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TOPICALITY OF THE DOCTORAL THESIS

Any developed state in the world can not be imadjwéhout high power engineering -
one of the key segments of industry, including piatshn of electrical energy, its transmission,
distribution and consumption.

Electric power engineering is a leading spherendfastructure that without any alternative
defines the frames of economic development oppiiesn therefore it is necessary to provide
prevailing increasing of generating power as wesllt@ realize safe and qualitative supply of
electric energy. Electrification significantly inknces the development of all the fields of
economy. Therefore the basic long-time objectivetled state development is provision of
economy and social sectors with the necessary anobemergy.

The power supply system of Riga city is an integait of that of the whole state system. The
development of the Riga city power supply systemiftien chaotic thus it is of top importance to
elaborate and correctly make the decisions of nétwealization at initial stages of the design.
The conception of the large cities power supplytbeen changed with the growing of the cities,
the increasing of electric load, development ofhtegue and technical ideas. Not all the
decisions in the development of the urban poweplsuipave overcome the verification in time
and some of them today have difficulties.

In accordance with the Development plan of Rigg thie purpose is the thorough development
of economy, using the geographic location of thg, anatural possibilities and traditions for
strengthening the economic independence of theasityell as improve the quality of people life
efficiently applying the natural resources.

It is not possible without the development of daliegbower engineering and development of the
safe system of the city power supply. For its eion it is necessary to define the basic
principles of the network organization, order o thuilding of new system elements as well as
the opportunities of interaction of new and oldhedats of the system.

The growing of communal consumers number in laitjes¢ increasing of the number of storey
of dwelling houses and administrative buildingsgéaamount of point load and separate regions
with a high load density results in the necessitintroduce higher level of voltage in the power
supply system. These tendencies are typical foa Rity - the capital of Latvia and main
administrative, industrial, financial, business anttural center. The introduction of higher level
of voltage should be justified by the economic aechnical possibilities and advantages in
comparison with the existing power supply system.

Under the conditions of market economy the changhghe distribution network should be
realized on the basis of technical economic calmra and the application experience of this
voltage level in Latvia, Europe and other statethefworld.

All the aspects mentioned above and the topicalittheir consideration defines the subject of
this paper, its aims and reasons of choice.

GOAL AND TASKS OF THE THESIS

The purpose of the dissertation is to develop treeption of 20 kV voltage introducing
in Riga, evaluate the technical and economic pdsb for the gradual or fast changing of
voltage, develop the methods of management of gelteevel's changing process in the
distribution network of the large city.

For the achievement of the purpose the followingidtasks have been considered and solved:
* to analyze the existing 110-20-10-0.4 kV power sygpstem of Riga city;
* to investigate 20 kV supply voltage application tire European and world states,
comparing the condition of the network in Latvialabroad;
* to develop the technical and economic models oluthan power supply system for the
its qualitative and quantitative evaluation;
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» to determine the optimal parameters of the poweplsusystem and its technical and
economic indices at different load densities inditg and its districts.

* to prove expediency of 20 kV voltage introducti®o;consider and analyze technical
equipment and means for 20 kV voltage introductaosrd provision of the network
operating regimes.

SCIENTIFIC NOVELTY

The scientific novelty is described with the followg aspects:

e the schemes of the power supply with use of 20 &Nage are investigated at Riga and
other European cities; the analysis of a problemttoduce more high voltage is made;

e the introducing conception of 20 kV supply voltdwes been developed and justified in
Riga city;

e technical economic model with three voltage stgd@49-10-0.4 kV un 110-20-0.4 kV)
for the optimization of the supply system paramsebas been considered;

e the methods and algorithm of the 110/10 kV and 20KV, also 110/20 kV and 20/0.4
kV, transformer substations’ optimal powers, senaceas and radii selectidrgve been
developed;

e according to technical and economic reasons bomfeexpedient use of voltage of 20
kV depending on load density are defined,;

e 110-20-0.4 kV power supply schemes was synthesineldthe solutions of construction
were justified and economically evaluated;

e the developed 20 kV supply voltage introducing @pton and the methods of the
optimal parameters selection can be applied alsthier large cities realizing a necessary
correction for the particular conditions.

METHODS AND MEANS OF RESEARCH RESULTS

The results of the research have been obtaineddayplied the following methods and

means:

YV VYV VVVVYVY

mathematical and geometrical modeling of the objaod creation of the target function;
the method of technical and economic analysis s#arched object;

method of nonlinear discrete programming to searstinimum of the target function;
decision-making in the conditions of uncertaintyrofial information;

application of Microsoft Office Excel software talculate the variants of development of
urban power supply system;

software AutoCAD for the visual representation alicalation results;

computer program MatLAB, foreseen for intensivecakdtions, data analysis and its visual
representation;

MathCAD system for the solving of engineering peshs and visualization and analysis of
the results.

PRACTICAL APPLICATION OF THE RESEARCH RESULTS

The algorithms and methods proposed in the workoeaapplied:
in the theoretical and scientific investigationtated to the rational construction of urban
power supply system and optimization of parameters;
at the electric power enterprises, organizatioompanies working with the development of
the urban power supply scheme and the problents désign;
for the design of future 110/20 kV transformersstations and 20 kV networks with the use
of basic stated interconnections;



e at the departments of maintenance of distributietwork operator taking into account the
elaborated methods of 20 kV voltage level introdgciand recommendations for the
effective application of electric equipment, lireesd 110/20-10 kV transformer substations.

The results of the research are partly reflected:
e in the contracts with JSC ,Latvenergo” No. L7310r.0N0000/08-16) "High voltage
network scheme of Riga till 2020" (supervisor -fpssor J. Rozenkrons), -Riga: RTU,
2008 (partnership);
e in contract No0.5-21/-2012 from 23.04.2012 with Maguegion Dome "Technical and
economic basis of new 110 kV transformer substaitioMarupe region” (supervisor—
professor J.Rozenkrons), 2012 (partnership).

APPROBATION OF THE WORK

The results of the work are presented and repodied?2 international scientific
conferences:

1. The 7th International Conference on Electrical @uwohtrol Technologies ECT-2012, 4 -5
May, Kaunas, Lithuania, 2012.

2. The 10" International Scientific Conference "Control ofviRay Systems 2012", "Energetika
2012. Power engineering 2012", 14 —18 May, Tatragktliare, Slovakia, 2012.

3. The 52nd International Scientific Conference. Povesd Electrical Engineering and
Environmental Sciences, 14 — 15 October, Riga,iaaR011.

4. The 7th International conference-workshop: Comgiatitand power Electronics 2011, CPE
2011, 1-3 June, Tallinn, Estonia, 2011.

5. Compatibility and power Electronics 2011, CPE 20%iydent Forum, 1-3 June, Tallinn,
Estonia, 2011.

6. The 6th International Conference on Electrical &@whtrol Technologies ECT-2011, 5 - 6
May, Kaunas, Lithuania, 2011.

7. International conference World Academy of Sciertfiggineering and Technology, WASET
2011, 27-29 April, Venece, Italy, 2011.

8. 10th International Symposium ,Topical problems ime tfield of electrical and power
engineering”, Doctoral school of energy and geatetdgy Il, 10-15 January, Parnu,
Estonia, 2011.

9. The 51st International Scientific Conference. Poveerd Electrical Engineering and
Environmental Sciences, 14-16 October, Riga, LaR@4.0.

10. XI International Scientific-Technical ConferencerdBlems of Present-day Electrotechnics-
2010", 1 — 3 June, Kyiv , Ukraine, 2010.

11.The 5th International Conference on Electrical &whtrol Technologies ECT-2010, 6 — 7
May, Kaunas, Lithuania, 2010.

12.The 50th International Scientific Conference. Poward Electrical Engineering and
Environmental Sciences, 14 — 16 October, Riga,i&aR009.

The results of the Doctoral thesis are present@f ipublications:

1. N.Skobeleva, O.Borscevskis S.Guseva, L.Petrichenko. An integrated approachthie
formation of service areas for urban substationdiféérenr voltage // Journal of Energy and
Power Engineering 6 (2012) 1358-1362 (JEPE ISSNB®¥3%), David Publishing Company,
Inc. USA, 2012.

2. S.Guseva,0.Borscevskis Mathematical model for 110/10 kV transformer gabens
optimal power choice // Proceedings of the 7thrim@onal Conference on Electrical and
Control Technologies ECT 2012, 4 — 5 May, Kaunaihuania, -p.202-205.

3. S.GusevaQ.Borscevskis N.Skobeleva. Forecast and load determination1®/2D-10 kV
transformer substations for Riga city till 2025 Pfoceedings of the 10International
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Scientific Conference "Control of Power Systems 2014 —18 May, Tatranske Matliare,
Slovakia, 2012, -p.159-160.

4. S.GusevaQ.Borscevskis The system approach to the transformer substtiorihe territory
of small cities // Proceedings of the 52nd Inteoral Scientific Conference of Riga
Technical University on Power and Electrical Engimeg, 14 — 15 October, RTU, Riga,
Latvia, 2011 (dig#la formata uz CD).

5. G.Gauvrilovs, O.Borscevskis Power transformer diagnostic // Proceedings o tOth
International Symposium , Topical problems in theldi of electrical and power engineering”,
Doctoral school of energy and geotechnology II,-1I5 January, Parnu, Estonia, 2011, -p.
224-228.

6. S.Guseva,0.Borscevskis N.Skobeleva, L.Petrichenko. Perspective loadgrafsformer
substations at development of urban power suppstesys // Proceedings of the XV
International Scientific Conference “Present-daghpems of power engineering APE’'11”,
vol. Ill, 8-10 June, Gdansk-Jurata, Poland, 264151-59.

7. S.Guseva,O.Borscevskis N.Skobeleva, L.Petrichenko. Urban Power supplgtesy’s
development in conditions of uncertain informatidnProceedings of the tenth IASTED
European Conference “Power and Energy SystemsteO&seece, 2011, CD, -p. 27-31.

8. N.Skobeleva, O.Borscevskis S.Guseva, L.Petrichenko. An integrated approachthie
formation of service areas for urban substationdiféérent voltage // Proceedings of the 6th
International Conference on Electrical and Conffechnologies ECT-2011, 5- 6 May,
Kaunas, Lithuania, 2011, -p. 202-205.

9. N.Breners, S.Guseva, N.Skobelev@,Borscevskis Directions to increase reliability of
maintained transformer equipment’'s functioning déeedings of the 6th International
Conference on Electrical and Control Technologi€J 2011, 5- 6 May, Kaunas, Lithuania,
2011, -p. 175-178.

10.0.Borscevskis G.Gavrilovs. Useful lifetime and rational repleent of power transformers
/[Proceedings of the IEEE the 7th International feence-workshop: Compatibility and
power Electronics 2011, Tallinn, Estonia, 2011 4@-43.

11.0.Borscevskis G.Gavrilovs. 20kV voltage adaptation problemsurban electrical networks
/ICompatibility and power Electronics 2011, Studeatum, Tallinn, Estonia, 2011, -p. 68-71.

12.S.Guseva,0.Borscevskis N.Skobeleva, L.Kozireva. Load determination amdecion of
transformer substations™ optimal power for tasks unban networks' development //
Proceedings of the 51st International Scientifimfécence of Riga Technical University on
Power and Electrical Engineering, Vol. 27, Rigatvia 2010, -p.31-36.

13.S.GusevaQ.Borscevskis N.Skobeleva, N.Breners. The system approach @oepient of
transformer substations in the power supply systérthe city // Proceedings of the 5th
International conference on electrical and corntgohnologies ECT-2010, 6-7 May, Kaunas,
Lithuania, 2010, -p. 211-214.

14. S.A.Guseva, N.N.Skobeleva).l.Borscevskis N.Z.Breners. Geometrical modeling of
service areas and distribution of urban transformebstations in the city territory //
Proceedings of the Xl International Conference BiRmms of Present-day Electrotechnics-
2010", 1-4 June, Kyiv, Ukraine, 2010 (diit formata uz CD)

15.S.Guseva, N.Skobelev@.Borscevskis N.Breners. Rational approach to the formation of
urban power supply system in solving of developmerdblems // Proceedings of the
Scientific and Technical Union of the Power Engised&NERGY FORUM 2010, Varna,
Bulgaria, 2010, -p. 211-214.

16.S.Guseva, N.Breners, N.Skobele@BorscevskisChoice and efficiency of measures for
increase reliability functioning of power transfagra // Proceedings of the Scientific and
Technical Union of the Power Engineers, ENERGY FORRD10, Varna, Bulgaria, 2010, -
p. 280-289.

17. S.A.Guseva, N.Z.Breners, N.N.Skobeleva.l.Borscevskis IlpuveHeHne MOHHTOpPHHIA
CUJIOBBIX TpaHCc(OpMaTOpoB i MOBBIMICHHUS d()PEKTUBHOCTH (HYHKIIMOHUPOBAHUS CUCTEM
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annektpocHaOxenus // Proceedings of the Xl International Conferefieéeoblems of Present-
day Electrotechnics-2010", 1-4 June, Kyikkraine, 2010 (digitia formata uz CD).

18.Guseva S., Skobeva N., Breners N.Borséevskis Q Pilstu transformatoru apaksstaciju
apkalpes zonu mod&ana // Eneggtika un elektrotehnika, 4&sja, 24.€jums. — Rga, RTU,
Latvija, 2009, — 24.-31. Ipp.

19.S.Guseva, N.Skobeleva, N.Brene@Borscevskis Load forecasting till 2020 of existing
and perspective transformer substations in Rif@wer and Electrical Engineering, &ig,
25.€jums. — Riga, RTU, Latvia, 2009, — p. 77-80.

20.S.Guseva, N.Skobeleva, N.BrenefS,Borscevskis Determination and distribution of
service areas of urban transformer substations gatdmetrical templates // Latvian Journal
of Physics and Technical Sciences, Nr.6 (Vol.4éyaRLatvia, 2009, - p. 16-26.

STRUCTURE OF THE WORK

The thesis is written in Latvian, includes introtacs, 5 chapters, conclusions, list of
references, 2 appendixes, 82 figures, 23 tableés pa@es in total. List of references consists of
113 items.

The first chapter contains the description of network condition 803110, 20-10 and 0.4 kV
Riga city power supply system, basic principlesha operation scheme and its technical data,
the methods of the rated voltage selection for mbste city networks as well as comparison of
indicators for 10 kV and 20 kV voltage networks.

The second chaptelsummarizes the information about 20 kV voltage ippibn in European
and world urban supply systems, in details invastig the condition of each present 110/20-10
kV transformer substation in Riga, contains thelymms of the real load of TS ,Bisuciems”,
»Zolitude”, ,Marupe” and , Tiraine” and gives the ggnosis for the period from 2000 to 2026 as
well as states the most important unsolved prohlems

The third chapter proposes the conception of 20 kV voltage introdgcin Riga city, the
methods of the determination of the optimal paramsefor the urban power supply system
(UPSS); it proposes also the developed 110-20-0.4rkd 110-10-0.4 kV urban power supply
system general technical and economic models datgdetarget functions; the first stage of the
target function optimization is realized with tloedl extremes defining. The calculations for the
110/10 kV and 110/20 kV TS optimal power selectame realized with software Microsoft
Excel program developed for this purpose.

The fourth chapter contains the second stage of the target functiptimization and
determination of the important optimal parameterdhe 110-20-0.4 kV and 110-10-0.4 kV
UPSS within the wide range of the load density. atleantages and disadvantages of the neutral
operation regimes of different UPSS are analyzetithe neutral with the grounding through the
low resistive active resistance is chosen for &\2 cable network as well as the opportunities
for the voltage regulations in the 110/20 kV an@/20-10 kV transformers are analyzed.

The fifth chapter provides the economic expediency of the 20 kVag#t introducing in the
Riga city power supply system, describes the teahmheasures for this introducing, proposes
the constructive design of 110/20 kV TS and itshiecal and economic justification; the
network schemes are synthesized there and the topp@s of the 110-20-0.4 kV system
application in two new districts of Riga are dentoated: Dreilini and Rumbula and in Riga
suburbs - in Marupe region.



1. DESCRIPTION OF RIGA CITY POWER SUPPLY SYSTEM

A system of power supply in large cities usuallamsintegral part of state power system.
The qualitative power supply of Latvian cities igedtly related to 330 kV and 110 kV networks
safe operation and rational construction. The applioltage hierarchy of the Latvian power
supply systems (PSS) can be reflected with therailagn Figure 1.1. [10-14].

330 kV
Region or state power | | 1
upply system Fﬂ@@

Additional load

Additional load

110 kV

55 5555

Additional load

Additional load

D.4 (0.23) K

Urban consumers iuilui

Fig. 1.1. The structure of voltage levels in Latv@ower supply system:
OPSS - power supply system outside the cities,
IPSS - power supply system inside the cities

Riga is the capital of Latvia and key industrialisimess, culture and financial centre in Baltic,
significant port [25]. Riga is one of the largelatrical energy consumers in the Latvian power
system. The consumption of the electric power igaR$ demonstrated in Figure 1.2. In 2008 the
maximum load of Riga was 545 MW and electric powensumption was 2574 GWh, i.e.
approximately 40% of the whole power system’s camstion. A large part of the power
produced and consumed in the state refers to pisataBecause of the decreased population and
economic situation in the state the power conswnps also decreased. In 2010 the maximum
load was only 485 MW, but electric power consumptieas 2540 GWh. In recent years load
growth practically it is not observed.

The safety of the Riga power supply systems depan8B0 kV network realized with overhead
wires lines (OHL) of 38.8 km and operating accogdio the radial principle. 110 kV network is
realized with OHL (107.6 km of the city neighbouoldp as well as with cable lines (CL) (6.7
km in the city centre with high density of buildjng

Riga power supply scheme with 330 kV and 110 k'\dwdrhead wires and cables is shown in
Figure 1.3. [23].
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Fig. 1.2. The electric power's GWh consumption ajarcity in the period
from 2000 till 2011

-

110 KV overhead line
330 kV overhead line

Lt

Fig. 1.3. The 330-110 kV network’s power supplyesob of Riga city

Types of the transformer substations (TS) withedéht supply voltage and networks of different
performance in the cities of Latvia are generaliaed presented in Figure.1.4.

330 kV network is one of the basic elements of Rigaver supply system. Unfortunately the
existed 330 kV OHL are old: LN 321- 46 years olatr@duced into operation in 1964) and LN
466 - 24 years old (in 1986).
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Transformer substation’s type Connection’s line type
outside inside OHL CL
Network voltage , kV|Network voltage , k\Network voltage , kV | Network voltage , kV
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— o ® o/ &6 06 66— — — eo|— 0 0 o
- —— 1 ® ®& &|/——— —|— & e e

Suburban

Urban territory

Outside urban

Urban core

Fig. 1.4. UPSS of different voltage TS and powepdy systems in the Latvian cities

The 110 kV network is realized according to thegrischeme with diagonal connections
including also Riga TEC-2 located outside the cithe scheme includes four 330/110 kV
substations: ,Bisuciems”, ,Imanta”, ,Riga TEC-1"dihe TS ,Riga TEC-2" outside the city.
330/110 kV substations have the connections wigh1hO kV substations located outside the
ring scheme and city borders. For increasing ofsefety of Riga power supply system a closed
ring among all 330 kV substations should be redliftr the 330 kV network. It requires to
construct 330 kV connection between TS ,RIGA TECakid TS "Imanta”, in future new 330
kV TS "Skanste" will be introduced (Figure 1.3. derstrates 330 kV network connection with
dotted blue line).
Riga distribution network of 6-10-20 kV voltage risalized on the basis of cable lines. The
networks are built according to a loop-type schémmeoperate in a radial regime. A large part of
10 kV cable network has an exceeded service ligeyaltage often is 6 kV. The cables have
impregnated paper insulation, small cross-sectamtsmany connecting couplings [17]. During
last 10-15 years the old cables with insufficierdss-sections and non-checked with increasing
voltage cables are changed for middle voltage WMC and polyethylene (so called plastic)
insulation As a result considerably reliability Biga middle voltage network improved. The
existence of considerable number of 20 kV cableslim Riga city and operating experience of
the constructed 20 kV lines and the equipment iniaacan simplify in future the introducing of
higher voltage in large cities with high load déysi
The condition of existing distributive points cae lestimated as unsatisfactory. From their
general amount (78 points) only 25% are fully restarcted, at 14% of them the equipment is
partly changed, but in 61% of the cases no renonatiook place at all. Therefore, 25% of the
distribution points are physically aged and regairenovation.
In the low voltage system basically the cable limes applied. In the centre of Riga the
reconstruction of networks is still not completed &ll the consumers of the energy with non-
typical voltage 3x220 V (the old three-phase nekweithout neutral wire) [7,36].
Guaranteeing to city consumers with uninterruptpdwer supply, providing with qualitative
energy of perspective multi-storey residential riitst with a high load density, connection of
large powerful consumers (USA embassy, Latviandwati library, VIP (very important person)
office bilding Z-towers in Kipsala etc.) requireeXible, safe and effective electric scheme with
necessary level of voltage.
The work considers in detail the problem of chaggif the voltage level in the distribution
network, its technical opportunities and econoregstbility of the transfer to 20 kV voltage. kV
The pre-conditions of 20 kV voltage introducing:

e the existence of large office buildings, culturbhancial and business centers, high

power single consumers and multi-storey residedisdticts with high load density;
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e enough amount of 110/10-20 kV TS to provide oppwetteserve of power supply in the
case of emergency and postemergency operation eggim

e existence of correspondent electric equipment gfcamers, switchgears, relays and
automation protection, 20 kV cables), solved probtd the network neutral regime.

e stable economic situation in the state, existenicdinancial, material and working
resources.

Advantages of 20 kV voltageBasic advantages of the 20 kV voltage network & nbtwork
capacity, voltage losses, active and reactive pamer electric power losses can be explained
with the mathematical relations between the netwwecknical parameters [2-4,7]:
Pmalxz\/g'U | max - COSQ; ‘AU = ZPL ) RJZQL X ; AA = SZmZaX,R.T.]_O%,
U

where Prax— IS @ network capacity) — network supply voltagé;,ax— maximum current of the
line (usually it is a rated current of the poweltstvl,om), COsep - power factor of the network;

P — active power transmitted in the lin@; — reactive power transmitted in the like: active
resistance of the liné - reactive resistance of the line.

Comparison of the expressions for 20 and 10 kVagas results in the conclusion that 20 kV
network has two times higher capacity than thaitGkV with the similar load.

The same relates to the network elements tranghibgver. With increasing the voltage twice
the losses of the 20 kV line are decreasing twacéiye and reactive power and electric energy
losses are four times decreasing.

These advantages of the 20 kV distribution netwasek very important in order to provide safe
and qualitative power supply in the districts whilgh load density, connection of large powerful
consumers and development of city network withgreving of the load.

In spite of the fact that 20 kV network have coesidble advantages its introduction and
application in Riga city power system is very coexpbnd time-taking process that physically
and in practice can not be realized quickly. It deds time as well as stage-by-stage, technically
prepared and correctly developed approach thatidt@uprovided with technical and economic
calculations in the conditions of incomplete anccentain information for the problems of
network development.

(1.1)

2. APPLICATION OF 20 KV VOLTAGE IN LARGE CITIES AND
NETWORKS OF RIGA

2.1. Application of different rated voltage in large European and world cities

For many years the application of 20 kV voltagelange cities has been a topical

discussable question. It is valuable to apply 20vkltage in the cities or their suburbs with a
high load density and at the industrial enterpriggsote from the load centers. Nowadays the
rated voltage of 20 kV is included into standardsnmany states as well as regulations of
International Electrical engineering Committees][31
This paper in details considers and describes baserational principles of power supply
systems of different large European and world €itising 20 kV supply voltage: in Paris,
Stockholm, Helsinki, Moscow, Berlin, Dubai. Theeliature reflects the electrical circuits of
these systems, the weak sides of this power sigystgms [27,30,33,35].
The same approaches do not exist and no unitedoa@tigy is developed for the application
solving the questions about the increasing of gelten a city with its own power supply system
as each city has its own geographic conditionsemsetiic topologies of the network, UPSS of
buildings, technical and economical conditions.
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2.2. Description of the Riga city existing 20 kV tage network

At the moment the territory of Riga is served by seven 110/20-10 kV substations.
Currently the basic supply voltage in Riga is 10. khhe 20 kV voltage is applied in Riga
suburbs: Dreilini region, Vecmilgravis, Bergi, Malgala, Vecaki, Jaunciems, Darzini. These
networks border with those ,suburban” of 20 kV. i8hgears of 20 kV are applied at
330/110/20-10 kV TS ,Bisuciems” and 110/20-10 kV ,F®litude”, ,Vecmilgravis”, ,Marupe”
and ,Tiraine”. Using one line of 20 kV from 110 KNS ,Salamandra” the supply reserve of the
water pump station ,Baltezers” is realized by meafnisansformer 6/20 kV.

These substations provide 20 kV voltage CL and Ohiles supplying the territories
outside the city. The introducing of the 20 kV tagle in Riga should be started from the
border of the city as it will be easier to realibe reserve in 20 kV network. 20 kV voltage
network is widely represented in the district amdwupermarket ,Spice” supplied from 110/20-
10 kV TS ,Marupe”.

The principal scheme of TS Nr. 142 “Marupe” is givia fig. 2.1 and 2.2 [7]. At this TS three
110/20-10 kV three-winding transformers are insthllin 2004 during the reconstruction of
substation ,Marupe” 20 and 10 kV switchgear wasngieal with additional panels installation.
After the renovation an intensive building procdsss been started in the region of the
substation. During the previous years the substaticsupplying some new powerful loads: the
airport, the USA embassy, supermarkets (,Spice’pi¢& furniture”, etc.). As a result the
switchgear of the substation has only few sparelsda4].

LNr.247 LNr.243 LNr.242 LNr.238 LNr.239

M-1
L-247 L-243 L-242 L-238 L-239

T3 be" faze
T T2 B B" faze

» 723
2 ART

KS-1-20 KS-2-20

KS-2-20

Fig. 2.1. The principal scheme of 110/20-10 kV TMasupe”

Fig. 2.1. The principal scheme of TS ,Marupe” K&Q-and KS-2-20

One of the largest consumers connected to TS ,M#r@P kV supply voltage is new dwelling
houses complex in Ventspils street 60. The muttiest buildings in this region are with very
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high load (a simultaneous maximum loadFRg,=4.1 MW) and high load density in the
building area — about4 MVA/km? [24].

The supply from the sections of TS ,Marupe” 20 kdkg not only to the consumers of Riga but
to a half of the territory of Marupe region througgto OHL lines from each of 20 kV sections.
Unfortunately the connection of new loads in thagion is still a large problem as there is no
own 110/20 kV TS in the territory of Marupe.

This work contains the analysis of load at 110/20kY TS Nr. 142 ,Marupe” from the period
from 2000 till 2011 and the load forecast from 2@il12026 (figure 2.3). The real load of
110/20-10 kV TS ,Marupe” (in accordance with measnent data of ,Latvijas Elektriskie tikli”
(LET)) in 2000-2011 is given in figure 2.3 with leleolor. With an additionally required load of
Ppiep=14.0 MW in 2012 (JSC “Sadales Tikls” (ST) and LEdta) an with the further even 2%
load year growing, the load of TS ,Marupe” in 20&6! be P,p,s=56.7 MW, but with the 3%
load year growing it is P026=66 MW in 2026.

The load forecast of transformer substation "Marupe"

Active load, MW

20 - —m—real load 2000-2010

recesion period from 2010-2011
—e— load forecast till 2026 withr 2% load year growing
10 —a—load forecast till 2026 with 3% load year growing

T T T T T

o - N [92] < 19} © ~ (<o} (o2} o — N ™ < wn © N~ [co} (o2} o — N (2] < wn ©
o o o o o o o o o o — - - - - - - — — - N N N N N N N
o o o o o o o o o o o o o o o o o o o o o o o o o o o
N N N N N N N N N N N N N N N N N N N N N N N N N N N

Year

Fig. 2.3. The load forecast of 110/20-10 kV TS ,Mgae” from 2000 till 2026

It means that any of the accepted scenario willuireqchanging of the 110/20-10 kV
transformers power. As the substation already dositane transformer with powe, =63
MVA the other two transformers with powg¢,,=25 MVA are required to be changed for those
with Sonr=63 MVA. One such three-winding transformer costoub850000EUR The
transformers of such high power will require aduill measures for limitation of short-circuit
currents.

The 110/20-10 kV TS of Riga city (Marupe, Zolitudéraine, Bisuciems) widely applying 20
kV voltage for the supplying of the consumers aomsidered in details in the thesis. The
condition of each 110/20-10 kV TS and main unsolpeiblems are analyzed [18,24].

The increasing of the electrical power consumpiiothe communal sphere, higher multi-storey
buildings, modern offices development, buildingbainks and commercial spaces, presence of
point-type load increase the load density withimtipalar districts or in the whole city. The
calculations made in [28] demonstrate that the ldadsity in the central districts of Riga can
achieve 30 MVA/kM. The stabilization of the economical situation the state positively
influences the increasing of load and consumptioelextrical power. Under these conditions in
some districts of the city (in prospect in Rigaaasvhole) a significant transfer of the power
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supply system of Riga from 110-10-0.4 kV to 110€0-kV is taking place. Such transfer is
technically possible as somewhere the 20 kV voltaggvorks and 110/20-10 kV transformer
substations have been already installed and pesbohave already experience in its
maintenance.

3. BASIC PRINCIPLES OF PROCESSIMPLEMENTATION ON
VOLTAGE LEVEL CHANGING IN THE DISTRIBUTION NETWORKS

3.1. Conception ofprocess implementationon 20 kV voltage introducing

The introducing of 20 kV voltage in Riga city isvary complex and labour intensive
process that can not be physically and practicaliyized very quickly. In the city the network of
110-10-0.4 kV is developed, but in some distridsk¥ voltage is applied. Within transition to
20 kV voltage the question of technical and ecomoexipediency of its introducing in all the
city should be solved as well as that of savingpnstruction of the currently used elements and
creation of new elements in transition period falization of a whole 110-20-0.4 kV UPSS. It
requires a gradual and correctly developed apprdmded on the technical and economic
calculations under the condition of initial incoref@d and uncertain information as well as time
required for the transition.

The paper considers a developed conception foodotring 20 kV voltage in Riga instead of

that of 10 kV reflected in Figure 3.1.

The conception for the development of 20 kV voltagRiga city includes:

- the profound analysis of the existing 110-20-10-@M UPSS and preparation of the
currently used 110-10 kV network for the transittorf10-20-0.4 kV (1st block);

- building of a new 110/20 kV transformer substatiam&l new 110 kV cable lines for TS
connection to the network (2nd block);

- building of a new 20/0.4 kV transformer substatigpsints) and new 20 kV network starting
with the borders of Riga city where it is alreadysés (3rd block).

The realization of tasks and measures of each bleqkires the solution of theoretical and

practical problems.

The theoretical tasks of the 1st block:

e selection of the optimal power of the new 110/10d0bstations for the development of
the existing network, especially in the centratritits before emergence of conditions for
transition to new voltage system;

e determination of service area and service radiukehew 110/10 kV substations.

Practical measures of the 1st block:

e delivery of new equipment and cables to provided&eelopment of existing 110-10-0.4
kV UPSS and transition to a new 110-20-0.4 kV UPSS;

e as far as possible gradual replacement of 110/16&\sformers with new of 110/20 kV.

The theoretical tasks of the 2nd block:

e choice of the rational scheme of 110 kV network;

¢ selection of optimal power for new 110/20 kV subistzs;

e determination of service area and service radiuslof20 kV substations.

The practical tasks of the 2nd block:
e selection of 110/20 kV TS constructive execution.

16



The concept of 20 kV voltage
implementation in Riga city

A 4

The analysis of existing 110-20-
10 kV network and formation of

new 110-20 kV network
110-20 kV network optimal
parameters selection
1 block il 2 block 3 block
Optimal det inati f
a) ezi;'il:g paz:lv‘:ewel‘;rol;];gi{? ;g A 110 kV scheme selection |2 20 kV scheme selection

| | v

lOptimal power determination of|

b) 110/10 kV TS service areas p)J Optimal power determination ||,
and service radiuses of 110/20 kV TS 20/0.4 kV TP
0 Transition from 10 kV to 20 ||| {110/20 kV TS service areas |||, 20/0.4 kV TP service
kV switchgear and cable lines and service radiuses areas and service radiuses
\4 \4
d 110/10 kV transformers’ J 110/20 kV TS constructive i 20/0.4 kV TP constructive
| replacing to 110120 kV execution execution
A
( )
> 110-20-0.4 kV network tehcnical
economical analysis )
The realization of 20 kV
implementation process
_ . . y

Fig. 3.1. Block diagram of conception of 20 kV \age introducing in Riga city

The theoretical tasks of the 3rd block:
e choice of the rational scheme of 20 kV network;
e selection of optimal power of 20/0.4 kV transformnsebstations or points (TP);
e determination of service area and service radil6f kV substations or points.
The practical tasks of the 3rd block:
e selection of 20/0.4 kV TP constructive execution.
The solutions for the theoretical and practicaksasf the conception of transition to 20 kV
voltage are considered in chapters 3 - 5.

3.2. Methods of the optimal parameters determinatio of the urban power supply system

The problems of the determination of optimal pararsefor the power supply systems

were considered and investigated in many scienpéipers. A large role in the investigation of
these questions belongs to the Latvian and foregentists and engineers: V.Venikov,
A.Glazunov, V.Blok, G.Pospelov, V.Fedin, V.Kozldv,Dale, Z.Krisans, S.Guseva [31,32].
The analysis of the scientific literature resutighe conclusion that there is a lack of acceptable
methods for the evaluation of modern multi-stageanrpower supply systems because of changes
in the building principles and approaches to tecddrand economic analysis. Source [28] contains
the evaluation of optimal power of 110/10 kV TS hiit the frames of perspective 110 kV
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scheme selection in Riga city till 2020, but it @ indicative approach having some
simplifications and being not suitable for the dethanalysis of modern multi-stage UPSS.
Solving the problems of power supply of large esitiand the tasks of new voltage level
introducing it is of top importance to select cathg an optimal power of a new 110/20 kV
transformer substations, its humber and locatiothencity territory as well as to evaluate the
effectiveness of transition to new voltage levelatldition during the period of transition there is
no reservation of 110/20 kV TS and 20 kV lines,eesqlly in the centre of the city. Therefore
during the transition to the new voltage the ergtl 10-10 kV network will remain and even be
developed. With the increasing of the load new 1A®V TS should be built also in the existing
new voltage system. Simultaneously the optimal paf¢he new TS, their number and location
in the territory of the city should be evaluatetieTull solution of this problem is considered as
a complicated and labour intensive task taking iatmwount that it takes place under the
conditions of incomplete and uncertain informati@m the characteristics of new equipment,
rate of development, order of the building, terrhthe objects handing-over, etc.).

In the promotional paper for the solution of theelepment tasks a general technical and economic
model was developed for the determination of tirarpaters of 110-10-0.4 kV and 110-20-0.4 kV
UPSS and for the analysis of the technical and @oanindicators. The solution of the task is
realized on the basis of the comparison the vari@giht)PSS development [9,11].

In the creation of technical and economic modehef110-10-0.4 kV, as well as 110-20-0.4 kV
UPSS of Riga city the following states, simplificats and assumptions are considered:

1. 110/10 kV and 110/20 kV two - transformers TS is flubstations of an inside type with
110 kV input cables and 10-20 kV output cables.

2. 110 kV network is realized using ring scheme, 20 é&twork using dual-beam radial
scheme, 10 kV network using loop-type scheme diitlsion in a point of th flow section,
0.4 kV network in all the variants is realized aclog to the loop-type scheme with point
of division (the principal scheme of the networknig-igure 3.2).

3. 20-10/0.4 kV TP (more often two-transformers) isaanpact transformer substation with
small building square (il 15M All 0.4 kV outputs from 20-10/0.4 kV TP to the
consumers are cable type.

4. In the calculations of optimization for the citwgh different storey buildings the following
range of the load density is assumsed3+24 MVA/Km®.

The methods developed for the determination ofdpgmal parameters of the urban power
supply system (UPSS) contains two components asldawn in Figure 3.3 in two blocks:
e the 1st block considers the determination of th&mgd power for 110/10 kV and 110/20
kV TS according to the load density in developestrdits;
¢ the 2nd block considers the determination of thintad power for 10/0.4 kV and 20/0.4
kV TP knowing the optimal power of 110/10 kV or 120 kV TS from the calculations
at the 1st block.
The latter task is considered in detail and solmechapter 4 [9].
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3.3. Technical and economic models of 110-10-0.4 lavid 110-20-0.4 kV urban
power supply systems

For the analysis of currently used 110-10-0.4 k\d awew 110-20-0.4 kV UPSS the
technical and economic models have been realizadthieé evaluation of systems the total capital
investments are selected as a correspondent tangetion under the condition of incomplete
initial information.

The total capital investmenks;: on the building of power supply system in the aityits districts
include those for the building of 110/10 kV or 120KV transformers substations and 10/0.4 kV
or 20/0.4 kV transformers points, as well as fog TS, TP and consumers connection to the
networks with necessary cable lines.

The target function of total capital investmentstfee networkn variants in its general view is the
following [9,17,26]:

Kzn=T(A Srsnomi StPnomiCi)=

=Ky1s+KsaL +Ksrp Kz + Kz (3.1)
whereKsrs—is the capital investments for the building of MKV or 110/20 kV transformer
substationsKsa — capital investments for 110 kV cable line buildifog 110/10 kV or 110/20
kV TS connectionsKytp — capital investments for 10/0.4 kV or 20/0.4 kV sformer points
(TP) building;Ksyv. — capital investments for 10 kV or 20 kV cable linglding for 10/0.4 kV or
20/0.4 kV TP connectiorKyz — capital investments for 0.4 kV cable line buildiiog connection
of consumers to the 0.4 kV network.

The target function (3.1) and its components apFessed from the variabErSnom- (110/10 kv

or 110/20 kV TS transformers’ rated power) asgpnomi (10/0.4 kV or 20/0.4 kv TP

transformers’ rated power) with the given but vibleaload densities; in the city (or its
districts) with squardlgy,;, and constantgy depending on the initial technical and technical
economic parameters of the network.

The geometrical models of the networks and theimehts and mathematical relations between the
parameters of the network are used for the creatiadhe UPSS technical and economic model
[15,16].

The total load of the city or its components (distetc.)S:y is expressed in the following way:

_ S s
Scity= ko,v " leI'S,i =%vid Mgy = Ovid - _ZlnTS,i , (3.2)
i= I=

whereSrs i— is a load of thé-th transformer substationys — the number of TS in the city or its
componentsfI.y— the square of the city territoryyiq — an average load density in the city or its
district; ITys ;— the ith TS service area (zond;— simultaneity factor of the TS load maximum
and maximum of power system at the different h@rarof voltage levels, depending on TS
number.

The real service area (zone) of the transformestationIlrs; are modeled with the idealized
equivalent square of the equilateral (correct) bexatype (Figure 3.4). The following
mathematical relations (3.3) exist among the hemagbasic geometric sizes and technical
parameters of the transformer substation [19-21].
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Fig. 3.4. The ideal model of
transformer substation’s service
area for different voltage levels

In (3.3) the following symbols are assumedilys— is the service area (zone) of the transformer
substation;Rrs —radius around the hexagon or the service (openatamtius of the substation;
Aa— theoretically minimum distance between the neigihbsubstationsp, — the number of
transformers at one TSs nom— rated power of the TS transformefgie; s — admissible load
factor of the TS transformer.

The geometrical models assumed for the city 10 kY 20 kV electrical network schemes from
fig. 3.2 are shown in Figures 3.5 and 3.6.
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Fig. 3.5. The model of 10 kV network with 10/0M KP and 10 kV loop-type cable lines
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Fig. 3.6. The rﬁodel of 20 kV network with 20/0.4 R¥? and 20 kV dual-beam cable lines

Taking into account the assumed models and matiheahatlations among the network
parameters the general technical and economic marfel10-10-0.4 kV and 110-20-0.4 kV
UPSS target functions (3.4) and (3.5) dependenvasiablesSrs and Srp are obtained in the
work.
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The target function for 110-10-0.4 kV UPSS [9]:
-1

A ) -1 o .05 -05 e
K5110-10-04 =2 %id "STspom ~ T2 °%id STspom 23 %id " STPpom

(3.4)
05 <05 -1 05 <15
+A410) " %vid “STSnpom’ STPpom™* A5(10) "Cvid  STPpom
The target function for 110-20-0.4 kV UPSS:
- -1 05 -05 -1
K$110-20-04 =1 " %id "STsnom ~ *22°%id  "STspom "3 %vid "STPnom (3.5)

05 <05 -1 05 <15
*+A420) " %vid " STSnom STPpom™ A5(20) " °vid “ STPnom

The target functions of 110-10-0.4 kV and 110-20-RV UPSS differ with constant84.o),
As20y Asoy Psoy the values of which define technical, economid @echnical economic
parameters of the network. The expressions fathallconstants of the target function are given
in Table 3.1.

TalBld
Constaotshe UPSS target function
Constants of the target function
A =11 TGy - Ko
Ay =21-Kipp ey

A3 = 084- KTP 11

Ag10) = 38 KipyL ey

Ag(20) = 253 Kipyp Taiy

city

As(10) =687 Kz ey

~N| o gl A w| v RS

A5(20) = 969 KZL 'Hcity

The target functions are non-linear functions witibeger variables. A non-linear discrete
programming method is applied for the searchingrobptimal solution. The optimal solution of
the target function meets the condition of the mimin total capital investmentKy ,=min.
The block scheme of 110/10 kV or 110/20 kV TS oplimpower determination is given in
Figure 3.7 and includes the following basic compasefor then-th variant of the UPSS
realization:
e input data for the obtaining of the results;
e defining of the total capital investmerksrs »andKsa.n for the building of 110/10 kV
or 110/20 kV TS and 110 kV cable line for the T®mection to 110 kV network;
e determining of the total capital investmeRtsp n Ky n for the building of 10/0.4 kV or
20/0.4 kV TP with connection correspondingly tokhMoor 20 kV cable lines;
e determining of the total capital investmeids, , for the building of 0.4 kV cable line
from 10/0.4 kV or 20/0.4 kV TP to the consumers;
e determination of the total capital investmentshaf UPSS development variant;
e calculations of the target function minimugy ,=min and fixing of optimal poweSrs opt
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Fig. 3.7. Block diagram for determining of thetiopal power of 110/10 kV or 110/20 kV TS

The optimal power of 110/10 kV or 110/20 kV TSearched by target functions (3.4) and (3.5)
with the possible values of the variable paramateesccordance with TS and TP transformers’
rated power scale:

Ss.nore 16, 25, 32, 40, 63, 80 MVA;

Sp.non= 0.1, 0.16, 0.25, 0.4, 0.63, 1.0, 1.6 MVA;
and with the variable parameters:

Iciy= 74 and 148 ki

ovia =3, 6,9, 12, 15, 18, 21, 24 MVA/Km
For the determining of the target function congaqtAs the values of technical and technical
economic parameters and factors are assignedi, ko2, Krs, Krp, Kipar, Kipv, Kipzw, AaL, Avi, AzL
(4 — are the factors of the networks configuration) ihgvobtained them from the technical
projects or based of the theoretical assumptions.
The optimal solution of the target function is aslgd at the minimum total capital investments
for UPSS building for the variants system’s deveiept.
All the calculations were made with a purposefullgveloped program in Microsoft Excel
environment [9,11] according the block diagram sohepresented in Figure 3.7. The results
were obtained changing the initial data and pararsetor the power supply system with
different areas of the city and their load densiti&nalyzing the results of the calculations some
most important UPSS parameters are summarizecegnesented graphically.
Fort the analysis of the urban power supply sysitem applied the total capital investments
specific parameters per 1 kof the city area.
110-10-0.4 kV and 110-20-0.4 kV specific parametérthe UPSS capital investments per 1°km
(Ls/kn") are calculated according to the expressions:

K
$110-10- 04
Kip£110-10-04 = 1 ! (3.6)
city
K ~ Ks110-20-04 (3.7)
p2110-20-04 =y ; :
city
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whereKs110-10-0.4, Ky110 -20 -0.4 are the total capital investments for 110-1040/4or 110-20-0.4
kV UPSS building.

The optimization calculations for target functio(&6) and (3.7) at the variable parameters
Srs,nom and Srpnom poOssible values and assumed paramelkfg=74 knf and oviq =3+24
MVA/km? are given in the form of graph in Figure 3.8.9.3.

For example, the 110-10-0.4 kV UPSS total capiteéstments per 1 KnfLs/knT) depending on
110/10 kV TS power, using 10/0.4 kV TP with pov&s=2x1000 kVA, are illustrated in Figure
3.8.
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Fig. 3.8. The 110-10-0.4 kV UPSS total capitakstments per 1 kinfLs/knf) depending on
110/10 kV TS power , using 10/0.4 kV TP with povgs=2x1000 kVA

Analyzing the results presented in figure 3.8 tbeatusion can be made that for 110-10-0.4 kV
UPSS it is economically profitable to use 110/10k¥ with powerSrs=2x32 MVA, if the load
density in the city and its borders is3iq < 6 MVA/km?, 110/10 kV TS with poweBrs=2x40
MVA, if the load density is 6 %y < 12 MVA/km? and 110/10 kV TS with powess2x63
MVA, if the load density is in the range 1253 < 24 MVA/Km?.

The 110-20-0.4 kV UPSS total capital investmentslgem? (Ls/knf) depending on 110/20 kV TS
power, using 20/0.4 kV TP with pow8r=2x1000 kVA, are illustrated in figure 3.9.
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Fig. 3.9. The 110-20-0.4 kV UPSS total capitakstments per 1 kinfLs/knf) depending on
110/20 kV TS power, using 20/0.4 kV TP with povis=2x1000 kVA

The results in figure 3.9 show that it is econoriycarofitable for 110-20-0.4 kV UPSS to use
110/20 kV TS with poweErs=2x32 MVA, if the load density in the city and i®rders is X
ovia < 6 MVA/km?, 110/20 kV TS with poweBrs=2x40 MVA, if the load density is 6 &g < 12
MVA/km?, and 110/20 kV TS with poweSs=2x63 MVA, if the load density is in the range 12
< 0yig < 24 MVA/KM?,
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Comparing the results reflected in Figures 3.8.tBeQconclusion can be made that at high load
densities from avig > 12 MVA/km? using 20 kV voltage the total capital investmeotshe
electric supply system per 1 km(Ls/kn?) do not differ (the difference in less than 5%). |
means that with the high load densitiesq 12 MVA/km?) it is more profitable to use 110-20-
0.4 kV urban power supply system as this UPSS Ig®hnetwork capacity and development
opportunities from the technical and economic pointiew.

For the higher identification of the optimizatiorsults the dependence of the total capital
investments on the load density per 1 MVA of thensmitted power and per 1 krof the
occupied territory (Ls/MVAKm?) has been constructed.

110-10-0.4 kV and 110-20-0.4 kV city electric syppystem unified parameters (Ls/MVidn?)

are calculated according to the expressions:

K$110-10-04 (3.8)

K . =
unif£110-10-04 '
I Scity

city
K _Ks110-20-04
unif£110-20-04 m. -S.
city “city
110-10-0.4 kV and 110-20-0.4 kV urban power suppistem unified parameters according to
110/10 kV or 110/20 kV TS power, applying in thetdbution network 10/0.4 kV or 20/0.4 kV
TP with powerSrp=2x1000 kVA, are demonstrated in Figure 3.10.
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Fig. 3.10. UPSS unified parameters (Ls/MY#?)
depending on TS power applied in the distributietwork
a) 10/0.4 kV TP with powesrp=2x1000 kVA,;

a) 20/0.4 kV TP with powesrp=2x1000 kVA,;
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Analyzing the results included into Figures 3.1D.aad b) it is obvious that they prove the
conclusions made on the basis of the total cajpitedstments specific values (Ls/Rmabout the
transformers rated power application 110-10-0.4akd 110-20-0.4 kV in the UPSS. The analysis of
the obtained results proves that for existing 1a@4 kV or new 110-20-0.4 kV UPSS, it is
economically profitable to use 110/10 kV or 110kKR0TS with rated poweBrs=2x32 MVA, if the
load density in the city or its borders is: 3yig < 6 MVA/km?, TS with rated poweBrs=2x40 MVA,

if the load density is 6 &g < 12 MVA/KmM?, and TS with rated pow&s2x63 MVA, if load
density is within the range 120%g < 24 MVA/KN?.

4. OPTIMAL PARAMETERS OF 10-20 KV NETWORK AND
OPERATION REGIMES

4.1. Determination of the 10-20 kV network optimaparameters

During the stage of 20 kV voltage introducing, e 8rd chapter (Figure 3.3, 1st block of
block diagram) the UPSS target functions (3.4) &&) local extreme points were obtained
minimizing the function according to variat®gx nomi(at Srp nomi= const) in the range of load density
0=3-24 MVA/knY for each optimization cycle (the set of the caltiah resultsR, from all the
existing solutionsR). The minimum of the function corresponds to tlkeéedmined 110/10 kV and
110/20 kV TS power that optimal for the investigateban power supply system [9].

The searching for the substation optimal powenigrgortant task but it is only the first stagetioé
methods of the 110-10-0.4 kV and 110-20-0.4 kV arpawer supply system optimal parameters
determination. During the second stage of theroptition (Figure 3.3, 2nd block of block diagram)
it is necessary to extract in the optimization egclthe minimum from the total capital
investments values &p nom;= const, that corresponds to the minimum of thgetafunction at
variablesSrs nom@and Srp nomiat the same time, providing the extension of #s# solution segment
(the set of the optimization resuRs).
Optimal variablesSrs optjand Srp opri Values with minimum UPSS total capital investrsantified
parameters form the segment of the target funcigimization results (S&).
The target function (3.4) and (3.5) optimizatiorogess can be generally illustrated as an
operation order:
optimization optimization optimization

The initial setR Ry R> Rs (set of solutions)

at Srs non(Srp non=€ONS)  with Srp (Sra op) Srs opt P opt

Extension of the solution segment during the oation can be demonstrated also in the form of
graph:

R (R m@

Fig. 4.1. Graphic interpretation of the solutiogreent extension

All the results of calculations necessary for thalgsis during the second stage of the TS and TP
optimal power determining have already been redlti#ring the first stage. During the analysis
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of the results in the 4th chapter UPSS optimal rpatars were obtained being presented in

Tables 4.1 and 4.2.

Table 4.1
110-10-0.4 kV UPSS optimal parameters within tmgjesof the load density
0, Srs opt MVA Srp opts KZ ip, min » KZ unif , minmin
MVA/kn? MVA Ls/ knf Ls/MVA-knt
3 2x32 2x0.63 1.470° 6.64-10°
6-9 2x40 2x0.63 (2.2-2.95)0° (4.95-4.42)10°
12-15 2x40 2x1.00 (3.69-4.42)° (4.15 — 3.98) 10°
18-24 2x63 2x1.00 (5.13-6.5310° (3.85—3.68) 10°
Table 4.2
110-20-0.4 kV UPSS optimal parameters within tmgyesof the load density
0, Srs, Srp, KZ ip ,min KZ unif , minmin
MVA/Kn MVA MVA Ls/knf Ls/MVA knt
6-9 2x40 2x1.00 (1.79-2.40CF (4.45 —3.95)10°
12-15 2x40 2x1.00 (3.0-3.6)0° (3.70 - 3.53)10°
18-24 2x63 2x1.00 (4.19-5.38)0° (3.41 — 3.26)10°

The obtained during the optimization process UP3@immum unified parameterks uinf, min
graphical dependences on the TP rated power pesesémtFigure 4.2. From the graphs it is
obvious that at the high load densities and higlpfE3et power 110-10-0.4 kV and 110-20-0.4 kV
UPSS unified parameters are approximate similar.

1.40E+04
1.20F+04 *\.\
1.00E+04 “\

—+—3 MVA/km2, 10kV
8.00E+03

—=—3 MVA/km2, 20 kV
6.00E+03

4.00E+03

Ls/MVA*km2

2.00E+03

0.00E+00

Unifies parameters of urban
power supply system

2x100 2x160 2x250 2x400 2x630 2x1000
20/0.4kV and 10/0.4 kV S.p, kKVA

]
~—

1.00E+04

9.00E+03 N
8.00E+03 X \

4.00E+03
3.00E+03
2.00E+03
1.00E+03
0.00E+00

—<— 9 MVA/km2, 20 kV

K
~ 7.00E+03 \\\;Q\'\ —— 6 MVA/km32, 10 KV
E 6.00E+03 —_—— < —=— 6 MVA/km2, 20 kV
’é 5.00E+03 — g —— 9 MVA/km?2, 10 kV
=
.
v
—

Unifies parameters of urban
power supply system

2x100 2x160 2x250 2x400 2x630 2x1000
20/0.4kV and 10/0.4 kV Sy, kVA
b)

Fig. 4.2. The graphical dependences of UPSS minimmified parameters on the TP rated
power at the load density: @3 MVA/Km? b) 6=6-9 MVA/km?,
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The 4th chapter of the Thesis presents the UPSSmmmmn unified parameters graphical
dependences on those of TP rated for the otherdeasity rangess& 12-15 MVA/Knt, 0=21-24
MVA/km?).

The analysis of the calculations and optimizatiesutted in the obtaining of important UPSS
parameters.

Figure 4.4 presents comparatively possible numbé&iO®.4 kV and 20/0.4 kV TP in the 110-
10-0.4 kV and 110-20-0.4 kV urban power supply systiepending on TP power with the city
areallqy =74 knf, 110 kVTS powerSrs = 2x40 MVA and load densityiq= 9 MVA/KnT.
Figure 4.5. represents an overview of the senadéus in polar coordinates (in accordance with
(3.30)) one TS with power 2x40 MVA at different @0 kV TP and 10/0.4 kV TP power in the
city with load densityii=9 MVA/km?.

6000 anTP 10 kV, gzb
BnTP 20 kV, gab

5000

4000

3000

2000

1000

2x100 kVA 2x160 kVA 2%250 kVA 2x400 kVA 2630 kVA 2x1000 kKVA  2x1600 kVA

Fig. 4.4. Dependence of the number of 10/0.4 kV 2010.4 kV TP in the 110-10-0.4 kV and
110-20-0.4 kV UPSS on the TP power.
(at iy =74knf, Srs= 2x40 MVA ungyig=9 MVA/km?)

2x100 kVA
0.6 1
05
2x1600 kVAm~ 0. . 2x160 kVA
—o—10kV R, km
24\ —8—20kV R, km
2x1000 kvA - ) 2x250 KVA

X630 kVA2x400 kVA

Fig. 4.5. Graph representation of 20/0.4 kV TP ad#.4 kV TP service radius of one 2x40
MVA TS at the load density,ic=9 MVA/km?
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Analysis of the obtained results allows to conclilat in the modern 110-10-0.4 kV urban
power supply systems with optimal power TS it isreamically profitable to apply 10/0.4 kV
TP with powerSrp=2x0.63 MVA, if the load density in the city and iborders is X oyig < 9
MVA/km?, TP with powelSrp=2x1.0 MVA, if the load density is 9 &iq < 24 MVA/Km?; in the
110-20-0.4 kV UPSS with optimal power TS it is egomncally profitable to use 20/0.4 kV TP
with powerSrp=2x1.0 MVA, within the whole assigned load rangela optimization process: 3
< 6yid < 24 MVA/KM?,

4.2. Analysis and selection of the operation regima 20 kV network neutral

The solution of the problem of introducing of th@ BV voltage in Riga city requires the
selection of a new operation principle of the 20 k&twork neutral. The Thesis overviews all
operation regimes of neutrals applied in Riga. maevork neutral grounded through an active
resistance with low resistivity is considered inrmaletails. This neutral provides the safe
operation of the power supply system with high gaing currents that are typical for Riga city.
Briefly this regime of the neutral is called ,NOSP#om the German phrase ,Niederohmige
Sternpunkterdnung” [1].

Using the German and Great Britain experience dsageaesults of the investigations made in
Latvian power system the city 10 kV cable netwovki be gradually transformed to low
resistive neutral operation regime. Low-resistiwitnal equipment consisting of three-winding
grounding transformer and grounding resid®g is connected behind the powerful 110/20-10
kV transformer.

Main advantages of low-resistive neutral:

e if the network operates with neutral grounded tgfolow-resistive active resistance
then in the case of a damage the increasing cag®elthere is the lowest from those
existing in the indirectly grounded neutrals of estHJPSS (usually the level of
voltage in the case of damage is within the ran8e3L1U;);

e the principle of the neutral grounding allows tam@vhigh over voltages and simply
define the location of grounding;

e in comparison with the neutral grounded through ¢benpensation coil, NOSPE
neutral grounding construction does not dependerchanges of the network length;

e the neutral does not occupy a plug of a middleagdtterminal as it is connected at
once behind the terminals of 110/20-10 kV transtarm

e in comparison with other neutral grounding UPSS tne is cheap and easy realized,
being very simple in maintaining (the level of oflthe transformer should be tested
only) and not requiring permanent service.

Disadvantages of low-resistive neutral:

e it can not be applied in middle voltage air linewl dybrid (CL and OHL) networks
without additional safety and relay protective meas because of insufficient
potential smoothing [22];

e in comparison with the neutral grounded throughdbmpensating coil the grounding
connection can cause higher grounding equipmermngiat to the ground for a short
time that causes the disconnection of the damagedy the relay protection.

¢ the network with low-resistive neutral requiresageprotection of different UPSS.

The application of NOSPE neutral proved that ithis safest neutral regime in the networks with
high grounding currents. In the 110-20-0.4 kV UR&®le lines the application of the NOSPE
neutral grounding regime is necessarily as it alleafe use of the urban power supply system.

4.3. The opportunities of the voltage regulation ir110-20-10-0.4 kV power supply system

During the period of realization of 110-20-0.4 kW8S the existing 110-20-10-0.4 kV
system remains. Therefore the new system alsaresgtine regulation of the voltage like in the
existing one.
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At the supply centers of 10 kV as well as 20 kMrtisition network the 110 kV transformers
with the equipment of voltage regulation with Io@&¥S) serve as a basic mean for this purpose
[5,6,34]. RZS application gives a possibility eft@matic switching of the branches during day-
night period without disconnection of the transfermfrom the network changing so the
transformer factor under the loading condition ahérefore provide coordinated voltage
regulation at the supply centre of the distributi@twork.

Both the existing network and new 20 kV voltageradticing process face the problem of
voltage regulation in the 110/20-10 kV three-wirglitransformers independently on the
transformers rated power. Three-phase transforrmemtain 110 kV higher voltage (HV)
winding, 20 kV middle voltage (MV) and 10kV lowemiage (LV) windings, but RZS
equipment is included into HV winding. The two wing transformers and those with split
windings meet no significant problems with voltaggulation by means of RZS equipment.
RZS equipment is installed in HV winding applyingodern automatic voltage regulators
changing also the voltage in MV winding [2].

In 110/20-10 kV TS three voltage regulation regiragsapplied in the Latvian power system.

e Stabilization regime. This regime usually is applied at 110/20-10 kVstahons with 20
kV and 10 kV voltage to which the consumers wittegular load are connected (for
example, to 10 kV an industrial load is connected,to 20 kV — a household load).

e Compensation regime. Usually the regime is used at 110/20-10 kV sulmstat
supplying the powerful consumers with a unifieddoa The higher load is at the
terminals of the transformer the higher is the gpetithe voltage regulator.

e Day-night regime. 110/20-10 kV substation is provided with summend aminter
regulation schedules within the day-night loadiegime, and in accordance with those
the parameters of the voltage regulator are prédethe voltage regulation automatic
equipment of the Riga city 110/20-10 kV TS operateder the condition of day-night
loading.

Basic unsolved problems of the existing voltaggilation automation:

¢ in the three-winding transformers applied in Lattha voltage can be regulated only
according to one secondary voltage. In some dhge®0 kV winding is followed in
what voltage-less condition the transformer faaibithis winding can be changed
regarding to 110 kV winding;

e itis hard to select correctly the regime of thétage regulation for 110/20-10 kV TS
if the loading schedules are different (e.g. 10levmtinals are connected to the
industrial load, but 20 kV — household load);

e the voltages of both windings of the transformermhwhose split are not the same
and in practice with uneven load they can differ4eo;

e it is desirable to regulate the voltage of 110/BOKV TS with three-winding
transformers by means of two regulators correspmiyiat the sides of 20 kV and 10
kV. Latvia still has no transformers with such agjé regulators as it increases the
expenses for the 110/20-10 kV transformer;

e (quite often the main reason of the automation diseotion thickening of the
transformer oil under the condition of poor coolind he voltage regulator should be
able to operate at any possible oil temperatur@applying the oil that does not
thicken.

The modern voltage regulation equipment should pplied at 110/20-10 kV TS for the
simultaneous 20 kV and 10 kV voltage regulatiorthie 110/20-10 kV transformers windings.
This equipment is very expensive and significantigreases the expenses of three-winding
110/20-10 kV transformer. In the 110/20 kV TS drid/10 kV transformers this problem is
absent therefore the standard voltage regulatiaipegent can be applied in this case.
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5. THE ECONOMIC EXPEDIENCY EFFECTIVENESS AND
TECHNICAL OPPOTUNITY OF 20 KV VOLTAGE INTRODUCING

5.1. The economic expediency of 20 kV voltage intlacing into Riga city power
supply system

Each technical measure should be feasible fromtdblenical and economical point of
view. The analysis of the economic expediency ef2@l kV voltage introducing into the power
supply system of Riga the 110-10-0.4 kV and 11@2DkV UPSS was carried out were on the
basis of the comparison of the variants of UPS®Idement. Obtained as a result of minimization
of the target functions (3.4) and (3.5), the unifietal capital investments for the building of the
above mentioned system were assumed for the cosopaof the technical and economic
parameters According to the results of Supplemgniathe dependence of the unified total
capital expenses of UP3S=f(c) on the load density in the city (or its distric$)investigated
within the range of TS powelS;s = (2x32—-2x63) MVA and TP power randg&gp=(2x400 —
2x1000) kVA. For the detailed analysis of the dejmrte the unified total capital expenses for
the 110-10-0.4 kV and 110-20-0.4 urban power suppsfem are compared for the same TS and
TP rated power, that is demonstrated in Figure&fl,

Analysis of Figure 5.1 results in the conclusionatt110-10-0.4 kV UPSS with 110/10 kV TS
with power Srs =(2x32-2x63) MVA and 10/0.4 kV TP with powesp =2x400 kVA is
economically more profitable than 110-20-0.4 kV @P8ith similar power 110/20 kV TS and
20/0.4 kV TP within the whole range of the load slgnwith present prices for building of
network of network and installations.

The economic parameters of 110-10-0.4 kV and 110-2kV UPSS, applying 110/10 kV TS
or 110/20 kV TS with powebrs =(2x32—-2x63) MVA and 10/0.4 kV or 20/0.4 kV TP fwit
power Srp =2x630 kVA, are practically similar within the wleolrange of investigated load
density. In fact these are the boundary valuegHertransition from 110-10-0.4 kV UPSS to
110-20-0.4 kV UPSS [6].

110-20-0.4 kV UPSS with 110/20 kV TS with pow&g =(2x32-2x63) MVA and 20/0.4 kV TP
with power Srp =2x1000 kVA is economically more profitable than0110-0.4 kV UPSS with
similar power 110/10 kV TS and 10/0.4 kV TP withie whole range of the load density.
Taking into account the dependences in Figureaid.results of table 4.2. 110-20-0.4 kV UPSS
is economically feasible starting with load densitg2 MVA/km? at 110/20 kV TS with power
Srs=(2x40-2x63) MVA and 20/0.4 kV TS with pow&p=2x630 kVA with present prices for
building of network and installations.
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Fig. 5.1. 110-10-0.4 kV and 110-20-0.4 kV UPSSiadifotal capital expenses (Ls/MWn?)

in the dependence on the load density, using
110/10 kV or 110/20 kV TS with pow&s=(2x32—-2x63) MVA and

10/0.4 KV or 20/0.4 kV TP with powSp=(2x400-2x1000) KVA

5.2. Technical measures for 20 kV voltage introduicg
5.2.1. Features of the proposed "dual-beam8cheme of 20 kV and 0.4 kV network

Developing a new circuit with new level of ratedtage it is of top importance to select
correctly the topology of supply and distributioetwork and to provide further development of
this circuit. For the regular reserve at the siiBlkV voltage the most complicated problem is
not enough number of 110/20 kV TS at the borderfigh, already really applying 20 kV
voltage, and absence of 110/20 kV TS in the ceofttbe city. In the new 20 kV networks the
safest and most effective from the safety poinvieftv are those of double-leg topologies. The
proposed and developed 20-0.4 kV ideal "dual-bepower supply scheme of 110-20-0.4 kV
UPSS is shown in Figure 5.2.
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Fig. 5.2. Ildeal "dual-beam” power supply schem&1df-20-0.4 kV UPSS

The advantages of “dual-beam” scheme:

the scheme is very safe from the power supply pointiew as there is a reserve of
middle voltage line from 110/20 kV TS, TP transfens as well as low voltage 0.4 kV
network reserve. It means that with one damagerafstormer or supply cable the
consumers will not remain without voltage as itlviaé provided through the second
circuit;

at the 20 kV as well as 0.4 kV sides so calledisedircuit breakers are installed: at the
20 kV side - with the help of load switches, at e of 0.4 kV with the help of fuses
without any automation (ARI);

the scheme allows without special problems thesttaconnection of low powerful
consumers (single-transformer 20/0.4 kV TS withnsfarmer till S=630 kVA,
introducing 20/0.4 kV TS into one of the supply lesb

the reserve 110/20 kV TS if necessary can dis&il#t kV at the joint points of the
supply line to decrease the length of the lines @rsequently losses of voltage, power
and energy.

The disadvantages of “dual-beam” scheme:

it is expensive enough and complicated in its qoetibn as “dual-beam” scheme has
two supplying cables from one or two 110/20 kV Tl awo 0.4 kV lines form 20/0.4
kV TP;

for the improvement of the safety of the “dual-b&atheme it is undesirable to lay the
20 kV cables between 110/20 kV TS and 20/0.4 kM@ one trench in 0.2 m distance
one from another; but at least for 1.0 m to avordexhanical damage of the cable that is
not realized in practice because of the high cdsthe excavation and road surface
renovation works.

5.2.2. The opportunities to purchase the110/20 k\Wwb-winding transformer
For the new 110-20-0.4 kV urban power supply systBm 110/20 kV two-winding

transformers should be used. Nowadays the Lapoaver supply system applies three-winding
110/20-10 kV or 110/20-6 kV transformers of diffier@roducers but the number of 110/20 kV
two- winding transformers is insignificant. The pampverviews the technical parameters of
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110/20 kV transformers of different power form thandbooks of the producers and Internet
web pages. Taking into account that today the piglver transformers are made to order their
technical parameters can differ [6,8].

5.2.3. Application of the middle voltage commutatedransformers

During the period of 20 kV voltage introducing hetplaces where supply voltage is 10
kV and it should be kept the commutated 20-10/0/4tdansformers being able to operate at
10kV as well as 20 kV network voltage can be apblién this case a significant simplification
can be provided for the transition from 10 to 20 kvid the number of the consumers
disconnections is decreasing. If to compare withdtandard of 10/0.4 kV transformers they are
30% more expensive but do not almost differ in dizat also significantly simplifies their
application in compact TS as well as those of magmt and TS of close-type.

5.2.4. The experience of 20 kV voltage switchgeagu@pment application in the networks

A very important step in the 20 kV voltage introthgs is the application of 20 kV
switchgear (RMU — ring main unit) at all the compadose-type and mast type 10/0.4 kV
transformers substations at 20 kV operation voltdgee promotion paper overviews in details
the type of the switch gears applied in Latviayvadl as their advantages and disadvantages [29].

5.2.5. Medium voltage cables with polyvinyl chlorié (XLPE) insulation

The medium voltage cables with XLPE insulation ali¢ for application in 110-20-0.4
kV UPSS are widely overviewed in the paper. Thestmative type of the cable, its admissible
current and area of application are in details ©mned in the work. The experience of the
exploitation and technical parameters of the cal#esilts in the conclusion that 20 kV cables
can be successfully applied even at 10 kV to siiptie further transition to the 20 kV level.

5.3. Technical and economic justification of the pposed 110/20 kV TS

It is of top importance already at the initial stagf the project to select correctly the
constructive model of 110/20 kV TS and its locatibat is problematic enough due to the high
building density of Riga and private territories.

From 1991 five 110/20-10 kV TS are built in Rigai0/10 kV TS ,Bastejkalns”, 110/10 kV TS
.Hanza”, 110/10 kV TS ,Zunda”, 110/20-10 kV TS ,4iide”, 110/10 kV TS ,Matiss”. All the
TS mentioned above are of close type with 110 kV iKputs, 110 kV GIS (gas insulation
switchgear), 110/20-10 kV transformers. 20-10 k\d afl the relay protection (RP) and direct
current (DC) equipment is protected from the owsishpacts. The constructive models and
operation circuits of all the TS developed from 1%8e analyzed. As the result of this analysis
the construction of 110/20 kV TS is selected, tperation schemes and the variants of the
perspective substations connection/switching avpgsed in the paper.

The author proposes the 110/20 kV TS of closed tyjle two 110/20 kV transformers with
split windings and two 20 kV sections. If necess@nythe case of load increasing) the number
of sections of TS average voltage can be extenuéadutr. The 110/20 kV TS neutral grounding
regime is NOSPE. The principal scheme of the prepasl0/20 kV transformer substation is
shown in Figure 5.3.
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The prices for the 110/20 kV TS building dependlmequipment especially at the 110 kV side.
Using so called GIS the prices of the 110 kV swjtdr are automatically 2 times increased.
Similarly at the side of the middle voltage: gasulated switchgear is 1.5 times more expensive

Fig. 5.3. The principal scheme of the proposed20 &V TS

than those air insulated.

The prices defined for the building of 110/20 kV W&h 2x32 and 2x63 MVA transformers in

accordance with the scheme in Figure 5.3 are tefieio Table 5.1 [15].

Table 5.1.
Approximate prices of the 110/20 kV TS building
Nr. | Item of the equipment | Prise, Ls
110 kV side
1. | Power transformer with Srs2x32 MVA, 2x(70010%),
Sr=2x63 MVA 2x(85010°)
2. | GIS equipment 2x(80010°)
3. | RP and configuration 1x(1010%)
4. Power transformer installation wiiis=2x32 MVA, 2x(10010%)
Sr<=2x63 MVA 2x(15010°%)
20 kV side
5. terminals of 20 kV switchgear output line 12%5(10°)
6. terminals of the 20 kV switchgear transformersl aection 4x(2.010°)
circuit breakers
7. Former of the low resistive neutral 2x(2)
8. | Auxiliary transformers 2x(1.010%)
9. 20 kV DC equipment (rectifiers, accumulativetbags, etc.) 1x(2:00%)
10. | RP and configuration 1x(1010%)
11. | 110/20 kV TS building and improvement 2500
Total: WitBrs =2x32 MVA 575410’,
WiBs=2x63 MVA 615410°
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In accordance with the information of AS “Sadalésst RPR the building price of one of the
previously fully built TS of closed type of 110/k¥ TS "Matiss" with powelS;s = 2x32 MVA
totally with 110 kV and 10 kV switchgear was 56@ Ls. In addition that fact should be taken
into account that this 110/10 kV TS has quite caooapeéd and non-standard constructive model:
KS-1-10 and KS-2-10 sections are located on thargtdloor, KS-3-10 and KS-4-10 on the first
floor. This price does not include the expensegher110/10 kV TS "Matiss" connection to the
middle voltage network that were 400’ Ls.

5.4. The examples of the 20 kV voltage introducinip Riga and its suburbs

The conception of 20 kV supply voltage introducimgo the networks described in
chapter 3 and 4 of the promotional paper is apphetthe elaboration of perspective 110/20 kV
substations and 20/0.4 kV networks as possibleantgifor the development of the Riga city
power supply system. With the high building densitythe centre of Riga and because of the
disadvantages of 110/20 kV substations the gradtraducing of 20 kV supply voltage can be
started from the borders of the city and suburbere/tat some places the 20 kV network exists.
The paper proposes and overviews some solutionsthfier 110/20 kV substations, their
connection to 110 kV network, selection of new ppoweTS and other problems related to the
development of power supply system and furthersiteom to 110-20-0.4 kV system. Marupe
region (close to the borders of Riga city), a néanped residential area ,Rumbula” and Dreilini
region are selected as those where the theoreteas of the work can be applied [7,24].

Three examples of the 20 kV voltage introducingRiga and its suburbare described in the
promotional work: solutions for Marupe, Dreilinnd Rumbula power supply where soon
introducing of 20 kV supply voltage is planned.

GENERAL CONCLUSIONS

1. The urban power supply system of a large city IRga should be economically
effective, safe, flexible and ready to supply @rggiand new consumers at any instant.
Conception of 20 kV voltage introducing in Riga pvsupply system is developed.
General technical and economic models and corresgmararget functions of 110-20-0.4
kV and 110-10-0.4 kV urban power supply systemsaresloped.

4. The optimization of UPSS target functions (3.4) dB8b) are made with non-linear
discrete programming methodnd purposefully developed program in Microsoft &xc
environment.

5. In the work 110/20 kV TS and 20/0.4 kV TP or 110KMOTS and 10/0.4 kV TP optimal
power and optimal UPSS technical and economic petens within the load density range
o = 3-24 MVA/knT at the assumed prices are defined (Tables 4.1, 4.2)

6. The feasibility study of the 20 kV voltage introdug into the Riga city power supply
system is considered and analyzed as well as #iedensity ranges at which 110-20-0.4
kV UPSS is substantiated are defined.

7. The proposals for the 110-20-0.4 kV UPSS introdgi@nd the technical measures are
developed.

8. The 110/20 kV TS constructive model is substardisa®d technical and economic
evaluation of it is made, TA and 20-0.4 kV prindipachemes are synthesized, the
operation regime of the neutral is selected andgportunities of the voltage regulation
are analyzed.

9. Developed 20 kV voltage introducing conception atimal parameter selection’s
methods can also be used in other cities, makieg nicessary adjustments to the
circumstances.

wmn
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