1 Primary substationsThese substations receive the electric power, which
is transmitted by threphase overhead system. The transmitted voltage is
then stepped down to appropriate voltage level.

1 SecondarsubstationsThese substations receive energy from the primary
substation and step down the voltage level until the level, which isatised
distribution substations.

9 Distribution substationThis type of substations is constructed not far
from consumers. fle main function of these substations is to step down
the voltage level to threghase voltagewhich is used in distribution

network

Figure 3.1 represents the structure of a power supply sysitall mentioned
above substation®Not all power supply chemesmay includeall these types of

substations, andme of substations could beglected

Primary substations in a network are used to step dohigh voltage level in
order to supply secondary substations by lower voltage. Usually they use 110 kV
or 220 kV voltage level. Generally, a primary substation incdwdeighvoltage
busbar system, mediutoltage busbar system, auxiliary system, and one or
several main transformers. In order to provide operational flexibility and to have

more than one suppblternative, there might be severatoming radial line$2].
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As primary substations are usedimprove the supply quality in a network, they
should be capable of providing backup supply for neighboring primary
substations. Thus, one or several maindfarmers should be able to provide a
10 30 % overloading capacityT].

(\ Generating
v station
I—/ (11 kV)

Slepup |4y /990 kV

substation

Y

| Primary grid
A :
e substation -

[ 220/66 kV \‘

Inter
66/11 kV |Sccondary connection Secondary | 66/11 kV
substation | ~ _ / \ - 7 substation

-~ -

¥ I h 4

High voltage |pistributed Distributed Distributed| High voltage
consumer | oy hstation substation substation ‘ consumner
(11 kV) jﬁ f (11 kV)
11/0.04 kV 11/0.04 kV 11/0.04 kV

Figure 3.1. Power supply systd#j.

3.2 Driversfor a new primary substation

One of the goals of techrezonomic planning is to determine the most important
needs(drivers)that require construction of a new primary station.The most
important reasons are presented on figure 3.2.

Often there are several reasons &onew substationinvestment Thus, when
people or business move onew location, it produces a load growth in the
region.However, it might be inefficiento supply new loads with a power from
distant substationdf existing substationseven reconstructedpuld not provide

new loads with a power, the need in new substation will appear.

Moreover,a new primary substation construction could bring somendfés in

reliability improvement The main reason for that is reduction of the line length
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downstream from the circuit breakeReliability is usually considerably
improved, as the line length per circuit breaker may be cut into a half in many
places. Ths, the primary substation is shown to the-eadsumers by a reduced
number of faults. Also the duration of faults per fault reduces slightly, as the time
required for isolating the faults and switching on the backup supplies can be

somewhat reduced [2].

Furthermore, primary substatiarccur avoltage level regulatianThe network
voltage levelmight bestepped up and stepped down a lot of tinmegpower
supply systemFor instance, the power is transmitted fra@psup substations to
primary substationsusing high voltage ranges in order to decrease losses
However a high voltage range should be reduced until medium voltage range to
be used by secondary substatioRsus,a primary substation is used to transform
the high voltage range into the mediumtagke range.

In addition to a voltage level regulation, primary substation could control a power
flow in a network.Usually a fault requires isolation of the line until the fault is
disappeared. In order to break the power flomcuit breakers are needd@ower
substations contain circuit breakers, which allow contmlline power flow

though substation.

New primary substation could also improve some network parameters by
reducing a power factor valuén AC systems not only resistance, but also
inductane, affect the power factor. Big inductance might be a reason of low
power factor. In order to compensate inductance in electrical systapecitor
banks are use®ne of th& advantage over othealternatives is that they might

be installed in differeh parts of power system. For instancepacitor banks
might beinstalled onpowersubstation in order tamplement centralizedontrol

of the power factorin the electrical systemCapacitor banks might be also
installed directly before the load, in order adjust the power factor only on a
certain load.



24

B =
 omam |

Figure 3.2. Drivers for a substation.

3.3 Substation planning

Substation planning might be representedstlyematiadecision tree diagram on
figure 3.3. Decision tree diagram helps to sum up andpaoen different

alternatives between each other.
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Figure 3.3. Decision tree diagram.

3.3.1 Location selection

Selection of a location is a very important part of substation degigking site
and locationselection parameters as type of substation, ilaality of chosen

land climate or nature conditions should be taken into account.

In order to choose an appropriate area for power substatia nécessary to
know the type of substation. For instantte minimize transmission losses,is

more ecoomically justified to build step up substation close to generating
objects.However step down substations should be constructed close to the load
center in ordeto decrease the cost of distribution system and transmission losses.
Thus, primary substatienshould beconstructed neaestimatedload centers,

taking into account forecasted load growthhe future.

Moreover, he preference should be given #&weas with good accessibility

becausgin generaljt is chipper and easier to construct substatiothraaintainit
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there In order to prevent some operating problems in the future, substation

should be protecteiiom floodings, storms and other cataclysms.

3.3.2 Structure

Primary substations arelivided by their structurento indoor and outdoorA
substation,in which equipmenis installed inside the substation buildimgcalled

an indoor substation. This type needs less spackis more protected from
different weather conditiondndoor primary substations are more commonly
used in urban areas or some places, where substation is affectechdbyerse
weather conditions. Because of space limitatiposver equipment is usually put
into a closed cubicle, filled with a gas ¢FThis gas has better dielectric strength
than air and helps to save sermspace. Thus, indogrimary substations have a

highercostand notascommonas outdoor substations.

A primary substationin which equipment is installed on the open &rcalled
outdoor This type needs more spatecause power equipment is airulaed.
Outdoor substations neddwer investmentsand it is easier to construct and
maintain thenin the future Theyare ma@e commonly used in rural areashere
substation is not affected laglverse weather conditions, and where there are not

big spacdimitations

3.3.3Main transformers selection

Transformer selection is one of tineain tasks in substation design. Thus, all
requirements and parametesbould be evaluated carefully to be sure that
selected unit meets primary needs. In order to chaonssppropriate transformer

there are some major factors that should be considered:

The primary voltage level
The secondary voltage level;
Theoperating frequency;

Thephase of primary and secondary voltage;

= =4 4 A4 A

The existingoad and forecasted load growth;
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1 The type of required transformer (indoor or outdoor; auto transformer or

another type of transformer and etc.).

On the basis that power transformer should provide transmission capacity for the
lifetime period, selection of the appropriate unit is basegawer flow through
it. The size and number of transformers on primary substation should be
technically and economically justified. Of course, in case of a big load growth
during the whole lifetime perigdsome variants of substation reconstruction
might be considered. During reconstructioit is possible to change existing
transformer ora bigger unitor increase the amount of transformers primary
substation However, because of a big amount of extra expans@s,
reconstruction should balso economially justified. In order to estimate the
power of transformer, the following equation might be used:

Y0 i s0Dp S o

p T

where'Y rated transformer capacityyA;
0 peak network powekW:
wé i power factor;
i annual load growth, %;

T osystem lifetime period, years.

To conclude,ie i mportance of transformer sel
chosen transformer has too small capacity, it will cause some overloading
problems.Of course, ach main transformershould be capable to operate
overloading mode, but extremely long oiglh overloadings could cause
overheating and corresponding failure of transformAethe same timghe main
transformer oftoo big capacitywill cause extrano-load losses inthe grid and

extra investmentsThus, the use of too big main transformers amary

substation is also not efficient.
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3.3.4Relay protection and automation

Protection relays and substation automation systenprimary substatiorare

used to control and protect primary assets during normal operation and fault
conditions, makingthem vital to network reliability.In general, atomation
sequences include fault detection, localization, isolateord load restoration.
These sequences will detect a fault, localize it to a segment of feadepen

the switches around the fault [4The main purpose of relay protection and
automation isto keep the system stable by localizing and isolating only the
damaged part of the systeamd protect power equipment from the damadigeis
possible, therotection and automation system will uss&ackup supplin order

to feed the load.

Protection and automation sgst should be as effective asstpossible. Thus,
they should provide all reliability, selectivity, speed and sensitivity requirements
in order minimize the amount and duration falilts seen by the customer.
Additionally, these systems couldontrol equipment loading and determine

whether load transfers can safely take place.

3.4 Alternatives of the network development

The optimal development strategy, which might be used in-ax@sge usually
considers a congratively long time span periodlfout 40 50 year}. The
planning process produces directives for the action alternatives. All these
alternatives might be implemented in order to develop the netwadtherpoint
is that these alternatives include various needs, have diftei@ntical featurg
reliability effects, capital cosThesenetworkdevelopment alternatives stéiom
construction of a new primary substation and end with construction of a new

overhead line.

During the planning processeveral alternatives caseareahave to be sidied
and compared. In this work the biggest attention will be paid to construction of a

new primary substation andareasing thgower of existing substations

3.4.1 Increasing thpower ofexisting substations
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The firstsolution which might be uskin development strategi, to increase the
existingtransformersapacity and reinforce power lines from existing substations
to the chosen areaThere are two main possible solutiprieow to increase
capacity ofexisting transformersThe first one ido replace existing transformers
with new main transformers. The second one is to padalleltransformes on

substation.

Before increasing the power of existing transformeugh factors aforecasted
load growth,planned peakoad, andtransformer ovdoad capacitance should be
taken into accountThe main characteristic of overload capacitanca isad

factor.

where'Y rated transformer capacityyA;

“Y pe& network powerkVA.

Knowing the loadactor, type ofthetransformerandtransformer cooling system
it is possible to estimate the maximum allowable operating e overload
condition. GOST 142085 defines the allowable system overloads and

emepgency overload for various types of transformers.

In order to estimate required capacity of power transforniters necessary to
refer to equatior§3.1). In this caseY will be equal to the total required capacity
of primary substationTotal required capacity might be calculated as a sum of
capacities of almaintransformers on therimary substation.

Changes in number and nominal power of transformers lealdatoges in load
power losses, ntowad losses, reliabilityand maintenance cosMoreover, there

are some additional investment costs connected with replacement of equipment.
In addition, during the period of wagrlsome interruptions in electricity supply
might be. Thus, all new losses values, new investment cost and outage cost
should be included in techrexonomical analysis in order to estimate this

solution.
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All these construction changes primary substatiolead to changes in total
system impedanceChanges in transformers capacity and system impedance
cause changes shortcircuit currentsIn turn, it might be necessary to replace

a part of power equipment

3.4.2 Construction of a new primary substation

The secondsolutionis to build a newprimary substation with a reasonable size
and number of transformer@f course, primary substation is one of the most
expensive components in the netwdtlkneedsa lot of investments, but @gffect

on the network is really significant.

The amount andsize of main transformers should be proved by techno
economical calculations. The main principles of transformers selection is similar
to the principlesperformed in paragraph 3.41h.general, lhe main task is to find

a balance between reliability anotdl investmentcost becausehere is a direct

connection betweethem

It should be noted thalhé sizeand numbepf maintransformers has an effect on
the mediumvoltage network. After the constructiah a newprimary substation,

the shorcircuit cureents will increase. In some cas@screase in shodtircuit
currentsmay cause a serious renovation of the meeiottage networkThus, it
should be paid a lot of attention to this problem in network development strategy
of each region.

A positive effectfrom primary substatiorconstruction is thait is possible to
decrease the earfhult currentsin the networkdue to new primary substation
Because of that, it is possible to save some money on earthing dduicase of
a big primary substation witseveral transformers, the effects on the efanh
currents and shodircuit withstand capacities has to be taken into accoutht
respect tsupply districts (Lakervi and Partanen, 2008).

Moreover, onstruction of a new primary substation helpsnicrease reliability,
reduces investments resulting from the need for increasing transmission capacity
of the mediuravoltage network, and increases the posugoplyquality (Lakervi

and Partanen, 2008Thus, a new primary substatioshould be considered in
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casearea development strategy not only as an object, which is necessary for the
further development of the region, but also as an object, which could bring some

economical profit.
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4. Technical view on primary substation

Deperding on their tasks and purposedifferent primary substations have
different requirements, featuresnd layout. These things determine operational
flexibility, supply reliability, security, shostircuit withstand capability,
maintenance, operational andvestment cost of primary substationEhe
selection of substation layout is based on features of-atase and techro

economical analysis.

4.1 Busbar structure

The main function of electrical bus of power substatisnto collect and
redistribute eneng The selection of a bus system depends on the vokagé
position of power substation, needed flexibilignd expensed costhe chosen
busbar system should provide desired simpliayd include provision of

forecasted load growth

In practice diferent variations of busbar structures are usedprimary
substations Each of themhas their own reliability and operational flexibility
characteristics. Some of them provide a good reliability and flexibility, but they
have ahigh investment cost. Somef dhem are used in cases, whgist
satisfactory reliability and flexibility isneeded and it 5 better to reduce
investment cosbf power system as much, as & possible. Thus, the most
common primary substatiobusba structures are mentioned artkscibed

below.

4.1.1 Single busbar system

Single busbar systeia the simplest bus system, which consists of one busbar for
the full length of switchboardlhus, # generators, transformers and feeders are
connected to a sgle busbar. The main advantagégrimary substation, which
uses a single busbar systeare low initial cost, low maintenance cost, and
simplicity. Nevertheless, gooffexibility and high reliability are not provided for
these substationdoreover, when the fault occurs atusbar, kthe feeders are

disconnectedn order to isolate the faulThis system is usually used for single
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transformer primary substation in areas, whgoed reliabilityand operational

flexibility are not required.
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Figure 4.1. Single busbar syst¢hj.

4.12 Single busbar system with bus sectionalizer

If there is a need in reliability increasing, a single busbar system might be
sectionalized by additional circuit breaker with isolating switches. In general, it
helps to decrease the amount of interruptianpramary substation becausden

a fault on a busbar occurs, it does not cause a complete shutdown of abi.feede
Due to circuit breakerpnly a damaged part of a single busbar is isolafidte
amount of setionalizers on primary substationis not limited. Of course,
additional commutation equipment increases the total cogtiwfary substation

but it brings some advantages. For examipleecomes easier to isolate the fault
on substation,t increases reliability of substation, and makessiihpler to
maintain and repair one sectiohsubstatiorwithout affecting the supply of other

sections.
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4.1.3 Main and transfer busbar system

The advantage of main and transfer busbar system ishisagystem imply the
use oftwo busbarsin primary substationEach generator or feeder might be
connected to each bus with the help of bus coulpehis system &us coupler is
used to change one busbar to another. Tdaturehelps to continue supplin
case of afailure of the mainbus in substation because the load might be
transferred from generators to the reserve bus. Moreover, there would be no
interruptions during repair or maintenan@éus, using this systentpi sasierto
make maintenanceost of primary substation loweMain and transfer busbar
systemis common incase ofsingle transformer primary substations, which
should provide a good reliability and operational flexibilifyhis system also
might be used in case of two or more tfanmmer primary substation because

its low investment cost
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4.1.4 Double breaker busbaistem

Double breaker busbar systemnsists of two absolutely identical bushdtsery

feeder is connecteithrough individual circuit breakerso both busses in parallel.

Both busses are energized and edtiers are divided into two grougsach of the

group tas their own supply busbar, bualiieto individual circuit breakersany

feeder at any time might be switchto another busRrimary substations, which

use double breakdyusbar schemerovide maximum reliabty and flexibility.

The double breaker busbar scheimesually used for two or more transformer

primary substation, budecause of its high cgst nat \@ry common.
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4.1.5 One and a half breaker busbar scheme

One and a half breaker busbar scheésnan improved version of double breaker
busbar scheméhe main differene from double breaker busbar schemahat

for two circuits only one spare breaker is provid&o circuits have their
associated breakers and one tie breakkich acs as a connectinglement for

two feeders. In case of a failure of any feeder breaker, the power is fed through

two otherbreakers.

This scheme is alsased for two or more transformer primary substations, when
high reliability is still compulsory, but the cost of primary substation should be
reduced. The main disadvantage is thasse primary substations atificult in

operaion, and there might be some problemigh this substation automation

system
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4.1.6 Ring busbar system

The ring busbar system is a special kind of system, which is used for primary
substatios with many feedersThe main aduwatage of ring schemés its
flexibility, because each feeder has a double end power supply. It means that the
failure, for instance, of the first energy source waudticause any interruptions.

Moreover,dueto the struture the fault might be localized and isolated. The ring
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structure makes it possible to maintain and repair circuit breakers on busbar

withoutinterruptions irthe supply.

Unfortunately, this system is unsuitable for developing systems, becasiserny
complicatedto add new circuits in the ring. One more drawback is that during
maintenance of any circuit breaker primary substationthe ring structure
becomes opened. It deases reliability of the systebecause at the moment of
tripping of any breker in the loopinterruptionof power supply occurbetween

tripped breaker and open end of the loop [6].
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Figure 4.6. Ring busbar scheip®.

4.1.7 Mesh busbar system

Mesh busbar system is also used in primary substations, which have many
circuits. In this busbar system, the circuit breakers are located in the mesh, which
is created by bumars The scheme is tapped from the node point. This busbar
system is operated by four circuit breakers. If a fault occurs on any section, two
circuit breakersbecomeopen and isolate the fault. Thisusbarscheme is
characterized by good operational flexibilifyhis system is not very popular in
primary substations because of its difficultydé#mands a difficult protection and

autoreclosing system, which is not gas install andoperatewith.
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4.2 Main transformers

The function of main transformerson primary substations to stepdown

incoming voltage to a suitable level Power transformers make the biggest
contribution to he total cost and represent‘5itqj of the total substation costhe

amount of main transformers is selected according to eactamesdeatures, but

in general, tiis installed from one to six transformers on primary substations to
convert incoming peer [7]. The sum of all transformers capacities is equal to a
substationds capacity.

4.2.1 Types andumberof main transformers

The most common main transformers, which are used in usual regional and MV
networks are threephase main transformers. Theimaeason is thathe use of

one thregphase transformer orrimary substationnstead of using three single
phase transformer uniis more beneficialOne threghase transformemeed

less empty spacdas lower losses and lower maintenance ttxast three single

phase transformersf equivalent capacityThe type of transformeon primary
substationis selected according to its applicatiand casarea features
Sometimes when the load growth is expedtedhe future some transformers

might be instdéd without special additionalooling equipmentsuch as fans). If
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the load peak creates the need, it will be possible to add such equipment and to

boost the capacity of transformer [7].

There are a lot of special types of transformers, which are ussmtéonmodate
special requirements. For instance, for distribution applications it is often required
to convert power to two voltage rangés this case threwinding transformers

are used to provide three voltage levels for some substations and few loads
nearby. Figure 4.8 shows a primary substation with thréeding transformer.

One more very important special transformers tgdew footprint transformer. It

is used to be fit into substations, which were originally designed for smaller units.
Another @tegory is highmpedance transformers, which are designed to limit

fault currents. These transformers have a higher cost, but reduce fault currents

5 P Wiy i
R R s

25kV 25kV 13.8kV 138 kV

and breaker requirements to appropriate levels.

Figure 4.8. Substation with thregnding transformer|[7]

The majority of primary substation main transformers are -@elteected on the
high side and either wyeonnected on the low side. If power transformer has a
big capacity, wyeconnection is utilized in order to decrease linear currents on the
low side. The same rules are also used for thweeding transformers. The
majority of threewinding transformers also have dettannection schemen the

high voltage side. If itd needed to decrease linear current on medioitage or

low-voltage side, wyeonnetion might be used.

As it was mentioned, primary substations vary by the amount of transformers.
Each variation has advantages and disadvantkgesnstance, a substation with

a single transformer will be unable to provide a sugphis transformerdils. A
substation with two or more transformers could still function in case of a failure
of any transformer.Thus, he loading on remaining transformers could be

increased, and they could operate for few hours before overheating.
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Moreover, main transforers of big capacity (over 60 MVA) are costind
difficult to transport. Because of théttere are someconomic reasons for using
two or three transformers of smaller capacity instead of using a single transformer

of greater capacity.

It should be notethat the forecasted load growth is not always accurate enough,
and there might be a need in increasing transformers capacity. But, it is not easy
to carry out for all types of substations. For example, the capacitpani
transformers orprimary substatin, which is originally planned for multiple
transformers, could be increased in stages by paralleling of additional transformer
without serious reconstruction of primary substation. The reconstruction of a

single transformer substation will take more tiamel investments.

Of course, single transformer primary substations also have some advantages.
The investment cost ahesesubstations is lower than multiple transforser

investment cost. Moreover, & easier to maintain single transformer substations.

4.2.2 Principles of transformers configuration

Main transformers on primary substation might be configured in different ways.
In general, there are only few schemes of transformer configurations, which are

used in practice.

Main transformerson primary sbstationshould be applied as individual units
with no direct connection®xcept connections to a common source. Moreover,
paralleling ofoutgoing feedergs not recommended. It means that each-$ue
busba should be operated separatelyie main reasts for that are problems,
which could lead to fault current loadingnd problems with voltage regulation.
Serial appkation is also not very common. céording to technical and
economical point of viewit is more beneficial to use a single transformstead

of two serial connected transformers.serial connected configuration of main

transformer and configuration with paralleled feeders are presented on figure 4.9.
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A. paralicied transformers B. serial transformation
““‘Iil'\lillm“ l

I

outgoing feeders outgolng leeders

Figure 4.9 Transformers configurations: a)with paralleledoutgoing feeders)

serialconnection[7]

The most common configuration is presented on the figure 4.10. All transformers
are fed from a common higdide bus, which is energized by two incoming
transmission lines. Each legidebus issectionalized from the othersor repair

and maintenance purposes all isile buses could be connected to each other

dueto circuit breakers, which are normally in open state.

Incoming transmission
—_ —

t !
N i

o m

vvv v++ VY

oulgoing feeders

Figure 4.10. Usual configuration [7].

4.3 Instrument transformers

Instrunment transformer is a necessary part of control, protection, and auxiliary
system on primary substatiolmstrument transformers are used in AC system to
stepdown the current and voltage to necessary l&elprimary substations this
level is usually5 A or 1 A for current transformers and 110 V feoltage

transformers.
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The voltage and currentlevel in power system is very high. Thuis,is more
beneficial to use instrument transformeogetherwith low-voltage and low
current measuring instrumentather than to utilize higivoltage or highcurrent

instruments.

In general, mstrumental transformei@n primary substatioare usually used for
measurement of electrical parametanslin complexwith protectiveand control
system As it was notedjt is possible to use just one or sealevoltage and
current rangesni primary substationThus, allmeasuring instruments could be
standardizedwhich helps to decrease the costaointrol and protection system
Furthermore, because of low current and voltageell there is possible to

achieve low power consumption of mentioned instruments.

Two main types of instrumental transformesshich are used on primary
substation,are current transformers and voltage transformers. Both types are

presented on figure. 41.

Figure 4.11. 110 kV instrumental transformers: agurrent transformer; b)

voltagetransformer 9.
4.3.1 Current transformers
The main purpose of current transformera substation io step down the

primary currentandto measure secondaryroent by smaller amperemetéihe
primary winding of current transformer is connected in series with other
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elements. The secondary winding is connected directly to amperemeter or another

measuring instrument.

Usually current transformers on primary subieta are installed in such way

that conductor or a byslay a role of primary windingOne of the most important
characteristicof current transformels a current ratio. It describes relationship
between primary and secondary current in the transforimgaractice itis very
important to have an accurate value of current ratio, because big discrepancies in

current ratio could affect the work pfimarysubstation.

54
ML Secondary current
\ > h

Ammeter

A

I
[
\

Secondary winding

Figure 4.12. Principal scheme of current transforf@gr

Current transformers, whic are used in primary substation, are selected
according to the % edition of the Electrical Installations Regulations (EIR). The
main requirements areperating voltage level, accuracy classd thermal
resistivity to thermal impulse during short ciitu and maximum normal
operating currentThus, it is possible to represent relationships between current

transformer requirements and apparatus characteristics:

Y Y ;
O 0 ;
6 O h

where™  apparatus voltage level, kV;
Y primary winding voltage level, kV;

‘O maximum normal operating current of electrical equipment, KA,
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‘O nominal operating current of transformer, kA;

6 thermal resistivity to thermampulse of transformek! 30 A A
‘O maximum value of shoitircuit current, KA;

o] duration of thermal impulse, sec.

4.3.2Voltagetransformer

Voltage transformes are usedo step down the voltage a lower value to be
measured byaltmeter or used by another instrument. Potential transformers are
also classified by extremely accurate turns ratioe Tgrimary winding of
transformershould be connected across the line (usually between the line and the
ground). In other words it is psible to say that this type of transformer is

connected in parallel.

“ High voltage Load
Al

Fransformer

Grounded

A 'hH'
O a Y \ J
for salety \JAC Voltmeter

Figure4.12. Principal scheme wgbltagetransformel8].

Voltage transformers, which will be installed in a camea primary substation,

have their own selection requirements. Accogdio the # edition of EIR,these
transformers are selected according to the load, frequency, and operated voltage
level. Moreoverthey might be used in primary substation protection systems or
other systems, which require very accurate current or geltatio. Therefore,

voltagetransformers should also provide a needed accuracy class.
Thus, the following criteria might be used:

Y Y o
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Y v
where'Y power of the load, kVA;
Y transformer capacity, kVA.

4 .4 Protection

Sometimes primary substation could suffer from high currdmgh voltagesor

other effectsIn order b prevent a damage of electrical equipmém protection
system is usedAll equipment, which is used in electrical system, has its own
standardized ratings for withstand current and voltage. The main function of relay
protection is to follow that thegatingsshould notbe exceeded and to isolate the
fault as s oo inadiison,iprotécson gystesnshelds to avdahger

to stuff or publi¢and to minimize outages in power supply.

Protection systenof primary substationis a complex systepnwhich consists of
protecton relays, circuit breakerfyses auto reclosing system, and monitoring
equipment The level of protection of a primary substation is selected according
to casearea features and determined by how critical the outage it entheser.

In general, substations have overcurrent, overvoltaged differential and

distanceprotection systems.

A correctly designed protection system of primary substation has tospesal
requirementsFor example, a primary substation shouldcbpable to operate in
all allowable modesand protection systershould notmake any kinds of
interferes.Thus, a carefully developegrotection systenof primary substation
should providereliability, simplicity, selectivity, high operatiospeed, ando be

not very expensive

4.4.1 Overvoltage protection

If the voltage range on primary substation exceeds already defined voltage level,
it may cause insulation breakdown and failure of power equipfenexample,
the insulation failure of main transfoers could cause long fault interruption and

expensive transformer replacementhus, primary substations should be
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protected from peak voltageShe main purposef overvoltage protection i

reduce the streswhich is caused by overvoltage.

In orderto reduce the stress and protect substation elememst casespark
gaps and surge arrestors are ussdthe main protection equipmernithese
elements should be installed before the protectegipment m primary
substation Primary sibstations of sl capacities and small transformers are
usually protected by combined protien, which includea spark gap and metal
oxide (MO) surge arrester in a single produstcombined protection operates
such a wayhat when a spark gap is ignited, surge siemebecomes conductive
and discharges the overvoltage to groulNthreover, gpark gaps which are

installed together with surge arrestee|p to prevent leakage current flow.

Overvoltage protection of HV substations and transformers with the rated power
more than 200 kVA includes surge arresters without spark gaipsuse of this
protection system on primary substations hdipgeduce the number of auto
reclosingsand voltage dip$2]. Thus, it might be concluded thtéte use of MO
surge arrestergn piimary substatiorhelps to improve the quality of supply and

decrease the risk of equipment failures due to climatic overvoltages.

The overvoltage protection in primary substationsssally used to protecthe
most important and expensive elemeritsudstation. Thus, this system is usually
used to protect main transformers, circuit bregkieusbar system and outgoing

radial lines.

X x
N\ \

LINE BAY LINE BAY

BUS COURER

Figure 4.13. The principal scheme of overvoltage protection of power substation
[10].
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4.4.2 Overcurrent protection

Overcurent protection plays a key role in protection of a whole substation.
According to the statistics, shearircuit currentsand earth fault currentsre the
most common type of failures in the netwohk.order to improve reliability of
electrical systemthe overcurrent protection is used. The main purpose of

overcurrent protection is to prevent thermal damages caused by fault currents.

One of the key elements in overcurrent protection is an overcurrent (OC) relay.
OC relay provides instantaneous trippiaga high value of current. OC relay
operates, when the current exceed already established level. Most of overcurrent
protection systemsn primary substatiorreact to fault currents and overload
currents.n general powerequipment switchgear, main trafiormers, busbaand
conductorson primary substationare protected from overcurrents by fuses or

circuit breakers.

The protection of LMcomponentaisuallyoccursby fuses, which are very cheap,

but have strict boarders of applicatiofy. The main disadantage of fuse
protection is that it works just once. Thus, the element becomes shut down until
the fuse woul dnét be changed. This pr
substations. Consequently, in case of primary substatiogsise of recloseis

more common. Reclosers are usedhterupt a huge current flow. They are more

flexible in operation and could operate many times.

4.4.3 Differential protection

Differential protection system is a system, which protection principle is based on
comparson of two electrical quantities. The main element of this system is a
differential relay. The most common type of differential relays, which is used on
primary substations, is an attraction armature type relay. This type of relay
became very common in fgfential protection of primary substations because it
has a high operational speed, ands not highly affected by AC transients of

power circuit.

Different electrical quantities might be compaieddifferential protection but

the most popular typef differential protectionsystemss a curren differential
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protection systemThis type of system is mostly used to proteonhductive

elements of primary substation such as main transformers and.busbar

The operating principle of current differential protion systm is described on

the figure 4.14 A pair of arrent transformers is installed on each end of
protected section. Two secondary windings of transformers are connected with
each other by pilot wire in such a way to carry the induced currentisdime
direction. The operating coil of differential relay is connected across two pilot
wires. When there is no fault current on protected section, the currents flowing
through secondary winding of current transformers are equal to each other and
there isno current through operating colf there is a fault on protected main
transformer, for example, secondary currents start to flow in different directions,

and the current will flow through differential relay.

Protected System External Fault  Protected System
/ Element H Element
' I I / |
N TR SR > "W o S A N <&
) ) i 9 h Y i w
As/v 2 T v - &
— ' N 2 T -«
pilot < Yy - ; pAT
Wires ' § . Plllot < i ”7l i
e 8 \ 15 Wires \ iy i
o - > | .
Overcurrent R =
Relay Operating Overcurrent
Coil Relay Operating
Coil
A) B)

Figure 4.14. Differential protection priipte. A) a fault is outside protected

section; B) a fault is inside protected sectif8].

In order to prevent false triggering of differential relays on primary substation,
which could let to shut down of main transformers, current transformers should
be the ame (they should have the same current ratio and accuracy class).
Otherwise the current through differential relay might flow because of small

differences in current ratio.
4.4.4 Distance protection
One of the functions of primary substasonvhich ae constructed according to

casearea requirementss to protect outgoing radial lines from possible faults.

general, distance protection is used for that needs.
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The principle of distance protection operation is based on impedance comparison.
In fact, dstance protection is equipped by impedance realalfagetransformer

and current transformer. Thanks to cutrandvoltagetransformer, it$ possible

to estimate the impedance of protected zoheadial line. If a fault occurs in
protected zonethe mpedance of these zones will decrease, and relay will

operate.

Thus, if it is necessaryo protectoutgoing transmission line in caaeea, the use
of distance protection system is more preferable because this system is
characterized by high operating sgeéaster than overcurrent protection), high

sensitivity and wide operating ranges.

4.5 Switchgear

Switchgear is a special type of equipment, which is used to control, protect and
isolate electrical apparatus. Nowadays modern primary substations use-remot
controlled switchgears, which helps to minimize the operating speed and reduce
interruption time. The most common types of these switchgears, which might be
used in primary substation, are remote controlled disconnectors and +emote
controlled circuit beakers with protection relay3he use of remoteontrolled
disconnectors and circtlireakers make it possible to utilize the full network
capacity, which will decrease network investments in the long term.

4.5.1 Remoteontrolled disconnector

In general disconnectors are used to deenergize the chosen apparatus in primary
substation from all possible sides. It should be noted that disconnectors do not
interrupt a current flow (as circuit breakerg.dbhey are used to make sure that

the electrical equipent is completely denergized.

The use of remoteontrolled disconnector on primary substation helps to reduce
the duration of interruptions, seen by amgers [2]. This advantage is achieved by
remote control, which helps to avoid a tho@nsuming manuatontrol. For
example, if it is a failure on primary substation, and it is needed to switch backup
supply connection, remctntrolled disconnectors will deenergize the damaged

part, which is already isolated, and energize a backup connection partthihus,
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duration of interruption and outage cost will be decreased by rerooteolled
disconnector. The example of HV rematantrolled disconnector is presented in

figure 4.15.

Figure 4.15. HV remoteontrolled disconnector [9].

Disconnectors on primargubstation should be also chosen according to special
requirements. Thusas stated in EIR, the normal operating conditions of
apparatus (voltage and current) should be higher or equal to the maximum normal
conditions of primary substation. The verificatioof selected disconnectors
should be made according to thermal and dynamical influence oftaurit
currents because a switchgear should be capable to withstand this influence
during shorcircuit. Consequently, it is possible to represent all these

requirements as:

Y Y
(@) 0 ;
o} O N
Q Q h

where’Q peak current during shecircuit, kKA;

‘Q  maximum allowable electrodynamic current of disconnector, kKA.
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4.5.2 Remoteontrdled circuitbreaker with protection relay

The remotecontrolled circuitbreaker with protection relay (recloser) is used to
control the power flow through primary substation, and to protect apparatus from
overloading, faults and shectrcuit currents. Tie use of reclosers also decreases
the number and duration of interruptions seen byus®t. The main reason for it

is that recloser could isolate the fault, and the user upstream the recloser will not

experience any problems connected with a fault ortsiu@uit currents.

In order to break a circuit, huge currents should be interrupted. During current
interruption, an electric arc occurs between contacts of switchg&ah could
damage electrical equipment. In order to prevent this damage, suatorsas

Sk gas, vacuum, special oil and compressed air are used to interrupt the arc. All
of them have different dielectric strength properties and different efficiency.
Thus, due to a high efficiency and low maintenance cost of switchge@aSF

and va&uum circuitbreakers are used in primary substations. The example of HV

vacuum recloser is presented on figure 4.16.

Figure 4.16. HV vacuum recloser [9].

A lot of shortcircuits clear themselves over a short period of time. Reclosers
could energize thesolated part, if a fault is cleared. Thus, the use of reclosers in

a primary substation makes it possible to significantly decrease the outage cost.

In general, circuibreakers are selectetcordingto casearea features. Circuit
breakers should be oken based on normal operating current and voltage.
Verification should be donaccordingto thermal and dynamical influence of

shortcircuit current. Futhermore, a circditeaker should be capable of
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interrupting the maximum possible value of skortuit and eartkfault currents

on substation. All mentioned criteria are presented below.

Y Y
(] 0 ;
60 0D N
Q QN
o O,

where’O  maximum possible current, which might be interrupted by ckcuit

breaker.

4.6 Automation

Control and automain system is used in order to provide a synchronous
operation and control of all systems and apparatus in designed primary substation.
In general, this system makes it possible to increase performance and reliability

of designed protection system in primaubstation.

The advantage of substatiantomation system (SAS) could Beistrated by a
simple example. The recloser, which is installed in a primary substation, divides
the line into two zones. If the fault appears in the zone, which is upstream the
recloser, the whole circuit will be eenergised. As a result, there will be an
interruption in power supply. In practice it will take some time to check loading
data and to determine a fault location. Only after that a backup supply will be
switched on. Te automated system will receive a signal aboutrdergized
circuit, and will reenergize the circuit automatically. Consequently, the
interruption time and outage cost will be reduced.

Typically, SAS is based on data acquisition, supervision and ¢ontro
Traditionally, primary substations use SCADA control system, which provide a
reattime remote control. The advantage of tystem is in possibilityo monitor

and control all processes on primary substations, using operator interface. The
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supervisorycontrol and data acquisition is occurred by PID controllers and logic

controllers, which could operate with rematentrolled units of SAS.

The data acquisition and data collection in SCADA are provided by special
sensors or intelligent electronic devi¢dsDs), which are physically connected to
primary substation apparatus. These sensors take data from reclosers,

disconnectors, main transformers, busbars and send it to control center.

In a control room all received data is analyzed and monitored. Tleevisipn of
received information is occurred by supervisogmputes or by substation
personnel. Supervisory computers provide live data using graphs or diagrams.
Thus, it is easier for substation personnel to monitor the status of substation.

The contrd of primary substation is occurred by microprocessors, programmable
logic controllers, protective relays and remotmtrolled circuitbreakers. The
main principle of SCADA control is based on a feedback control loop. Thus,
supervisory computer receivesitd from primary substation and try to adjust
them, if it is necessary. Moreover, a feedback control is not absolutely
automatical and, due to human machine interface, substation stuff could also

control all commands, sent by supervisory computer.

Thus, @ta acquisition, power system supervision and power system control are
working together and in coordinate with each other. In this case they produce a

SAS, which could significantly increase substations protection system.
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5. Case study

This part ncludes case studies about real example, to which all described
methodology could be applied. Calculations include comparing and assessment of

several alternatives.

5.1 Casearea overview

5.1.1 The regiondés network overview

For the case study, the Premsky region irKarelian Republiovas chosenThis
region is located in the NoAWest of Russia. The climate in the region is mild.
There are no big industrial enterprises, which could pollute the atmosphere, in
close proximity to the region. Thus, thaseno need to protect switchgear from
extreme climate or pollution conditions. Because of that the majority of power

substations, which are used in the region, are outdoor type substations.

The case region belongs to the Sekitlrelian electric networks. Aimplified
network scheme of the region is presented on the figure 5.1. All network
components, which have a voltage level less than 35 kV, are neglected on the

scheme.

— 110 kV line PS 21

—— 35 kV line

110 kV power substation
® P PS 10R, L-119

® 35 kV power substation
O new plants location PS 6P

CHPP 13

PS 17P

Figure 5.1. Scheme of the network



55

Based on the presented map, central heating andrgaant (CHPP) is the main
electrogenerating object in the region. According to the data, provided by federal
energy supplying company RAO UES (United Energy Systems), the power of
CHPP is 310 MVA. CHPP is a power source for several 110 kV overheag lines
which go through the whole region. 110 kV lines are highlighted with a green
color, and 35 kV lines are highlighted with a black color. Power lines are made
from aluminum steel reinforced conductor (ACSR). The additional information

about them is presesd on the table 5.1.

Table 5.1. Overhead lines

Power line Length [km] CfOSSsezction
[mm?]

Line 173 48 120

Line 166 66 120

Line 119 18 120

Line 36p 24 95

Line 35p 37 95

Line 34p 25 o5

Line 33p 36.9 95

The survey should also include some data apower substations in the region.

The location of 110 kV and 35 kV substations is presented on the figure 5.1.
Some of them have three voltage levels, and some of them have just two voltage

l evel s. More detail ed i nf or llagetrangesis ab oL

presented on the table 5.2

Table 5.2. Power substations

Power substation Mai n tr ansf or me| Voltage ranges, kV

PS 39 2 X 16 MVA 110/35/10
PS 21 2 X 25 MVA 110/35/6
PS 8p 2Xx1MVA 35/10

PS 64 2 X 25 MVA 110/35/10
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PS 6p 2x 1.6 MVA 35/10
PS 10p 2 x 2.5 MVA 35/10
PS 17p 2 x 4 MVA 35/10
PS 5p 2 x 1 MVA 35/6

The average annual load level of existing substations is in normal operating rages
(60 75%), but the load level of PS 64 and PS 21 is quite high. According to the
data, provided by RAO UES, the annual load level of these substations is 96.3%

and 82.8% respectivelyhe peak load is 53.8 MVA and 52.2 MVA respectively.

Prionezsky region combine different user groups. The majority of them relate to

domestic and public usggroups. The outage cost tariff for different types of

outages will be defined according to the table 5.2.

Table 5.2. Unit costs for different customer gro[#js

Permanent faults ?laxmed : Auto-reclosings
mterruptions
: High- Delayed

Customer speed

€kW €kWh €kW €/kWh €kW €kW
Residental | 0.36 429 0.19 221 0.11 0.48
Agriculture | 045 9.38 0.23 48 0.2 0.62
Industry 3.52 2445 1.38 1147 2.19 2.87
Public 1.89 15.08 1.33 7.35 149 234
Service 2.65 29.89 022 2282 1.31 2.44

5.1.2 Drivers for network development

In the nearest future a number of factories anatplavould be constructed in

Prionezsky region. The supposed location for the construction of industrial

facilities is defined by red circle on the figure 5.1. According to RAO UES the
peak load of supposed factories and plants will be 15.5 MVA. Accordiriget

data, presented on the table 5.2 and annual load level of existing substations, it

might be assumed that existing substatorsu | d n 0 t

Moreover, one of the tasks of the project is unloading of existing substations PS

power

such

21 and P$%4. Thus, in order to provide the further load growth in the region, the

-
C
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network should be developed. As alternative solutions of network development
the construction of a new primary substation and reconstruction of existing

substations might be considdre

5.1.3 Calculation parameters

The offered alternatives should be analyzed and compared in the project. Thus, in
order to do that, such values as load growth, considering lifetime period, interest
rate, network power factor, growth of consumption, ancepof losses should be
included in the survey. All the mentioned values and parameters are presented on
the table 5.3.

Table 5.3. Calculation parameters

Parameter Value
Lifetime, years 40
Time of load growth, years 15

Peak operating time losses, hours 2000

Interest rate, % 5

Power factor 0.95

Annual growth of consumption, % 1

Price of power | d30

Price of energyr |0.03

5.2 Network development alternatives

The load growth in the region became one of the reasons for network
development. There are several network development alternatives, which might
be proposed. Thus, according to the figure Belv loads might be powered by
reconstructed substation PS 64 or by substation P$H&lpower supply might

be implemented by new 35 kV lines (line 1 or line 2).

Another alternative is construction of a new pniynsubstation. It is reasonable to
locate a new substation not far from the future industrial facilities in order to

decrease the amount of losses in the line. The power supply is planned to be
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occurred by 35 kV line (line 3). All development alternatiaes presented on the
figure 5.2.

— 110 kV line

—— 35kV line
® 110 kV power substation
® 35 KkV power substation

O new load location PS 10P
35/10 kV

PS 21
110/35/10 kV

O new primary substation

— -~ — new 35KV line PS 6P
35/10 kV

Eified CHPP 13

PS 64
110/35/10 kV

Figure 5.2. Development alternatives

In order to choose the most cost efficient solutions, all alternative should be
anal yzed. Figure 5.3 shows possible an

STRUCTURE OF ANALYSIS

A) Reconstruction of existing substations + new MV-lines B) Building of a new substation + new MV-lines

@ v

1) Techno-economic dimensioning of MV-lines

1) Techno-economic dimensioning of MV-lines

2) Defining the present value of substation, cost of losses,

2) Techno-economic dimensioning of main transformers
O&M cost, outage cost

and bushar system selection

3) Defining the investment cost of substation
reconstruction, cost of losses, O&M cost, outage cost
after reconstruction

3)Defining the investment cost of a new substation, cost of
losses, O&M cost, outage cost

4) Life-time cost analysis
4) Life-time cost analysis of reconstruction

Figure 5.3. Case study analysis

5.3 Recomstruction of PS 64

Reconstruction of PS 64 is the first possible solution. According to the RAO
UES, this substation was constructed in 1980. It has two main transformers with a

total capacity 50 MVA. There are two options to reconstruct existing sudrstati
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The first one is to increase the amount of transformers on primary substation. The
second one is to replace existing main transformers on transformer units with
bigger capacity. Based on the features of PS 64 and data, provided by RAO UES,
the increasig of the amount of transformers in this substation is difficult to

occur. Thus, only replacing of existing transformers will be considered.

This project should also include construction of additional power line (line 1),

which will power industrial facities. The estimated length of the line 1 is 34 km.

5.3.1 Line dimensioning

In order to select a mediunoltage line, several factors as voltage drop,
investment cost, cost of losses, and outage cost should be consitiezeaf. the
limiting factors ofconductorcrosssectionselection is aoltage dropThe voltage

drop in MV networks is not usually a result of technical restrictionistHeuresult

of economic analysi Sometimes too large voltage drop makes no problems to a
customer (Lakervi, 2012). Nevtheless, if the voltage drop is too high, it means
that crosssection should be increased in order to reduce power losses.

In threephase AC systems the voltage drop might be easily calculated, if linear
current, power factor, and conductor parameterkaown:

YY VoJ@ 'Y Q0é i 0 d "Q&he P
whereO current in the line, A;

0 length of a line, km

'Y hédd  elecrotechnical characteristics of conductor, k m.

The amount of parallel lines in mediwnltage line can vary. The use of several
parallel lines brings some advantages. For instance, it helps to decrease the
current in each line. Thus, it becomes possible to use a conductor with a smaller
crosssection. Usually parallel lines are installed ba same power line supports

or in the same cable trench in order to reduce investment cost.
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The comparison of possible alternatives is made by teebanomical
calculations. The most economical solution in long run should be selected. The

total cost of dine in long run is calculated based on the equation (5.2):

6 6 @ B B @D o h iy
where 0 i nvest ment cost of the | ine, a;
0 cot of |l osses, G;
0 outage cost, 0;
6o maintenance cost, a;

‘®h@h® capitalization factors.

The typical interruption rates for MV lines are presented on the table 5.5. They
were provided by Suur Savoritgko Distribution Companynd summarized in
(Haakana 2013)The designed line goes though the forest area. Thus, interruption
ranges for this area are used.

The amount of planned outages is estimated as 18t 0"45A é% QQ year

for overhead lines and T8t cmi E)Pfor cable lineqLassila, Partanen)

The average duration of interruptions is presented on the table 5.6.

Thus, comparing power lines with different number of parallel conductors in it, it
might be concluded that the average duration of inteaogptand fault frequency

are the same. The difference is in interrupted transmitted power, which is
presented on the table 5.4. In case of several parallel conductors, interrupted
power during a fault is several times smaller. As the result, the outdge case

of several parallel conductors will also decrease.
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Four
A number of parallel| ' Two parallel Three
Single line _ _ parallel
conductors lines parallel lines )
Lines
Probability of the line
for fault - - B -
Interrupted power . 0 0 0
_ 0 C o T
during a fault
Table 5.5. Interruption rates
Permanent Automatic reclosing,
MV Line faults, (faults/100km,a)
(faults/100km,a) Highspeed | Delayed
Overhead lindOHL)
Forest 10 21.9 30
Roadside 6 10.95 15
Field 1.3 4.38 6
Covered conductor (PAS)
Forest 5 2.92 4
Roadside 2 2.19 3
Field 1 2.19 3
Underground cable (UC)
UG cable 1 | - | -

Table 56. Average mterruption time for different number of power lige

Time period Abbreviation| Average time
Repair time 0 1.5[h]
Switching time 0 0.5 [h]
Planned outage o 0.5 [h]
High-speed
J _ P _ 0 0.2 [sec]
automatic reclosing
Delayed automatic _
_ 0 2 [min]
reclosing




62

Applying data from the tables 5:3%.6, it is possible to calculatbe total cost of

a line, which will be used to power industrial facilities.

Assuming a local value of voltage drpp) = 5 % and applying equations (2.6)
(2.9), (2.1), (5.1), transmission limit for different types of conductor might be
determined. Consegntly, maximum allowed length for bare, covered
conductors and undergrounchbles are shown on figures 5i4 5.6. The

maximum allowable length is calculated for different amount of parallel lines.
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50 .
1 line 50 2 lines
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- =
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E 20 E 20
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] ]
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0 T T T T T T T 0 T T T T T T T
1 3 5 7 9 11 13 15 1 3 5 7 9 11 13 15
Peak power, MW Peak power, MW
i SOETTOW o REVEN Pigeon se—pl132 m———Cparrow = Raven Pigeon ==——pl132
80 3 lines 100 4 lines
" £
= 60 = 75
g B
2 20 2
£ 40 g 50
E 30 i
= 20 E 25
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1 3 5 7 ] 11 13 15 1 3 5 7 e 11 13 15
Peak power, MW Peak power, MW

Figure 5.4 Maximum allowable path length for a bare doator (voltage drop
nuU =5 %)
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Figure 5.5 Maximum allowable path length for covered conductor (voltage drop
nu =5 %)
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Figure 5.6 Maximum allowable path length for an underground cable (voltage
dropnU =5 %)
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According to information, provided by figures 5i25.4, there are just few
alternatives of line type, which might be chosen according to voltage drop
requirements. The estimated length of line 1 is 34 km. The chosen alternatives are
provided in table 5.7.

Table.5.7. Different power line alternatives

Maximal allowable
Number of | Maximal allowable| transmitting power
Conductor . _ o
lines line length, km with line length 34
km, MW
Al 132 3 378 17.2
Al 132 4 50.4 22.9
Pigeon 4 368 16.7
PAS 95 4 36.3 16.6
PAS 120 4 43.8 20
AXHAMK -W
3120 3 42.8 19.4
AXHAMK -W
3%120 4 57 25.9
AXHAMK -W
395 4 45 20.5

Alternative MV lines can be compared by limit curve method. This method helps
to define economically optimal cressctions. The comparison is made for

similar line types.

- 05 0

Y 'Ynjj 5T h L&
where0 ;  investment cost of the line 1;
0 investment cost of the line 2;
i resistance of the |l ine 1, Y/ km;

i resistance ofthei ne 2, Y/ km.
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According to the table 5.3 the considering lifetime period is 40 years, and annual
load growth is assumed to be about 1 %. Nevertheless, it is not really justified to
suppose a 1 % annual load growth during the whole period. Thus, it might be
assumed that the real load growth will be only in first 15 years. After that the load

level will be stable. In this case, capitalization coefficient might be calculated:

. P° p . o TG 9 p.
Q ————h
(prp p ! “TOr¢ p

L8
where t* period of load growth, years;

T lifetime period, years.

Based on equations (5.4) af®2) (2.5)it is possible to calculate capitalization

factor, which is applied for outage cost calculations dutirey whole lifetime

period:
PP L p P
P P T —L T Ty ¢
P pmmP DT
P n u
[q B P p_nnp p—nnﬂ&)UC
® R’ YX

In order to calculate the present value of losses during the whole lifetime period,
a special capitalization coefficient for losses calculations should be used. Based

on equations (5.4) and (2.2) (2.5) it is possible to calculate capitalization

coefficient:
| p
f p P
P S P mdox G
P prmt P pTT
p n v
(¢ = P ——=_P ——=_TBUC



66

@ ¢@ovu

Some factors (maintenance cost of equipment for example) are not dependent
from annual load growth ( 11 . Based on equations (2.2)2.5) it is possible
to calculate capitezation coefficient, which is used to determine maintenance

cost of equipment during the whole considered period of time.

n v .
| P pT[T[p pnnp v
T i Tt
P pnnp pnnp
f P
[ |_ p?U T L ¢
- [ p

n&)n&)ucp
o Vtmucp PRUO

Power lines, which consist of four Al 132 and four Pigeon conductors, might be
compared between each other. The result is presented on the figure 5.
According to the figure 3, when the load growth is 1 % annually, and the load is
smaler than 21 MVA, it is more economically beneficial to use four Pigeon

conductors.

25

=
=1
1

[
un

Load power, NWVA
=
(=]

un
L

[=]

o 1 2 3 4 5 ]

Annual growth of consumption, %

Figure 57. Limit curves for four parallel bare conductors (load growth period is

15 years).
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Moreover, the comparison of a power line, made by four parallel PAS 95 and
PAS 120 covered conductors, should be done. According to figi@avhen the
annual load growth is 1 %, it is more economically justified to use four parallel
PAS 95 conductors.

25

PAS 120

Load power, MVA
= = (]
[=] {2} [=]

un
L

[=1

0 . 2 3 4 : 6
Annual growth of consumption, %
Figure 58. Limit curves for four parallel covered conductors (load growtioger

is 15 years).

On the figure B comparison of four parallel lines made by AXHAMW 3x95
and AXHAMK W 3x120 cables is presented. According to the figure, it is more
economically justified to use four parallel AXHAMKV 3x95 cables in the case

area.

25
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=

wn

[=]

a 1 2 3 4 5 5]
Annual growth of consumption, %

Figure 5.9 Limit curves for four parallel cables (load growth period is 15 years).

The value of power and energy losses plays a significant role in network
planning. Applying equations (2.1)(2.8) it is possible to calculate the annual
cost of losses foegach type of line. The cost of losses for a line, which consists of
three parallel AXHAMKW 3x120 cables, is presented below. All techno

economical parameters of conductors aneld are presented in appendix A
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The power is transmitted through three parallel cables. It is assumed that
transmitting power is equally divided between all threeduictors. Thus, currents

in three cables are equal to each other:

0 P W W
Mo YA T-C3 Vo 35 UQ oDty o

Ve @

Total power losses in a cable line are equal to sum of losses in each cable:

0 ocJOOY & ooY& @ O®| v IQal
P @ TQWQG
D 0 on
W 0 p® nQdC( T

Qo Qda o o ar D 8t
P®T “P e %Y s %0

'i‘gD 3
pg W BT T®

The cost of losses during considered period equals:

6 @B cpops wé-@ Gﬁwg
I El
Thus, the cost of Iees in the whole line during considering period of time
equals:

(D) -
0 o0 cﬁ(pﬁibrEl p T @D

The annual outage cost for industrial arsgr is calculated by equation (2.14).
The interruption rate and average interruption are téitan tables 5.5 and 5.6.
According to the data, provided by supplying company, the estimated annual
energy of industrial facilities is 96000 MWh. In case of three separate lines and
loads, the fault of any line does not affect other lines. Thus, powelysupp

interruption time equals to a switching time.
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The outage cost for the underground cable line will be:

pW . .
-O0=—0_ 0o 0O D h
oY =

0 © DI o
2L
where_ fault rate of underground cable Iir;‘QTQ&
0 CENS value© 06
6  CENS value© 00

0 switching time, hours

a line length, km.

pw(pnﬂﬁE:nwnarp—“Qoo& O (8 u— om0
o UX g@ 2a” % 9o ¢ % “aao

The outage cost in loAgrm perspective:

0 6 Jp UMIDL R YXp xWD

The investment cost of the linemsists of material cost and installation cost.
During investment cost calculations, it is assumed that parallel conductors are
constructed in the same cable trench or on the same power line support. Thus,

investment cost of cable line, which consistshoéé parallel cables, is calculated:

~

0 0 5388 )) 18) ¢ v
whereo construction cost of a lin€fQa
o) cost of cableOr'Q&

¢ amount of parallel cables;
a cabe line length,Qd

The cabling cost depends on the environment, where cable line is installed.
According to the data provided by Energy Market Authority, the cabling cost of
20 kV line in traditional environmentist ¢ mftk m. | f t he 68 ame

on 35 kV voltage level, it will cause some investment cost increasing. According














































































