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BCTYII

[Ipenmer HaB4yanbHOI AMCUMIUTIHM «EJEKTpUYHI Mepexi Ta CHCTEMU»
OCHOBYETBHCSl Ha MPUILEIUIEHHI Yy CTYIEHTIB 3HaHb 3 MPOEKTYBAHHS TEXHIUHHUX
00’€KTiB, BAKOHAHHSI TE€XHIKO-€KOHOMIYHUX OOIPYHTYBaHb 1H)KEHEPHHUX PIIICHbD;
3aCTOCOBYBaHHI CYYaCHHUX METOIB aHaII3y 1 PO3paxyHKY EJIEKTPUUYHUX MEpEexK
PI3HUX KJIaCiB HOMIHAJIBHUX HAIPYT, 10 00’ €JHYIOTh TaKl 00’ €KTH Ha MapajesibHy
po0OoTY; 00TpyHTOBaHHI BUOOPY €(hEKTUBHUX METO/IIB 1H)KEHEPHUX PO3PAXYHKIB Ta
MPOBEJICHHIO JIOCHI[KEHb 1 aHali3y OTPUMAHMX pe3yJbTaTiB; eq)eKTHBHOMy
BUKOPUCTOBYBAaHHIO CYYaCHMX IHTEIEKTyaJlbHHUX, 1HGOPMAIITHUX KOMIT IOTEPHO-
IHTETpOBaH1 TEXHOJOT1H; BUKOHAHHI MPOEKTHO-KOHCTPYKTOPCHKOI JOKYMEHTaIlll
3riAHO 3 HOPMAaTUBHMMHM BUMOTamMH. METOI0 JTUCHUIUIIHUM € (OpMYyBaHHA Y
CTYJEHTIB VsBJIEHb NP0 MPOLECH TMepe/aBaHHs, MEPETBOPEHHs, PO3MOAUT Ta
CIOKMBAHHS EJIEKTPUYHOI €Heprii, KOHCTPYKTUBHE BHUKOHAHHS Ta TEXHOJIOT1YHE
YCTaTKyBaHHS €JIEKTPUUHUX MEpexk, poO0Ul PEKUMU, PErYIIOBAHHS 1 IJIaHyBaHHS
PEXUMIB €IEKTPUUHUX CUCTEM, TPOEKTYBAHHS €IEKTPUUHUX MEPEXK TOILIO.

BuBuanns aucuumiian «EJeKTpUYHI Mepeki Ta CUCTEMH» IPYHTYEThCS Ha
3HAHHSX, OTPUMAHUX CTYACHTaMU MiJ 4YaC BUBYEHHS OCHOBHUX JMCUMIUIIH LUKIY
npodeciiiHoi Ta MpaKTUYHOT MIATOTOBKH, TakuX sk «Pizuka», «Buina maremarnka
Ta MaTeMaTUYHUU aHani3y, «TeopeTnyHa eneKkTpoTexHikay, «OCHOBU METPOJIOTii
Ta EJEKTPUYHUX BUMIpIOBaHby», «EnexTpuuni MamuHuy», «MarteMaTtuuHi 3ajayi
enepretukn», «ExkoHomikay Ta iHm. Pazom 3 tum gucuuruiina «EnextpuuHi
MepexXi Ta CUCTEMHU» TICHO MOB’f3aHa 3 IHIIMMU JUCUUILIIHAMU TMpodeciiHo-
TEXHIYHOI MiATOTOBKH, SIKI OMHPAIOTHCS HA HEl Ta BUBYAIOTHCS IMapajesbHO abo
MICAsST BUBYEHHS JaHOl JUCHUIUTIHM. 30Kpema 1€ Takl JUCIHUIUIIHU SK
«PerynioBaHHS pEXUMIB EIEKTPUUYHUX CcHUCTeM», «MaTemMaTuyHe MOJEIIOBAHHS
eNeKTpUYHUX cuctem», «llepeximHi mpolecu B EJIEKTPUYHHUX CHUCTEMax»,
«PerneliHuii 3aXUCT Ta aBTOMAaTHUKa €NEKTPUUHUX cUCTEM», «ElekTpuuHi cTaHIii»,
«CnemiaiabHl  TUTaHHSA  TEpelaBaHHS  €JIEKTPUYHOi  eHeprii», «Mogeni
ONTUMAJIBHOTO  PO3BUTKY  €JIIEKTPUYHUX cuctem», «llutanHs HagidHOCTI
CNEKTPUYHUX cucteM», «Teopiss aBTOMaTuyHOro KepyBaHHs», «OCHOBH
MPOEKTYBAHHS MEXaHIYHOI YACTHHM JIIHIN enekTpornepeaaBanus», «[IpoekryBanHs
EJIEKTPUYHUX MEPEXK» Ta 1HIIII.

3ajmayaMyd BHMBYEHHS AMCHMIUTIHU «ENEeKTpuuHi Mepexi Ta CHUCTEMHU» €
rIM0OKe OBOJIOMIHHS (DI3UKOIO MPOIIECIB TEpeaaBaHHs EJIEKTPUYHOI €Heprii B
CJIEKTPUYHUX MEpekaxX Ta CUCTEMAX, BUIbHE Ta NIEPEKOHIIUBE BOJIOIHHS aHAIII30M
TEXHOJIOTIYHOTO TMpOILleCy BUPOOHUITBA, TMeEpeJaBaHHs], TMEPETBOPEHHS Ta
PO3MOJILTY €IEKTPUYHOT €Heprii.

[IpakTuyHe copsiMyBaHHS AUCHUILUTIHU «EJEKTpUYHI MEpei Ta CHCTEMH»
IPYHTYETHCS Ha peajizailii BUMOT 0 MIATOTOBKH KaJpiB, BCTAHOBIEHUX OCBITHbO-
KBaTi(iKalIHOIO XapaKTepUCTUKOW (axiBug 3a chemiaibHICTIO «EnexTpuuni
CUCTEMHU 1 MEpexi», HAI[UICHMX Ha pO3B’SI3aHHA OCHOBHUX TMEPEANPOCKTHUX,
TEXHOJIOT1YHUX, EKCIUTyaTal[liHUX, EKOHOMIYHUX 1 KOHCTPYKTOPCHKUX 3a/ad, sKi
BUHUKAIOTH M1l Yac MPOEKTYBaHHS 1 €KCIUTyaTallii eIeKTPUYHUX MEPEXK 1 CUCTEM
PI3HUX KJIaCiB HOMIHAJIBHOT HAIIPYTH.



INTRODUCTION

The subject matter of the academic course «Electrical power networks and
systems» is focused on enabling students to acquire knowledge and skills of
designing technical installations, performing feasibility reports on engineering
solutions, applying modern methods of analysis and calculation of electrical
networks of different rated voltage levels, which combine the installations for
parallel operation, justifying the selection of effective methods of engineering
design, conducting research and analysis of the results obtained, making the best use
of the modern intellectual, informational computer-integrated technologies, and
preparing project and design documentation according to the standards. The
objective of the course is for students to gain understanding of the processes of
transmission, transformation, distribution, and consumption of electric energy,
construction and processing equipment of electrical networks, operation modes,
regulation and planning of operating conditions of electrical power systems, design
of electrical networks, and so forth.

Doing the course «Electrical power networks and systems» requires the
knowledge acquired by students during their studying the basic subjects of a cycle
of professional and practical training, such as "Physics", «Higher mathematics and
mathematical analysis», «Theoretical electrical engineering», «Fundamentals of
metrology and electrical measurementsy», «Electric machines», «Mathematical tasks
of power engineering», "Economics" and some others. At the same time the course
«Electrical power networks and systems» is closely connected with other subjects of
professional training, which rely upon it, and are studied simultaneously or
afterwards. In particular, these are such subjects as «Modes regulation of electric
systems», «Mathematical modelling of electric systems», «Transient processes in
electric systemsy», «Relay protection and automation of electric systemsy», «Power
plants», «Special problems of power transmission», «Models of optimum
development of power systems», «Problems of power system reliabilityy,
«Automatic control theory», «Fundamentals of design of mechanical parts of power
transmission lines»,«Design of electrical networks» and others.

The tasks of studying the course «Electrical power networks and systems»
involve mastering the essence of physical processes of power transmission in
electrical networks and systems, and becoming able readily and with confidence to
carry out the analysis of technological processes of generation, transmission,
transformation and distribution of electricity.

The practical aspects of the course «Electrical power networks and systems»
are determined by meeting the standards to professional training, adopted by the
educational qualifying characteristics of the specialist in the area «Electric power
nsystems and networks», which are aimed at the solution of preconstruction,
technological, operational, economic and design problems, which arise in the design
and maintenance of electrical networks, and power systems of different rated
voltage levels.



TexHonoriyHe cnpssMyBaHHS TUCHUIIIIHU «EIEKTPUYHI MEPEXK1 Ta CUCTEMU»
MOBUHHE 030pOiTH CTYJEHTa CY4aCHUMHM MaTeMaTHUYHUMHU 3aco0aMM aHamizy 1
CUHTE3y CTPYKTYp 1 TOMOJOTIi €JIEKTPUYHUX MEPEX, MOJACIIOBAHHS yCTANECHUX 1
MICTs aBapiiHUX PEXKUMIB, 3HAHHSAMHU HOBITHIX METOIB, 3ac00iB 1 CIOCO0IB
(GbopMyBaHHS KEpyIOUUX BIUIMBIB Ha PEKUMH POOOTH CUCTEM 3 METOI BUOOpY
ONTHUMAJIBHOI CTpAaTerii yOpaBIIHHS pPEKUMaMH BUPOOHUIITBA, MEpeaaBaHHS,
MEPETBOPEHHA 1 PO3MOAUTY €JIEKTPUYHOI EHEeprii, MOXIIMBICTIO PO3POOKU 1
BIIPOBA/PKCHHSI B MIPAKTUKY €KCIUTyaTallii 3ac001B yAOCKOHAJIEHHS I[bOTO IMPOILIECY,
JIiEBUMHU 3ac00aMM 3HIDKEHHSI TEXHOJIOTTYHHUX BTpAT €Heprii B YCIX CTYIEHSX
lepapxii eJNIeKTpUYHOT CHCTEMH, 3ac00aM IMOCTAaHOBKM EKCIIEPUMEHTY B 0O0JacTi
CJIEKTPUYHUX MEpEeX 1 CUCTEM, OLIHIOBAaHHS MOXMOKU 1 BIPOT1AHOCTI OTPUMAHUX
pE3yNbTATIB, KPUTHYHOIO iX OCMMCIICHHS 1 aHajizy, NPUUHATTIO ONTHUMalbHHUX
pEKOMEH TaIlli.

[mxenepHe crnpsMyBaHHS TUCHUIUTIHM «EJEKTpUYHI Mepexi 1 CHUCTEMU»
MOKJIMKAaHE TMPUIIENUTH CTYJEHTY YMIHHS 1 HaBUKU 1HXKEHEpa-TeXHOJIOra,
eKCIUTyaTallfHIKa, TPOEKTYBaJIbHUKA 1 KOHCTPYKTOpa, $KI BIANOBIJAIOTH B
MOBHOMY 00Cs31 IXHIM BUPOOHUYMM (YHKIIISIM, TOOTO 1H)XKEHEpa, CIIPOMOMXKHOTO
npUiiMaTH caMOCTIiHI TBOpPYI PIIIEHHS MiJl Yac MPOEKTYBAaHHS, KOHCTPYIOBaHHS 1
HaJaro/PKeHHs YCTAaTKyBaHHsS e€JIEKTpUYHUX Mepex. L[i HaBUKM 1 yMIHHS
J03BOJIATH MOJIOJIOMY CIIELIallICTy aKTUBHO OpaTH y4yacTh B pillIeHHI MpoOjemM
ONTUMAJIBHOTO YMPABIIHHA 1 PEryJIIOBAaHHS PEKUMIB POOOTH €NEKTPUYHUX MEPEex
1 CUCTeM, B CHHTE31 ONTUMaJIbHUX CXeM MOOYJ0BM KOHGIrypamii eIeKTpuyHOT
Mepexi, BUOOP1 ONTUMAIBHUX PEXKUMIB pOOOTH CHIIOBOrO 0OJagHAHHS MEpPEeXi Ta
MPaKTUYHINA poOOTi 3 HUM TOLIO.

[lociOHMK MICTUTh MaTepiajdu JIeKIill Mepuoro KpeaJuTHOTO MOy
«Po3paxyHKu pekUMiB poOOTH PO3IMKHEHHUX E€IEKTPUUYHHUX MEPEK» JUCLMILTIHU
«EnexTpuuHi Mepexi Ta CHCTEeMH», SKUM CKIAJA€TbCs 3 JIBOX PO3JAUIIB, MO
MICTSITh IIICTh 3MICTOBHUX MOAYJIB: «OCHOBHI MOHSTTS MPO €NEKTPUUYHI MEpEexi
Ta cucremMu», «KoHCTpyKIlii, XapaKTepUCTUKH, CXEMH 3aMIIICHHS HaMMpOCTIIINX
CJNEKTPUYHUX Mepex», «llapameTpu cxem 3aMillleHHS €JIEMEHTIB EJIEKTPUYHUX
Mepexx 1 iX po3paxyHok», «OCHOBHI MOHSTTS MNpO JKepena AakTUBHOI Ta
peakTUBHOI eHeprii», «OCHOBHI MOHSTTS MPO CIOXKUBAYIB €IEKTPUYHOI €HEeprii Ta
iX XapakTepuCTUKH», «BTpaTh MOTY>KHOCTI B €JNEKTPUYHIA Mepexi Ta pPeKUMHU
pPOOOTH PO3IMKHEHOT EIEKTPUUHOT MEPEKI.

[lin yac MIATOTOBKM TMOCIOHMKAa BUKOPHUCTAHO METOJUYHI PO3POOKH Ta
Marepianu no temi «Po3paxyHOK peXuMiB poOOTH PO3IMKHEHUX EJIEKTPUUYHUX
Mepex» mpodecopa kadeapu enekTpudHux mepexx ta cuctem HTYY «KIIl»
CyneiimanoBa B.M.



The technology-oriented course «Electrical power networks and systemsy» will
familirize students with modern mathematical techniques of analysis and synthesis
of structures, and topology of electrical networks, of modelling of steady-state and
post-emergency conditions, will give the knowledge of the newest methods, means
and techniques of controlling the modes of system operation in order to select an
optimal strategy of regulating generation, transmission, transformation and
distribution of electricity, will enable them to develop and implement techniques of
improving this process, effective means of reducing energy losses in all the links of
electrical system hierarchy, facilities of carrying out experiments in the field of
electrical networks and power systems, estimation of error and reliability, critical
judgement and analysis of the results obtained, and adoption of optimum
recommendations.

The engineering-oriented course «Electrical power networks and systems» is
intended to develop skills of industrial engineer, maintenance engineer, and
designer engineer, which would alow fulfilling production functions at full, that is
being an engineer capable of finding independently some creative solutions when
designing, constructing, and setting-up the equipment of electrical networks.These
skills and abilities will allow the young specialist to take an active part in finding
the solution to problems of optimum control and regulation of operation modes of
electrical networks and power systems, in doing synthesis of optimum circuit
designs of system configuration, in selecting the best behaviours of the network
power equipment, in operating it in practice, and so forth.

The textbook contains materials of lectures of the first credit module
«Calculation of operation modes of open electrical networks» of the «Electrical
power networks and systems» course, consisting of two sections, which comprise
six instructive modules: «The basic concepts of electrical networks and systemsy,
«Designs, characteristics, and equivalent circuits of the most simple electrical
networks», «Parameters of electrical network element equivalent circuits, and
calculation of the equivalent circuitsy», «The basic concepts of the sources of active
and reactive power», «The basic concepts of electric loads, and their
characteristics», «Power losses in the electrical network, and operation modes of
open electrical network».

In preparing the textbook the learner’s guides and methodological materials
on the subject «Calculation of operation modes of open electrical networks» by
V. N. Sulejmanov, professor of the electrical networks and systems department of
NTUU "KPI", were used.
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PO3/11 1
KOHCTPYKIIi, CXEMM 3AMILLEHHS TA TAPAMETPUJIIHIN
EJIEKTPONEPEJABAHHSI

Tema 1 3AI'AJIBHI BIIOMOCTI PO EJIEKTPUYHI MEPEKI TA
CUCTEMH

1.1 OCHOBHI 3AJTAYI TA IOHSITTS B OBJIACTI HEPEJTABAHHSI
EJJEKTPUYHOI EHEPTII

Bynp-sika enekTpoeHepreTHyHa CUCTEMA CKIIAJJAEThCS 3 €JIEKTPUYHUX CTAHIIIN
JUTsl BUPOOJICHHSI €JIEKTPUYHOT €HEprii; Mepek MaricTpalbHUX Ta PAOHHMUX JIIHIN
eJIEKTpONepeiaBaHHsl JUlsl TMepellaBaHHs eJIEeKTPUYHOI €Heprii Ha BiIJalIeHy
BIJICTaHb; BY3JIOBUX MIACTAHIIA ISl TOETHAHHS JIHIA eJEKTpoInepeaBaHHs Y
CKJIaJl eJIEKTPUYHOI MEpEX1 Ta MePEeTBOPEHHS €NEKTPUUYHOI €Heprii MK PI3HUMU
CTYNEHSAMH HOMIHAJIbHOI HANpyrd; PO3NOJAUIBYMX EJIEKTPUUYHHUX MEPEK JJIs
pPO3MOALTY ENEeKTPUYHOI EHeprii MK CHOXHUBadaMU. 3 TEXHIKO-€KOHOMIUHMX
MIpKYBaHb BCl €JIE€KTPOCTAHIIIi, Kl PO3TAIlIOBaHI B OJHOMY PEriOHI, 3'€IHYIOThHCS
MDK cO0OI0 JIJIsl MapayieyibHOi poOOTH Ha 3arajibHe HaBAHTAXKEHHS 32 JIONIOMOTOI0
JIEII pizHoro knacy Hanpyru. O0'eqHaHHS BIIPI3HIETHCA CHUTBHICTIO PEXUMY Ta
OE3MEepepBHICTIO MPOIIECY BUPOOHUIITBA, PO3IMOALTY 1 CHOKHBAHHS TEIJIOBOI Ta
EJIEKTPUYHOT €Hepriil.

Enepcemuunoro cucmemoro (enepzocucmemoro) Ha3UBaIOTh CYKYIHICTh
EJIEKTPUYHUX CTAHI[IH, €IEKTPUYHUX Ta TEIUIOBUX MEPEXK, CIIOTYUSHUX MK COOO0I0
1 TOB'I3aHUX CHUIBHICTIO PEXUMY B O€3MepepBHOMY IMpoOIeci BUPOOHHUIITBA,
MEPETBOPEHHS 1 PO3MOJUTY ENEeKTPUYHOI €Heprii 1 TEeIIOTH NpH 3araJbHOMY
yIpaBIliHHI UM pexumMoM (puc.l.1).

Enexkmpoenepzemuunoro (erexkmpuunorw)  cucmemory - HaA3UBAIOThH
CJIEKTPUYHY YaCTHUHY €EHEProCUCTEMH, TOOTO CYKYMHICTh €JIEKTPOYCTaHOBOK
CJEKTPUYHUX CTaHIid (0e3 TMEepBUHHMX JABUTYHIB) 1 EJIEKTPUYHUX MEPEex
€HEProcUCTeMH, Ta MpHUIMAYiB EJEKTPUYHOI EHEeprii, AKl >KUBISTHCS BIJ Hel,
MO€E/IHAHI CHUIBHICTIO TIPOLECY BHPOOHUIITBA, IepelaBaHHs, MEPETBOPEHHS,
PO3MOALTY 1 CLIOKUBAHHS €JIEKTPUYHOI eHeprii(puc.1.2).

Ilpuiimauem enexkmpuunoi euepeii (erekmponpuiimauem) HA3UBAIOTH
amapar, arperar, MexaHi3M, MpU3HAUYCHUN AJI1 IEPETBOPEHHS €JIEKTPUYHOT eHepril
B IHIIUH BUTJISA €HEPTii.

Cnoosrcusauem enrekmpuyunoi enepzii HA3UBAIOTH €JEKTponpuiiMay abo rpyny
eJIeKTponpuiiMayiB, 00'€IHAHMX 3araJbHUM TEXHOJIOTIYHMM [MPOLIECOM Ta
PO3MIIIEHUX Ha MEBHIN TepUTOpii.
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PART 1
DESIGNS, EQUIVALENT CIRCUITS AND PARAMETERS
OF POWER TRANSMISSION LINES

Chapter 1 GENERAL INFORMATION ON ELECTRICAL
NETWORKS AND SYSTEMS

1.1THE BASIC TASKS AND CONCEPTS OF ELECTRIC POWER
TRANSMISSION

An electrical power system consists of power plants, which generate electric
energy; networks of backbone transmission and single-area subtransmission lines,
designed for transmitting electric power over long distances; central substations,
intended for connecting power transmission lines into part of the electrical
network, and transforming electric power between different levels of rated voltage;
and distribution electrical networks required for distribution of electricity between
electric loads and power consumers. For technical and economic reasons all power
plants located in the same area are interconnected for parallel operation at the
common load by power lines of different voltage levels. The interconnected power
plants are characterized by common operation conditions, and a continuous process
of generation, distribution and consumption of thermal and electric energy.

The power system (power supply system) refers to a number of power
plants, electrical and thermal networks which are coupled to one another, and
interconnected by similar conditions of continuous generation, transformation, and
distribution of electricity and heat under the common operational control (Fig. 1.1).

The electric power system (power grid) is an electric part of the power
system, comprising a number of electrical installations of power plants (except for
prime movers), electrical networks of the power system, and receivers of the
electric energy supplied from it, interconnected by a common process of
generation, transmission, transformation, distribution and consumption of electric
energy (Fig. 1.2).

The electrical receiver (ER), or power-consuming unit, is an apparatus,
machine, or mechanism intended for transformation of electric energy into other

forms of energy.

The electric load is an electrical receiver or a group of power-consuming
units connected by a common engineering process, and located in a certain area.

12



___________________________________________________________________

! EnexTpuiuni Cnosmeadl

Tenaoea

EnextpruHa mMepe enexTpoeHeprii
UaCTMHE

HacTMHa

EnekTpu4Ha cucTeMa

Tennoei Cnoxueadi Tenaoeoi
MEpEEL eHeprii

EHepreTU4Ha cucTema

Puc.1.1. CtpykTypHa cxema €HepreTU4HoO1 CUCTEMU

Enexmpuunoto mepesxncero (EM) HazuBaloTh CYKYMHICTh €JIEKTPOYCTaHOBOK
JUTSL TIepelaBaHHsl 1 PO3MOIUTY €JIEKTPUUHOI €Heprii, 10 CKIATA€ThCA 3 MIICTAHIIIH,
pPO3NOJUIPYUX MPUCTPOIB, CTPYMOIIPOBOJIB, MOBITPSHUX 1 KaOENbHUX JIHIN
eJIEKTponepe1aBaHHs, K1 MPaIOI0Th Ha EBHINA TEPUTOPIi.

Enexmpuunorwo  niocmanuyiero  (IIC) Ha3uBaloTh  €JIEKTPOYCTAHOBKY,
MpU3HAYEHY Uil IPUAMaHHS, IEPETBOPEHHS Ta PO3MOALLY €JIeKTPUYHOI eHeprii,
dAKa CKIAQJaeThCsl 13 TpaHCHOPMATOpPIB, PO3MOAUIBYUX MPHUCTPOIB, MPUCTPOIB
YNPaBIiHHS Ta IHIIUX JOMOMDKHUX MPUCTPOIB.

Po3nodinbuum npucmpoem Ha3UBaIOTh €JIEKTPOYCTAHOBKY, IPU3HAYEHY IS
NpUiiMaHHS Ta PO3MOAULY €IEeKTPUYHOI €Heprii Ha OJHOMY CTYINEHI HOMIHAJIbHO1
HaIpYry, sika MICTUTh KOMYTalllifH1 anapaty, 30IpHi IMIHHU, IPUCTPOI YIPABIIHHS
Ta 3aXUCTY.

Jinieto enexkmponepeoasannsn (JIEIl) Ha3uBaOTh €JNEKTPOYCTaHOBKY,
MpU3HAYEeHy Uil MepefaBaHHs €JIEKTPUYHOI €HEeprii Ha BiJajeHy BiJCTaHb MIXK
JBOMA MyHKTaMHU €JeKTPUUHOI cucTeMu. JIiHIT enekTponepenaBaHHs CKJIA1al0ThCs
13 IPOBO/IIB Ta KabeJliB, 130I0I0UHMX €JIEMEHTIB Ta HECYUYUX KOHCTPYKIIii.

Hogimpana ninin enekmponepeoasanna (I11J1) — cnopyna nns nepenaBaHHs
EJIEKTPUYHOT €Heprii MPOBOIaMH, PO3TAIIOBAHUMHU MPOCTO HEOA 1 MPUKPITNIEHUMHU
3a JIONOMOTrOI0 130JIIOBANIBHUX KOHCTPYKIII Ta apmatypu J0 omnop ado
KPOHIITEHWHIB 1 CTOSKIB Ha I1HXKEHEPHUX crHopyaax (MocTax, HUISXOMPOBOJaxX
TOIIIO).

Ha puc. 1.2 mnpeacraBieHo ¢(parMeHT CXeMU €JIeKTPUYHOI Mepexi B
€JICKTPOCHEPTeTUUHIN CUCTEMI.

r ne AEN ne,

(HO)-

EnekTpuiHa mepexa

Cnoxueav

-

EnekTpu4vHa cMcTEMA

A

e
3=

Puc.1.2. Po3aMexxyBaHHS €IEKTPUYHOI CUCTEMU

13



: Electrical Power consumers
Power networks {electric loads)

generation

Heat
generation

Electric Power system

Heat Heat consumers
network {heat loads)

Power system

________________________________________________________________________________

Fig. 1.1. Block diagram of electrical power system

The electrical power network (EN) is a number of electrical installations
designed for power transmission and distribution, consisting of substations,
switchgear, current-carrying wires, and overhead and cable transmission lines
which are at operation in a certain area.

The electric power substation (EPS) is an electrical installation intended for
receiving, transforming and distributing electricity, which consists of transformers,
switchgear, control devices and other auxiliary equipment.

The switching centre is an electrical installation intended for receiving and
distributing electricity at a certain level of the rated voltage, which contains the
switchgear, collecting buses, control and protection devices.

The power transmission line (PTL) refers to an electrical installation
intended for transmission of electrical energy over long distances between two
points of the electric system. The power transmission line consists of wires and
cables, insulation, and load-carrying structures.

The overhead power line (OPL) is a construction for transmission of
electrical energy over wires located in the open air and fixed by means of
insulating parts and accessories to the poles, or bearing supports, and posts of
engineering structures (bridges, over-bridges etc.).

Fig. 1.2 shows a part of the electrical network diagram of the electric system.

Generator EP51 Power transmission lines EPS2

Power
consumer
(electric load)

%
-

Electrical Power network

A
L)

Power system

A

e
o

Fig. 1.2. Sections of the electric power system
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KOHTPOJIBHI 3AITUTAHHA
Hagseoimwb susnauenns enepeemuunoi cucmemu.
Haseodimb susnauenns enekmpoenepeemuutoi cucmemu.
Hagseoimb susnauenns erekmpuunoi mepesici.
Hagseoimwb susnauenns enekmpuunoi niocmanyii.
Haeseoimwb susnauenns ninii enekmponepeoasanHsi.

SR W N~

JIITEPATYPA
[3], cmop. 10-12; [S],cmop. 12-20; [ 7], cmop. 7-9; [10], cmop. 9-10;
[14], cmop. 5-6; [15], cmop. 10-11; [16], cmop. 6-10.

1.2 HOMIHAJIBHI HAIIPYI' YCTATKYBAHHS EJEKTPUYHHUX
CUCTEM

Hominansnorw Ha3uBalOTh €JIEKTPUYHY HANpyry, Ha sKy po3paxoBaHa
HOpMaJibHa POOOTa YCTATKYBAHHS 3 HAHOUIBIIUM €KOHOMIYHUM €(DEeKTOM.

Yunnai  HopmatuBHi  gokymeHTH  (I'OCT 21128-83  «HomunanbHbIE
HanpsbkeHuss 70 1000 B» ta 'OCT 721-77 «HoMmuHanbHbIE Hanps>KEHUSCBBIILIE
1000 B») periaMeHTYyIOTh IIKaly HOMIHAJbHUX HAIpPYT €IEeKTPOYCTATKYBaHHS.
Hns tpudazHux cucTteM 3MIHHOTO CTPyMy HOPMYBaHHIO NJISATal0Th A1H0Y1
3HAYEHHA JIHIAHOT Hanpyru. [[1s HU3bKOBOJBTHUX €JIEKTPUUYHUX CHUCTEM IIKaja
HOMIHAJIBHUX Hampyr BKIIOYae HacTymHi 3HadeHHs: 220, 380 1 660 B. [lns
BHCOKOBOJIbTHUX €JIEKTPUYHUX CHCTEM IlIKajda HOMIHAJIbHUX HAMpPYTr CKIAJAEThCS
13 Takoro psaay: 3, 6, 10, 20, 35, 110, 150, 220, 330, (400), 500, 750 xB.

Hagenena mikana mMicTuTh HOMiHaNbHY Hanpyry 400 kB, sika He HOpMy€eThCS
YUHHUM CTaHAApTOM, alieé € MPUHHATOIO JJIsl eHeprocucteM €BpOCO03y, 3 SKUMU
eHeproo0’eHaHHsA  YKpaiHM  Ma€  CJIeKTPUYHI  3B’A3KM 1O  JIHSIM
eJICKTpONepe1aBaHHs caMe 1€l HapyTH.

Jlist 3a0e3nedeHHs HOMIHAJIBHOI Hampyrd Ha 3aTHCKayax CIOXKHMBAadiB
€JIEKTPUYHOI €HEeprii 13 ypaxyBaHHAM MaJIHHS HANpPYrd B €JIEKTPUYHUX Mepexkax
HOMIHAJbHA Hampyra TIeHepaTopiB HOPMYeThCS Ha 5% OuIblIe 32 HOMIHAJIbHY
HaIpyry mija’ €JHaAHOI eNEKTPUYHOT MEPEXKI.

Te came crocyeTbcsi TakOX BTOPUHHUX OOMOTOK TpaHC(hOpMAaTopiB, fKi
BUCTYNAIOTh JIPKEPEJIOM >KUBJICHHS ISl MIKII0UEHOT Mepexi. TyT J0JIaTKOBO CIiJ
BpaxoOBYBaTH NaJiHHS Hampyru B OOMOTKax caMux TpaHchopmaTopiB. Tomy
HOMIHAJIbHI HAIPYTH BTOPUHHUX OOMOTOK TpaHc(hopmaTopiB HOpMYtoThcs Ha 10%
OUTBIII 32 HOMIHAJIbHI HANIPYTH BIJMOBIIHUX €JIEKTPUUHUX MEpek. BUKIIOUeHHS
CKJIaJIal0Th MAaJONMOTYXHI TpaHcopMaropu, moTyxkHicTio A0 5600 kB-A, s
KOTpUX TMaJIHHA HaNpyru B OOMOTKax Ta Ha AUISHKAX EJNEKTPUYHUX MEpex
HecyTTeBl. [l Takux TpaHchopMmaTopiB HOMIHAJIbHI HaNpyrd BTOPUHHHUX
oOMOTOK Juiie Ha 5% MepeBUIYIOTh HOMIHAJIbHI HaNpyru i’ €IHAaHUX MEPEexK.
Takoxx BUHATKY NJIATal0OTh TpaHCc(HOpMaTOPU HAJBUCOKOI HOMIHAJIBHOT HAPYTH
(330 kB Ta Bumie), nns AKX JONYCKAETHCS MIJIBHUILEHHA Hampyru Ha 5% 3a
yMOBaMHu PoOOOTH JiHIMHOI 13ossaii. [ns Takux TpaHcpopMaTopiB HOMIHAJIbHI
Hafpyru BTOPUHHUX OOMOTOK TaKOX JHIIE Ha 5% NepeBUIyIOTh HOMIHAIbHI
HAIpPYTU BINOBIIHUX €NEKTPUUHUX MEPEK.
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CONTROL QUESTIONS
1. Give the definition of a power supply system.
2. Give the definition of an electric system.
3. Give the definition of an electrical network.
4. Give the definition of an electric substation.
5. Give the definitionof a power transmission line.

REFERENCES
131, p. 10-12; [5], p. 12-20; [7], p. 7-9; [10], p. 9-10;
[14], p. 5-6; [15], p. 10-11; [16], p. 6-10.

1.2 RATED VOLTAGES OF ELECTRIC SYSTEM EQUIPMENT

Rated voltage is an electric tension at which there is normal operation of the
equipment, giving the greatest economic benefits.

The valid normative documents (state standard specifications GOST 21128-
83 «Rated voltages of up to 1,000V» and GOST 721-77 «Rated voltages of over
1,000V») specify the range of rated voltage of electrical equipment. For three-
phase a.c. systems the values of line voltage are subject to regulation. For low-
voltage electric systems the range of rated voltage varies between 220V, 380V, and
660V. For high-voltage electric systems the range of rated voltage comprises the
values of 3, 6, 10, 20, 35, 110, 150, 220, 330, (400) 500, and 750 kV.

The range mentioned above contains the rated voltage of 400 kV, which is
not standardized by the valid standards, but is accepted for the European Union
electric power systems with which the power grid of Ukraine has electrical links
through the power transmission lines of this voltage.

To maintain the rated voltage at the consumer’s terminals the voltage drop in
the electrical networks is taken into account, and the rated voltage of generators is
standardized 5% higher than the rated voltage of the connected electrical network.

The same concerns secondary windings of the transformers, which serve as
the power supply for the connected electrical network. In this connection it is also
necessary to consider the voltage drop in the windings of transformers. Therefore,
the rated voltage of transformer secondary windings are standardized 10% higher
than the rated voltage of the corresponding electrical networks. An exeption is low-
power transformers of up to 5,600 kVA, for which the voltage drop in windings
and in sections of electrical networks is negligible. For such transformers the rated
voltage of secondary windings is only 5% higher than the rated voltage of the
connected networks. Another exeption is transformers of ultrahigh rated voltage
(330 kV and above), for which an increase in voltage by 5% is acceptable because
of line insulation working conditions. For such transformers the rated voltage of
secondary windings is also 5% higher than the rated voltage of the corresponding
electrical networks.
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Jis  nepBUHHHX OOMOTOK  TpaHchOpMaTopiB  HOMIHAJIbHI  HAmpyru
CIIBMAAAI0OTh 13 HOMIHAJIbBHUMU HaIlpyTaMu MEPEeK KUBJICHHsI a00 reHepaTopiB.
3HayeHHsT HOMIHAJIBHUX HAIMpyT eJIEKTPUYHOIO YCTAaTKyBaHHS HaBEICHI B

tabmn.1.1.

+s% LU
\ UHG.M
.
")
Nncy MNcs Ncs

Puc.1.4. Po3noain Hanpyru BIOBX MEPEkK1, HOMIHAJIbHA HAIIpyra

Tabauya 1.1. HomiHanbH1 HAIPYTH €JIEKTPUYHOTO YCTaTKyBaHHS

Enexrpuuni Tp'aHC(l)OpMaTOpI/I -
Mepesi I'eneparopu [TepBunHI BropunHi
0OMOTKHU 00OMOTKHU
HuspkoBONBTHI cucTeMU (Hampyra y BOJbTax)
220 230 220 230
380 400 380 400
660 690 660 690
BucokoBosbTHI cucTemMu (Hampyra y KUIoBOJIbTax
3 3,15 3(3,15) 3,15(3,3)
6 6,3 6 (6,3) 6,3 (6,6)
10 10,5 10 (10,5) 10,5 (11)
20 21 20 (21) 21 (22)
35 36,75 35 (36,75) 38,5
110 — 110 121
150 — 150 165
220 — 220 242
330 — 330 347
500 — 500 525
750 — 750 787
30UTbLICHHS. HOMIHAJbHOT HANPYrd EJEKTPUYHHX MEpex J03BOJISIE

OOMEXUTH BTpAaTU €HEprii miJ yac MepejaBaHHs eJNeKTpuuHOoi eHeprii. [lificHo,
OJIHy W Ty caMmy €JIeKTpUYHY MOTY>KHICTb MOXKHA TEepelaTd Ha OUIbII BUCOKIH
HOMIHAJNBHINA Hampy3i MeHmuM cTpyMoM. lle, BiamoBinHO 10 3akoHy JKOyJis-
Jlenua, npu3BOAUTH 10
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For primary windings of transformers the rated voltage coincides with the

rated voltage of electrical networks or generators.
The values of rated voltage of the electrical equipment are presented in

Table 1.1.

+s% LY

\ U"'a‘te{l

-3% Unetwork

@

EPS1 EPS52 EPS3

Fig. 1.4. Distribution of voltage across the network, rated voltage

Table 1.1. Rated voltage of the electrical equipment

: Transformers
Electrical
Generators ) e Secondary
networks Primary windings o
windings
Low-voltage systems (voltage in volts)
220 230 220 230
380 400 380 400
660 690 660 690
High-voltage systems (voltage in kilovolts)
3 3.15 3 (3.15) 3.15(3.3)
6 6,3 6 (6.3) 6.3 (6.6)
10 10.5 10 (10.5) 10.5 (11)
20 21 20 (21) 21 (22)
35 36.75 35 (36.75) 38.5
110 — 110 121
150 — 150 165
220 — 220 242
330 — 330 347
500 — 500 525
750 — 750 787

The increase in the rated voltage of electrical networks allows mitigating
power losses in the transmission of electric energy. In fact, it is possible to transmit
the same electric energy at a much higher rated voltage by a smaller current.
According to Joule’s law, it leads to
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3MEHILIEHHS BTpaT MOTYKHOCTI Ha MepeAaBaHHs eJIeKTpUUHOi eHeprii. Takum
YUHOM, 30UTBIICHHS HOMIHAJIBHOI HANpPyTrd €JIEeKTPUUYHUX MEpPEeX J103BOJISE
3HM3UTH BTpaTH €HEPrii Ta MiIBUILUTU MPOMYCKHY 3AaTHICTh JIHIN €JIeKTPUUHUX
Mepex. Pazom 3 TuM 30UTbIIEHHS HOMIHAJBHOI HAMPYTW MOB’SI3aHO 3 CYTTEBUM
YCKJIAIHEHHSIM, a, OTXKeE, 1 3JI0PO’KEHHSAM YCTaTKyBaHHS €JIEKTPUYHUX MEPEK.

Ha cworogni y ckmaai O0G’e€qHaHOi eHEprocucTeMU YKpaiHM MapaielbHO
(GYHKUIOHYIOTh €JIEKTPUYHI MEPEXK1 PI3HUX KJIACIB HOMIHAIBHOI HANPYTH Pi3HOTO
MpU3HAYCHHS.

Hominaneai nHampyru 6 Ta 10 kB BHUKOPHUCTOBYIOTH JUIsl CTBOPEHHS
MPOMHUCIIOBUX, MICBKUX Ta CUIBCBKUX PO3MOAUILYUX Mepex. TyT HalOuIblmIoro
MOIIHUPEHHST HA0YIM MEepeXxi 3 HOMiHaJIbHOIO Hanpyroio 10 kB. UuHHI HOpMaTHUBHI
JOKYMEHTH HE€ PEKOMEHIYIOTh BUKOPUCTaHHS HOMIHAJIBHOI Hampyru 6 kB nis
CTBOPEHHSI HOBHUX pO3MOAUILUUX Mepex. OCTaHHIM YacoM ICHYIOYl Mepexi
Hanpyrow 6 kB pekoHCTpyIOITh Ta MEPEeBOASATH HAa OUIbII BUCOKY HOMIHAJIbHY
Harpyry 10 kB.

Hominaneny Hanpyry 35 kB mmpoko BUKOPHUCTOBYIOTH ISl CTBOPEHHS
LHEHTPIB KUBJIEHHS CUIbCBKUX PO3MOAUILYMX Mepex. OCTaHHIM 4YacoM 3 I[EI0
METOI0 4aCTO BUKOPUCTOBYIOTh TaKOX HOMiHaJIbHY Hanpyry 110 kB.

Howminaneni Hanpyru 110, 150 Ta 220 kB BUKOPUCTOBYIOTH JUIsl CTBOPEHHS
palloOHHMX PO3MOJAUTFYMX EIEKTPUYHUX MEPEXK 3aralbHOr0 BUKOPUCTAHHS, a TAKOXK
JUIsE  30BHINIHBOTO E€HEPronocTayaHHd TMOTY)KHUX croxuBayiB. HoMiHanbHy
Hanpyry 150 kB BukopuctoByioTh juiie B JIHIMPOBCHKINA €HEProcucTemi st
opraHizauii Buaadi notyxHocTi JlHinmpoBckkoi ['EC. OctanHiM dYacoMm s
CTBOPEHHSI PAallOHHUX EJIEKTPUYHUX MEPEkK BUKOPUCTOBYIOTh TAKOX HOMIHAJIbHY
Harpyry 330 kB.

Hominaneai nHanpyru 330 kB Ta BHIllE BUKOPUCTOBYIOTH [UJISi CTBOPEHHS
CUCTEMOYTBOPIOIOUHUX MEPEXK MATICTPAIbHUX JIHINA eJleKTpornepeaaBaHHs s
o0’eqHaHHS Ha TmapaliebHy pOOOTY pEriOHAIbHUX EHEProCUCTEM Y CKiIaal
€Heprooo’ e THaHHS.

SIK cBiIUUTH JOCBIA MPOEKTYBAHHS Ta EKCIUIyaTalil eNEeKTPUYHUX MEPEx
BUIMX KJaciB HOMIHAJIbHOI HAMpyrd, MIABULICHHS HOMIHAJIBHOI HANpyru
CJIEKTPUYHOT MEpeXi 3 MeTOI0 30UIbIIEHHS I MPONMYCKHOI 3AaTHOCTI CIij
BUKOHYBAaTH HE Ha HACTYNHHMHA piBeHb, a d4epe3 oauH. Tak, ans OO6’enHaHOi
€HEPreTUYHOi CUCTEeMH Y KpaiHW €KOHOMIYHO OOIpYHTOBaHa IKajla HOMIHAJbHUX
HaIpyT eJeKTpu4HuX Mepex cknanae 110-330-750 xB.

KOHTPOJIBHI 3AITUTAHHA

1. Hasedimb wikany HOMIHAIbHUX HANPY2 YCMAMKYBAHHS eleKMPUUHUX CUCTIEM.

. llosicnims 36inbwenns Ha 5% HOMIHAILHUX HANpYe 2eHepamopis.

3. losacuime 36invwenus Ha 5% HOMIHANLHUX HANpPYe NEPEUHHUX OOMOMOK
mpancpopmamopis Hanpyeor 0o 20 kB.

4. lloscnims 30invwenns na 10% HOMIHANbHUX Hanpye 6MOPUHHUX O0OMOMOK
mpancgopmamopis. AKi UKIIOUEHHS € 3 Yb02O NONONCEHHA?

5. Hasedimb obnacmi UKOPUCMANHS HOMIHATbHUX HANPY2 eNeKMPUYHUX MEPeHC

N
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reduction of power losses in the transmission of electric energy. Thus, the
increase in the rated voltage of electrical networks allows reducing power losses,
and increasing the carrying capacity of the lines of electrical networks. At the same
time, the rated voltage increase is results into a greater complexity, and, hence, a
higher price of the equipment of electrical networks.

Today, in the Unified Power System of Ukraine there are electrical networks
of different rated voltages, required for different purposes, functioning in parallel.

The rated voltage of 6 and 10 kV are used for the design of industrial, urban
and agricultural distribution networks. The most common are electrical networks
with the rated voltage of 10 kV. The valid standards do not recommend using the
rated voltage of 6 kV for the design of new distribution networks. Recently, the
existing 6 kV networks have been redesigned, and adapted to the higher rated
voltage of 10 kV.

The rated voltage of 35 kV is widely used for the design of supply centres
for agricultural distribution networks. Over the recent years the rated voltage of
110 kV has often been used for this purpose.

The rated voltages of 110 kV, 150 kV, and 220 kV are used for the design of
single-area subtransmission networks of general use, and also for external power
supply of large consumers. The rated voltage of 150 kV is used only in the
Dniprovska power supply system for the delivery of power from the Dniprovska
hydropower plant. Recently the rated voltage of 330 kV has also been used for the
design of subtransmission electrical networks.

The rated voltage of 330 kV and above is used for the design of backbone
transmission line networks for combining single-line power systems for parallel
operation as part of the power grid.

From the experience in designing and maintening electrical networks of
higher rated voltages it can be seen that in order to increase the carrying capacity
of an electrical network the rated voltage must be increased not to the very next
level, but to the above nearest one. Thus, for the Unified Power System of Ukraine
the economically sound range of rated voltage of electrical networks is 110-330-
750 kV.

CONTROL QUESTIONS

1. What is the range of rated voltage of the equipment of electric systems?
2. Explain why the rated voltage of generators is increased by 5%.
3. Explain why the rated voltage of transformer primary windings of up to

20 kV is increased by 5%.

4. Explain why the rated voltage of transformer secondary windings is
increased by 10%. What are the exceptions to this rule?

5. Specify the areas of application of rated voltages in the electrical networks.
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6. Hasedimv exoHomiuno o00IpyHmosany wkany Hominanvuux nanpye OEC
Ykpainu. llosacnims ckopouenus wkaiu HOMIHAIbHUX HANpYe.

JIITEPATYPA
[2], cmop 19-22;[3], cmop. 12-15; [4], cmop. 7-10; [8], cmop 13-17;
[9], cmop. 20-25; [14], cmop 6-10; [15], cmop 54-56; [16], cmop. 98-10_2.

1.3 IPUBHAYEHHSA EJIEKTPUYHUX MEPEXK

['onoBHe mNpU3HAYEHHS EJIEKTPUYHUX MEpEeX IMOJIArae B TNEpelaBaHHI Ta
PO3MOILII €IEKTPUUHOT €HEPTii BiJ JXKEpeIl )KUBJICHHS J0 CIIOKUBAYIB.

Pa3zoMm 3 UM enekTpuyHI Mepexi Mpu3HaveHi Uil epeaBaHHs eeKTPUYHO1
€Heprii Ha BiJajeH1 BIACTaH1 BiJl LIEHTPI1B reHepallii B pailoHd €HeprocrnoKUBaHHS
(moBxkuHa JNiHIN enexkTpornepeaaBanHs Hanpyroio 220+750 kB HEK «Ykpenepro»
ckimamae 21 285,406 km).

Takox enexkTpuyHi Mepexki MpU3HaueHi JUisi O0’€HAHHS HA MapajielibHy
poOOTY pI3HMX EJIEKTPUYHMX CTAHII Ta CIOXWBa4diB EJICKTPUYHOI €HEeprii B
€IUHIN eNeKTpoeHepreTuuHii cuctemi (kuibkicTh miactaniii HEK «Ykpenepro»
nopieatoe 133, 3 Hux: 8 -750 kB, 2 — 500 kB, 2 — 400 kB, 87 — 330 kB, 34 —
220 xB).

O0’enHaHHs €JIEKTPUYHUX CHUCTEM Ha MapajeiabHy poOOTy MPU3BOIUTH 10
MIBUIICHHS HAIIMHOCTI Ta EKOHOMIYHOCTI €JIEKTPONOCTa4aHHs, TMOIMIICHHS
SIKOCT1 €JICKTPUYHOT eHeprii. 3araJioM OCHOBHI MiepeBary 00’ €THaHHS eJIEKTPUUHUX
CHUCTEM Ha mapalieJibHy POOOTY MOJSATa€ B HACTYITHOMY:

1. [TigBuiieHHsT HAAIMHOCTI €JIEKTPONOCTauYaHHs 32 PaXyHOK pe3epBYBaHHS
IUISXIB NepeaBaHHs eIeKTPUYHOI €Hepril BiJ] JXKepe KUBJIECHHS 10 CII0KUBAY1B;

2. 3MEHIIEHHSI CyMapHOTO MaKCUMYMY HaBaHTaKEHHS €JIEKTPUUHOI CUCTEMU
yepe3 He301r MaKCMMYMIB HaBaHTaXEHb PI3HUX CMOXUBaviB. TyT 0coOnMBOi yBaru
3aCIyrOBYIOTh JOBIOTHUM Ta IIUPOTHUHN €(EeKTH:

— Jloscomnuii eghexm TmONATAE Y 3MEHIIEHHI CYMapHOIO MaKCHUMyMY
HABAaHTAXXEHHS €HEepProo0’e€HaHHs dYepe3 He30Ir y yaci MaKCUMYyMiB
HABAaHTAXXEHb OKPEMUX EJIEKTPUYHUX CUCTEM, BIJJAJIEHUX MO JOBIOTI.
Tyt xapakTepHi 100OB1 MepeTIKaHHS €JIEKTPUYHOI eHeprii 31 cXoay Ha
3axij abo 13 3aX0/y Ha CXiJ BIAMOBIAHO 70 Yacy JT00H.

— llupomnuii eghexm moONArae y 3MEHILIECHHI CYMapHOr0 MaKCUMyMY
HAaBaHTAXXEHHSA  €HEproo0’eAHaHHS  yepe3  He30ir  TPUBAJIOCTI
MaKCUMYMiB HAaBAHTA)KEHb OKPEMHX €JIEKTPUYHUX CUCTEM, BIIAICHUX
1o mupoTi. TyT XapakTepHi CE30HHI NEPETIKAHHS €JIEKTPUYHOI eHeprii
13 MBHOY1 Ha MBJCHB 13 MIBHS HA MIBHIY BIAMOBIAHO /10 TIOPH POKY.

3. 3HWKEHHSI CYMapHOTO CUCTEMHOTO Ta HEOOXIJHOIO aBapiiiHOro pe3epBiB
MOTYXXHOCTEH Ha eIEKTPUYHUX CTAHI[ISX 32 PAXyHOK TOTO, 110 PE3EPB € 3araJIbHUM
JUIsL BCLOTO €HEeproo0’ € THaHHS;
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6. Give the economically sound range of rated voltage of the Unified Power
System of Ukraine. Explain why the range of rated voltage is reduced.

REFERENCES
2], p 19-22; [3], p. 12-15; [4], p. 7-10; [8], p 13-17; [9], p. 20-25; [14], p 6-10;
[15], p 54-56; [16], p. 98-102.

1.2 APPLICATION OF ELECTRICAL POWER NETWORKS

The main application of electrical networks consists in transmitting and
distributing electricity from the source of supply to the consumer.

In addition to this, electrical networks are designed for transmission of
electrical energy over long distances from the generation centres to the areas of
power consumption (the length of 220+750 kV power lines of the National Power
Company "Ukrenergo" is 21,285,406 km).

Electrical networks are also intended to combine different power plants and
electric loads for parallel operation in a single electrical power system (the
number of NPC "Ukrenergo" substantions is 133, including 8 substations of
750 kV, 2 substantions of 500 kV, 2 substations of 400 kV, 87 substations of
330 kV, and 34 substations of 220 kV).

Combining electric systems for parallel operation leads to the improvement of
reliability and profitability of electric supply, and an increase in the quality of
electrical energy. In general, the main advantages of combining electric systems
for parallel operation are as follows:

1. improvement of reliability of electric supply due to redundancy of paths of
transmitting electrical energy from the source of supply to the consumers;

2. a decrease of the total demand maximum of the electric system caused by
mismatch of on-peak demand of different electric loads. A special attention is
paid here to longitude and latitude effects:

- The longitude effect consists in decreasing the total demand maximum
of a power supply system caused by mismatch in time of on-peak demand of
individual electric systems separated in longitude. The daily flows of
electrical energy from the east to the west, or from the west to the east, are
characteristic of a certain time of the day.

- The latitude effect consists in decreasing the total demand maximum
of a power supply system casued by mismatch of duration of on-peak demand
of individual electric systems separated in latitude. Seasonal flows of
electrical energy from the north to the south, and from the south to the north
are characteristic to a certain season of the year.

3. a decrease of total system reserve margin and required emergency power
reserves at power plants because the reserve is common for all the power supply
system;
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4. 3umxeHHs1 coOIBapTOCTI €JIEKTPUYHOI €Heprii 3a paxyHOK KOHUEHTparlii
MOTYXHOCTEH 3 BUKOPHUCTAHHSIM Ha EJIEKTPUUYHHUX CTAHIISIX arperariB OuIbIIOq
MOTYXHOCTI 3 HaWMEHIIMMU BUTpaTaMd MalliBa Ha BUPOOHUUTBO OIUHUIl
€JIEKTPUYHO1 €HEPrii];

5. CyMmicHa poboTa eJIeKTPUYHUX CTaHIIM PI3HUX THUIIB JO3BOJSE
opraHizyBatu e(EeKTUBHE BHKOPHUCTAHHS JKepen eHeprii 3 Oulbll JIelIeBUM
MaJIUBOM;

6. BzaeMomomoMororo TOB’S3aHUX EHEPrOCUCTEM IPU HECUHXPOHHUX
CE30HHMX KOJMBAHHSAX HABaHTAXXEHHS a00 reHepallii MOTYXKHOCTI EJICKTPUYHUX
CTaHIIIH;

7. 30UIbLIEHHS THYYKOCT1 Ta MAaHEBPEHOCTI €JEKTPUYHOI CUCTEMHU 32 PaXyHOK
BUOOPY PI3HUX JKEPEIT KUBJIEHHS, peKOH(Irypalii poOoYrx cXem TOLIO.

KOHTPOJIBHI 3AITUTAHHA

.\A

Cohopmyniotime 2on106He ma OONOMINHCHI NPUSHAYUEHHS eIeKMPUYHUX MEPEC.

2. Hasedimb ocnoeHni nepesacu 00 €OHAHHA eleKMPUYHUX CUCTEM HA NapanelbHy
pobomy.

3. ToscHimb nonoscenHs npo nioguwjeHHs HaditlHocmi 06 €OHAHHA eleKMPUUHUX
cucmenm.

4. IlosacHimb nonNOXMCEHHA NPO  NIOBUWEHHS  eKOHOMIYHOCMI 00 €OHAHHA
eeKMPUYHUX CUCTEM.

5. IoscHimb nonooicenHs npo niosUUeHHs AKOCMI eleKMPUYHOL eHepeii 6HACTI00K
00 €OHAHHSA eNeKMPUUHUX CUCTEM.

6. ¥V uomy nonseae ooscomuuii echexm?

Y yomy nonseae wupomnuii echexm?

N

JIITEPATYPA

[7], cmop 9-11; [8], cmop 23-24; [11], cmop 8-12; [15], cmop 15-16;
[16], cmop 13-17.

1.4 BUMOI'X 10 EJEKTPUYHUX MEPEK

KoHCcTpyKTHBHE BUKOHAHHSI €JIEKTPUYHUX MEPEK Mae 3a0e3neuyBaTu:

1) HamiHICTh Ta Oe3mepeOifHICTh EeJIeKTPONOCTaYaHHS  CIIOXKHBAYiB
€JIEKTPUYHO1 €HEPrii;

HOPMOBAHY SIKICTb €JIEKTPOEHEPT1i;

2)
3) 3py4HICTh Ta Oe3neKy eKcIuTyarTailii o0JaHaAHHS eJIEKTPUUHUX MEPEK;
4) eKOHOMIYHICTb €JIEKTPOCHEPTETUYHUX CUCTEM;

o)

MOXJIMBICTh MOAQJIBIIOTO PO3BUTKY ©0€3 HEOOXIIHOCTI KOPIHHOIO
nepeo0J1aHaHHS MEPEXI.
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4. a decrease of the cost price of electrical energy due to the concentration of
power by using installations of a higher power capacity at the power plants, and
lower waste of fuel in electrical energy generation;

5. compatible operation of power plants of different types, which allows
achieving an effective utilisation of energy sources of more low-cost fuel.

6. the interconnected electric power systems supporting each other at
nonsynchronous seasonal oscillations of the load, or power generation of power
plants;

7. an increase in flexibility and manoeuvrability of electric systems due to
the selection between different sources of supply, re-configuration of operating
circuits and so on.

CONTROL QUESTIONS

1. Define the main and additianl areas of application of electrical networks.

2. Give the main advantages of combining electric systems for parallel
operation.

3. Explain the principles of improving the reliability of interconnected electric
systems.

4. Explain the principles of increasing the economic efficiency of

interconnected electric systems.

5. Explain the principles of enhancing the quality of electric energy as a result
of electric systems being combined.

6. What does the longitude effect consist in?

What does the latitude effect consist in?

N

REFERENCES

[7], p 9-11; [8], p 23-24; [11], p 8-12; [15], p 15-16; [16], p 13-17.

1.4 REQUIREMENTS FOR ELECTRICAL POWER NETWORKS

The construction of electrical networks should provide:

1)  reliable and uninterrupted power supply to the electric loads;

2)  standardized quality of power;

3)  convenience and safety of maintenance of the electrical network equipment;

4)  profitability of electric power systems;

5)  possibility of further development without radical re-equipment of the
network.
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Bumorn HamifiHOCTI eJEKTpONOCTayaHHS BU3HAYAIOTHCS  XapaKTepOM
CIOKMBAYIB €JEKTpoeHepTii. BiAMOBIIHO 10 YMHHUX HOPMATUBHUX JOKYMEHTIB
CIIO’KMBAYIB €JIEKTPOEHEPTii MOAUISIOTh HA TPU KaTeropii.

Jlo  nepwioi  Kamezopii  BITHOCSATH  CIOKMBayiB,  MEpepUBAHHS
EJIEKTPONOCTAaYaHHA SIKMX IIOB’SI3aHE 13 3arpo30l0 JKUTTS JIIOJEH, CYTTEBUMH
€KOHOMIYHMMH 30WUTKAMH, TIOIIKO/DKEHHSIM OOJIaJIHaHHS, MacoBHUM OpakoMm
OPOAYKIi, pO3JaAOM CKJIAQZHOTO TEXHOJOTIYHOTO MPOLECY, MNOPYIICHHIM
0COOJIMBO BaXKJIMBUX €JIEMEHTIB MICHKOTO T'OCIIO/IapCTBA.

I3 cknany enextponpuiiMadiB NEPIIOi KATEropii BUAUIAIOTE 0COOIUBY 2PYRY
eJeKTponpuitmMauiB, OesnepediliHa poboTa SKUX HeoOXxigHa s 0e3aBapiiiHOTrO
MPUNUHEHHS! BUPOOHUIITBA 3 METOIO 3amo0iraHHs 3arpo3i KUTTS JI0JeHd, BUOYXIB,
MOKEXK 1 MOMIKOJKEHHS KOIITOBHOTO OCHOBHOT'O YCTaTKYBaHHS.

JUiss  HagliHOTO  €NEeKTPONOCTAYaHHA CIOXHUBA4iB Meplioi  KaTeropii
HEOOX1IHO 3a0e3MeuyuTH iX JKUBJICHHS HE MEHII, HIX Bl JBOX HE3aJeKHUX
oKepen. BiamoBigHO A0 UYMHHHUX HOPM TEPEPUBAHHS  E€JIEKTPONOCTAaYaHHS
CIOKMBayiB TEpIIOi KaTeropii JOMYyCTUME JIMIIe Ha 4Yac CIpalfOBaHHS
aBTOMAaTUYHOI'0 BMUKaHHS pe3epBHOIO *kuieHHs (ABP).

Jlist  enekTponocTadyaHHd OCOOJIMBOI TPYNH €JIEKTPONpHUiiMadiB MepIioi
Kareropii ciij nependayuTH JOJATKOBE >KMBIEHHS Bl TPETHOTO HE3aJIEHKHOTO
JoKepena SKUBJICHHS.

Jlo Opyzoi kamezopii BITHOCITH CIIO’KHUBAYiB, TIEpPEPBa B €JIEKTPOINIOCTAYaHH1
AKUX TIOB’Si3aHa 3 MAacoBUM HEJOBHUITYCKOM TMPOAYKIl, MPOCTOIOBAHHSIM
pOOITHUKIB, MEXaHI3MIB, TPAHCIOPTY, MOPYIIEHHSM HOPMaIbHOI ISSIBHOCTI
3HAYHO1 KUJIBKOCT1 MICHKUX JKUTEJIIB.

EnexrTpornoctayanHs CHoXXMBadiB Apyroi Kareropii peKOMEHJ0BaHO
3a0e3mnedyBaTy BiJ] IBOX HE3AJICKHUX JIXKEpen *KUBJIeHHS. [[s enekrponpuiiMadiB
Apyroi Kateropii JIONmycTHMI TI€pepUBAaHHS B EJIEKTPOINOCTa4aHHI Ha yac,
HEOOXITHUHN JJI YBIMKHEHHS PE3€PBHOTO KHUBJICHHS A1SIMU YEProBOro MepCcoHaTy.

Tpemsa kamezopisa MICTUTH BC1 1HIII1 HEBIMOB1TAJIbHI HABAHTAKEHHS.

JI71s1 crioskuBaviB TPETHhOI KATEropii JOMyCTUMI TIEPEPBU €JIECKTPOIOCTAYaHHS
Ha Yac, HEOOXIMHUN MJII PEMOHTY a0 3aMiHM MOIIKO/KEHOT0 OO0JIaJHaHHS
EJICKTPUYHOT MEpeXi, ajie He OUTbIINe OJTHIET TO0u.

SIKICTh  €JIeKTPUYHOI €Heprii perjiaMeHToBaHa B YKpaiHl YUHHUM
MbkAepkaBHuM  ctanaaprom  JICTY 1310997  «Hopmbl  kauecTBa
AIEKTPOCHAOKEHHS OOLIEr0 Ha3HAUCHUS.

Bignosigao 1o JACTVY13109-97 skicTh €NeKTpUYHOI €Heprii BU3HAYAETHCS
TaKUMU MMOKa3HUKAMH:

— BIIXWIEHHS HaIpyTH;

— KOJIMBaHHS HaIpYTH;

— HECUHYCOiJalbHICTh KPUBOI HANIPYTH;

— HECUMETpis HamlpyT;

- BIIXWIEHHS YacCTOTH;

— IIpOoBaJ HaNPYTH;
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Reliability requirements of an electrical supply are determined by the type of
electric loads. According to the valid normative domuments there are three
categories of electric loads.

The first category of vital electric loads is represented by the electric loads
the interruption of which from the source of supply is associated with the threat to
life of people, severe economic difficulties, damage to the equipment, mass defects
of products, disarrangement of processing procedures, violation of extremely
important branches of municipal services.

Among the electrical receivers of the first category there is a special group
of electrical receivers whose continuous operation is necessary for trouble-free
suspension of production in order to avoid threats to life of people, explosions,
fires, and failures of costly capital equipment.

To provide a power supply to the electric loads of the first class it is
necessary to have at least two independent sources of power. According to the
valid standards the interruption of power supply to electric loads of the first class is
permissible only during the time of automatic shutdown of standby power supply
(automatic tripping).

For electrical supply of the special group of electrical receivers of the first
category one should provide an additional source of supply from a third
independent power supply.

The second category of essential electric loads includes the electric loads
whose disconnection from the electrical supply is associated with mass shortfall in
production, standstill of workers, mechanisms, and transport as well as breaks of
normal activity of most urban polulation.

It is recommended to provide electrical supply for the electric loads of the
second category from two independent power supplies. For electrical receivers of
the second category interruptions of power supply is permissible during the time
required for turning on a standby power supply by the personnel on duty.

The third category of non-essential electric loads comprises all the other
negligible loads. For electric loads of the third category power cuts are permissible
for the time required for repairing or replacing the damaged equipment of the
electrical network, but not longer than for twenty-four hours.

In Ukraine the quality of electrical energy is standardized by the valid
interstate standard DSTU 13109-97 "Standards of the quality of general-purpose
power supply».

According to DSTU 13109-97 the quality of electrical energy is determined
by the following parametres:

- voltage deviation;

- voltage oscillation;

- unsinusoidality of voltage curve;
- voltage unbalance;

- frequency error;

- voltage dip;
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- IMITyJIbCHA Hampyra;

- THUMYacoBa MepeHanpyra.

JInsi BU3HAUCHHS SIKOCT1 €JIEKTPOEHEPrii BCTAHOBJICHO JBa BUIW HOPM
SIKOCT1: HOPMaJILHO JIOMYCTUMI Ta TPAHUYHO JOMYCTUMI.

Bioxunennsa nanpyzu — 1€ 3MiHa aMIUTITYJAHOTO (JI1F0YOT0) 3HAYCHHS
HaIMpyTu TPUBATICTIO OLIbIE 1 XB.

BinxuneHnHss  Hampyru — XapaKTepu3ylOTh  IMOKAa3HUKOM  yCTaJe€HOro
BiIXWIEHHsS Hanpyru. HopmaibHO nomycTtumi BinxuieHHs +5% BiJ HOMIHaIbHOI
HAIPYTu Ta TPAaHUYHO AOMYyCTUMI BinxuieHHs +10% Big HOMiIHAIBHOT HAIPYTH.

Konueanna mnanpyzu — 1ue nepiogudyHa (3 TIEBHOK YacToTow) abo
MOBTOPIOBaHA 4epe3 JOBUIbHI MPOMDKKM Yacy 3MiHAa aMIUTITYJHOTO 3HAYCHHS
HaIMpyTu TPUBATICTIO OLIbIIE 1 XB.

['paHn4HO AOMYCTUMI XapaKTEPUCTUKHU KOJIMBAHHS HAMPYTd BU3HAYAIOTH 32
crieliaJIbHUMU HOMOTpaMaMu 1 METOJJUKaMHU.

Hecunycoioanvnicme nanpyzu T1ONSITa€ 'y BIIXWIEHHI (OPMH KpUBOI
HaIpYTH BiJ 17I€abHOI CUHYCOIIH.

HecunycoinanpHiCTh HANIPYTU XapaKTepU3yIOTh TAKUMH MOKa3HUKAMMU:

- KoeQILi€HT BUKPUBJICHHS CUHYCOiaNbHOCT1 (POPMU KPUBOIi HAMIPYTH;

- KoedilieHTaMHU TaApPMOHIYHUX CKJIaJIOBUX HAIPYTH.

HopManbHO Ta rpaHM4YHO TOMYCTHMI1 3HAYEHHS KOE(IIIEHTY BUKPUBICHHS
CUHYCOIJaTbHOCT1 KPUBOI HANPYTU CKIIAJAI0Th:

- B Mepexax 0,4 kB — 8,0% Ta 12% BiAmOBIIHO;

- B Mepexax 6-20 kB — 5,0% Tta 8,0% BiAnoBigHO;

- B Mepexax 35 kB — 4,0% Ta 6,0% BiAMOBIIHO;

- B Mepexax 110-330 kB —2,0% Tta 3,0% BiamoBigHO.

Hecumempia nanpye nonsira€ y BIIMIHHOCTI BEKTOPIB (pa3HUX Hampyr 1o
MOJYIIO, @ TAaKOX 10 (a3l Ha KyTH, K1 BIAPI3HAIOTHCA Bix £120°.

Hecumertpito Hanpyr xapakTepu3yroTh TAKUMH MMOKa3HUKAMMU:

- KoeQILIEHT HeCUMETPIi HAIIPYTH 33 3BOPOTHOIO MOCIIIOBHICTIO;

- KoeQILIEHT HEeCUMETPIi HAIIPYTU 32 HYJIHOBOIO MOCT1I0BHICTIO.

HopManbHO Ta TpaHWYHO JOMYCTUMI 3HAYEHHS KOe(DIIIEHTIB HECUMeETpii
HaIpPyry 3a 3BOPOTHOIO Ta HYJIHOBOIO MOCIHIIOBHOCTSIMHU JOPiBHIOIOTE 2% Ta 4%
BIJIIIOBIIHO.

Bioxunenna uacmomu nonsrae y BIIXWIEHHI 4acTOTH 3MIHHOTO CTPYMY
BiJl HOMIHAJILHOTO 3HAYEHHSI IPOMHUCIOBOT YaCTOTH.

HopManbHo Ta TrpaHWMYHO JOMYCTUM1 3HAYEHHSA BIAXWIEHHS YacTOTH
nopiBH0OOTH 0,2 'ty Ta £0,4 ['11 BiAMIOBiTHO.

Ilposan nanpyeu — 11e pantoBe KOpoTKo4acHe (10 1 XB) 3HUKEHHS HANPYTH
y TOYlll eNeKTpuyHOi Mepexi Huxde 0,9 HOMIHANBHOI HANpPYrH 3 MOJMAJBIINM
BIJTHOBJICHHSIM HAIIPYyTH A0 MEPBUHHOTO 200 OJU3BKOTO /10 HHOTO 3HAYECHHS.

[IpoBasn Hampyru XapakTepU3ylOTh TPHUBATICTIO TMPOBaly HANpPYTrH, s
AKOTO BCTAHOBJIEHO TPAHUYHO A0NycTUME 3Ha4YeHHs 30 cek.
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- impulse voltage;
- temporary overvoltage.

To determine the quality of power two types of quality standards are given:
permissible and maximum permissible.

The voltage deviation is a change in the peak (effective) value of voltage,
which lasts for more than 1 minute.

Voltage deviations are characterized by the parameter of the steady-state
deviation of voltage. Deviations of 5% from rated voltage are permissible, and
maximum permissible deviations are £10% from rated voltage.

Voltage oscillation is a periodic (of a certain frequency), or repeated over
arbitrary time intervals, change in the crest value of voltage which lasts for more
than 1 minute.

Maximum permissible characteristics of voltage oscillation are determined
with special nomographic charts and techniques.

Unsinusoidality of voltage represents a deviation of the form of voltage
curve from the ideal sinusoidal one.

Unsinusoidality of voltage is characterized by such parametres:

- distortion factor of sinodoidal form of voltage curve;
- factors of harmonic content of voltage.

Permissible and maximum permissible values of distortion factor of

sinodoidal form of voltage curve are:

- 8.0% and 12% in the networks of 0.4 kV, respectively;

- 5.0% and 8.0% in the networks of 6-20 kV, respectively;
- 4.0% and 6.0% in the networks of 35 kV, respectively;

- 2.0% and 3.0% in networks the 110-330 kV, respectively.

Voltage unbalance is the difference of phase voltage vectors in the module,
and also in the phase of angles, which differ in +120.

Voltage unbalance is characterized by such parameters as:

- voltage unbalance factor by negative sequence;
- voltage unbalance factor by zero sequence.

Permissible and maximum permissible values of voltage unbalance factor by
negative sequence and by zero sequence are equal to 2% and 4% respectively.

Frequency error is the deviation of alternating current frequency from the
rated mains frequency value.

Permissible and maximum permissible values of frequency error are 0.2 Hz
and 0.4 Hz respectively.

Voltage dip is a sudden short-term (up to 1 minute) decrease in voltage at
the point of the electrical network to the value below 0.9 of the rated voltage,
followed by a subsequent voltage recovery to the original value, or the one close to
it.

A voltage dip is characterized by a voltage fall the maximum permissible
duration of which is 30 seconds.
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Imnynscnha nanpyza — 11e pizka KOpoTKo4acHa (JIeKiIbKa MUTICEKYH) 3MiHa
HaMpyrv B TOYIl €JIEKTPUYHOI MEPEX1 3 MOJATBIITUM BiTHOBJICHHSIM HAMNPYTH J10
MIEPBUHHOTO0, 200 OJIM3BKOT0 /10 HHOTO 3HAUCHHS.

IMnynbC  Hampyru XapakTepU3yIOTh TMOKa3HUKOM IMMYJIbCHOI HaMpyTH.
3HayeHHs IMMOYJbCHUX HANpyr JUisli TPO3OBHX Ta KOMYTAI[IMHUX IMIYJbCIB
BU3HAYAIOTh 32 CHEIiaIbHUMHA METOIMKAMH.

Tumuacoea nepenanpyza — 1€ 30UIbILIEHHS HAIIPYTH B TOYLI €JIEKTPUYHOT
Mepexi Outblie, Hik Ha 10% Big HOMIHAJIBHOT HANIPYTU TpUBaicTIO OuTbIIe 10 Mc,
K€ BUHUKA€E B CUCTEMaX €JEKTPONOCTaYaHHS BHACIIOK KOMYyTalii a00 KOPOTKHUX
3aMKHEHb.

TumyacoBy mnepeHanmpyry XapakTepu3ylOTh MOKa3HMKOM KoedimieHTa
TAUMYacoBO1 TMEpEeHANpyrd, 3HAYeHHS SKOTO BHU3HAYAIOTh 3a CIELIaJbHOIO
METOUKOIO.

KOHTPOJIBHI 3AITUTAHHA

Hasedimb ocnosHi gumozu 00 mepedc eneKmpuyHuUx CUCHeEM.

Y yomy nonsicac 3abe3neuenns naditinocmi eneKmponoOCmMAayaHts CROXCUBAUI?
Axux cnosxcusauis ioHOCAmMb 00 nepuloi kamezopii?

Axux cnosxcusauis ioHOCAMb 00 0COOIUBOI 2pynu nepuloi kame2opii?

Axux cnoxcusauis ioHocams 00 0py20i kamezopii?

Axux cnosxcusauis ioHOCAMb 00 MPemvoi Kame2opii?

Hagseoimv ocnosHi xapakmepucmuxu aKocmi e1eKmpuyHoi enepeii.
Ilepepaxyrime nokazHUKu AKOCMI e1eKMPULHOT eHepeli.

o NS N~

JIITEPATYPA

[1], cmop. 77-113; [2], cmop. 56-60; [6], cmop. 17-18; [ 7], cmop. 13-15, 27-29;
[8], cmop. 17-23, 26-29; [10], cmop. 295-302; [11], cmop19-20; [15], cmop 53.

1.5 KITACU®IKALIA EJIJEKTPUYHUX MEPEX

CydacHi eJeKTpUYHI MEpeXl MNPEeNCTABISAIOTh CO00K0 CKIaJHI TEXHIYHI
cucteMu. CKIIQIHICTh TAKUX CUCTEM HE JI03BOJISIE BU3HAYUTHA €IUHUU IMAXIT 0 1X
knacudikamii. Ha cboromHi HaiuacTilie BHUKOPUCTOBYIOTh — KIIacH(iKaliro
CJICKTPUYHUX MEPEXK 32 HACTYITHUMHU O3HAKAMU:

1. 3a pooom erekmpuunozo cmpymy:

1) cucteMu MOCTIMHOTO CTPYyMY;

2) cucteMu 3MIHHOTO cTpymy:IipomMucioBoi yactotu (50 [, B geskux
kpaiHax — 60 I'm);iHmi (Hampukiaa, OOPTOBI €MEKTPUYHI CUCTEMHU KOpaOiiB Ta
JiTakiB npamoioTh Ha yacToTi 400 I');

3) cucTeMu IMIyJIbCHOTO CTPYMY.
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Impulse voltage is a sharp short-term (of a few milliseconds) change in
voltage at the point of the electrical network, followed by voltage recovery to the
original value, or the one close to it.

Voltage impulse is characterized by the parameter of impulse voltage. The
values of impulse voltage for lightning and switching impulses are determined
with special techniques.

Temporary overvoltage is an increase in voltage at the point in the electrical
network to the value 10% higher than the rated voltage, which lasts for more than
10ms, occurring in the electrical supply systems as a result of switching operations,
or short circuits.

Temporary overvoltage is characterized by the factor of temporary
overvoltage, whose value is determined with a special technique.

CONTROL QUESTIONS

What are the main requirements for the networks of electric systems?
What does the maintenance of reliability of power supply involve?
What are the electrical loads of the first class?

What are the electrical loads of a special group of the first class?
What are the electrical loads of the second class?

What electrical loads belong to the third class?

What are the main characteristics of the quality of electrical energy?
Enlist the parametres of quality of electrical energy.

SO NS N N~

REFERENCES
(1], p. 77-113;[2], p. 56-60; [6], p. 17-18; [7], p. 13-15, 27-29:[8], p. 17-23, 26-29;
[10], p. 295-302; [11], p19-20; [15], p 33.

1.5 CLASSIFICATION OF ELECTRICAL POWER NETWORKS

Modern electrical networks represent complex engineering systems. The
complexity of such systems does not allow us to identify a single approach to their
classification. At present the most common classification of electrical networks is
done by following criteria:

1. By type of electric current:

1) dc systems;

2) ac systems: of mains frequency (50 Hz, in some countries — 60 Hz), and
other frequencies (for example, on-board electric systems of ships and airplanes
operate at frequency of 400 Hz);

3) pulsing current systems.
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11. 3a cnocodom opzanizauii HcueieHHA CROHCUBAUIB:
1) ognodazHi;
2) TpudasHi: TPUMIPOBIIHI; YOTUPUITPOBIAHI;
3) 6ararodasHi.

I11. 3a nominanvHow Hanpy2010:

1) Hu3pKOBOJIBTHI (10 1kB);

2) BucokoBojbTHI (Outbie 1 kB): HU3bKOT HanpyrH (10 10 kB); cepennpoi
Hanpyru (35 kB); Bucokoi Hanpyru (110-220 xB); HagBucokoi Hanipyru
(330 kB - 1000 kB); ynerpaBucokoi Hanpyru (Buie 1000 kB).

1V. 3a pexcumom pobomu neitmpai:
1) Mepexi 13 TIIyX0 3a3eMJICHOIO HEUTpasuio;
2) Mepexi 13 KOMIIEHCOBAHOK HEHUTPaILIIO;
3) Mepexi 3 eheKTUBHO-3a3€MJIICHOI0 HEUTPAILITIO;
4) Mepexi 13 130JIbOBAaHOI0 HEUTPAJLITIO.

V. 3a npuznauennam:

1) micueBl eleKTpU4Hi Mepexi (MIChKI, MPOMHCIOBUX MIAIPUEMCTB,
CUTbChK1) OOCITYrOBYIOTh HEBEJIHUKI paloOHW 3 BIIHOCHO MAaJOIO
IIUTBHICTIO HaBaHTa)XE€HHs pazailycoMm 1ii g0 15-20 kM 3 HOMIHAJIBHOIO
Hanpyroto 10 35 kB, iHkoau — 10 110 kB;

2) palloHHI €JEKTpUYHI Mepexi 3a0e3MeuyroTh JKUBJIEHHS CIOKHBaydiB
BEJUKUX pailoHiB. Taki Mepexi MpaiioTh 3 HOMIHAJIBLHOIO HAIMPYToio
110-220 kB, iaxoau 330 kB;

3) CUCTEMOYTBOPIOIOUl EJIICKTPUYHI Mepexi s 00’ €IHaHHS paloHHUX
CJIEKTPUYHUX MEPEX Ha MmapajesibHy poOoTy B eHeprool’eaHaHHs. Taxi
MepexXi MICTATh JiHII eJeKTpornepeaBaHHsl 3 HOMIHAJIBHOIO HAIMpPYyroio
330 kB Ta Buie.

VI. 3a xapaxmepom cnosxcusauis:

1) enexTpu4Hi Mepexi IPOMUCTOBUX MIATPUEMCTB;
2) MICBKI €1eKTPUYHI MEPEXKI;
3) CUIBCBKI €NEKTPUYHI MEPEKI.

VII. 3a kougizypauicero:

1) po3imMkHeHi (puc.1.5): MaricTpalibHi; paaialibHi;
2) 3aMkHeH1 (puc.1.6).

VIII. 3a pesxcumom pooomu:

1) aBTOHOMHI;
2) 00’ emHAHHI.

IX. 3a KoHcmpyKmueHUM 6UKOHAHHAM:

1) enexTpuuHi MepexKi MOBITPSIHUX JIIHINA eJleKTponepeay;
2) enexkTpUYH1 MepeKi KabeNbHUX JIIHIN eeKTponepeiay;
3) Mepexi BHYTPILIHIX €EKTPUYHUX MPOBOIOK.
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11. By type of power supply:
1) single-phase;
2) three-phase: three-wire; four-wire;
3) polyphase.

1I1. By rated voltage:

1) low-voltage (up to 1 kV);

2) high-voltage (over 1 kV): of low voltage (up to 10 kV), medium voltage

(35 kV); high voltage (110-220 kV), extra-high voltage (330 kV — 1000 kV), and
ultrahigh voltage (above 1000 kV).

1V. By mode of operation of a neutral conductor:
1) networks with the solidly earthed neutral;

2) networks with the resonant earthed neutral;

3) networks with the effectively earthed neutral;
4) networks with the insulated neutral.

V. By purpose of application:

1)local distribution electrical networks (of wurban, industrial, agricultural
enterprises), which serve small areas with rather small load density, having the
range of operation of up to 15-20 km, and the rated voltage of up to 35 kV,
sometimes up to 110 kV;

2) single-area subtransmission electrical networks, which supply power to the
consumers of large areas. Such networks operate at the rated voltage of 110-220
kV, sometimes 330 kV;

3) backbone electrical networks which are used for combining single-area
electrical networks for parallel operation in the power grid. These networks are
made up of power transmission lines of the rated voltage of 330 kV and above.

VI. By type of electric load (power consumers):

1) electrical networks of industrial plants;

2) urban electrical networks;

3) agricultural electrical networks.

VII. By configuration:
1) open (Fig. 1.5): backbone, radial;
2) closed (Fig. 1.6).

VIII. By mode of operation:
1) isolated;
2) integrated.

IX. By design:
1) electrical networks of overhead power transmission lines;
2) electrical networks of cable power transmission lines;
3) networks of interior (indoor) wiring.
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Puc.1.5. Po3imMkHeH1 Mepexi: a) paaiajibHa; 0) MaricTpajibHa;
B) MaricTpajibHa 3 BiArady>KeHHAM
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EIll a EIL2

Ell4

Puc.1.6.3amkHeH1 Mepexi: a) KiIbleBa; 0) 3 TBOXCTOPOHHIM KUBJICHHSIM;
B) CKJIaJHO 3aMKHEHa

KOHTPOJIBHI 3AITUTAHHA
1. Hasedimv ochosHi nioxoou 00 kiacugikayii enekmpuyHux mepexic ma Cucmem.
2. Oxapaxkmepusyiume nioxoou 00 Klacugixayii eneKmpuynux mepedxc ma
cucmenm.
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Fig. 1.5. Open networks: a) radial; b) backbone; ¢) backbone with subbranches
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Fig. 1.6. Closed networks: a) loop (ring); b) double-end fed; c) meshed

CONTROL QUESTIONS

1. Name the basic approaches to classification of electrical networks and
systems.
2. Describe the approaches to classification of electrical networks and systems.
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1.6 PEXKUMHU POBOTH HEWTPAJII

He#itpani  TpanchopmaTopiB Ta IHIIOTO  YCTaTKyBaHHS  TpU(a3ZHHUX
CJIEKTPUYHUX MEPEXK MOXKYTh OYTH 130JIbOBAHUMU BiJl 3€MJI1, TIYXO 3a3€MJICHUMHU
a00 3a3eMJICHUMU 4epe3 AyroracHi peaktopu. BiamoBigHo 10 crocoOy 3’€HaHHS
HEUTpasi TpaHCHOPMATOPIB Ta IHIIOIO YCTATKYBaHHS 3 3€MJICIO PO3PI3HIIOTH TPU
KJIACH €JIEKTPUUHUX MEPEIXK:

— MEpEexi 3 130JIbOBAHOI0 HEUTPAJLIIO;

— Mepexi 3 MIyX0-3a36MJIEHOK HEUTpaILIIO;

— MEpEexi 3 KOMIIEHCOBaHOIO HENTpaJLIIo;

— Mepexi 3 ePEeKTUBHO-3a3eMJICHOIO HEUTpaJLIIO.

VY Mepexkax 3 13071b0BaHOI0 HEUTPAILIIO €JIEKTPOYCTAHOBKH HE MAIOTh 3B'SI3KY
3 3eMJIel0. Y Mepekax 3 KOMIIEHCOBAHOI HEHTPAJUIIO € 3B'I30K Uepe3 AYroracHy
KOTYIIKY. Y Mepexkax i3 rIyXo 3a3eMJICHOI0 HEHUTpajuIio — Oe3nocepeHiil 3B'430K
13 3emJIe10. Y Mepexax 3 e(eKTUBHO-3a3eMJICHOI0 HEUTPaILII0 — YaCTUHA HeUTpai
TpaHchoOpMaToOpiB 3a3eMJieHa, YacTMHA — He3a3emiieHa (y HeUTpandb BKIIOYEHI
pO3'eIHYBaY 1 PO3PSATHUK).

B HM3BKOBOJBTHUX ENEKTPUYHUX Mepexkax Hampyrow ao 1000 B pexum
poOoTH HeWTpani oOHMpaloTh BHUXOASYM 3 MIPKYBaHb Oe€3NeKku eKcIuTyaTarlii
CJIEKTPOTEXHIYHOIO YCTAaTKyBaHHS. Taki Mepexi eKCIUIyaTyloTb 3 TJIyXO
3a3eMJICHO0 a00 130J1bOBAHOI0 HEUTPAILIIO.

Cepenl HU3BKOBOJITHUX €JIEKTPUYHMX MEPEX HaWOUIBIIOrO TMOUIUPEHHS
HaOyJu YOTUPUIIPOBIIHI Mepexi 3 HOMIHaIbHOIO Hampyroto 0,4 kB (puc. 1.7).
HopMaTuBHI JOKYMEHTH PErjlaMEHTYIOTh EKCIUIyaTallll0 TaKHuX MEpexX 3 TIIIyXO
3a3€MJIEHOI HEUTpaJLIIO.
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Puc. 1.7.CxeMa HU3bKOBOJIbTHOT MEPEXKI1 3 TITyX03a3€MJICHOIO HEUTPAILITIO

B Takux Mepexax KOpPIYCH €JeKTPOYCTAaTKYBaHHS MalOTh METaJeBUil
3B’430K 3 3a3emiieHO0 Heltpammto. lle 3a0e3meuye Oe3neky ekcruryaTariii
yCTaTKyBaHHS,
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1.6 OPERATION MODES OF NEUTRAL CONDUCTOR

Neutral conductors of transformers and other equipment of three-phase
electrical networks can be insulated from the ground, solidly earthed, or earthed
through a ground-fault neutralizer. Depending upon the type of connection of
neutral conductor of transformers and other equipment to the earth, there are three
types of electrical networks:

- networks with the insulated neutral;

- networks with the solidly earthed neutral;

- networks with the resonant earthed neutral;

- networks with the effectively earthed neutral.

In networks with the insulated neutral the electrical installation does not
have any connection to the earth. In networks with the resonant earthed neutral
there is a connection through the ground-fault neutralizer. In networks with solidly
earthed neutral there is a direct connection to the earth. In networks with the
effectively earthed neutral a part of the neutral conductor of transformers is
earthed, and the other part is not earthed (the neutral conductor comprises the
disconnector and the discharger).

In low-voltage electrical networks of up to 1,000 V the operation mode of of
neutral conductior is selected considering the safety of electrical machinery. Such
networks are operated with solidly earthed, or insulated neutral.

Among low-voltage electrical networks the most common ones are four-wire
networks with the rated voltage of 0.4 kV (Fig. 1.7). Normative documents
standardize the maintenance of the networks with the solidly earthed neutral.
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. %/

R

Fig. 1.7. Diagram of a low voltage network with the solidly earthed neutral

O Ol >

In these networks the frame of electrical equipment has metal connection to
the earthed neutral. It provides safety of equipment maintenance,
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OCKUIBKH y pa3l KOPOTKOTO 3aMUKaHHs a3y Ha KOpIyc, NOTEHIiall KOopIlyca,
70 SIKOTO MOK€ TOPKHYTHUCS JIIOJIMHA, 3aJUIIAE€TbCS ONM3BKUM 10 HyJs. Pazom 3
UM CTPYM HOLIKOJKEHOI (a3 pi3Ko 30UIbIIYETHhCS 1 1i BUMHUKAE 3aMOOLKHHUK.
Hanpyru nenomkopxeHux a3 npu boMy He MepeBulaTh (Ga3HOi HAIIPYTH.

B enektpuunux Mepexax Hanpyror 0,6 kB, a takox B mepexax 0,4 kB 3
MIABUIICHUMU BUMOTaMH O€3MEKH, /i€ HENPUIYCTHUMI BEIUKI CTPYMU KOPOTKOTO
3aMKHEHHs (HampuKiIaa, B Mepekax BYTUIBHMX IIaXT), €JIEeKTPOyCTaHOBKHU
€KCIUTYaTyIOTh 3 130J1b0BaHOI0 HeWTpasutio (puc. 1.8).

— A

—1 .B

Puc. 1.8.CxeMa HU3BKOBOJIBTHOI MEPEXI 3 130Jb0BAHOI0 HEUTPAILITIO

B takux Mepexax 3aMUKaHHS Ha 3eMJII0 HE BUKJIMKA€ KOPOTKOT'O 3aMKHEHHS 1
HE € aBapiiHUM PEKUMOM, OCKUIbKH eJeKTponpuiiMadi OyAyTh OTPUMYIOTH
KUBJIEHHS TI0 BCIM TphoM (azaM. PazoM 3 1M moTeHIlian MOIIKOMKeHO1 (a3u
CTaHE HYJbOBHM, a HAIMPyTH HEMOIIKOKEHUX (a3 30UIbIIATHCS 10 JIHIMHUX
3HA4Y€Hb, K MOKa3aHO Ha aiarpami puc. 1.9.

B

Uo

Puc. 1.9.BexTopHa aiarpama Hampyr Mepexi 3 130JIb0BaHOIO HEUTPaJLIIO
B HOPMAJIBPHOMY PEXXHMI Ta B PEKUMi 3aMUKAHHS Ha 36MJITIO

OcCKUTbKM MIABUIICHHS HANpPYrd HEMOLIKOJKEHUX (a3 yTBOpIOe HeOe3meKy
JUIsL TIEpCOHAy, TO Ha BCIX YCTaHOBKAX, Kl €KCILTyaTYIOThCS 3 130JIbOBAHOIO
HEUTpaJUTI0, HEOOXiAHO 3a0e3Mme4YuTH KOHTPOJIb 130JsL1i Ta 1HII 3aXO[IH,
HaIlpaBJIeH1 Ha IIBHUJIKE BUZHAUEHHS Ta JIKBIAIII0 3aMUKaHb HA 3€MJIIO.
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as in case of short circuit, the potential of the frame, which man can touch, remains
close to zero. Yet the faulty phase current sharply increases, and the safety device
disconnects it, the voltages of faulty phase not exceeding the phase voltage.

In the electrical networks of 0.6 kV, and also in the networks of 0.4 kV with
enhanced safety requirements, where high short-circuit currents (for example in the
networks of coal mines) are intolerable, electrical installations are operated with
the insulated neutral (Fig. 1.8).

—3 b

A

j :

Fig. 1.8. Diagram of a low voltage network with the insulated neutral

In these networks the ground fault does not cause a short circuit, and it is not
an emergency operation because electrical receivers will be supplied by all three
phases. Yet the faulty phase potential becomes zero, and voltage of unfaulty phases
will increase to linear values, as shown in Fig. 1.9.

B

u phase
u lIngar

U phass

U lingar

Fig. 1.9. Vector diagram of a network with the insulated neutral in normal,
and in ground fault conditions

As the increase in voltage of unfaulty phases poses danger to the technical
staff, all the installations with the insulated neutral must be provided with the
control of insulation, and other protective measures to quickly locate and eliminate
the ground fault.
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Y BHCOKOBOJBTHUX E€INEKTPUYHUX CHUCTEMaX 3 HOMIHAIBHOIO HAIpPyroro
oubme 1 kB pexum pobOTH HeWTpandl BU3HAYAIOTH BHUXOASYM 3 MIPKYBaHb
3a0e3nedeHHss 0e3nepeOiftHOCTI eJIeKTPONoCcTayaHHs, HaAliHOCTI poOOTH Ta
€KOHOMIYHOCTI €JIeKTPOYCTaHOBOK. L[pbOro MoxHa AOCSTTH HUISIXOM OOMEKEHHS
CTPYMIB 3aMUKaHHs Ha 3eMJII0, a00 0OMEKEHHSI Yacy NPOTIKAHHS TaAKUX CTPYMIB.

Cnig 3a3HayuTH, 10 Y BUCOKOBOJBTHUX EJIEKTPUUHUX Mepexax HEeOoOXITHO
BpPaxOBYBAaTH €EMHICHI 3apsiIHI CTPYMHU JIIHIN eJeKTpornepeaaBaHHs, Kl MPOTIKaIOTh
pa3oM 13 CTpyMaMH HaBaHTaXEHb.

Enextpuuni Mmepexi Hampyroio Ao 35 kB xapakTepusyloTbcsi BIIHOCHO
HEBEJMKUMH CTpyMaMu 3aMUKaHHs Ha 3emutto (10 500 A). Tomy B Takux Mepexkax
OUTBII JTOUUILHUM € OOMEXKEHHS CTPyMIB 3aMHMKaHHS Ha 3emito. lle mo3Bossie
CIPOCTUTU KOHCTPYKUII €JIEKTPOYCTAHOBOK Ta 3a0€3MEUYUTH iX EKOHOMIYHICTb.
ToMy enekTpuyHi Mepexi Hampyrow A0 35 kB ekcrulyaTyloTbes B pekuMax 3
130JIb0BaHOI0 a00 KOMIIEHCOBAHOIO HEUTPAILIIO.

PosrnstHemo po0OTy eNeKTpUYHOI Mepeki 3 130JIbOBAHOIO HEUTPAILII0 B
pexuMi 3aMuKaHHsS Ha 3emuto (puc. 1.10). Sk 3a3Hauanocst paHilie, pPexuUM
3aMHUKaHHS Ha 3€MJII0 B MEpekax 3 130JbOBAHOI0 HEUTpaUII0 HE € aBapiiiHuM,
OCKUIBKU CIOKHMBa4l MPOJOBXKYIOTh OTPUMYBATH KUBJICHHS B MOBHO (ha3HOMY
pexumi. Lle cBiquuTh mpo 3a0e3nedeHHs Oe3repedIHOCTI eNeKTPONOoCTayYaHHs
CIIO’KMBAYIB.
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Puc. 1.10.Cxema mMepexi 3 130JIbOBAHOIO HEUTPAJLTIO
B PEXXHMMI1 3aMUKaHHS Ha 3€MJTIO

BekTopHa niarpama Hampyr Ta €MHICHUX 3apsSAHUX CTPYMIB B MeEpexi 3
130JIb0BaHOI0 HEUTpaUTo mpenactarieHa Ha puc. 1.11. [loTenmian momkomxeHO
dba3su B pexuMmi 3aMHUKaHHS Ha 3€MJII0 JOPIBHIOE HYJIIO, a Hampyra
HETIOIIKOKEHUX (a3 30UIBIIYIOTHCA O CBOIX JIIHIMHUX 3HAaYeHb. Lle mpu3BOAUTH

710 30UTBIICHHS Y J3 pa3iB EMHICHUX 3apAIHUX CTPYMIB HETOUIKOHKeHUX (a3. Y
MOIIKOJKEHINH (a3l MpoTIKae €MHICHUM CTpyM, SKUH JOpIBHIOE T'€OMETPUUHIN
CyMi 3apsiTHUX CTPYMIB HEIMOMIKOKEHUX a3, TOOTO MOTPOEHOMY 3HAYEHHIO
3apsATHOTO CTPYMY B HOPMAJIbHOMY PEXKHUMI.

[lepepo3noain 3apsiAHUX CTPYMIB B PEXKHMMI 3aMUKaHHS Ha 3€MIIIO
npejacTasieHo Ha puc. 1.10 cTpiikamu.
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In high-voltage electric systems with the rated voltage of over 1 kV the
operation mode of a neutral conductor is selected to ensure uninterrupted operation
of electrical supply, reliability and economic efficiency of electrical installations. It
can be achieved by restriction of ground fault currents, or by time limitation of
ground fault current flow.

It is worth pointing out that in high-voltage electrical networks it is necessary
to consider capacitive charging currents of power lines, which flow along with load
currents.

Electrical networks of 35 kV are characterised by rather small ground fault
currents (up to 500A). Therefore, in these networks it is more practicable to
mitigate ground fault currents. It allows simplifying the design of electrical
installations and providing the economic efficiency. Thus, electrical networks of
up to 35 kV are operated in the modes of the insulated or resonant earthed neutral
conductor.

Let us consider now the operation of the electrical network with the insulated
neutral in ground fault conditions (Fig. 1.10). As was previously mentioned, the
ground fault conditions in the networks with the insulated neutral is not viewed as
an emergency operation since electric loads continue to be supplied in all phases.
This ensures uninterrupted operation of electrical supply.
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Fig. 1.10. Diagram of a network with the insulated neutral in ground fault
conditions

The vector diagram of voltages and capacitive charging currents in the
networks with the insulated neutral is given in Fig. 1.11. The faulty phase potential
in groud fault conditions equals zero, and voltage of unfaulty phases increases to

linear values. It leads to the /3 times increase in capacitive charging currents of
unfaulty phases. In a faulty phase there flows the capacitive current which is equal
to the vector sum of charging currents of unfaulty phases, that is to the threefold
value of charging current in normal conditions.

Re-distribution of charging currents in ground fault conditions is shown with
arrows in Fig. 1.10.
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€MHICHI 3apsiiHl CTpyMH B Mepekax 3 HOMIHAJIBHOI Hampyrow 1o 35 kB
HE3HAuHI 1 iX 30UIbIIEHHS Ta MEPepo3MOAll B PEKUMI 3aMUKAHHS Ha 3€MIIIO HE
NPU3BOAUTH JI0 CYTTEBOI 3MIHU (Pa3HUX CTPYMIB B EJIEKTPUYHIA Mepexi, IO
3abe3reuye EKOHOMIYHICTh POOOTH EJIEeKTPUYHOI CHUCTEMH 3 130JIbOBAHOIO
HEUTPAILITIO.

B Mepexax 3 HEBEIMKMMU CTPyMaMHM 3aMUKAHHS Ha 3€MIIIO JIOLLUIbHA
KOMIIEHCAllisl EMHICHUX 3apsIHUX CTPYMIB JIIHIA eJeKTpornepeaBaHHs B pexuMax
3aMHKaHHS Ha 3emuto. [l 1poro 3arajibHy HEWTpaiab TpaHCPOpMaTOpiB
3a3€MIIIOIOTh Yepe3 yTOraCHUM peakTop, K nmoka3aHo Ha puc. 1.12. Takuii pexum
HA3MBAIOTh PEXKMMOM 3 KOMIIEHCOBAHOIO HEUTPAILIIO.

B HopmanbHOMY poO0OYOMY pEXHUMI €1EKTPUUHOI CUCTEMH EMHICHUN CTPYM B
3arajbHIi HelTpani TpaHchopMaTopa € TEOMETPUYHOIO CYMOIO 3apsAHUX CTPYMIB
TpbhOX (a3 1 A1 CAMETPUYHOTO PEXKUMY TOPIBHIOE HYIIIO.
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Puc. 1.11. BekropHa miarpama Hampyr Ta EMHICHUX 3apsSAHUX CTPYMiB
B MEpEXi 3 1301bOBAHOI0 HEUTPAJLITIO B HOPMAIBHOMY PEKUMI
Ta B peXKUMI 3aMUKaHHS Ha 3€MJTIO

PexxuM 3amMukaHHS Ha 3€MIIIO IS TaKUX CXEM € aBapiiHUM pPEKUMOM
KOPOTKOTO 3aMKHEHHA. TyT BHACHIOK KOPOTKOTO 3aMKHEHHS /10 peakTopa B
3arajpHId  HeWTpani TpaHcdopMaropa mOpHUKiIagaerbcs  ¢da3Ha  Hampyra
notko/keHoi (a3u. Lle nmpu3BOAUTH 1O BUHUKHEHHS IHIYKTUBHOTO CTPYMY BiJ
MICISI KOPOTKOTO 3aMKHEHHs, sIK MMOKa3aHO Ha puc. 1.7. Pazom 3 mum Hampyru
HETOIIKO/KEHUX (a3 30UIBIIYIOTHCA O CBOIX JIIHIMHUX 3HAaYeHb. Lle mpu3BOAUTH
10 30UIbILICHHS Y J3 pa3iB 3apsAIHUX CTPYMIB HEMOIIKO/KEHUX (a3. €EMHICHUIM
CTPYM TMOIIKO/KEHO1 (ha3u JOPIBHIOE TEOMETPUYHIN CyMmi 3apsIHUX CTPYMIB
HEMOIIKO/KEHUX (a3, TOOTO MOTPOEHOMY 3HAYEHHIO 3apsSJHOTO CTPyMy B
J0aBapiftHOMY PEKUMI.
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Capacitive charging currents in the networks with the rated voltage of up to
35 kV are negligible, and their increase and re-distribution in groud fault
conditions does not lead to considerable changes in phase currents in the electrical
network, providing economic efficiency of the electric system with the isolated
neutral.

In the networks with small ground fault currents it is practicable to
compensate capacitive charging currents of power lines in ground fault conditions.
For this purpose the general neutral conductor of transformers is earthed through
the ground-fault neutralizer, as is shown in Fig. 1.12. Such conditions are called
the resonant earthed neutral conditions.

In normal conditions of electric system the capacitive current in the general
neutral conductor of the transformer is the vector sum of charging currents of three
phases, and for balanced conditions it is equal to zero.

ICB
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Fig. 1.11. The vector diagram of voltages and capacitive charging currents in
the network with the insulated neutral in normal, and in ground fault conditions

Ground fault conditions in such designs represent short circuit emergency
operation. As a result of short circuit the phase voltage of faulty phase is applied to
the general neutral conductor of the transformer. It leads to generation of inductive
current from the point of a short circuit, as shown in Fig. 1.7. Also, the voltage of
unfalted phases increases to the linear values. It leads to a J3 times increase in
charging currents of the unfalted phases. The capacitive current of faulty phase
equals the vector sum of charging currents of unfaulted phases, that is threefold
value of charging current in prefault conditions.

44



TakuM yuHOM, CTPYM JYTd B MiCIli KOPOTKOTO 3aMKHEHHSI Ma€ JIB1 CKJIa/I0B1 —
MOTPOEHUH 3apsiAHUM CTPYM JIiHII Ta 1HAYKTUBHUNA CTPYM JIYTOracHOi KOTYIIKH.
Taxi ctpymMu 3HaxXoAsThCSA B IMpoTU(da3i Ta B3aEMHO KOMIIEHCYIOTh OJMH OJIHOTO.
Ile mpu3BOAUTH 0 OOMEXEHHS CTPYMIB KOPOTKOTO 3aMKHEHHS B Mepexax 3
KOMIIEHCOBAHOI0 HEUTpasuli0 Ta 0 MIABUIICHHS €KOHOMIYHOCTI YCTAaTKYBAaHHS
yepe3 CHPOIICHHS 1X KOHCTPYKIIIH.

NETS
— Y Y I A
NET. + V31, B

o

Puc. 1.12. Cxema mMepexi 3 KOMIIEHCOBAHOIO HEUTPAILITIO
B PEXXHMMI1 3aMUKaHHS Ha 3€MJTIO

Enexktpuuni cuctemu 3 HOMiHambHOIO Hampyrooo 110 xB Tta Bume
XapaKTepU3yIOThCS BETUKUMH CTPyMaMu 3aMHUKaHHs Ha 3emutto (Outbiie 500 A).

B Takux mepekax KOMIIEHcallld 3apsiIHUX €EMHICHUX CTPYyMiB Hee(eKTHBHA 1
Takl MEpeXi EKCIUIYyaTyloTb B PEXHUMI 3 TIIYXO 3a3eMJICHOI0 HEUTpailIio, K
noka3aHo Ha puc. 1.13.
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Puc. 1.13. Cxema Mepexi 3 TIIyXo0 3a3eMJICHOI0 HEUTPaILITIO
B PEXKUMI 3aMUKAHHS Ha 3€MJTIO

B HopmanbHOMY poO0OYOMY pEXHUMI €IEKTPUUHOI CUCTEMH EMHICHUN CTPYM B
3arajbHIN HelTpani TpaHchopMaTopa € TEOMETPUYHOIO CYMOIO 3apsAHUX CTPYMIB
TpbhOX (a3 1 A1 CAMETPUYHOTO PEXUMY JTOPIBHIOE HYIIIO.
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Thus, the arc current in the point of short circuit has two components —
threefold charging current of the line, and inductive current of a ground-fault
neutralizer. Such currents are in opposite phase, and mutually compensate each
other. It leads to restriction of short-circuit currents in the networks with the
resonant earthed neutral, and to enhancement of economic efficiency of the
equipment, and simplification of the design.
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Fig. 1.12. Diagram of a network with the resonant earthed neutral in ground
fault conditions

Electric systems with the rated voltage of 110 kV and above are characterised
by high ground fault currents (over 500A). In such networks compensation of
capacitive charging currents is inefficient, and the networks are operated in the
solidly earthed neutral conditions, as shown in Fig. 1.13.
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Fig. 1.13. Diagram of a network with the solidly earthed neutral in ground
fault conditions
In normal conditions of electric system the capacitive current in the general

neutral conductor of the transformer is the vector sum of charging currents of three
phases, and for balanced conditions it is equal to zero.
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PexxuM 3amMukaHHS Ha 3€MIIIO IS TaKUX CXEM € aBapiiHUM PEKUMOM
KOPOTKOT0 3aMKHEHHsS. TyT Hampyrud HEMOLIKO/KeHUX (a3 He 3MiHIoI0Thes. Tak
caMe He 3MIHIOIOTbCS €MHICHI 3apsiiHI CTPYMHM HEMOUIKO/KEHUX (a3. €EMHICHUM
CTpyM TOIIKO/KEHOI (ha3su € TEOMETPUYHOI0 CYMOKO 3apsiAHUX CTPYMIB
HEMOIIKO/DKEHUX (a3 1 JOpIBHIOE €MHICHOMY CTpPyMYy IOIIKOJKEHOI ¢a3u B
J0aBapiftHOMY PEKHMI, ajie Ma€ MPOTHIICKHUIA HAMPSMOK.

TakuM yuHOM, CTPYM JYTd B MICIli KOPOTKOTO 3aMKHEHHS Ma€ JIB1 CKJIa/I0B1 —
CTPyM KOPOTKOTO 3aMKHEHHs, SIKHA 3aMHUKA€TbCA Yepe3 3a3eMJIeHY HeWTpalb
TpaHchopMaTopa Ta 3apsAHUNA CTPYM JIiHI.

Mepexi Hanpyroto 110 kB He MOXXyTb MpaloBaTH 3 130Jb0BaHOT HEUTPAILITIO,
TOMY WO 130JI5lli1 B IbOMY BHIMAJKy IOBUHHAa PO3PAaXOBYBaTUCS Ha JIHIMHY
Hampyry, a ue ngoporo. ToMmy Taki Mepexi MpaIioTh 13 3a3€MJICHOI0 HEUTpasuiio.
[Ipy upomMy CcTpyM OJHO(A3HOTO KOPOTKOIO 3aMUKaHHS MOXE IepEeBULIYBaTH
ctpyMm Tpudasznoro K3 VYV wnpomy Bumagky komyraiiiiHa amaparypa MOBHHHA
BUOUpATHUCS TIO OUTBIIOMY CTPYMY, TOOTO 0JTHO(A3HOMY.

VY Micui TOIIKOIKEHHS B TaKUX MEpeXax BUHUKAE EJEKTPUYHA Jyra 3
BEJIUKUM CTpyMOM. Jlyra racuTbCs NpH BIAKIIOYEHH! MNOWIKOKeHHS. Tak sk
OUTBIIICTh K.3 CAMOYCYBAIOThCS, TO JJIS MEPEBIPKU JIIHIS BKIIOYAETHCA 3HOBY i1
nieto AIIB. Sxmo K3 camoycynynocs, To JIEII 3anumaetbest B podoTi, KO HI,
TO YUIKO/)KCHHSI BIAKIIOYAETHCS 3HOBY. Y TEpEeXiTHOMY pEeXUMi W 1pu
KOMYTaIliiX y MepexXi BHHUKAIOTh BHYTPIIIHI mnepeHanpyru. Benuuuna
nepeHanpyru BIUIMBAaEe Ha BUOIp 13o0isuii. BennuuHy nepeHanpyru HamararoThCs
oOMexuTu. [l 1boro 3a3eMIIIOI0Th HEWTpadl BCTaTKyBaHHS. AJie YuM OUIblIe
3a3eMJICHUX HEUTpaidb, TUM MEHIIEe BeIWYMHA IEepEeHANpyru, aje TUM OuIblie
BeJMYMHA cTpymy oaHodaznoro K3.

st oOMEXeHHS caMuX CTPyMIB KOPOTKOIO 3aMKHEHHS B Mepexax 3
HOMIHaJIbHOWO  Hampyroro 110 kB Ta Bume o00MeXylOTh  KIUIBKICTb
TpaHchopMaTopiB 3 IIIyXO0-3a3eMJICHOIO0 HeuTpaumo. YacTuHy HeUTpanb
130J11010Th, 11100 BeMYMHa cTpyMiB ofgHo¢azHoro K3 He nepeBuilyBaia BeJIMUUHY
ctpymiB Tpudaznoro K3 3azemitoroTh TUIBKM HeEHTpani TpanchopmaTopiB Ha
€JEKTPOCTAHIIIAX, BY3JIOBHX TIJACTAHIAX 1 Ha TYNUKOBUX IIJCTAHIIAX
cnokuBauiB. Hampyra Ha Heylko/KeHUX (ha3aX CTOCOBHO 3€MJII B YCTAJICHOMY
pexuMi, He moBMHHa Oytu Outemie 0,8*Unom (miHiMiHOrOo). Taki Mepexi
HA3MBAIOTHCSA MEpexaMu 3 e(PeKTUBHO-3a3eMIICHOIO HEUTPAILITIO.

VY Mmepexax 220 kB 1 Bullle 3aCTOCOBYIOThH ITyXO-3a3€MJICHHI HEUTpail BCiX
TpaHchopmaropiB. Ilpu 1pbOMY Hampyra Ha HEYIIKOJKEHUX (a3zax CTOCOBHO
3eMJll B yCTaJICHOMY pexuMi, He mnepeBuinye ¢asHe. KomyrariiiHa amaparypa
BUOUpa€eThCs 10 OUTbIIoMy cTpymy K3.

B mepexax 3 BeIMKUMH CTPYMaMH KOPOTKOTO 3aMKHEHHSI €EMHICHA CKJIaJl0Ba
Oyrd HabaraTo MEHIa CKJIAJ0BOI KOPOTKOrO 3aMKHEHHs. ToMy KoMIleHcaris
€MHICHOTO CTPYMY YT KOPOTKOI'O 3aMKHEHHS € Hee(heKTUBHOK. EKOHOMIUHICTD
YCTaTKyBaHHS €JIIEKTPUYHUX MEpEeX BUIIUX KJIACIB HOMIHAIBHOI HANpyru
JIOCSITAETBCSL 3aCTOCYBAHHSAM IIBUIKOIIOYMX 3aCO0IB PEICHHOTrO 3aXHCTy, IO
MPU3BOAUTH 10 OOMEKEHHS Yacy MPOTIKaHHS CTPYMiB KOPOTKOTO 3aMKHEHHSI.
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Ground fault conditions for such arrangements represent short circuit
emergency operation. The voltages of unfaulted phases do not change. Capacitive
charging currents of unfaulted phases do not change either. The capacitive current
of faulty phase is the vector sum of charging currents of unfaulted phases, and is
equal to the capacitive current of faulty phase in prefault conditions, but of
opposite direction.

Thus, the arc current in the point of short circuit has two components, namely
short-circuit current, which is grounded through the earthed neutral of the
transformer, and charging current of the line.

The networks of 110 kV cannot operate with the insulated neutral as the
insulation in this case must be designed for line voltage, which is rather expensive.
Therefore, the networks are operated with the earthed neutral, and the current of
single-phase short circuit can exceed the current of three-phase short circuit. In this
case the switching equipment must be selected by the highest current, that is single
phase current.

At the point of failure in the networks there is an electric arc of high current.
The arc is blown out at fault clearing. As most short circuits are self-clearing, for
the purpose of monitoring the line is switched on again under the influence of
reclosure. If a short circuit is self-clearing, the power transmission line remains in
operation; if not, the faulty line is disconnected again. In transient and switching
operations, internal overvoltages occur in the network. The value of overvoltage
influences the selection of insulation. The value of overvoltage should be
restricted. For this purpose, neutral conductors of the equipment are earthed.
However, the more earthed neutral conductors, the less is the value of overvoltage,
and the more is the value of current of a single phase short circuit.

For restriction of short-circuit currents in the networks with the rated voltage
of 110 kV and above the number of transformers with the solidly earthed neutral
conductor is reduced. Part of neutral conductors are insulated so that the value of
currents of a single phase short circuit should not exceed the value of currents of a
three-phase short circuit, and only neutral conductors of transformers are earthed at
power plants, central substantions, and consumer’s terminal substations. The
voltage of unfaulted phases with reference to earth in steady-state conditions
should not be more than 0.8 * Unom (linear). These networks are called networks
with the effectively earthed neutral conductor.

In the networks of 220 kV and above solidly earthed neutral conductors of all
transformers are employed. The voltage of unfaulted phases with reference to earth
in steady-state conditions does not exceed the phase voltage. The switching
equipment is selected by the highest short circuit current.

In the networks with the high short-circuit currents the capacitive component
of an arc 1s much less than the short circuit component. Therefore, compensation of
the capacitive current of a short circuit arc is inefficient. The economic efficiency
of electrical network equipment of higher rated voltage levels is achieved by
application of high-speed relay protection devices, which leads to time limitation
of short-circuit current flow.
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KOHTPOJIBHI 3AITUTAHHA

1. o eu3znauac pexcum pobomu Heumpani y HU3bKOBOIbMHUX eNeKMPUYHUX
Mepedicax?

2. l]o eusnauae pesicum pobomu Heumpani y 6UCOKOBOIbMHUX eNeKMPUUHUX

Mepedicax?

AKi pestcumu Helmpani 8uKOpucmogyoms 6 mepedxicax 0o 1 kB?

AKi pesicumu Helmpani 8UKOPUCMO8YIOmMb 8 Mepexicax 00 35 kB?

Axi pesrcumu Heumpani sukopucmosyromeo 6 mepexcax 110 kB ma suwe?

Hazeimb nepesacu ma Heooniku mepedsic 3 271yXo 3a3eMIeHOI0 HelUmpauio.

Has3zeimb nepesacu ma Heooniku mepedic 3 i301608aAHOI0 HEUMPATTIO.

NS AW

JIITEPATYPA

[2],cmop. 46-51; [3], cmop. 15-21; [6], cmop. 54-58
Tema 2 KOHCTPYKIII JITHIA EJEKTPOIIEPEJIABAHHSA

1.7 OCHOBHI BIIOMOCTI ITPO IMOBITPSAHI TA KABEJIBHI
JIIHII EJJEKTPONIEPEJIABAHHSI

Enextpuunoro nosimpsnoio niHi€l0  elekmponepeoasanus HA3UBAETHCS
oOnagHaHHS AJis epelaBaHHs eJIEKTPUYHOI eHeprii Mo MpoBoJiaX, pO3TaIIOBAHUX
Ha BIIKPUTOMY MOBITPI 1 3aKPIMUIEHUX 3a JIOMOMOTOIO 130JIATOPIB 1 apMaTypu [0
ornop ado KPOHIITEHHIB 1HKEHEPHUX CHOPYIKEHb. | 0JIOBHI €IeMEHTH MOBITPSHOT
JIEIL:
— TpOBOJA, SIKI CAYXKaTh ISl IEpeJaBaHHs €JIeKTPOCHEPrii;
— TpPO303aXUCHI TPOCHU JUIsl 3aXUCTy BiJ arMocepHUX TNepeHanpyr
(rpo30BUX PO3PSAIB), IKI MOHTYIOTECSl Y BEPXHI YaCTUHI OTOP;

— Omopu, IO MIATPUMYIOTH MPOBOAA 1 TPOCHM HaA TMEBHIA BHUCOTI HaJ
MOBEPXHEIO;

— 130JIATOPH, IO 130JIFOIOTH ITPOBOJIA BiJ Tij1a OTIOPH;

— apmarypa, 3a IONOMOI0I0 SIKOi MPOBO/Ia 3aKPIIUTIOIOTHCS Ha 130JIATOpax, a

130JISITOPHU HA OTOPI.
[To KOHCTPYKTHBHOMY BUKOHAHHIO PO3PI3HSIIOTH OJHOJAHIIOTOBI 1 ABosanIorosl JIEIL. ITix
JIAQHIIOTOM PO3YMIIOTh TPHU MpoBoJa (TprudazHuil nanior) oauiei JIETL.

KoncrpyktuBHa wyactuHa IIJIEII  xapakrtepusyeTbCs THUIIAMH  OIIOp,
JOBXXMHAMH MPOJIHOTIB, TA0APUTHUMH pO3MipaMu, KOHCTPYKII€ (a3u i Tunamu
TIpIASHA 1307 TOPIB.

[lo tuny omopu IUJIEIl ginsthcss Ha mpoMiKHI ¥ aHkepHi. [IpomixkHi #
aHKEpH1 BIAPIZHAIOTHCS CMOCOOOM MiABICKM MpoBoAiB. Ha mpomikHINA omopi
MPOBOJIa MIABIMIYIOTHCA 32 JIONOMOTOI0 MIATPUMYIOUUX TipJsHA 13oisTopiB. Ha
aHKEPHUX OIMOpPaxX MPOBOJIA 3aKPIIUICH] )KOPCTKO M HATSATHYTI A0 3a1aHOTO TSXKIHHS
3a IONOMOT'0I0 HATsKHOT TIPIISHIU 1305 TOPiB (puc. 1.14).
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CONTROL QUESTIONS

1. What determines the mode of operation of neutral conductor in low-voltage
electrical networks?

2. What determines the mode of operation of neutral conductor in high-voltage
electrical networks?

3. What modes of operation of neutral conductor are used in the networks of up to
1kV?

4. What modes of operation of neutral conductor are used in the networks of up to
35kV?

5. What modes of operation of neutral conductor are used in the networks of
110 kV and above?

6. Name advantages and disadvantages of the networks with the solidly grounded
neutral.

7. Name advantages and disadvantages of the networks with the insulated neutral.

REFERENCES
[2], p. 46-51; [3], p. 15-21; [6], p. 54-58

Chapter 2 DESIGNS OF POWER TRANSMISSION LINES

1.7 THE BASIC FACTS OF OVERHEAD AND CABLE
TRANSMISSION LINES

An overhead power line is a facility for transmission of electrical energy
over the wires located outdoors and fixed by insulating parts and accessories to the
poles, or bearing supports of the engineering structures. The main components of
an overhead power line are:

- wires, which serve for electric power transmission;

- overhead ground-wire cables for protection against atmospheric overvoltages
(lightning discharges), which are mounted at the top of the poles;

- poles, which carry wires and cables at a certain height above the surface;

- insulators, which insulate the wires from the body of a pole;

- overhead line accessories, which fix wires on the insulators, and insulators on
the pole.

By design we can distinguish between single-circuit and double-circuit
transmission lines, the circuit being made of three wires (three-phase circuit).

The structure of overhead power line is characterised by the types of pole,
lengths of spans, overall dimensions, phase configuration, and types of insulator
string.

By the type of the pole overhead power lines are divided into those with
intermediate support, and ancher support. Intermediate and ancher supports differ
in the manner of wire suspension. On the intermediate support wires are suspended
by means of suspension insulator strings. On the anchor support wires are rigidly
fixed, and tight at the tension required by means of dead-end insulator strings
(Fig. 1.14).
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Puc. 1.14. Kpimnenns npoBoga B ¢asi Ha NMpoMibkHIN (a) Ta aHkepHid (0)
omnopax: 1 —TpaBepca; 2— TipisaHaa 130JIATOPIB; 3— 3aKKUM;4— TIPOBIT

3a TOpU3HAYECHHSIM PO3PI3HAIOTH ONOPU KYTOBI, KIHIIEBI, CHEIaIbHOTO
MpU3HAYCHHS.

[To maTepiany onop po3pi3HAIOTH AepeB'sH1 ab0 AepeB’siHI KOMMIO3UTHI ( 10
220 xB), 3an1306eTonHi — BiOpoBaHi Ta neHTpudyronani (35 — 330 kB) 1 meTanesi
(35 xB 1 Bue).

Ha IIJIEIT 3acTocoBYIOTH HE 1301h0BaHi MpoBoja 1 Tpocu. IlepebyBaroun Ha
BIIKpDUTOMY TOBITPi, BOHU MIAAAIOThCA aTtMochepHOMY BIUIMBY. TomMy mMarepiaj
MPOBOJIIB, OKPIM BUCOKOi MPOBITHOCTI, TOBUHEH OYyTH CTIMKMM A0 KOpPO3ii, MaTu
MEXaHIYHy MilHicTIo. J[JI1 mpoBOAIB 3aCTOCOBYIOTH HACTYIIHI MaTepiajiv: Mifb;
aJIOMIHIM; CTajdb;, CIUIABH QIIOMIHIFO M MIOl 3 IHIIMMHA MeTajlamMu (3aji30M,
MarHiem, KpeMHIEM).

Minge Mae THUTOMY TMPOBIAHICTE =~ 53- 1073 CM-kM/MM>. Binpizusierbcs
MEXaHIYHOIO MilHIcTIO. [l1iBKa OKKCy 3axuIiae ii Bi KOpo3ii i XIMIYHHUX BIUIUBIB.
Mae CTIfKiCTh KOHTaKTY.

AmoMiHIfT Mae muToMy mpoBimHicTe ~31,7-107 Cvrkm/MM’. MexaHiuHa
MILHICTh HWJKYA, HDK Y Mial. OTKe, JacTilie CJiJl CTaBUTU omnopu. [lniBka okucy
3axuinae ii Big kopo3ii. [lorano npoTuctoits XiMiyHUM BruinBaM. He mae CTIHKICTh
KOHTaKTY.

CraneBi mpoBoja MarOTh MOTaHy MPOBIAHICTh. BiApI3HAIOTHCS BEIUKOIO
MEXaHIYHOI0 MilHICTI0. He MatoTh CTIMKICTh 10 KOpO3ii. AKTUBHHI OIip 3aJI€KUTh
BiJl CTPYMY, 1110 IPOTIKAE.

BuroTtoBnsoTe mpoBoJa 13 JIBOX METalIB — cTajli Ta amoMiHito. Cranb
3HAXOJUTHCS Yy CEpellMHI MpOBOJA M CIYXHUTh JJs 30UIBIICHHS MEXaHIYHOi
MIIHOCTI. AJIFOMiHIM 3HaXOAUTHCS 30BHI 1 € CTPYMOIIPOBITHOIO YaCTHHOIO.

VY MmapkyBaHHI IPOBOJIIB CIIOYATKY BKa3ye€TbCS Marepiaj, a MOTIM MEPEeTHH Y
MM, Mizni poBoa  MapkyioTh OykBoro M, amoMiHieBi mpoBoaa — GyKBOIO A,
ctasieBl nposoja — 6ykBamu IIC 1 IICO, a craneantominieBi — OykBamu AC. Y
MapKyBaHHI CTaJ€aTOMIHIEBUX MPOBOJIIB CIIOYATKY BKa3yIOTh MEPETUH ATIOMIHIIO,
a notim ctam. Hanpuxnag: AC-120/19. IIpoBoxga mapku AC BHUIYCKAarOTHCS 3
PI3HUM BIJHOILICHHSM TMEPETHHIB alIOMiHIIO i CTall Ipu TOMY CaMOMY IEpEeTUHI
QNIOMIHII0. 3aJIe)KHO Bi 1ILOTO BIJHOIIECHHS PO3PI3HSIOTH MPOBOJA TMOJETIIEHOT
KOHCTPYKIIii, Cepe/IHbO1, TOCUIIEHOT i 0COOJIMBO MOCUIIEHOT MIIIHOCTI.
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Fig. 1.14. The wire fastened in phase on the intermediate (a) and ancher (b)
support: 1 — crossarm; 2 — insulator string; 3 — terminal; 4 — wire

By the purpose of application, there are angle structures, dead-end structures,
and special-purpose structures.

By the material used, there are wood, or wood composite (up to 220 kV),
ferroconcrete — vibrated and span concrete — (35-330 kV), and metal (35 kV and
above) poles.

On the overhead power lines uninsulated wires and cables are used. Being in
the open air, they are exposed to weather impact. Therefore, the material of wires,
in addition to high conductivity, should have corrosion resistance, and mechanical
strength. In wires the following materials are used: copper, aluminium, steel, alloys
of aluminium and copper with other metals (iron, magnesium, or silicon).

Copper has the specific conductance of = 53-107 Sy km/mm »> and is notable

for its mechanical strength. An oxide film protects it from corrosion and chemical
effect. It also provides stability of contact.
Aluminium has the specific conductance of ~31..7-10° S km/mm_ > and its

mechanical strength is lower than that of copper. Thus, it is necessary to install
more poles. An oxide film protects it from corrosion, but it poorly resists to
chemical effect. It does not provide stability of contact.

Steel wires have bad conductivity, but are notable for high mechanical
strength. They do not have corrosion resistance, and the ohmic resistance depends
on the flowing current.

Wires are made of two metals — steel and aluminium. The steel is at the
middle of a wire and serves for increasing the mechanical strength. Aluminium is
outside, and is a current-carrying part.

In wire codes the material is indicated first, then comes the cross-section in
mm’. Copper conductors are marked with letter C, aluminium conductors — with
letter A, steel wires — with letters PS and PSO, and steel aluminium — with letters
AS. In coding steel-aluminium conductors the aluminium cross-section is indicated
first, and then comes the steel cross-section. For example: AS-120/19. AS wires
are made with different ratio of aluminium and steel cross-sections but with the
same cross-section of aluminium. Depending on this ratio, there are wires of light-
weight design, average, reinforced and specially reinforced strength.
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Hns 3axucty mnpoBoaiB Mapku AC Big kopo3ii W XIMIYHMX BIUIMBIB
BUKOPHUCTOBYIOTH CIElIajbH1 3aXUCHI 3aCO0U.
Tun 3axucty BimoOpaxaeTbcs B MapKyBaHH1 IPOBOJIA:

— wmapku ACKC, ACKII — npoBoja craneaidioMiHi€eBe KOPO3IMHOCTINKI 13
3amoBHEHHsAM cTtaneBoro cepaeunuka (C) ab6o Bcroro mnposoga (I)
3Ma3KoIo;

- mapka ACK - ax 1 ACKC, craneBuil cepAeuHUK 130JbOBaHUMN

MOJIIETHJIEHOBOIO ILTIBKOIO.
3a KOPIOHOM 3aCTOCOBYIOTHCSI 130JIFOIOUYI CAMOHECYYl MpoBoja. SBISIIOTH COOOI0 CHCTEMY
130JIbOBAaHUX JKWUJI, CKPYYCHHX HABKOJO Hecy4oro Tpoca. CKpyTKa BHKOHYEThCS TaKUM
YUHOM, II0 BCE MEXaHIYHE HABAHTAXCHHS CIPUNMAETHCS TUIBKM HECY4yMM TpocoM. Taki
MPOBOJIa MPOKIAAAIOThCA 0e3 130sTopiB. Ha omopi MmoxyTh OyTu 3MoHTOBaHI nekiuibka JIEIT
PI3HHUX HaIpYT.

[lo KoHCTpYKIUIi PO3PI3HAIOTH MPOBOJA: OAHOAPOTOBI, SAKI CKIAJAIOTHCA 13
OJIHOTO JAPOTY CYIUIBHOTO MEpeTUHY; 0araTtoapoToBi3 OJHOIr0 MeTaay, sKi
BUTOTOBJISIFOTHCS B 3aJICKHOCTI BiJ] IEPETUHY 3 HEMApPHOI KUIBKOCTI APOTIB ( Bif 7
no 61);6aratonpoToBi 13 JBOX MeTamiB. KuUIbKICTh MNPOBOIIB  CTAJIEBOTO
cepreunuka — Henapha (1, 7 a6o 19). KinbKicTh APOTIB CTPYMONPOBITHOT YACTUHU
— mapHa.

[Iposoma IIJIEIl po3TamioByioTh Ha OMOpi PI3HUMH crocobaMu (e sAKi 3
HUX):Ha OJIHOJIAHIIIOTOBUX OTOpPaX — TPUKYTHUKOM a00 ropu3oHTaibHO (puc.l.15,
a, 0);Ha JABOJIAHLIOTOBUX OMOpPaxX — 3BOPOTHOIO SIIMHKOIO 200 IMIECTUKYTHUKOM Y
Bursial “nikku’” (puc.1.15, B, r).
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Puc.1.15. Po3ranryBanHsl MpoBOJIB Ha Omopax:  a) — TPUKYTHUKOM;
0)-TOpU30HTAIBHO; B) — 3BOPOTHOIO  SITTUHKOIO; T') — J1KKOIO

['opuzoHTanpHe po3TallyBaHHs MPOBOJIB — HalKpalle 3a YMOBaMHU €KCIUIyaTtalii, TOMy II0
JI03BOJISIE 3aCTOCOBYBATH OUIbLI HU3bKI OMOPH Ta BUKJIIOYAE JTOTHK MPOBOJIB IPU CKHUJIAHHI
o’kernel abo rajonyBaHHI IPOBOJIB (CTanuX MeploanyHuX HuszbkodacToTHUX (0,2-2 I'm)
KOJIMBAHHSX MTPOBOJIIB (TPOCIB) Y IPOTOHI, SIK1 YTBOPIOIOTh CTOSIU1 XBHJI1 - 1HOJ1 B CIIOJIy4€HH1
3 ODKYYMMH - 3 YHCIOM HAMIBXBWJIb BiJl OJHIET M0 ABaAmATH Ta amiutitygor 0,3-5 m).
(«[Imsickay  TPOBOMIB — II€ KOJHMBAHHA IPOBOJIB 3 MaJOI0 YaCTOTOK ¢ BEIHMKOIO
aMILTITY1010).
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Special protective measures are taken to protect AS wires from corrosion and
chemical effect.

The protection type is indicated in the wire code:

- ACSR and AACSR wires are corrosion-resistant steel aluminium wires,
with the steel core (ACSR) or with the whole wire reinforced (AACSR);

- ACAR are similar to ACSR, but the steel core is insulated with polyethylene
film.

In foreign countries self-carrying insulating wires are used. They represent a
system of insulated conductors twisted round the suspension cable. A twist is made
so that all mechanical load is on the suspension cable. These wires are laid without
insulators. Several transmission lines of various voltages can be mounted on the
same pole.

By design wires are divided into: solid conductors, consisting of one wire of
continuous cross-section; multiwire conductors of one metal, which are made of
odd number of wires (from 7 to 61), depending on the cross-section; and
multiplewire conductors of two metals. The number of wires of a steel core is odd
(1, 7, or 19), and the number of wires of a current-carrying part is even.

Overhead power line wires are located on the pole in a different manner, for
example: delta, or horizontal configurations (Fig. 1.15, a, b) on single circuit poles;
inverted delta, or barrel-like configurations (Fig. 1.15, ¢,d) on double circuit poles.

oo
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Fig. 1.15. Arrangement of wires on the pole: a — delta; b — horizontal;
¢ — inverted delta; d — barrel-like

The horizontal configuration of wires is best for operating conditions as it allows
applying lower poles and eliminates the contact of wires at de-icing, or overhead
line galloping (constant periodic low-frequency (0.2-2 Hz) oscillations of wires
(cables) in the span, which result in standing waves — sometimes in combination
with running waves — with the number of half-wave from one to twenty, and
amplitude of 0.3-5m). Conductor galloping is oscillations of wires of small
frequency and large amplitude)
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Tak sik y Bcix BapiaHTax mMae MiCIle HECUMETPUYHE PO3TAlTyBaHHS MPOBO/IIB
CTOCOBHO OJHWH OJHOTO, TO JJI BUPIBHIOBAHHS PEAKTUBHOTO OIOPY i €MHICHOT
MPOBIAHOCTI 1O  (a3zax 3acTOCOBYIOTh TPAHCHO3MIIO, TOOTO MIHSAIOTH
po3TallyBaHHs NPOBOAIB Ha onopax (puc.l.16).

dazaA dazaC dazaB dazaA
dazaB (azaA dazaC dazaB
dbazaC ¢dazaB dazaA ¢azaC

Puc.1.16. Tpauncnosurris va ITJIEIT

JlJis BUKOHAHHS TPO303aXUCTY JIiHIA eJIeKTpornepeaBaHHsI BUKOPHUCTOBYIOTh
CTaJieBl Tpocu abo cCTalleaqlOMIHIEBI MPOBOJAM 31 3MEHIICHUM IEpepi3oM
aJIIOMIHI€BOT YACTHHH.

OcTaHHIM YacoM, JIsl BAKOHAHHS CTPYMOBEIyYUX MPOBOIIB Ta TPO303aXHUCTY
MOBITPSIHUX JIIHIA BUKOPUCTOBYIOTH CIELIaJIbHI MPOBOJAU Ta TPOCH, CyMIIIEH] 31
ONITOBOJIOKOHHMM KaOeneM, pO3TallloBaHUM BCEpPEAMHI TPOBOJIB Ta TPOCIB
(puc.1.17), 1o 103BoJIIE€ KPIM MEepeIaBaHHs eJIEKTPUYHOT EHEPrii Ta TPO303aXUCTy

MOBITPSIHUX JIIHIA OPraHi30BYBaTH BHUCOKOIIBUAKICHUX OINTOBOJIOKOHHI KaHau
3B’ SI3KY.

AnomiHiesa mpybka

[1posorioka 3 anroMiHiego20
crinasy ACS

3axucHa cmpiyka

LlermpanbHull
OienieKmpuUYHUL efleMeHm

Tpybka 3 onmu4HUMU
80J/IOKHamu

Puc. 1.17. KoHcTpyKIIisi ONTHYHOTO Kabento y rpo3ozaxucHomy Tpoci OPGW

[IpoBoau TMOBITPSHUX JIIHIM 3aKpiUIIOIOTh Ha ONOpax 3a JIOINOMOIOI0
JTIHIMHUX 130JISITOPIB Ta apMaTypH. [30smopu MpU3HAYSH JIJIs1 130JI41111 TIPOBO/IIB
MOBITPSAHOI JIiHII, SIKI 3HAXOIATHCS IiJ JIE€0 BUCOKOI HANPYTH, BiJ METaJeBUX
€JIEMEHTIB KOHCTPYKIIii orop.

OcHoBHa OCOOJIMBICTH 130JISTOPIB MOBITPSAHUX JIHIM TOJSAraEe B TOMY, IO
BOHU BUIPOOYIOTH OJIHOYACHY JAiI0 BUCOKOI €JIEKTPUYHOI HANPYTH Ta BEIUKUX

MEXaHIYHUX HaBaHTA)KCHBD. I_Ie BH3HAYa€ OCHOBHI BHMOTH A0 KOHCTPYKTHUBHOI'O
BHUKOHAaHHA
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As in all the alternatives there is asymmetrical arrangement of wires against
each other, balancing of reactance and capacitive susceptance in phases is done by
applying a transposition, that is a change in the arrangement of wires on the pole
(Fig. 1.16)

phase A phase C phase B phase A
phase B phase A phase C phase B
haseB hase A hase C

Fig.1.16. Transposition of overhead power wires

Steel cables or steel aluminium wires of smaller cross-section of an
aluminium part are used for lightning protection of power lines.

Recently, for design of current-carrying wires and lightning protection of
overhead lines there have been used special wires and cables, containing a fibre-
optical cable located inside (Fig. 1.17), which in addition to transmission of
electrical energy and lightning protection of overhead power lines allows arranging
high-speed fibre-optical communication channels.

Aluminium tube

ACS wire

Protective layer

Central dielectric member

Optical fiber

Fig. 1.17. Design of optical cable in overhead ground-wire OPGW cable

Wires of overhead power lines are fixed on the poles by linear insulators and
accesories. Insulators are intended for insulation of wires of overhead power lines,
which are at high voltage, from metal components of the pole structure.

The main feature of insulators of overhead power lines is that they undergo
the effect of high voltage and high mechanical load at the same time. It affects the
basic requirements for the design of
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130JITOPIB MOBITPSHUX JIiHIA. [[0 TaKuX BUMOT BIIHOCSITH BUCOKY E€JIEKTPUYHY Ta
MEXaHIYHY MIIHICTh, CTIMKICTh O BIUIUBIB OTOYYIOYOTO CEPEIOBUINA, 3PYUHICThH
eKCIUTyaTallii Ta €EKOHOMIYHICTb.

J171s1 BUTOTOBJICHHS 130JIATOPIB BUKOPUCTOBYIOTH €IEKTPOTEXHIUHUN hapdop,
3arapTOBaHE CKJIO Ta CUHTETHYHI MOJTIMEPH.

3a KOHCTPYKTHMBHUM BHUKOHAHHSIM PO3PI3HAIOTH IITHPOBI Ta MIABICHI
130JIITOPH.

Hlmuposi  i3o1amopu  TpU3HAYEHI JJIi BUKOPUCTAHHSA Ha  JIHIAX
eJIEKTpoNepeiaBaHHsl PO3NOAUTbYMX Mepek Hampyroio 1o 35 kB. Taki i3onsatopu
BUTOTOBJISIIOTE 3 (apdopy abo 3 €NeKTPOTEXHIYHOrO CKJa. 3arajbHUW BUTJIAJ
HITUPOBUX 130JISITOPIB MPEACTaBICHO Ha puc. 1.18.

IliogicHi  i301amopu  BUKOPUCTOBYIOTH B JIHISX e€JEKTpoIiepeaBaHHs
Hanpyroto 35 kB ta Bumie. Taki 13014TOpU NOAUIAIOTH HA TIPJISHIM TaplI4acTUX
130JISTOPIB Ta HA CTPHIKHEBI 130JISITOPH.

[Npasgaau 13019TOPIB 30UPAIOTh 3 MAPIIUACMUX 3048MOPi6, BATOTOBJICHUX 3
dbapdopy abo 3arapToBaHOTO CKJa. 3arajibHUM BUIJIS] TapuUT4acTOro 130J4TOpa
HaBejeHo Ha puc.1.19 a. Ha puc.1.19 6 cxemaTuyHO MOKa3aHO CIOCIO MOETHAHHS
TapUIYACTUX 130JIATOPIB B TIPISHIY.

Puc. 1.19. Taputuatuii i3075TOp

Cmpudicnegi  i301amopy  BUTOTOBJSIOTh 3 OJIHOHANPABICHUX IOJIIMEPIB.
3aranbHUM BUIIISLL CTPUIKHEBOTO MOJIIMEPHOTO 130J1sITOpa HaBeAeHo Ha puc. 1.20.
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overhead line insulators. These requirements include high electric and mechanical
strength, resistance to environmental impacts, usability, and economic efficiency.

Electrical porcelain, hardened glass and synthetic polymers are used for
manufacturing insulators.

By design, one can distinguish between pin-type insulators, and suspension
insulators.

Pin-type insulators are intended for application on power transmission lines
of distribution networks of up to 35 kV. These insulators are made of porcelain, or
electric glass. A general view of the post insulators is presented in Fig. 1.18.

Suspension insulators are used in power transmission lines of 35 kV and
above. These insulators are divided into strings of disk insulators, and shackle
insulators.

Insulator strings are constructed from disk insulators made of porcelain, or
hardened glass. A general view of the disk insulators is given in Fig. 1.19 (a).
Fig. 1.19 (b) shows how disk insulators are combined into a string.

Fig. 1.19. Disk insulator

Shackle insulators are made of unidirectional polymers. A general view of
polymer shackle insulators is given in Fig. 1.20.
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Puc. 1.20. IlonimepHuil CTpUKHEBUI 130JATOP

Taxi 13o5TOpPH AOpPOXKUE 3a TIPJASAHAU TapLI4acTux i13oyAtopis. [Ipote BoHU
XapaKTepU3yIOThCS KpallUMH €JIeKTPO(I3MUHUMU BIACTUBOCTSIMU Ta 3HAYHO
MEHIIOK Barolo, M0 OOYMOBIIOE IIHUPOKI TEPCHEKTHUBH BUKOPUCTAHHS
MOJIIMEPHUX 130JIATOPIB B KOHCTPYKIISIX TOBITPSHUX JIIHIN eJleKTpornepeaaBaHHs
BCIX KJaciB HOMIHAJIbHOI HAmpyru. 30KpeMa, YMHHI HOPMATHUBHI JOKYMEHTH
PEKOMEHAYIOTh BUKOPUCTOBYBATH TOJIIMEPHI 130JATOpU Iija 4ac OyIIBHHUIITBA
HOBHUX Ta PEKOHCTPYKIIIi ICHYIOUMX JIIHINA €JIeKTpOorepeJaBaHHs.

Kabenvna ninis enexmponepedasannss — 1e JHIA JUIs  TIepelaBaHHs
€JIEKTPOCHEPT 11, sIKa CKIAAAETHCS 3 OJTHOTO a00 JEKUIBKOX KaOeiB.
Kabenn — 1e 130;1p0BaHa MO BCill JOBXKHHI MeTaneBa Jkuia (a00 JIEeKiIbKa
KUT), IOBEPX SKOT HAKJIAJIeH1 3aXUCHI TOKPUTTS.
ITepesaru KJIEII crocono ITJIEIL:
— HECXWJIbHICTh aTMOC(EpPHUM BILTUBAM;
— 3aXUIICHICTh TPACH 1 HEJOCSHKHICTh JI1 CTOPOHHIX 0CiO.
Henoniku:
— poposkue [TJIEIT ananoriuHoro kjiacy Hanpyru;
— OUIBII TPYJOMICTKI B CIIOPYJIXKEHHI;
— BUMAararoTh OUIBLIOTO TEPMIHY Ui PEMOHTY ¥ OuTbII KBasli)ikOBaHOTO
00CITyroByHOYOro MepcoHaly;
— mepenada OJHIET W Ti€l X MOTYKHOCTI MOTpeOye >KUIU OUIBIIOTo
NEPETUHY.
KaGenbni JIEIl mupoKko BUKOPHCTOBYIOTHCSI B MICBKUX MEpekax, Ha TEpPUTOPLIX
MIPUEMCTB, TIPU TIEPETUHAHHI BEJIMKUX BOJIOWM, Y 3a0pyaHeHii aTMocdepi.

I'omoBanmu enementamu KJIEIT e:
— Kalenb AJi nepeaBaHHs eJIeKTPOCHEpPrii;
— crnoyiy4Hi Mmy(Tu;
— KIHIEBl MyQTH (3aKIaZeHH);
— cTonopHi MypTH. 3aCTOCOBYIOTbCS Ha KPYTHX IUISHKaX Tpacu [JIs
MONEePEe/IKEHHS CTIKAHHS KaOelIbHOI MacH;
— NDKUBIIOIOYI arapaTy W cucTeMa CUrHaji3alii TUCKY Macia Jis JIH1H
BUKOHAaHMX Macj0 HallOBHEHUMH KaOelsIMH;
— KabenbH1 ciopyKeHHs (KaOeabH1 KOJIEKTOPH, TyHEN, KaHallu, IIaXTH,
KOJIOJI5131), K1 3aCTOCOBYIOTh Ha OKPEMHX JUISTHKAX TPACH.
J10 OCHOBHUMX YacTHHAM Ka0ento 0y/1b-aK01 HApyTH BIIHOCATHCS:
— CTPYMOMPOBIAHI KHUIJIH;
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Fig. 1.20. Polymer shackle insulator

These insulators are more expensive than a string of disk insulators.
However, they are characterised by the best electrophysical properties, and much
lower weight, which leads to broad prospects of using polymer insulators in the
design of overhead power transmission lines of rated voltage of all levels. In
particular, the valid standards recommend using polymer insulators for building
new power lines and redesigning the existing ones.

The cable power transmission line is a line for transmission of electric
power, consisting of one or several cables.

The cable is the metal strand insulated along the full length (or a few
strands), covered with protective coating.

The advantages of cable power transmission lines over overhead power
transmission lines:

- resistance to weather impacts;

- proofness of the path and inaccessibility for unauthorized persons.
Disadvantages:

- being more expensive than overhead power lines of similar voltage level;
- being more labour-consuming in terms of construction;

-requiring more time for repair, and more qualified maintenance personnel;
- transmission of the same power requires strands of larger cross-section.

Cable power transmission lines are widely used in town and city networks, in the
areas of plants and factories, at the junctions of large reservoirs, and in air-polluted
territories.

The main components of cable power transmission line are:

- cable for electric power transmission;

- combined cable boxes;

- end cable sleeves;

- stop joints, which are used in steep areas of the path in order to prevent cables
from sliding down;

- oil-feed units, and signaling system of oil pressure in the oil-filled cable lines;

- cable work (cable collecting channels, tunnels, channels, chamber, pit), used at
certain areas of the path.

The principal parts of a cable of any voltage are:

- current-carrying cable cores;
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— BojAmis  abo  130JiI0K0Yl  OOOJIOHKHM, IO  BIJOKPEMIIIOIOTH
CTPYMOIIPOBIJIH1 KWJIM OJIMH B1JI OJTHOTO 1 B/ 3€MIJIi;
— 3axucHa O00O0JIOHKA, II0 OXOPOHSE 130JIAI10 BiJl IIKIAJIMUBOI i1 BOJIOTH,
KHUCIIOT, MEXaHIYHUX MOIIKOIKEHb.
Koncrpykuis kabemnto Hanpyroto 10 kB nHaBenena Ha puc.1.21.
Cmpymonposiona cunia BUKOHYETBCS 3 MiJl ab0 airoMiHito 3 onHiel ( 70
16 MM) a60 meKinbkox ApoTiB. [1o KiMBKOCTI KK PO3PI3HSIOTH Kabeli:
— OJHOXWIbHI. 3aCTOCOBYIOTh Ha MOCTIMHOMY CTpyMi i Ha 3MIHHOMY
cTpyMi nipu Hanpy3i 110 kB 1 Bue;
— JBOXKUJIbHI. 3aCTOCOBYIOTh Ha MOCTIHHOMY CTpYyMi;
— TPWKWIbHI. 3aCTOCOBYIOTh Ha 3MIHHOMY CTPyMI IpH Hampyrax Jo
35 kB;
— YOTUPWXWIbHI (TpH KWIM ¥ HYJIBOBUH MpOBiA). 3aCTOCOBYIOTH Ha
3MIHHOMY CTpyMi Iipu Hanpy3i 1o 1000B.
Dasna i301ayisa TPU3HAYCHA IS 130JIA1111 KU OJHA BiJ 0JHOI. BUKOHYIOTH
31 CHEIIaJIbHOIO TEXHIYHOTO Marepy 13 TPYy3JIUM HPOCOYECHHSIM, SIKE 30UIbIIYE
EJIEKTPUYHY MIIHICTb.
llosacua izonayis 3ab6e3neuye OJHAKOBY €IEKTPUYHY MILHICTh MK JKUJIAMU
U MKk Oynp-sikoro ¢daszor0 U 3emiero. lle BaxiamBOo, TOMy IO B MeEpexi 3
130JIbOBAHOI0 HEUTPAJUIIO MPU 3aMUKaHHI O/HIET 3 (a3 Ha 3eMito JB1 1HII (da3u
CTOCOBHO 3€MJI1 ONTUHSIOTHCS M1 JIIHIHHOI HAIIPYTOIO.

o My Wkl —=

Puc.1.21. Konctpykiisa kabemto 10 kB: 1 — ctpymonipoBinHa xwuna; 2 — (da3Ha
1305151115133 — MosicHa 13071s111151;4 — 000JI0HKA; S — OpOHS;6 — 3aXUCHE TTOKPUTTS

Puc.1.22. EnexktpuuHe moJje B Kalesi: a — 3 eKpaHOBAHUMM >KUJIAMU;
0 — 3 IOACHOIO 130JIALIEI0
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- insulation, or insulated enclosure, separating current-carrying cable cores from
each other, and from the earth;

- cable shielding, which protects insulation from adverse effect of moisture, acids,
and mechanical damage.

The design of 10 kV cable is given in Fig. 1.21.

The current-carrying cable core is made of copper or aluminium with one
(to 16 mm®), or several wires. By the number of cable core there are:

- single-core cables, used on both direct and alternating current at the voltage of
110 kV and above;

- twin cables, used on direct current;

- triple (three-core) cables, used on alternating current at the voltage of up to 35kV;
- four-core cables (three cores, and the neutral lead), used on alternating current at
the voltage of up to 1,000 V.

Phase insulation 1s intended for insulation of cable cores from each other. It
is made of special technical paper with viscous impregnation, which increases
electric strength.

Belt insulation provides equal electric strength between cable cores, and
between any phase and the earth. It is important since in the network with the
insulated neutral if there is a ground fault of one of the phases, the two other
phases are at line voltage in respect of the earth.

o My Wkl —=

Fig. 1.21. Design of 10 kV cable: 1 — a current-carrying cable core; 2 —
phase insulation; 3 — belt insulation; 4 — shielding; 5 — cable armoring; 6 —

protective coating
"‘\_""
?x’:'ﬁr % " I-"'f f_.ﬁ\.l-\' \'.
| L FE " %
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/

Fig. 1.22. Electric field in a cable: a — with shielded conductors; b- with belt
insulation.
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[Tonin 13011l HA ¢a3Hy ¥ NMOSICHY J03BOJISIE 3MEHIIUTH JllaMeTp Kabemto. Aje
MPU HASIBHOCTI TOSICHOI 130JIAL11 €JIEKTPUYHE TOJIe BIAPIZHAETHCSA BiJl paaiaibHOTO
(Puc.1.22.). ¥V upoMmy BUNAIKYy CHUJIOBI JIiHII MalTh Pi3HI KyTH HaXuily CTOCOBHO
miapiB mamepy, o OOYMOBIIOE HAsBHICTb Y HUX TaHI€HI1aJbHOI CKJIaJ0BOi IMOJIS.
EnexTpuuHa MilHICTh Y3/10BXK I1apiB nanepy B 8 — 10 pa3 MeHIIe, HIK MONEPEK.

BinbHuii mpocTip KaOenio 3alMoOBHIOETHCS MAlepOBUMHU JKI'yTaMu. Bonwu
YCKJIAIHIOIOTh TEPEMIIIEHHS] MPOCOYYBaJbHOTO CKJIaay, MOJOBKYIOUH TEPMIH
CITy0u kabeno. BoHr Takox HaaloTh OKpyTIIy (hopMy Kaberto.

Obononka CAYXUTb JUIsl TepMEeTU3allil 130J11i ¥ 3aXUCTy 11 BiJl IPOHUKHEHHS
BOJIOTH, MOBITPs, XIMIYHUX MPOJYKTIB, BUKJIIOYAE CTApIHHA 130JSLIT MiJ Al€I0 Teruia
i cBiT/Ia. BUKOHYIOTH 13 QJIFOMIHII0, CBUHITIO, MTOJTIETUICHOBUX MaTepiaiB.

bpons cnyxuthb s 3aXUCTy OOOJOHKHM BiJi MEXaHIYHUX TMOIIKOKEHb IMPHU
PO3KONKaX, CHOB3aHHI IPYHTY. BUKOHYIOTH 31 CTalIeBUX CTPIYOK ab0 JPOTIB.

3osniwne nokpumms 3axuniae OpoHIO BiJ Kopo3sii. SBise coborw TKyTOBE
MOKPUTTS, MPOCOUYEHE OITYMHOIO Macolo.

[Ipy migBUIIEHHI HaANpyru Mmap 130yl moTrpidoHO 30uIblnyBatH. Lle
€KOHOMIYHO He AouiibHO. ToMmy mpu Hampy3si 35 kB 1 Buiie kabesi BUKOHYIOTBCS 3
OKpPEMO OCBMHIbOBaHHUMH a00 eKpaHOBaHUMHU KWwiamMH. B Takux kabensax
€JICKTPUYHE 1 TEIJIOBE MO — paialibHi.

KabGemi 13 rpy3iauMm NpPOCOYECHHSM MalOTh ICTOTHUW HENOJIK: TICIS 3HATTS
CTPYMOBOT'O HaBaHTa)XEHHs, TOOTO MPHU OXOJIOJPKEHH1 B KabOeli 3'ABISIOTHCSA T'a30Bl
BKIJItoueHHs. Lle moB's13ane 3 TUM, M0 KOE(ILIEHT JIHIHHOTO PO3MIMPEHHS KaOeIbHO1
Macu 3Ha4YHO OuIblIe KoedillieHTa JIHIMHOTO PO3IIUPEHHS 130JIF0I0YOT0 Tarepy.
JlienexkTpuyHa MIIHICTh FA30BUX BKJIIOYECHBb MEHINE B KUTbKA pa3, Hik manepa. [lpu
MIABUIIEHH] HAMpPY>KEHOCTI EJIEKTPUYHOTO MOl 1€ MOXE IMPUBECTU JI0 MpoOOoIo
130151111

1106 yHuknyTH 1iporo npu Hanpyrax 10 — 110 kB 3acTocoBytoTh ra3oHanoBHEH1
ka0Oeni. Ile ocBuHubOBaHI KaOeni. Pa3Ha 1307A1i1 BUKOHYEThCA 3 301THEHO-
npocoueHoro nanepy. Kabens nepedyBae 1l HEBEIUKUM HATUIIKOBUM TUCKOM (0, 1
— 0,3 Mmna) iHepTHOTrO Ta3y (a3oty). Lle migBuImye 130101041 BJIACTUBOCTI Marmepy.
CranicTh TUCKY 3a0e31euyeThesi Oe3nepepBHUM MIKUBIICHHSM rasy.

[Tpu nampysi 110 — 500 kB BUKOPUCTOBYIOThCS MacioHanoBHEeH1 kademi. JKuu
BUKOHYIOTh TMOPOKHIMHM W 3alOBHIOIOTH 1X MAJOB‘SI3KMM OYHUIIEHUM MAacjiOM IiJl
tuckom jgo 1,6 MIla. HagmumkoBuil THCK BHKJIIOYAE€ MOXJIMBICTH YTBOPEHHS
MOPOXKHEY B 130JAI1T Ka0Oemnto, M0 30UIbIIYE MOr0 €JIeKTPUUYHY MIIHICTh. 3aJekHO
BiJl BEJIMYMHHU THCKY PO3PI3HSIOTH MAacCJO HAalOBHEHI Kabellli BUCOKOTO0 W HU3BKOTO
TUCKY. MaclioHanmoBHEHUN KaHall 4yepe3 cheliaibHl My(QTH Ha Tpaci 3'€IHYEThCS 3
0akaMu M1 THCKOM.

OcTaHHIM YacoM B €JIEKTPUYHUX MEpeXaxX pi3HUX KJaciB HOMIHAJIbHOI HANPYTH
IIMPOKOr0 TOIIMPEHHS HaOylu Kabeni 3 i301ayiclo 30 3WUmM0o20 NoJiemuieH).
3aBASKM MOJEKYJSIPHIM CTPYKTypl Taka 130JiAlisl XapaKTepU3yeTbCs BUCOKUMU
TEPMOMEXaHIYHUMH BJIACTUBOCTSAMHU Ta CTIHKICTIO IO arpeCUBHOTO CEPEJAOBHIIIA.
Kpami TepMiuHi XapakTepUCTUKU KaOeiB 3 130JIAIII€I0 31 3IIUTOTO MOJIIETUIIEHY
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Separating insulation into phase insulation and belt insulation allows reducing
the diameter of a cable but in the presence of belt insulation the electric field differs
from the radial one (Fig. 1.22.). In this case the lines of flux have a different slope
angle to paper layers, which causes the presence of a tangential component of the
field. Electric strength along the paper layers is 8-10 times less than across them.

The free space of a cable is filled with jute paper. This complicates the
movement of impregnation parts, extending the useful life of the cable. It also gives
the cable a round shape.

The shielding serves for hermetization of insulation, and protection against
penetration of moisture, air, and chemicals; it also eliminates the ageing of insulation
because of heat and light impact. The shielding is made of aluminium, lead, and
polyethylene materials.

Cable armor serves for protection of a shielding against mechanical damage at
digging, or soil creeping. It is made of steel tapes, or wires.

The external covering protects the cable armoring from corrosion, and
represents the jute-covering impregnated with bituminous material.

As the voltage rises, the insulating layer must be increased. It is not
economically viable, however. Thus, at the voltage of 35 kV and above the cables are
made separately from lead-covered or shielded cable cores. In these cables the
electric and thermal fields are radial.

Cables with viscous impregnation have a serious disadvantage: after current load
is removed, that is at cooling, there appear gas inclusions in the cable. It is associated
with the fact that the coefficient of linear expansion of the cable compound is much
more than the coefficient of linear expansion of insulating papers. Diectric rigidity of
gas inclusions is several times lower than that of the paper. With the increase in the
magnetic field strength this can lead to insulation breakdown.

To avoid this problem, gas-filled cables are used at the voltages of 10-110 kV.
These are lead-covered cables. Phase insulation is made of poorly impregnated paper.
The cable is under small excess pressure (0.1-0.3 MPa) of inert gas (nitrogen). This
enhances insulating properties of the paper. The pressure stability is provided with a
continuous gas supply.

Oil-filled cables are used at the voltages of 110-500 kV. Cable cores are made
empty, and filled with low-viscosity refined oil under pressure of up to 1.6MPa. The
excess pressure eliminates the possibility of cavitation in the cable insulation, which
increases its electric strength. Depending on the magnitude of pressure, there are oil-
filled cables of high and low pressure. The oil-filled channel is connected by special
cable boxes on the path to the tanks under pressure.

Recently, in electrical networks of rated voltage of different levels it has become
common to use cables with cross-linked polyethylene insulation. Due to molecular
structure this insulation is characterised by high thermomechanical properties, and
resistance to hostile environment. The best thermal characteristics of cross-linked
polyethylene cables
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JI03BOJISIE CYTTEBO MIJBUIIUTU TPAHUYHO JOMYCTUMI CTPYMHU 1, SIK HACIIJOK,
MPOIYCKHY 3[1aTHICTh KaOeJIbHOT JIiHiI.

Taki kabeni na wHampyru 1o 10 kB BHUroToBnAOTH TpHMAKUIBHUMHU abo
onHoxwibHuMu. Ha wampyrm 35 kB Ta Buime Taki kabeii BUTOTOBISIOTH
OJTHOKHJIbHUMH.

Ha pwuc.1.23 HaBeneHo 3araJibHUM BUIJIA OJHOXKWIBHOTO Kalemo 3
130JIS1II€10 31 3IIUTOTO MoieTHIeny. Taki Kademi CKIagalThes 3 CTPYMOIPOBITHOT
KWin 1, expaHOBaHOI HaMIBOPOBIIHMM 3MIMTHUM mojieTuieHom 2. Jlami
3HAXONUTHCS IIap 130JSAIii 31 3IIUTOrO0 TOJIETWIeHYy 3, eKpaHOBaHWM
HaIIBIPOBIAHOIO IutacTMacol 4. ExpaH 3 MIOZHUX MPOBOJIOK 6 3aXUIICHUH
NOAYIIKAMU PO3AUIBHUX MmIapiB 5 Ta 7. 30BHIMIHIA [map KaOeao CTBOPIOE
IUIACTUKOBA 000JIOHKA 8.

Puc. 1.23. KoHcTpyKilis Kabeto 3 130S11€10 31 3UIUTOrO MOJTIETUICHY

MapkipyroThcsi Kabeni Mo IoYaTKOBUX OYKBax €JI€MEHTIB, SIKi XapaKTepU3yIOTh
IXHIO KOHCTPYKIIIIO:

e xuia — OykBa A JJIs amoMiHII0, 6€3 TO3HAYeHHS 1JI Miji;
e o0OosioHka — OykBa A I amoMiHilo, 3 — s cBUHLIO, B — s
noniBiHUIXIOpUAY, H — nnst rymu, Il — a1t monietusneny;
e Oponss — OykBa b gmsa crameBux ctpiyok, Il — 1 miiockux
OCBUHIILOBaHUX APOTiB, JJO — 1151 Kpyraux OCBUHIIBOBAHUX JIPOTIB,
I' —ny1s1 kabeniB 6e3 OpoH1 i 3aXUCHOTO IIApY.
Sxmo kabeni BHUKOHYIOTBCS 3 OKPEMO OCBHUHIILOBAHMMH JKHJIAMH, TO B
MapKyBaHHI BKa3zyeThcsi OykBa O.

Jlns  MacloHanBHEHUX  KaOeliB  HU3BKOTO THUCKY TIepell OCHOBHOIO
abpesiaTyporo BkazyroTh 0ykBu MH, a 15 kabeniB Bucokoro tucky — MBC.

. . . . . 2
ITicas a6peB1aTypI/I BKa3YIOThb KUIBKICTB XHJI 1 ICPETHUH KUT Y MM .

Hanpuknan, AAB-3x 120 — TpuxuibHUHN amoMiHIEBUN KaOeNb 13 allOMiHIEBOIO
0GO0NOHKOI0 i GpoHero 3i cBuHIIO 3 mepetmHOM xun 120 mm* CB-3x 95
TPUKWIBHUM MITHUN KaOelb 31 CBUHIIEBUMHU 00O0JIOHKOIO i OpOHEI0 MePETUHOM
KIT 95 MM’
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allow increasing sufficiently the maximum permissible currents and, hence, the
carrying capacity of the cable line.

These 10 kV cables are three-core, or single-ocre cables. For the voltage of
35 kV and above these cables are single-core cables.

In Fig. 1.23 a general view of the single-core cable with insulation with
cross-linked polyethylene insulation is given. The cables consist of a current-
carrying core (1), shielded with semiconducting cross-linked polyethylene (2).
Further, there is an insulating layer of cross-linked polyethylene (3), shielded with
semiconducting plastics (4). The shield of copper wires (6) is protected with
cushions of separate layers (5) and (7). The external layer of the cable is a plastic
shielding (8).

Fig. 1.23. Construciton of the cable with insulation of cross-linked polyethylene

Cables are marked with abbreviations standing for the elements characteristic
for their construciton:

* the cable core is marked with letter A for aluminium, or without a letter for

copper;

* the shielding is marked with letter A for aluminium, with L for lead, Y for

polyvinylchloride, K for rubber, and PE for polyethylene;

* cable armour is marked with letter B for steel tapes, F for flat lead-covered wires,
R for round shaped lead-covered wires, X for cables without protective shielding and
cable armor.

If cables are made of separately lead-covered cores, there are letters SL.

Oli-filled cables of low-pressure are indicated with letters LPOF, and those of high
pressure with letters HPOF.

The abbreviations are followed by indication of the number of cores, and the size
of core cross-section in mm®. For example, 44B-3x120 is a three-core aluminium
cable with aluminium sheilding and cable armour of lead, the core cross-section
being 120 mm?*; CB-3x 95 is a three-core copper cable with lead shielding and cable
armour, the core cross-section being 95 mm’.
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Tema 3 CXEMHU 3AMIIIEHHS JITHIA EJEKTPOIEPEJABAHHSI
HOBITPAHOI'O I KABEJBHOI'O BUKOHAHHA
1.8 HAPAMETPHU CXEM 3AMIIIEHHS JIEIT

JliHisg enexkTpornepeaBaHHsl € EJIEKTPOTEXHIYHUM O00'€KTOM, IO XapakTe-
PU3YETHCS PIBHOMIPHO PO3MOAUICHUMH Y3JOBX 1l JOBXMHU mapamerpamu. Jlo
TaKMX MapameTpiB BITHOCATh aKTUBHUH omip (a3 R, IHAYKTUBHICTh OKpeMUX (a3
L, koedimieHTH B3a€MOIHAYKIT M, aKTUBHI MPOBIAHOCTI MK npoBojgamMu a3 G i
¢azaumu npoBojgaMu Ta 3emiiel0 G, eMHOCTI MK mpoBogamu C 1 ¢da3sHUMHU
npoBoaamu Ta 3emieto C..

Posringuemo CXEMY 3aMIIEHHS €JIEMEHTAPHO1 TUTSTHKA JmH1T
eJIEKTponepe1aBaHHsl.

Ra La
— F— |
RB /4 LB ) MAB CABJ— GAB
Y Y\ T

MAC\ LC )MBC CBC+CA0=|= GBC GAC[I]

Y Y\

.

Cao =|= Ceo== Cco+ GAO[l] Gago [] Geo

Puc. 1.24. Cxema 3amilieHHSI €I€MEHTAPHOT TUISTHKU
JHIT eJIeKTpoIepeiaBaHHs B CUCTEM1 (pa3HUX KOOPAUHAT

Ha puc. 1.24 npuiinari Taki no3HaueHHs: Ry, Rp, Rc — akTUBHI onopu ¢pa3zHuX
npoBoniB; Ly, Lp, Lc, Myp, Mpe, Myc — 1HIYKTUBHOCTI Ta KOE(DIIIEHTH
B3aeMOIHAYKIIIT pazHuX mpoBoiB JiHii BiAMoBiAHO; C49, Cro, Cco, Ca, Cpe, Cac —
YaCTKOBI €MHOCTI MK (pa3HMMHU MPOBOJAMHU JIIHIT Ta 3eMJICIO 1 YACTKOBI €MHOCTI
MDK (pa3HUMU TTpOoBOAaMU JiHIT BIANOBITHO; G 40, Ggo, G0, Gup, Gpe, G4c — AKTHBHI
MPOBIIHOCTI MDK (a3HMUMHM TPOBOJAMM JIIHII Ta 3eMjel0 1 MDK (a3sHUMU
MIPOBOIAMHU JIIHII.

[lapameTpu mniHIT eneKTponepeaBaHHS BU3HAYAIOTHCS B3AEMHUM pO3Ta-
IIYBaHHSIM MPOBOJIB Y MPOCTOP1 1 BIAHOCHO 3€MIll, TOMY HapameTrpu ii ¢a3 He
CHiBMAJAlOTh MK co0oro. /[l BHUpIBHIOBAaHHS MapaMeTpiB OkpeMux ¢as
3aCTOCOBYIOTh TaK 3BaHy MpaHcno3uyiro MPOBOJIIB, 110 MOJIATae B MEPIOJUUYHIN
3MiHI B3a€EMHOr0 pO3TallyBaHHS (a3HUX MPOBOJIB JiHIT B mpoctopl. B il
cuTyallii napamerpu (a3 JiHIi YMOBHO BBa)XalOTh OJHAKOBUMHU 1 HE 3QJICKHUMU
BiJl pO3TallyBaHHs MPOBOAIB KOHKPETHOI a3y B mpocTopi. MaTemaTHuHa MOJIEIb
€JIEMEHTApHO1 AUIAHKU JiHIT eJeKTpoIepeaBaHHs BIANOBIIHO A0 3akoHy Oma
3aMMUCYETHCS Y BUTIISAAI CUCTEMU AUGEPEHIINHUX PIBHSIHB
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Chapter 3 EQUIVALENT CIRCUITS OF OVERHEAD AND CABLE
POWER TRANSMISSION LINES

1.8 PARAMETERS OF POWER TRANSMISSION LINE
EQUIVALENT CIRCUITS

The power transmission line is an electrical facility of electric power system
which is characterised by the parametres uniformly distributed along its length.
Among these parameters are resistance of phases R, inductance of separate phases
L, mutual inductance factors M, active conductance between phase conductors G,
and between phase conductors and the earth G3, wire-to-wire capacitance C, and
capacitance between phase conductors and the earth C,.

Let us study an equivalent circuit of an elementary section of the power line.

Ra La

~A :

/ LB )MAB CABJ— GAB ¢
~ A T

MAC\ Lo )MBC CBCJ_CACT Gac Ij

I

Y Y\

it

Fig. 1.24. Equivalent circuit of an elementary section of the power line in the phase
reference system

In Fig. 1.24 the following symbols are used: R4, Rp, Rc are active resistance
of phase conductors; Ly, Lg, Lc, Myp, Mpce, Myc are inductance and mutual
inductance factors of phase conductors of the line, respectively; Cyo, Cgo, Cco, Cas,
Cpc, Cyc are partial capacitance between phase conductors of the line and the earth,
and partial capacitance between line phase conductors respectively; G4, Ggo, Go,
G4, Ggc, G4c are conductance between phase conductors of the line and the earth,
and between line phase conductors.

Power transmission line characteristics are determined by relative position of
the wires in space and in respect of earth, so that parameters of the phases do not
coincide with each other. To level the parametres of separate phases the so-called
conductor transposition is used, which consists in periodically changing the
relative position of phase conductors of the line in space. In this situation the
parameters of phases of the line are considered for convenience to be equal and not
dependent on the arrangement of wires of a definite phase in space. According to
Ohm's law the mathematical model of an elementary section of the power line is
written in the form of differential equation system
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1€ Uy, Up, UC, L4, I, [c — MATTEBI 3HAUCHHA (PA3HUX HAMPYT Ta CTPYMIB.

B piBusannsax (1.1) Bci mapameTpu JiHIT BITHECEH] 10 OAWHUII 1i JOBXKHUHHU.
Bin’eMH1 3HaKM B JIIBUX YaCTUHAX PIBHAHb CBIIYUTH MPO 3MEHILIEHHS HAmpyr Ta
CTpYMIB MpH BIIJAJICHH] BiJl MOYATKy JiHIT BIAMOBIAHO JO 3arajibHOr0 3aKOHY
30epiraHHs eHeprii.

BukopucranHs cxem 3aMillleHHs eIEMEHTIB Mepexki y (pa3HuX KOOpAHHATAX
BUMAara€ TpOMI3JKMX PO3PaxXyHKIB, MOB'S3aHUX 3 HEOOXITHICTIO BpaxyBaHHS
B3a€EMHOTO BIUTMBY MapaMeTpiB OKpeMux (a3, oOyMOBIEHUX SBUIIEM B3a€EMHOI
IHAYKI[li, HAsSBHICTIO YaCTKOBOi B3a€EMHOI €MHOCTI MDX (pa3HHUMH MPOBOJAMH,
Tomo. ToMy 3 METOI CHpOILEHHS PO3pPaxyHKiB, y OUIBIIOCTI BHUMAJAKIB IMpHU
BUPIIICHH] MPAKTUYHUX 1HXEHEPHUX 3aJ]a4, 3/11HCHIOIOTh NEPETBOPEHHS CUCTEMU
KOOpAHWHAT 3 (pa3HOT0 MPOCTOPY B MPOCTIP CUMEMPUYHUX CKIA08UX. Y PE3YIbTaTi
CUCTEMa B3a€EMO3ANCKHUX (Pa3HUX PIBHSAHb MEPETBOPUTHCA B TPHU HE3AIEKHI
CUCTEMH PIBHSHB JJISI NPAMOL, 360pOMHOI ma HYIb080oI nociidoenocmei. llpuaomy
UL CUMETPUYHOTO PEXUMY PpOOOTH eNeKTporepelaBaHHs, 3a OJHAKOBOCTI
napameTpiB okpeMux (a3 1 0JHAKOBUX CTPYMIB HaBaHTAXKEHHS B OKpeMuX (pazax
(cTpyMH OHAKOBI MO a0COMIOTHIM BEJIMYHMHI Ta BIAPI3HIIOTHCS TUTBKH MO (a3l Ha
+120 en. rpad), pexUMHI MapamMeTpH 3BOPOTHOI Ta HYJIbOBOI IMOCHiIOBHOCTEN
JIOpIBHIOIOTh HYJIIO, @ PpPEXKHMHI TMapaMeTpd CXEeMU 3aMillleHHd MpsSMOi
MOCJIITOBHOCTI 301raloThCsl 3 PEKUMHHUMHU XapakTepuctukamu (aszu A daznoi
CUCTEMU KOOpUHAT.

TakuM 4MHOM, AJ1 AOCTIKEHHSI CHMETPUYHUX PEKUMIB pOOOTH OyAb-sIKOi
CJIEKTpONepeIaBaHHsl 3pYYHO BHKOPHUCTOBYBATH CXEMY 3aMilllEHHA MPSMOT
nociiioBHOCTI. CxeMH 3aMilieHHS 3BOPOTHOI Ta HYJIbOBOI MOCHIIOBHOCTEN
J0JTATKOBO 3aCTOCOBYIOTh JIMIIE 32 MOTPEOM aHalli3y HECUMETPUUYHHMX PEKUMIB
poOOTH JIiHIT (HanpuKJiaJ, HenoBHO(A3HUX 11 peKUMIB).

Cxema 3aMillleHHs] AUISSHKY JIIHI{ Y CHUCTeM1 KOOpAMHAT CUMETPUUYHHUX CKIIAJIOBUX
MOKE oyTun IpeacTaBjieHa OOHONTHIUHOIO cxXemoio  3aMiujeHHsl, 10
XapaKTepU3y€eThbCsl  TO3JOBXKHIMM ~ aKTUBHUM 1 pPEAaKTUBHUM  ONOpaMHU  Ta
MONEPEYHUMHU aKTUBHOIO 1 €EMHICHOIO MPOBIAHOCTSAMHU JIJIsi KOKHOI 3 CUMETPUYHUX
CKJIa/I0BUX.
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where uy, up, uc, i4, i, ic are instantaneous values of phase voltages and currents.

In equations (1.1) all line characteristics are related to the unit of length.
Negative signs in the left parts of the equations indicate the decrease of voltages
and currents with moving from the beginning of the line, according to the general
law of conservation of energy.

Using network element equivalent circuits in phase co-ordinates requires
doing bulky calculations because it is necessary to take into account the
interference of parameters of separate phases, caused by the effect of mutual
induction, presence of partial mutual capacitance between phase conductors, etc.

Therefore, for the purpose of calculation simplification, in most cases of
finding solutions to practical engineering problems, there is a transformation of
reference system of phase space into space of symmetric components. As a result,
the system of the interconnected phase equations is changed into three independent
systems of equations for positive, nagetive and zero sequences. Also, for balanced
operating conditions of power transmission, if parametres of separate phases and
the same load currents in separate phases are similar (currents are similar in
absolute value, and differ only in phase by = 120 electrical degrees), operating
conditions of negative and zero sequences are equal to zero, and operating
conditions of equivalent circuit of a positive sequence coincide with the operating
characteristics of phase A of the phase reference system.

Thus, for the research of balanced operating conditions of any power
transmission it is convenient to use the equivalent circuit of positive sequence.
Equivalent circuits of negative and zero sequences are additionally used only if it is
necessary to analyse out-of-balance operating conditions of the line (for example,
open-phase operating conditions).

The equivalent circuit of a line section in the reference sysyem of symmetric
components can be represented as a single-line equivalent circuit, characterised by
the longitudinal active resistance and reactance, transversal active conductance,
and capacitive susceptance for each of the symmetric components.
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OpnunoniHIiHA ~ pO3paxyHKOBa  CXeMa  €JIEeMEHTapHOI  JAUIAHKMA  JIiHii
eJIeKTporepenaBants HaBeaeHa Ha puc. 1.25. Tyt R, L;, G;, C; — akTUBHUH OIIip,
IHAYKTUBHICTh, aKTUBHA MPOBIJIHICTh Ta €MHICTh NPSIMOI, 3BOPOTHOI a00 HYJIHOBOT
MOCJIIIOBHOCT] €JIEMEHTAPHOT AUIAHKY; | — 1HAEKC KaHally CUCTEMH CUMETPUYHHUX
CKJIaJIOBHX.

Ri L;

—

Puc. 1.25. OnHoniHiliHa cxeMa 3aMillleHHs eIeMEHTapHOT TUISHKHY J1HIT
eJICKTPOTIEpeIaBaHHsI B CUCTEM1 KOOPJIMHAT CUMETPUUHUX CKIIAOBUX

MatemaTuuHa MOAECIb CJICMCHTapHOI I[iJIHHKI/I JIHIT CICKTpOIICPCOAaABAHHS B
CHUCTEMI CUMCTPHUYHHUX CKIIAAOBHUX CKIAAA€ThCAd 3 CUCTCM THIIOBUX piBHHHB
BUTIAAY

oU, : : :
| A— o — - .
T AL rOiIi + ](’OLOi[i - (r()i + -]xoi)li’
ox
. (1.2)

ol : : ' ; '
_8_xl = gU; + joC\U, = (gOi + ]boi)Ui’

ne U,, I, — Hatipyra Ta CTpyM B CUCTEMI CUMETPUYHUX CKIATOBUX; 70;s X0i> i

bo— TIO3I0BXH1 aKTUBHUI Ta IHAYKTUBHHMM OMNOpU Ta TMOIMEPEYHI aKTUBHA Ta
€MHICHA MPOBIIHOCTI JIUISHKY JIHII OAUHUYHOT JOBXHUHU. Taki cXxeMH 3aMilleHHS
€JEMEHTIB Mepexi 3 (PIKCOBAHMMHU 3HAUYCHHSIMHU MO3JOBXKHIX 1 MOMNEPEeYyHUX
napameTpiB, Ha3UBAIOTBCS cxemamu i3 30cepeoxceHumu napamempamu. llpu
3aCTOCYBaHHI OCTaHHIX Yy pO3paxyHKaX EJIEeKTPUYHUX MEpEX HE BPaXOBYIOTh
G13MKy XBUJIBOBUX MPOIIECIB TIEpelaBaHHs €Heprii Mo eNeKTpuuHiid Mepexi. Tomy
rajiy3b 3aCTOCYBAaHHsI MOJIOHHUX CXEM B €JEKTPOTEXHIYHUX PO3PaXyHKaxX MOIIH-
PIOETHCS TUIBKH HA BIIHOCHO KOPOTKI JIiHIT €eKTponepe aBaHHs 3 HOMIHAJIBHOIO
Harnpyrorw 110-(150)-220-330 kB (s niH1M HOBITPSHOTO BUKOHAHHS —
300-400xM, nisa kabenpHUX diHIA — 50-100 KM).

JIJist IPOTSKHUX €NEeKTPUYHUX JiHIA 3 HOMiIHanbHOIO Hampyroio 500-750 kB
BpaxyBaHHs XBWJIbOBHX IPOIIECIB MPHU NEpeaaBaHHs MO HUX €JIEKTPUYHOI eHeprii
o0oB's13koBe. Taki JiHIT pO3paxoBYIOTh TIIBKH MO CXeMaX 3aMIillleHHS 3 PIBHOMIPHO
PO3NOOIIEHUMU NAPAMEMPAMU Y3008IHC O0BIHCUHU NIHII.

Ha ogHoMiHIMHUX cXeMaxX eNeKTPUYHY MEpeXy BiIOOpa)KaloTh CYKYIHICTIO J1HIN
enexTponepenay (y po3IMKHEHIA MEpexi — 1€ OiIAHKU MEPEXKi; Y 3aMKHYTIH Mepexi
— 2IIKUCXEMH ), BY3JIOBUX MEPETBOPIOBAIBHUX MIJACTaHIIN (Y PO3IMKHEH1H
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The single-line design diagram of an elementary section of the power line is given
in Fig. 1.25. R;, L;, G;, C; are active resistance, inductance, active conductance, and
capacity of positive, negative or zero sequence of an elementary section; i is an index
of the channel of system of symmetric components.

R; L;

—

G; =G

Fig. 1.25. The single-line equivalent circuit of an elementary section of the power
line in the reference system of symmetric components

The mathematical model of an elementary section of the power line in the
reference system of symmetric components consists of systems of typical equations
of the following form

_% =1L, + JoL,I, = (r()i + jxoi)li;
) (1.2)
ol . . ) . ) .
_a_xl = gU; + joC\U, = (gOi + -]boi)Ui’

where Ul., I ; are voltage and current in the reference system of symmetric

components; 7o;, Xo;, Loi» Doi are longitudinal active resistance and inductive reactance,
and transversal active conductance and capacitive susceptance of a line section of
unit length. These equivalent circuits of network elements with the specified values
of longitudinal and transversal parameters are called circuits with lumped parameters.
If these circuits are used in calculations of electrical networks, the physics of wave
processes of power transmission in the electrical network is not taken into account.
Therefore, the area of application of these circuits in electrical engineering
calculations is confined to rather short power lines with the rated voltage of 110-
(150)-220-330 kV (for overhead lines of 300-400 km, and for cable lines of

50-100 km).

For long power lines with the rated voltage of 500-750 kV it is necessary to take
into account the wave processes in power transmission. These lines are calculated
only by equivalent circuits with parameters uniformly distributed along the length of
the line.

In single-line design diagrams the electrical network is represented by a set of
power transmission lines (these are sections in the open network, and branches in the
closed network), central converting substations (these are points in the open
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MEpeXi — 1€ MYHKmU MEPEXK1, Y 3aMKHYTII Mepexi — @y3iu CXeMu) TIEBHUM
YUHOM 3B'I3aHMX MDK CO0OI0 Ta JOKEpeloM  (IKepelaMu) O KUBJICHHS
(EJIEKTPOCTAHITISIMH ).

Bci eneMeHTH JiHIM €NEKTPUYHOT MEPEeXi B PEKUMHHX PO3paXyHKax
B110OpakaloTh 1HIUBIAYAILHUMU OJHOJIHIMHUMHU CXEMaMH 3aMilleHHS PI3HUX
TUIIIB, HANIPUKJIIA, JIIHII eJeKTponepeaay MOBITPSHOIO Ta KaOeIbHOr0 BUKOHAHHS
- CUMETpUYHUMH Ta HecuMeTpuuyHumH [l-momionumu (piame — T-momiOHUME)
cxeMaMmH 3amitieHHs (puc. 1.26); cuioBi ABO- 1 TPHOOMOTKOBI TpaHcpopMaTopH
(aBTOTpanchopmaTopu) - 3BopoTHUMU [-noniOHuMu (pigme — T-noaioHuMuU) cxe-
MaMH 3aMillIeHHS.

OcHOBHUMU TapamMeTpamu Oy/Jb-SKOI CXeMH 3aMIIIEHHS €JIEMEHTa MEpEexXi €
akTuBHMM (R) 1 peakTuBHUM (X) MO310BXKHI OMOPU €JIEMEHTA, a TAKOXK akTUBHA ()
Ta peakTuBHa (B) ioro nonepeyHi NpoBiAHOCTI.

R, Xy Xp R
=

-

Puc 1.26. Tunu cxem 3amimends BJI 1 KJI: a) cumerpuuna Il-noniOHa;
0) cumerpuuna T-noxibHa; B) HecumetrpuyHa [1-nonioHa;
r) HecumetrpuyHa T-noxioHa

Sk Oauumo, y Oyap-siKiil cxeml 3aMIIIeHHS €eJEeMEHTa pO3PI3HAIOThH
n030082CHI napamempy y BUTISAII aKTUBHOTO Ta PEaKTUBHOTO OMOpiB R 1 X, sKi
BU3HAYAIOTh HOTO PEXKUMHI MapaMeTpu 6i0N0GIOHO 00 CMPYMY HABAHMANCEHHS,
Wo npomikae no Hux, 1 MOMEPEYH] mapaMeTpH €JIEMEHTa Y BHUIJISAI TMOMEePEIHUX
aKTUBHOI Ta pEaKTUBHOI nposioHocmeti G 1 B, sKi BU3HAYAIOTH PeHCUMHI
napamempu eiemeHma 8i0no8ioHo 00 nid8edeHoi 00 HUX pobo4oi Hanpyu NiHii.
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networks, and nodes in the closed network) connected in a certain way with each
other, and the source(s) of supply (power plants).

In calculating the operating conditions all elements of the electrical network lines
are represented as individual single-line equivalent circuits of various types, for
example, overhead and cable transmission lines are indicated as symmetrical and
asymmetrical [1-shaped (more rarely T-shaped) equivalent circuits (Fig. 1.26); power
two- and three-winding transformers (autotransformers) are indicated as I'-shaped
(more rarely T-shaped) equivalent circuits.

Key parameters of any equivalent circuit of an network element are longitudinal
resistance (R) and reactance (X) of the element, as well as its transversal active (G)
and reactive (B) conductance.

Ry Xa X, e
2 2 2

Fig 1.26. Types of equivalent circuits of overhead and cable lines:
a) symmetrical [T-shaped; b) symmetrical T-shaped; c) asymmetrical II-shaped;
d) asymmetrical T-shaped

As we can see, in any equivalent circuit of the network element there are
longitudinal parameters in the form of resistance and reactance R and X, which
determine the operating conditions according to the flowing load current, and
transversal parameters of the network element in the form of transversal active and
reactive conductance G and B, which determine the operating conditions according
to the applied operating voltage of the line.
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[Ipu popmyBaHHI cxeM 3aMIIIEHHS TPUINMAEMO, IO PEAKTUBHUM PEKUMHHUM
napaMmerpam, SIKl HOCATb [HOYKMUGHUU XapaKTep, MPUBIACHIOETHCS 3HAK «-», a
BEIIMYMHAM 3 EMHICHUM XAPAKTEPOM — 3HAK «1».

KOHTPOJIBHI 3AITUTAHHA

.\A

Y yomy nonsicae ocnoena ocobnusicmeo niniti enexkmponepeoasanHs?

2. Axi ¢izuuni npoyecu ma sasuwa ciio 8paxosysamu ni0 4ac MoOenoB8aHHs
NOBIMPSAHUX MA KAOeIbHUX JIHIU eleKmponepeoasanHs?

3. Hasedimb cxemy 3amiwjenHs ma Mmamemamuity MoOelb eleMeHmapHoi OLIsAHKY
JUHIT Y aznux Koopounamax. Y uwomy nonseae He3pyuHiCmb SUKOPUCMAHHA
maxoi mooeni?

4. Hageoimv 0O0HONIHIUHY CcXeMy 3aAMIWeHHs ma MamemMamudsy Mooeb
eleMeHmapHoi OLIAHKY NIHIT 8 cucmemi KOOPOUHAmM CUMEMPUUHUX CKIAO0BUX.

5. 3 sakoro memoro ma AKUM YUHOM BUKOHYIOMb MPAHCHRO3UYII0 (DA3HUX NPOBOIJIE8
nOGIMPAHUX NIHII elekmponepeoasants?

6. Lo nazusarome no2oHHUMU nApamempamy JiHil eleKkmponepeoasanHs?

JIITEPATYPA

[12], cmop. 14-15; [13], cmop. 15-17; [16], cmop. 65-66.
Tema 4 IIO3IOB’KHI TAPAMETPU CXEM 3AMIIIEHHSA JIEIT

1.9 AKTUBHUMU OIIP JITHII EJTEKTPOIIEPEJIABAHHSI

AXTHUBHUH omip JIHIN eJeKTponepeaBaHHs 00yMOBIICHUI BUTpAaTaMu €HEprii
Ha HarpiBaHHs MPOBOJIIB CTPyMaMu HaBaHTa)XeHHsS. {7 BU3HAYEHHS aKTHUBHOTO
OMopy JIIHIM eNeKTpolnepeaBaHHsl CJiJ BpaxoBYBaTH IOBEPXHEBUH e(deKT,
OB’ SI3aHUM 13 BUTICHEHHSM 3MIHHOTO CTPYMY 3 BHYTPIILIHIX IIAPiB MPOBIIHUKA, a
TaKOX 3MIHY aKTUBHOT'O OIIOPY MPOBOY MPU HOTO HArpiBaHHI.

JUis  cranealfoMiHIEBUX TPOBOAIB BBaXKalOTh, IO CTPYM B CTaJI€BOMY
ocepell BIACYTHIM, a OMip aJlOMIHIEBOI YACTHMHH JIOPIBHIOE OMIYHOMY OIOPY
MOCTIMHOMY CTPYMY

r. =R

0 0>

ne Ry — MOTOHHUYN aKTUBHUMN OIIp MOCTIHHOMY CTPYMY.

AKTUBHUI OINip MPOBOMIB JIHIA eJIEKTponepeaaBaHHs 3MIHIOEThCS TaKOXK
BIIMOBITHO [0 TEMIEpaTypu IMPOBOJY, IO BHU3HAYAETHCA TEMIEPATYPOIO
OTOYYIOUOT'O CEPEIOBUIIA TA CTPYMOM HaBaHTAXKEHHS JIiHIT

Ry =Ry [1+a(t-20)],
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In designing equivalent circuits it is assumed that reactive parameters of the
operating conditions, which are of inductive nature, are marked with «-» sign, and
qualtities of capacitive nature are marked with «+» sign.

CONTROL QUESTIONS

. What is the main feature of power transmission lines?

2. What physical processes and phenomena must be taken into account when
modelling overhead and cable power transmission lines?

3. Describe the equivalent circuit and mathematical model of an elementary
section of the line in phase co-ordinates. What makes it inconvenient to use this
model?

4. Describe a single-line equivalent circuit and mathematical model of an
elementary section of the line in the reference system of symmetric components.

5. For what purposes and how is transposition of phase conductors of overhead
power transmission lines carried out?

6. What are the linear parameters of power lines?

~

REFERENCES
[12], p. 14-15; [13], p. 15-17; [16], p. 65-66.

Chapter 4 LONGITUDINAL PARAMETERS OF POWER TRANSMISSION
LINE EQUIVALENT CIRCUITS

1.9 PURE RESISTANCE OF POWER TRANSMISSION LINES

Pure resistance of power transmission lines is caused by energy spent on
heating wires by load currents. To determine pure resistance of the power line it is
necessary to consider the surface effect, associated with alternating current
displacement from the inner layers of a conductor, and also with the change in pure
resistance of the wire when it is heated.

For steel-aluminium conductors it is assumed that current in the steel core is
absent, and resistance of the aluminium part is equal to ohmic resistance of direct
current

=R,

where Ry is the pure resistance per unit length of direct current.

The pure resistance of power transmission line wires also changes with the
wire temperature, determined by the environment temperature and line load current

Ry =Ry [1+a(t-20)]
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ne R,y — MOTOHHUM omip NOCTIMHOMY cTpymy 3a Temmeparypu +20°C; ¢ —
(dakTHuHa TeMIeparypa MPOBIIHUKA; O — TEMIEpaTypHUN KOe(IIIEHT 3MIHU
onopy (s craneantoMinieBUX mpoBoiiB gopiBHIoe 0,004 1/°C).

3ayBa)KMMO Ha BEJHWKI CKJIAJHOIII, TOB’S3aHl 13 BU3HAYCHHSIM TMOTOYHOI
TeMIlepaTypu MPOBOJIIB JIHINA €JIEKTPONepelaBaHHsl, 10 YCKIAIHIOE MaTeMaTUYH1
Mozeli JaiHiil. Tomy yepe3 HecyTTeBI MOXUOKH B pO3paxyHKax 3MIHOIO aKTHBHOTO
OMOpPY MPOBOJIB HEXTYIOTh T4 BBAXKAIOTh, [0 MOTOHHUN aKTUBHUI OMIip MPOBO/IIB
JHINA eJIeKTpoIepelaBaHHs TOPIBHIOE OMIYHOMY OMopy 3a Temreparypu +20°C.

OMiyHu#l omip JiHIN eneKTpolnepeaBaHHs BU3HAYAIOTHh 32 JIOBITHUKOBUMU
JaHUMU TIPO KOHCTPYKI[IIO Ta MapaMeTpH MPOBOIB JIIHIH.

JUist po3paxyHKiB peXUMIB €JIEKTPUYHOI MEpEexkl Ta MPOMYCKHOI 3/1aTHOCTI
JIEII B peanbHOMY 4Yaci 3 BUKOPUCTAHHSAM CYyYaCHHUX MIKPOIPOIIECOPHUX CHUCTEM
Ipy BU3HAYEHHI OMOPY MPOBOMAIB 3 BpaxyBaHHSIM MapameTpiB HaBKOJUIIHBOTO
CepelloBUIIa BUKOPHUCTOBYIOTh METOAMKY, BHXOASYM 3 PIBHAHHS TEIJIOBOTO
OaJlaHCy JJIs1 YCTAJIEHOTO PEXKUMY:

IPRoo (1 +a(ts, —20)) + W, = wdy (Bi + B (2, — 12,

ne I- ctpym B minii, A; K., — omip mpoBois mpu 20 °C, OM/M; o — TeMIiepaTypHuii
xoedinienr omopy mposomis, 1/°C; tJ- Temmeparypa HaBKOJIMIIHBEOIO
cepenosuiia, °C; fﬁ'p- temriepatypa mposoaiB, °C; [, [, — KoedillieHT
TEIUIOBiAIayl MPOBOJIB MPU KOHBEKTUBHOMY 1 MPOMEHUCTOMY TEIJIO0OMIHI,
Bt/(M-°C); W, - TemoTa COHSYHOTO BUIIPOMIHIOBAHHS, IO MOTJIMHAETBCA 1 M
MPOBOJY B OAMHHULIIO Yacy, BT; d, - niamerp npoBoa, M.

Jlisi BU3HAYEHHS TEIUIOTH COHSYHOIO BUIPOMIHIOBAHHS, L0 TOTJIMHAETHCS
MIPOBOJIOM, ICHY€ JAEKLIbKa MOJEJEH, OHA 3 IKUX XapaKTePU3YEThCS PIBHAHHSIM:

W, = e, kyd ,Wysin¥,,
ne £, = 0,6 — koediieHT MOTIMHAHHA MPOBOJIB; Ky - Koe(illieHT, MO BpPaxoBye
BIUIMB BUCOTHU HaJ piBHEM MOps; W), — MHTEHCHMBHOCTB CyMapHOi paiauii (mpsamoi
i BinOuroi), Br/M*; ¥, — akTUBHMI KyT HAXWIYy COHSYHUX IPOMEHIB.
J1ist JiHIM 3 po3UIeTNIEeHUMH IPOBoAaMu (ha3u eKBIBAJIGHTHUN MOTOHHUM OITip
JHI1 BU3HAYAIOTh 32 BUPA30OM
r=l0

0 ’
n

1€ 7o — MOTOHHUW aKTUBHUMN OIIp OJUHOYHOIO MPOBOAY; /1 — KUTBKICTh TPOBO/IIB B
po3iierieHin dasi.

[lin dYac BHU3HAYEHHS AKTUBHOTO OMNOPY KW KaOelabHUX  JIHIH
eJIEKTpOIepe1aBaHHsl BUKOPUCTAHHS 3a3HaUYEHUX BUIIE MPUMYLIEHb HEJOIMYCTUMO.
Hacammniepen 1e moB’s3aHO 3 TEMIIEPATYPHUM pEXUMOM KaOEIbHHUX JiHIH,
HOpMaslbHAa pobOoua TtemmepaTypa skux ckiamae 70-85°C. Ile He mo3Bojsie
BHU3HAYATH
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where R is the resistance per unit length of direct current at the temperature
of + 20°C; ¢ 1s actual temperature of the conductor; a is the temperature coefficient
of change in resistance (for steel-aluminium conductors it is equal to 0.004 1/°C).

It should be mentioned here that there are great difficulties associated with
measuring the actual temperature of power line wires, which complicates
mathematical models of the lines. Therefore, the change in pure resistance of wires
is neglected due to negligible errors in calculations, and it is thought that the pure
resistance per unit length of power transmission line wires is equal to the ohmic
resistance at the temperature of + 20°C.

The ohmic resistance of power lines is determined by reference data about
the design and parameters of line wires.

For calculation of operating conditions of the electrical network and carrying
capacity of power transmission lines in real time with the use of modern
microprocessor system the resistance of wires is determined by taking into account
the environmental factors and by using the technique of employing heat-balance
equation for steady-state conditions:

PRy, (1 +a(t, —20)) + W, = Ty (B + B (t5, — 3,

where [ is the current in the line, A; K., is the resistance of wires at 20°C,
ohm/m; o is the temperature coefficient of resistance of wires, 1/°C; t2. is the
environment temperature, °C; f__':fp is the temperature of wires, °C; [y, 5, is the
heat-transfer coefficient of wires at convective and radiant heat exchange,
W/(m°C); W, is the heat of solar radiation absorbed by 1m of the wire in unit of
time, W; d_ is the wire diameter, m.

For determination of the heat of solar radiation absorbed by a wire, there are
several models, one of which is characterised by the equation:

W, = e, kpd Wosin¥_,
where ¢, = 0,6 is the absorption coefficient of wires; k; is the factor which
takes into account the height above sea level; I, is the intensity of total radiation

(direct and reflected), W/m?=; ¥. is the active slope angle of sun rays.
For the lines with split phase wires the equivalent resistance per unit length
of the line is determined by expresssion

where 7y is the pure resistance per unit length of a single wire; n is the
number of wires in a split phase.

In determining the pure resistance of cable cores of power transmission lines
the use of mentioned-above assumptions is impossible. First of all, it is because of
temperature conditions of the cable lines, normal operating temperature of which is
70-85°C. Thus, we cannot determine
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aKTUBHHUM omip Ak oMiyHuM 3a Temneparypu +20°C. o Toro x st kabeabHUX
JHIA eNeKTponepeaBaHHs CIiJ] BpaXOBYBaTH BTpPAaTHU €HEPrii BiJ MPOTIKAHHS
HABEJICHUX CTPYMIB B 00O0JIOHIII Kabemto.

TakuM yuMHOM, aKTUBHI OMOpPHU KaOENbHHUX JIHIN eJIeKTporepeaaBaHHs CIIiJ
BH3HAYaTH 3a CIIECLIaIbHUMHU JIOBIIHUKAMU Ta TEXHIYHUMH YMOBaMH Ha KaOelbHO-
MPOBIIHUKOBY MPOAYKIIIIO.

KOHTPOJIBHI 3AITUTAHHA

1. o obymosnioe akmuenuti onip npoeoois NiHill e1exmponepeoasanHs?

. LL]o énnusac na 3MiHy akmugHo2o onopy iHii elekmponepeoasanus?

. 3a axux npunywensb 88axcaoms, Wo aKMUSHUL onip NiHii eneKmponepeoasanHtsi

OOPIBHIOE OMIUHOMY?

4. Ak eusnauarome aKkmueHuli onip JNiHii e1exmponepeoasants i3 po3uenieHumu
Gasnumu npogooamu?

5. HosacHimb, womy axmusHuii onip KabGeibHUux JiHill eleKmponepeoasanHs
HEMONACIUBO BUSHAUAMU 30 MEMOOUKOIO OJisL NOGIMPAHUX JIHIU?

w N

JIITEPATYPA

[2], cmop. 66-69; [3], cmop. 63-65; [4], cmop. 57-58; [ 7], cmop. 82-83;
[8], cmop. 131-132; [9], cmop. 76-79; [10], cmop. 32-33; [15], cmop. 126-127,
[16], cmop. 126-127; [17], cmop. 92-93, 107.

1.10 IHAIYKTABHUWUA OIIIP JIHII EJEKTPOIEPEJIABAHHSI

[HaykTHUBHUN oOmip JiHII eJNeKTporepeaaBaHHsl BU3HAYAETHCA SBUILAMU
caMO- Ta B3aeMOIHAYKUIi B Tpudas3Hiid cuctemi NpoBOAIB JiHil. Benuunna
IHAYKTUBHOTO OIOPY BU3HAYAETHCA B3a€EMHHUM PO3TAIIyBaHHSIM MPOBOAIB JIIHIT Y
MPOCTOPi, IX TMOJOKEHHAM BIJHOCHO 3€MJIi Ta IPO303aXUCHUX TPOCIB, BILUIUBY
napajienbHuX Kl (st 0araTOKOJIOBUX  JIIHIM — €JeKTpomepeNaBaHHs) Ta
napajieIbHUX JIIHIA eleKTponepelaBaHHs MpH iX 30IMKEeHHI.

[loroHHy IHAYKTUBHICTbh IPSIMOT MOCIITOBHOCTI (Ha 1 KM JIiHIT) BU3HAYAIOTh
3a BUpa3oM

-10° D -10° D)) i}
Ly=Lg, +L,="C—In=e BB 2 5 901w 10,5 107
27 R 81 R
1€ Laopy, Leep — IHIYKTHBHOCTI, OOYMOBIIEHI €JEKTPOMAarHiTHEM IIOJIEM 30BHI Ta
ycepeauHi €KB1BaJIEHTHOTO OJIMHOYHOT'O IPOBOAY BIJITTOBITHO;

-7 . . . .

L, =4m-10 "I'n/m — abconmoTHA MarHiTHa NPOHUKHICTB; | — BIAHOCHA MarHiTHa
NPOHHUKHICTh MaTepiany MpoBoay (IJIsl IPOBOIIB 3 KOJBOPOBOTO MeTany W = 1); R
—paaiyc mposony; D, =3/D,,D,;D,; — cepeaHbOreoMeTpuYHa BIICTaHb MIXK

(ba3zHUMH TPOBOAAMM.
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pure resistance as the ohmic resistance at temperature + 20°C. Besides, for cable
power transmission lines it is necessary to consider energy losses from the flow of
induced current in the cable coating.

Thus, the pure resistance of cable power transmission lines must be
determined by using special reference books and specifications for cable and wire
products.

CONTROL QUESTIONS

1. What influences the pure resistance of power transmission line wires?

2. What influences the change of pure resistance of the power line?

3. Under what conditions is it thought that pure resistance of the power
transmission line is equal to ohmic resistance?

4. How is pure resistance of the power line with split phase conductors
determined?

5. Explain why pure resistance of cable power transmission lines cannot be
determined by the technique adopted for overhead power transmission lines?

REFERENCES

[2], p. 66-69; [3], p. 63-65; [4], p. 57-58; [7], p. 82-83; [8], p. 131-132; [9], p.
76-79; [10], p. 32-33; [15], p. 126-127; [16], p. 126-127; [17], p. 92-93, 107.

1.10 INDUCTIVE REACTANCE OF POWER TRANSMISSION
LINES

The inductive reactance of power transmission lines is determined by self-
and mutual induction in the three-phase system of wires of the line. The magnitude
of inductance reactance is determined by relative position of wires of the line in
space, their position relative to the earth and protective earth wires, influence of
parallel circuits (for multiple circuit power lines) and parallel power transmission
lines in case of their approaching to one another.

Inductance per unit length of positive sequence (for 1 km of the line) is
determined by the expression:

. 1 3 . 1 3

Mo 107, Dy Ml 107y gy P g 5010
27 R 81 R

where L,os, Leep are the inductance caused by an electromagnetic field outside and

Ly=L, +L, =

30BH

inside the equivalent single wire respectively; p, = 4n-107H/m is the absolute
permeability; p is the relative permeability of the wire material (for non-ferrous
wires p=1); R is the wire radius; D, =3/D,,D,;D,; is the geometric mean
distance between phase conductors.
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B mpaktuni po3B’si3aHHS €NEKTPOTEXHIYHHUX 3a7ad 3aMICTh HATypalbHUX
TPaJMIIIIHO BUKOPUCTOBYIOThH JIECATKOBI Jiorapudmu:

L,=2- 1041g R ‘In10+0,5-10"*n =4,605-10""1g Rca+05 107"

B cBoto uepry, nmoronHuit iHAyKTUBHUN omip (OM/KM) MpsAMOI MOCTITOBHOCTI
JOPIBHIOE

Xo

= oL, =0,021In Rca +0,00570 = 0,144 1g Rca +0,016p.  (1.3)

JUiss TOBITpSHUX JIIHIA €JeKTpOoNepeJaBaHHs 3 PO3UICTUICHUMH (pa3HUMHU
MPOBOJIAMU MOTOHHUN 1HIYKTUBHHI OIip MPsSMOi MOCII1IOBHOCTI BU3HAYAIOTH 3a
BHPa3oM

x, =0,02n1n l;“‘ + 0,005mp =0,1441g D, + 0301614’
n

€ €

(1.4)

ne R. — paziyc eKBIBaJICHTHOTO MTPOBOAY PO3IIECIIEHOI (ha3u.
3ayBa)KUMO, 11O JIJISl BU3HAYEHHS MOTOHHUX 1HAYKTUBHUX OTIOPIB MOBITPSIHUX
JiHIA enexkTponepenaBanHs 3a Bupaszamu (1.3) ado (1.4) cepeaHBOTC€OMETPHUUHY
BI/ICTaHb MDK (pa3HMMHU MPOBOJAMM Ta PaJlyCH MPOBOAIB CJiJ BUMIPIOBATH B
OJIHAaKOBHMX OJIMHMIISIX BUMIPIOBAHHS, HATIPUKJIIAJ, Y MUTIMETpax.
CepelHbOreOMETPUYHY BiJICTAaHb MK (ha3HUMHU MPOBOAAMU JIHIT BUSHAYAIOTh

3d BUpPA3oOM
— 3/
Dﬁé - D12D23D13 >

ne D1,, D»3, D13 — AliicHI BiicTaH1 MK NpoBoAaMu cyMbKHUX (a3 (puc. 1.27 a).
3a yMOBHU po3TaniyBaHHs (ha3HUX MPOBOIB y BEPIIMHAX PIBHOCTOPOHHBHOTO
TpuKyTHUKA (puc. 1.27 6) maemo

A
2

A

A4

A
A4

a 4] 8

Puc. 1.27.Cxemu po3ranryBaHHs (pa3HuX MPOBOJIIB HA OMOPax
MOBITPSIHUX JIIHINA €JIeKTponepelaBaHHs

3a TOpPU3OHTAIBHOTO pPO3TAllyBaHHS (Pa3HUX MPOBOMAIB Ha omopax JiHii
enekTponepenaBanus (puc. 1.27 B) oTpumyemMo
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In the practice of finding solutions to electrical engineering problems instead
of Napierian [natural] logarithms Briggs [decimal] logarithms are commonly used:

L,=2-10" 1g%-1n10+0,5-104u =4,605-10"" lg%+0,5-104u.

The inductive reactance per unit length (Ohm/km) of positive sequence in its
turn is equal to

x, =L, =0,02r1n % + 0,005t = 0,144 1g %‘3 +0,016p. (1.3)

For overhead power transmission lines with split phase conductors the
inductive reactance per unit length of positive sequence is determined by the
expression

x, =0,02n1n Dy + 0,005mp =0,1441g D, + 0301614’
R n R p

€ €

(1.4)

where R, is the radius of the equivalent wire of a split phase.

One should point out that for determining the inductive reactance per unit
length of overhead power transmission lines by expressions (1.3) or (1.4) the
geometric mean distance between phase conductors, and radii of the wires must be
measured in the same units of measurement, for example, in millimetres.

The geometric mean distance between phase conductors of the line is
determined by the expression

D.. =3/D,D,,D

fia 127237713

where Di,, D3, D3 are the natural distances between wires of adjacent
phases (Fig. 1.27a).
From the arrangement of phase conductors in vertexes of equilateral triangle

(Fig. 1.27b) it follows that
D.=xD-D-D =D

4
3

4

Y

A
\ 4

Fig. 1.27. Arrangement of phase conductors on the poles of overhead power
transmission lines
From the horizontal arrangement of phase conductors on power transmission
poles (Fig. 1.27¢) it follows that
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D, =3(D-D-2D =D -2 ~1,26D

KoHCTpyKkTHBHE BUKOHAHHS TIOBITPSAHHUX JIIHIM €JIEKTpONEepeaBaHHs B
OCHOBHOMY BH3HAYa€ThCA yMOBaMH 3a0€3MEUEHHS NPUIYCTUMUX 3HAYCHBb
HaIMpy>XKEHOCT! €JEKTPUYHOI'0 TOJII HaBKOJIO (pa3HMX MPOBOIIB JIHINA 3 METOIO
oOMeXeHHsI BTparT eHeprii Ha kopoHy. lle Bu3Hauae Mmaibke cTaje 3HAYCHHS

r€OMETPUYHOI0 (pakTopy (BIAHOUICHHS %) B MOBITPSHUX JIHIAX PI3HUX KIJIACIB
e

HOMIHAJIBHOI HAMpPYru 1, SK HACHINOK, BY3bKMM [11alla30H 3HAYE€Hb MOTOHHOTO

IHAYKTUBHOTO OMNOpYy MNOBITpsiHUX JiHi 35+750 kB B mexax 0,32+0,44 OM/km.

3MEHIIeHHS] MOTOHHOTO 1HAYKTUBHOI'O OMOPY MOBITPSAHUX JiHIA BUIIMX KIACiB

HOMIHAJIBHOI HANpPyrM BU3HAYAETHCS EKOHOMIYHOIO JIOLUIBHICTIO OOMEXEHHS

BTpaT €Heprii Ha 10H13al1li0 TOBITPsI B3J0BX (ha3HUX MPOBOIIB JIHII.

B tabaumi 1.2 mpexncraBiieHi OpieHTOBHI KOHCTPYKTHBHI napamerpu JIEIT
PI3HOTO KJIacy Hampyr, B TOMY YHCIII 1 BICTaH1 MK (Da3HUMHU IIPOBOJAMHU.

Tabn. 1.2. OcHOBHI OpiEHTOBHI KOHCTPYKTHBHI apameTpu JIETT

Hominaabna | Bigcransb Bincrans | Bucora | Bincrans Bin | KiibkicTh

Hanpyra, kB | mixk MisK onopu | mposojaa JIEII | izoasitopiB y
nposBojaamMu | onopamu | BJI, m | 10 3emu1i, m MiATPUMYIO4i
JEIL, m JEIL, m ripJasiHi, mr

0,4-1 0,5 40-50 8-9 6-7 1

6-10 1 50-80 10 6-7 1

35 2,5-3,5 150-200 12 6-7 3

110 3-5 170-250 13-14 6-7 8

150 3,5-5,5 200-280 15-16 7-8 10

220 4-7 250-350 25-30 7-8 14

330 5,5-9 300-400 25-30 7,5-8 21

500 8-12 350-450 25-30 8 29

750 14-16 450-750 30-41 10-12 38-42

1150 12-19 500-1500 | 33-54 14,5-17,5 60-64

Bupaz (1.4) 1ns BU3HAUEHHS TMOTOHHOIO I1HAYKTMBHOTO OIOpPY JiHI{
eJIeKTponepeiaBaHHs nepedayae CyTTeBE NMEPEBUILIEHHS BIACTaHI MK (pa3zHUMHU
MpoBoJaMu Haj iX Jiametpamu. lle Mae Micuie Jnuiie y MOBITPSHUX JIHIN
enekTponepenaBaHHs. Jns kaOeiabHUX JIiHIA BUKOPUCTaHHS Bupa3y Oyje
MPU3BOAUTH 10 HENPUITYCTUMHUX TOXMOOK pe3ynbTaTiB po3paxyHkiB. Tomy
MOTOHHUN 1HAYKTUBHUNA ONIp KaOeNbHUX JIHIA eJeKTponepeaBaHHs CIiJ
BHU3HAYaTH 3a CHELIaTbHUMHU JOBIAHUKOBUMH MarepiagamMud abo0 TEeXHIYHUMU
yMOBaMH Ha KaOeIbHO-MTPOBIIHUKOBY NPOAYKIIIIO.

Cnig mam’aTat, Mo BiICTaHb MK (Da3sHUMU MPOBOJAAMH KaOEIbHUX JIHIN
Ha0arato MeHIa, HDK Y NOBITpSIHUX. TOMy 1HAYKTHBHI OTIOPU KaOENbHUX JIIHIN
Ha0arato MEHIII 3a OMOPHU MOBITPSHUX JIHIN 1 AJis KJIAciB HOMIHAJIBHOI HAIPYTU
6220 kB cximagarots 0,07+0,2 OM/kM.
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D, =3(D-D-2D =D -2 ~1,26D

The design of overhead power transmission lines are generally determined
by conditions of maintaining permissible values of electric field strength around
phase conductors of the lines in order to restrict corona energy losses. It determines

almost the constant value of geometric factor (&) in overhead lines of different
rated voltage levels, and, thus, a narrow range of values of inductive reactance per
unit length of overhead lines of 35+ 750 kV within 0.32+0.44 Ohm/km. The
decrease of inductive reactance per unit length of overhead lines of higher rated
voltage levels is determined by feasibility of restricting air ionisation energy losses
along phase conductors of the line.

In Table 1.2 there are approximate design values of power transmission lines
of different voltage levels, including the distances between phase conductors.

Table 1.2. The main approximate design values of power transmission lines

Rated Distance Distance Height of | Distance Number of

voltage, | between wires | between overhead | between insulators

KV of power | power lines, m power in
transmission transmission transmission suspension
lines, m poles, m line wire and | insulator

earth, m string,
piec.

0,4-1 0,5 40-50 8-9 6-7 1

6-10 1 50-80 10 6-7 1

35 2,5-3,5 150-200 12 6-7 3

110 3-5 170-250 13-14 6-7 8

150 3,5-5.,5 200-280 15-16 7-8 10

220 4-7 250-350 25-30 7-8 14

330 5,5-9 300-400 25-30 7,5-8 21

500 8-12 350-450 25-30 8 29

750 14-16 450-750 30-41 10-12 38-42

1150 12-19 500-1500 33-54 14,5-17,5 60-64

Expression (1.4) for determining the inductive reactance per unit length of
power transmission lines stipulates that the distance between phase conductors
essentially exceeds their diameters. It occurs only in overhead power transmission
lines. In cable transmission lines using the expression will lead to intolerable errors
in the calculation results. Therefore, the inductive reactance per unit length of
cable power transmission lines must be determined by using special reference
books or specifications for cable and wire products.

It is necessary to remember that the distance between phase conductors of
cable transmission lines is much shorter than in overhead ones. Therefore, the
inductive reactance of cable lines is much lower than that in overhead lines, and for
the rated voltage level of 6220 kV it is 0.07+0.2 Ohm/km.
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Jlist mpuKIiay IpuBeIeMO 3HAUEHHS MOTOHHUX 1HAYKTUBHUX OMOPIB PI3HUX
JiH1M enekTpornepeaaBanus (OM/km):

- I1JI 3 3onboBanuMu npoBogamu 220 B - 0,22;
- Il no 1 kB - 0,31;
- IIJI35-110 kB —0,40;
- I1JT 330 xB (2 npoBoga) - 0,32;
- IIJI 750 xB (4 npoBoza) - 0,28;
- KJI oo 1B —0,06;
- KJII 10«kB —0,08;
- KJII 35«kB —0,125.
KOHTPOJIBHI 3AITUTAHHA

1. Axi asuwa uzHawaoms iHOYKMUSHUL ONip NiHil enrekmponepeoasanHs?

2. Hasedimv eupasu 0na e6usHaueHHs NO2OHHUX 3HAYEHb IHOYKMUGHOCMI ma
IHOYKMUBHO20 onopy npAmMoi  nocnioosHocmi - NOGIMPAHOL  JNiHIT
eleKmponepeoasanHsi.

3. Yomy oopisHioe cepedHboceomMempuHa GiOCMAHb MidC (ha3HumMu nposooamu
noSimpsAHOI  NiHII  eleKmponepeoasants, poO3MAau08aAHUMU 2OPU3OHMATILHO,
CUMEMPUUHO BIOHOCHO cepeOHboi (azu?

4. Hagedimb yMOBHI MedCi NO2OHHO20 IHOYKMUBHO20 ONOPY NOBIMPAHUX MdA
KabenbHUuXx il elekmponepe0asanHs Pi3HUX K1acié HOMIHALHOL HANpyau.

5. Iloscnime cmanicms 3HA4eHb NO2OHHO20 [HOYKMUBHO20 ONOPY NOBIMPAHUX
eleKmponepeoasanHs pisHUx Kiacié HOMIiHAILHOI Hanpy2u.

6. [losichimb cymmesy pisHuyio Midc iHOYKMUBHUMU ONOPAMU NOGIMPAHUX MA
KabenbHux NIl eleKmponepeoasamHsi.

7. Homy supaz onsa 8usHaueHHs NO2OHHO20 THOYKMUBHO20 ONOPY NOBIMPAHOL JiHIT
HeMOMNACIUBO 3aCMOCO8ysamu 05 JiHil KabelbH020 BUKOHAHHA?

JIITEPATYPA
[2],cmop. 69-73;[3], cmop. 65-69; [4], cmop. 57-60; [6], cmop. 30-31,

[7], cmop. 83-85; [8], cmop. 132-137; [9], cmop. 79-85; [10], cmop. 34-35;
[15], cmop. 127-129; [16], cmop. 127-129; [17], cmop. 93-94, 108.

85



For example, let us consider the values of inductive reactance per unit length
of different power transmission lines (Ohm/km):

- overhead lines with insulated conductors, 220 V -0.22;
- overhead lines, up to 1 kV -0.31;
- overhead lines, 35-110 kV - 0.40;
- overhead lines, 330 kV (2 wires) -0.32;
- overhead lines 750 kV (4 wires) - 0.28;
- cable lines, up to 1 kV - 0.06;
- cable lines, 10 kV - 0.08;
- cable lines, 35 kV -0.125.

CONTROL QUESTIONS

1. What phenomena determine the inductive reactance of power lines?

2. Give expressions for determining the values per unit length of inductance
and inductive reactance of positive sequence of an overhead power transmission
line.

3. What is the geometric mean distance between phase conductors of an
overhead power transmission line, located horizontally, symmetrically in respect
of the middle phase, equal to?

4. Describe the conventional limits of inductive reactance per unit length of
overhead and cable power transmission lines of different rated voltage levels.

5. Explain why there are the constant values of inductive reactance per unit
length of overhead power transmissions lines of different rated voltage levels.

6. Explain the essential difference between inductive reactance of overhead
and cable power transmission lines.

7. Why cannot the expression for determining the inductive reactance per unit
length of overhead lines be applied in cable lines?

REFERENCE
[2],p. 69-73; [3], p. 65-69; [4], p. 57-60; [6], p. 30-31; [7], p. 83-85; [8], p. 132-

137,91, p. 79-85: [10], p. 34-35:[15], p. 127-129; [16], p. 127-129; [17], p. 93-94,
108.
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Tema 5 IIOITEPEYHI ITAPAMETPHU CXEM 3AMIIIIEHHSA JIEIL

1.11 AKTHUBHA IHHOIIEPEYHA HPOBIJHICTD JITHII
EJEKTPOIIEPEJABAHHS

[lonepeuny akTHBHY HPOBIIHICTH MOBITPSHUX JIHIA €JEKTpONepeaBaHHs
BH3HAYAIOTh BTPATH €HEPrii Ha 10H13aIli0 MOBITPSl HABKOJIO MPOBOAIB JiHIi (BTpaTu
Ha KOPOHY) Ta aKTUBHI CTPYMH BUTOKY 4epe3 JiHIHHY i130i1it0. CTpyMU BUTOKY,
3a3BUYall MalOTh Jy>K€ MaJll 3HAUE€HHS, TOMY Ha MPaKTULll HUMHU HEXTYIOTb.

KopoHyBaHHs ~ TpOBOJIB  MOBITPSHUX  JIIHIA  €JEKTpoIepeaaBaHHs
CIIOCTEPITa€eThCsl, SIKIIO HAIMPYKEHICTh EJNIEKTPUYHOrO TMOoJs Ould IMOBEpXHi
MIPOBOJIY MEPEBUILYE MOYATKOBY HANPYKEHICTh BUHUKHEHHS KOpoHU. [louaTtkoBa
HaIpPY>KEHICTh MOJI BU3HAYAETHCS KIIMAaTUYHUMHM YMOBaMU B pailOHI Tpacu JdiHii,
30KpeMa aTMOC(EepHUM THUCKOM, BOJIOTICTIO Ta TEMIIEPATYypOIO MOBITPs ToIo. s
BU3HAYEHHS IMOYAaTKOBOI HAIMpPY>KEHOCTI BUHUKHEHHS KOPOHHU 3aCTOCOBYIOTh
emnipuuny ¢popmyny Ilika (kB/cm)

2
E,=3,03-10°-8-m 1+ %28 :
7,0
e ro — paalyc OJMHOYHOTO MpoBoay ¢as3u, cM; m — KOe(]IiEHT MIOPCTKOCTI
0,386p . . . .
npoBojay; O =m — CepeaHbOpiYHAa BIJHOCHA WIUTBHICTH TMOBITPS; p —

aTMOC(epHHMI THUCK, MM. PT. CT.; ¢ — Temneparypa noBitps, °C. 3a TemmnepaTypu
noBitps +20°C Ta atMmocdepHoro Tucky 760 MM. pT. CT. BIJHOCHA IIUIBHICTH
noBiTpss O = 1. BiamoBigHO [0 KUIBKOCTI MPOBOJIOK 30BHIIIHBOTO TIOBIBY
CTaJICATIOMIHIEBUX TPOBOAIB KOE(IIIEHT TIIAJAKOCTI 3MIHIOEThCS B Mexax (,8—
0,97. Hns Burux OararonpoBoikoBux mpoBoAiB (tuny AC) koediieHT
IOPCTKOCTI AopiBHIOE 0,82.

BBakaroTp, 110 32 yMOBaMU OOMEXEHHSI BTPAT MOTY>KHOCTI Ha KOPOHY Ta
3HIDKEHHS PaJIONepelIKo/l, HaNpyXEHICTh EJIEKTPUYHOI0 TMOJds Yy TOBEpPXHI
MPOBOJIB B COHSYHY TMoroay He Mae mnepeBumyBatn 90% modaTtkoBoi
HAIPY>KEHOCT] eJIEKTPUYHOTO T0JI1 BAHUKHEHHS KOPOHH.

MakcumanibHe 3HaUeHHS HAIIPY>KEHOCT] €JIEeKTPUYHOIO MO I KpaHixX (a3
MPY TOPU30HTAIILHOMY PO3MIILIEHHI MPOBOAIB 10PiBHIOE (KB/cM)

0,354U
( Depey Y
(Rx19 (5))
Paniyc mepen norapupmom OepyTh B cM. [ns cepenHboi ¢a3u HampyXEeHICTh
€JICKTPUYHOTO TOJIsI BBaXkatoTh Ha 10% OiibII0}0.
Jlnss oOMekeHHs BTpaT aKTHUBHOI TOTY)KHOCTI Ha KOPOHY B TOBITPSHUX

JHISX eJeKTpornepeaBaHHs HEOOX1THO 3MEHIIUTH HANPYKEHICTh €JIEKTPUYHOTO
OJIs1 OUTA

EKI}.HIJ —
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Chapter 5 TRANSVERSAL PARAMETERS OF POWER
TRANSMISSION LINE EQUIVALENT CIRCUITS

1.11 ACTIVE TRANSVERSAL CONDUCTANCE OF POWER
TRANSMISSION LINES

The active transversal conductance of overhead power transmission lines is
determined by air ionization energy losses around wires of the line (corona losses)
and active leakage currents through the line insulation. Leakage currents are
usually of very small values so that in practice they are neglected.

Corona effect of overhead power transmission line wires is observed if the
electric field strength by the wire surface exceeds the initial strength of corona
discharge. The initial field strength is determined by climatic conditions around the
line route, namely by air pressure, humidity and air temperature, etc. To determine
the initial strength of corona discharge the empirical Pick’s formula (kV/sm) is

used
2
E,=3,03-10°-8-m 142298
7,0
where 7y 1s the radius of a single wire of phase, sm; m is the wire roughness
. 0,386p . : : . .
coefficient; o = 3 IZ is the average annual relative density of air; p is air
+

pressure, millimeters of mercury; ¢ is air temperature, °C. At the air temperature of
+20°C and air pressure of 760 millimeters of mercury the relative density of air is
O =1. According to the number of outer-twisted steel-aluminium conductors the
roughness coefficient changes within the range of 0.8-0.97. For stranded wires (of
AS type) the roughness coefficient equals 0.82.

It is considered that under conditions of restricting corona power losses and
decreasing radio disturbance the electric field strength on wire surface in sunny
weather must not exceed 90% of the initial electric field strength of corona
discharge.

The maximum value of electric field strength for final phases at horizontal
disposion of wires is equal (kV/sm) to

_ 0,354U
pop — Der
(Rx19 (5))
The radius standing before the logarithm is measured in sm. For the middle
phase the electric field strength is considered to be 10% higher.

For restriction of corona active power losses in overhead power transmission
lines it is necessary to reduce the electric field strength on

E,
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MOBEPXHI MPOBOAIB JdiHIL. JIisi IbOr0 BUKOHYIOTH 30UIBIICHHS AiaMeTpy
npoBoaiB diHii. [IpoTe, Takuil miAXia IJs JiHIA eJeKTporepeaBaHHs HaJJBUCOKOT
HOMIHAJIbHOT HAIIPYTU € €KOHOMIYHO HEJOIIILHUM Yy 3B’SI3Ky 3 HEBHUIIPABIaHUMU
nepeBuTpaTaMu MeTally TMpPOBOAIB Takux JiHIA. bubm  edexTuBHUM €
po3mieryieHHs (a3HUX MPOBOJIB, SKE MOJArae y BUKOHAHHI (a3u JeKUIbKoMa
MPOBOJIAaMHU,  PO3TAlllOBAaHMMH,  3a3BUYail, y  BEpUIMHAX  MPABUILHOTO
OaraTokyTHHKa 13 KpokoM posmerieHHs 400-600 mMm. B cuctemi posmienieHux
MPOBOJIIB €JIEKTPUUYHE TI0JI€ BUTICHIETHCA 13 TPOCTOPY MiXK NPOBOJIAMH, SK
MoKa3aHo Ha puc. 1.28, mo cTBoproe epekT BUKOHaHHA (Da3u MPOBOJIOM BEJTUKOTO
JiaMeTpy Ta 3yMOBITIOE OOMEKEHHS HAIIPY>KEHOCT1 €JIEKTPUIHOTO TTOJIS.

Puc. 1.28. Kondirypaiiisi €1eKTpUYHOTO MOJISL, 110
YTBOPIOETHCSI POBOJAMU PO3LIEIUIEHOT Pa3n

Paziyc exBiBaJIGHTHOTO NMPOBOJY PO3ILEIUIEHOT (pa3u BU3HAYAIOTH 32 BUPA30M

R, =%R-al", (1.5)

ne R — aiiicHuit pajiiyc mpoBOIB B po3UIeIUIeHiH ¢a3i; a, — CepeIHbOreOMeTpuYHa
BIICTaHb MDK MPOBOJAMHM PO3MICIUICEHOT (a3u; 7 — KUIbKICTb MPOBOJIIB Y
po3iierieHin dasi.
[IpoBoan posmiersieHoi  (a3W  3a3BUYail  PO3TAIIOBYIOTh Y  BEpIIMHAX
MPaBUWIILHOTO OaraTokyTHUKA. 3a 11i€l ymoBH BHpa3 (1.5) MoxkHa IpenCcTaBUTH Y
BUTJISLIL

_ n—1
R =4R-r ", (1.6)
a . .
e r = ———— — pajiyc PO3MIEIUIEHHs — PajliyC KOJa, OMHCAHOTO HABKOJO
2sin /n
IPABUIILHOTO 0AaraTOKyTHWKA, yTBOPEHOTO IIEHTPAMM IIPOBOIB PO3ILEINICHOI

dazu.

B Tabn. 1.3 HaBegeHO MIHIMAJbHO JOMYCTUMI Mepepi3 IPOBOIIB
MOBITPSIHUX  JIIHIA ~ €JEeKTpomnepeaBaHHs 3a YMOBAMH OOMEXEHHS BTpaT
MOTYXHOCT1 Ha KOpoHY. BinmoBigHo no gaHux Tadiua. 1.3 qomycTUMO BUKOHAHHS
MOBITPSIHUX JITHIN eneKkTponepenaBants Hanpyroio 330 kB oaquHOYHUM MIPOBOIOM
mapku AC—600/42. Tlpore, 3a3Buuail Juisi BukoHanHs JiHi 330 kB xoHCTpyKIIito
(a3y BUKOHYIOTh PO3LIEIIEHOO
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wire surface of the line. For this purpose, the diameter of line wires is
increased. However, this approach is not economically viable for power lines of
ultrahigh rated voltage because of overexpenditure on wire metal in these lines.
Splitting phase conductors is more effective, which consists in forming the phase
by several wires, typically located in the vertexes of regular polygon, the step of
splitting being 400-600 mm. In the system of split wires the electric field is
displaced from the space between wires, as shown in Fig. 1.28, creating the effect
of forming the phase by a large-diameter wire, and leading to the restriction of
electric field strength.

Fig. 1.28. Electric field configuration formed by split phase wires

The radius of an equivalent split phase wire is determined by expression
R, = %R -al’, (1.5)

where R is the actual radius of wires in a split phase; a. is the geometric mean
distance between split phase wires; n is the number of wires in a split phase.

Split phase wires usually are located in the vertexes of regular polygon.
Under such conditions expression (1.5) can be written as

=n Lt
R, =4R-r/"-n, (1.6)
where » = —%_ s the radius of splitting, that is the radius of circle,

2sin /n
described around a regular polygon, formed by the centres of wires of a split phase.
In Table 1.3 there are the minimum permissible cross-sections of wires of
overhead power transmission lines under conditions of corona power losses
restriction. According to the data given in Table 1.3 it is possible to design
overhead power transmission lines of 330 kV by a single AS-600/42 wire.
However, it is common to split the phase

90



Ha 2 npoBoau, 500 kB — Ha Tpu npoBoau, 750 kB — Ha 4oTHpH, a OCTAaHHIM YacoM
— Ha I’ SITh TIPOBO/IB.

Tabnuus 1.3. MiniManbH1 iepepi3u MpOBOIIB J1HINA
eJICKTpOIepeIaBaHHs 32 yMOBaMU 0OMEXKEHHS BTPAT MOTY>KHOCTI Ha

KOpPOHY
KinpkicTs T ) )
) KinekicTes Ta
Uson, KB J1amMeTp .
) Mapka MpoBO/IIB
MIPOBOJIIB, MM
110 11,4 AC-70/11
150 15,2 AC-120/19
220 21,6 AC-240/32
330 33,2 AC-600/42
2x21,6 2xAC-240/32
500 2x36,2 2xAC-700/86
3x25,2 3xAC-330/43
750 4x29,1 4x AC—400/93
5x21,6 5xAC-240/32

Hanpukiag, sKmo s mpoBoia ¢asu mepepizom 600 MM® r= 16,5 MM, TO
po3YerieHH1 Ha JiBa nmpoBoja 1o 300 MM R.=69,9 mm.

JI1s1 BU3HAYEHHS CEPEeIHBOPIUHMX BTPAT aKTUBHOI MOTYXKHOCTI Ha KOPOHY B
MOBITPSHUX JIHISAX €JIeKTpoIiepelaBaHHsl BUKOPUCTOBYIOTh CHEIlajbHl METOIUKH,
a00 KOpPHUCTYIOThCS JOBIJHUKOBUMHU MaTtepiajlaMu [JIi TUIIOBUX KOHCTPYKIIIH
MOBITPSIHUX JIIHIM HAJABUCOKOI HOMIHAJILHOT HAIIPYTH.

Bmpamu na kopomny 30inouiyromoecsa npu eunadinui cuicy na 14%, npu
oouoginl no200i na 47%, npu nasenocmi inero nHa 107%. Ilpu 36invuienni
Hanpy2u Ha 5% empamu 30invuiyromoca nHa 31%, a npu 3menuenni Ha 5%
3menuiyromuca na 24%.

[loroHHy aKTHUBHY MPOBIJHICTh MPSAMOi MOCIITOBHOCTI TOBITPSHOI JiHIT
eJIEKTpoNepe1aBaHHs BU3HAYAIOTh 32 BUpa3oM (CM/KM)

AP, -107°
& = T

1

b

ne APy — IUTOM1 BTpAaTU aKTUBHOI MOTYXHOCT1 Ha KOpoHY, kBT/km. Hanpukian,
nutomi BTpatu Ha kopony JIEIT 750 kB cknanatots 13,75 kB1/kMm.

B kaGenpHUX JIHIAX €JIEKTPOIEpe/laBaHHs MONEpeyHa aKTUBHA MPOBIAHICTH
BU3HAYAETbCA [ICIEKTPUYHUMHM BTpaTamMu B 130Jisilii kaOemiB. Taki BTpaTu
BU3HAYAIOTh 32 TEXHIYHUMU JAHUMHU JIJIs1 KaOeJIiB BIMOBIIHOTO THITY

AP, =Ug, - 10° =U§b—°103 _ A9,
tgd tg o
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into 2 wires for 330 kV lines, into three wires for 500 kV lines, into four, or
reently into five, wires for 750 kV lines.

Table 1.3. The minimum cross-sections of wires of power lines under
conditions of corona power losses restriction

Number and
) ) Number and
ULaed, KV | diameter of wires, i
brand of wires
mm
110 11.4 AC-70/11

150 15.2 AC-120/19

220 21.6 AC-240/32

330 33.2 AC-600/42
2x21.6 2xAC-240/32
500 2x36.2 2xAC-700/86
3x25.2 3xAC-330/43
750 4x%29.1 4xAC—-400/93
5x21.6 5xAC-240/32

For example, if for a phase wire having cross-section of 600 mm®
r=16.5 mm, wires are split into two of 300 mm’ R, = 69.9 mm.

To determine average annual corona active power losses in overhead power
transmission lines special techniques and reference books on typical designs of
overhead lines of ultrahigh rated voltage are used.

Corona loss increases in snow fall by 14%, in rainy weather by 47%, in the
presence of hoarfrost by 107%. With an increase in voltage by 5% the loss
increases by 31%, and with a decrease in voltage by 5% it decreases by 24%.

Active conductance per unit length of positive sequence of an overhead
power transmission line is determined by the expression (sm/km)

AP, -107°

1

8o

where APy 1s the specific corona active power losses, kW/km. For example,
specific corona losses of 750 kV power transmission lines is 13.75 kW/km.

In cable power transmission lines the active transversal conductance is
determined by dielectric loss in the cable insulation. This loss is determined by
specifications for cables of an appropriate type

AP, =Ulg, -10° =0 2107 = 2%
tgd tg o
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ne by — moroHHa eMHICHa IPOBIIHICTH Kabento; tgd — TAHTeHC KyTa A1eJIEKTPUYHUX
BTpaT B 1301111 kabemo; AQ, — a 3apsi/iHa MOTYKHICTh KaOeo.

[loroHHy aKTHBHY MpPOBIAHICT KaOENbHOI JIHIT eJeKTponepeaaBaHHs
BHU3HAYAIOTh 32 BUPA30M

b, AQ,107°
gO = = > .
tgd U tgd

KOHTPOJIBHI 3AITUTAHHA

—

. Lo eusnauae axmugHy nonepeuyHy NpoSiOHICMb NOBIMPAHUX MA KAOEIbHUX
JIHIU elekmponepeoasamnus?
. Y uomy nonseae ssuwe xoponysannsn npoeooieé nogimpsaHux niniu?
. nsa woeo 3acmocogyroms emnipuyny gopmyny Ilika?
. 3a AKuUx yMo8 sAsuuje KOpoHUu He CnoCmepicacmucs?
. AKki 3axo0u 3acmocogyroms 015 00MedceHHs. empam eHepeii Ha KOPOH)BAHHS
npo8oois NiHill eleKmponepeoasamnus?
6. 1o Hazusaromv exsi8AICHMHUM NPOBOOOM pO3ujeniieHoi (aszu nosimpaunoi
JIHIT enekmponepeoasanHs?
7.Hasedimv e6upasu 0na e6uzHaueHHs paoiycy  eKGIBAJIeHMHO20 NpPO800OY
po3wenyieHoi gazu.
8. Hasedimv obMmedicenns 3a nepepizamu npoeooie noeimpsaHoi JiHii 3a ymMosamu
KOpOHU.
9.k  eusnauaromev  OierekmpuuHi  empamu 6  KADeNbHUX  JiHIAX
elekmponepeoasanHs?
10. Hasedimv e6upasu 011 6U3HAUEHHS NO20HHOI AKMUBHOI NPOBIOHOCMI
NOBIMPAHUX MA KAOEIbHUX JIHIU eleKmponepeoasanHsi.

G N W N

JIITEPATYPA

[2], cmop. 73-75; [3], cmop. 198-202; [4], cmop. 62-65; [8], cmop. 137-139;
[9], cmop. 85-90; [10], cmop. 35-36; [12], cmop. 18, 350-366;

[13], cmop. 21, 394-411; [15], cmop. 129-131; [16], cmop. 130-131;

[17], cmop. 95-96, 108-109.

1.12 EMHICHA IPOBIJIHICTH JIIHII EJJEKTPOIIEPEJABAHHS

[lonepeyna eMHiCHa MPOBITHICTh JIIHIT €JIEKTpONepeaBaHHs BU3HAYAETHCS
3apsATHAMU €MHOCTSMHM MK (ha3HUMH MPOBOJAMH JIiHII, (a3HUMH MPOBOJAMHU Ta
3eMJICI0, TPO303aXUCHUMHM TpOCAaMU Ta KOHCTPYKTUBHHUMH  METAJIECBUMU
eJeMEeHTaMH Onop MoBITpsAHUX JiHIN. el mapameTp, Tak camo, sIK 1 IHTYKTUBHUI
OItip JiH1i, BUBHAYAETHCA T€OMETPUYHUMU PO3MIpaMHU JIiHiI.

[loroHHy €MHICTh MPAMOi MOCHIZOBHOCTI MOBITPSIHOI JIIHII eleKTponepenay
BU3HAYaIOTh 32 BUPa3oM
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where b is the capacitive susceptance per unit length of a cable; tgo is the
tangent of angle of dielectric loss in the cable isolation; AQ, is the charging
capacity per unit length of a cable.

Active conductance per unit length of the cable power transmission line is
determined by the expression

b, AQ,107°
gO = = >
tgd U tgd

CONTROL QUESTIONS

1. What determines the active transversal conductance of overhead and cable
power transmission lines?

2. What does the phenomenon of corona of overhead transmission line wires
represent?

3. For what purposes is the empirical Pick’s formula used?

4. Under what conditions is the corona phenomenon not observed?

5. What is done to restrict corona energy losess in the wires of power lines?

6. What is called an equivalent wire of a split phase of an overhead power
transmission line?

7. Give the expressions for determining the radius of an equivalent wire of a split
phase.

8. Describe the restrictions on cross-sections of overhead transmission line wires
under corona conditions.

9. How is dielectric loss in cable power transmission lines determined?

10. Give the expressions for determining active conductance per unit length of
overhead and cable power transmission lines.

REFERENCES

[2], p. 73-75; [3], p. 198-202; [4], p. 62-65; [8], p. 137-139; [9], p. 85-90; [10],
p. 35-36; [12], p. 18 350-366; [13], p. 21 394-411; [15], p. 129-131; [16], p. 130-
131; [17], p. 95-96, 108-109.

1.12 CAPACITIVE SUSCEPTANCE OF POWER TRANSMISSION
LINES

The transversal capacitive susceptance of the power line is determined by a
charging capacity between phase conductors of the line, phase conductors and
earth, protective earth wires and structural metal components of overhead power
line poles. This parameter, just as the inductive reactance of the line, is determined
by geometrical sizes of the line.

The capacity per unit length of positive sequence of an overhead power
transmission line is determined by the expression
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C - 21 -10°  24,15-107
O - - .
ln Dcé lg Dcé
R
ne € = 8,85-107" d/M — gienekTpuYHA IPOHUKHICT MOBITPS.
B cBO10 uHepry moroHHy €MHICHY HpPOBIJIHICTb HPSIMOI MOCIHITIOBHOCTI CII1J
BU3HAYaATH 32 (OPMYJIIOIO
200m’e-10° 7,58 -10°°
b, = oC, = o) = o (1.7)
ln ca lg na
R R
Jlist miHii enexTporepenaBaHHd 3 pO3LICIUICHUMHU (a3sHUMHU TPOBOAAMU
MOTOHHY €MHICHY MTPOBIIHICTH MPAMOI MOC1IOBHOCTI BU3HAYAIOTh 32 BUPA30M

2 2 .1 3 .1 -6
by = 00m°e-10 :7,58 0 ‘ (1.8)

D D
In =< g —1
R g

a a

BinnosinHo a0 Bupa3y (1.8) moronHa eMHiCHa MPOBIAHICT MOBITPSHUX J1HIN
eJNIeKTpornepenay, TakK camMo, SK 1 IHIYKTUBHOTO OIOpPY, BHU3HAYAETHCS

D. . . :

reOMETPUYHUM (PaKkTOpoM —=2 | KU Mae Mailke crane 3HadeHHs. ToMy aiana3zoH
€

3HaY€Hb TIOTOHHOI €MHICHOI TPOBIIHOCTI 'y TOBITPSHUX JIHIA PI3HOTO

KOHCTPYKTHMBHOTO BHKOHAHHS PI3HUX KJIAciB HOMIHAJIbHOI HANpyrd B MeEXKax
2,58+2,92 MxCM/KM.

[IpuitHaTi gomyuieHHs Tpo po3TamlyBaHHS (a3HUX MPOBOMAIB  JIIHIT
eJICKTpOTIEpeIaBaHHs y MPOCTOP1 HE JTO3BOJISIIOTH BUKOPUCTOBYBAaTH Bupas (1.8)
JUIsT  BU3HAUYEHHS  TOTOHHOI  €MHICHOI  MPOBIAHOCTI  KaOEIbHUX  JIHIN
eJieKTponepenaBaHHs. €MHICHa MNPOBITHOCTI KaOeabHUX JiHIM B Oarato pas
OuIbIlIa, HK MOBITPAHUX. s Takux JiHIN Ci KOPUCTYBATHCS TOBIIHUKOBUMHU
MarepiaaMi Ta TeXHIYHMMU yMOBaMU JJisi KaOeIbHO-MPOBIAHUKOBOT MPOAYKIIIi.
3arasoM IMOTOHHY €MHICHY HPOBIIHICTh KaOENbHHUX JIIHIN eleKTponepenaBaHHs
BH3HAYAIOTh 32 BUPA30M

AQ, -107°
U’

1

b, =

b

ne AQy — NOoroHHa 3apsiiHa MOTYKHICTh Kabento, KBAp/km.
KOHTPOJIBHI 3AIIUTAHHA

1.4xi Aeuwa  6usHaAuAOMb  NONEPEeYHy  EMHICHY  NPOBIOHICMb  JNiHIl
elekmponepeoasanHs?
2. Hasedimv eupas Ona 6usHaueHHs NOCOHHOI EMHICHOI NpPOBIOHOCMI NPAMOI
nOCi008HOCMI NOGIMPAHOIL NIHII eleKmponepeoasamHsi.
3. Hagedimv e6upaz Ons 6uzHauenHss NO2OHHOI EMHICHOI NPOBIOHOCMI NPAMOI
nocnioosHocmi KabeabHoi NiHil enekmponepeoasanHts.
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C - 27e - 10° _ 24,15 107 |

0 D . D
In —< |
R g

R

where ¢ = 8,85 -107°F/m is the dielectric capacitivity of air.

The capacitive susceptance per unit length of positive sequence in its turn
must be determined by the formula

2 3 -6
b = oC :200758 10 :7,58 10 -

0 0

(1.7)

D . D..
In —= lg —=
R R

For a power line with split phase conductors the capacitive susceptance per
unit length of positive sequence is determined by the expression
2007’ -10° 7,58 -10°°
b=l oD , (1.8)
D D
In — lg —2
R R,

a a

According to expression (1.8) the capacitive susceptance per unit length of
overhead power transmission lines, just as inductive reactance, is determined by

. D_ Lo
geometric factor—, which is of almost constant value. Therefore, the range of

values of capacitive susceptance per unit length of overhead lines of various design
and different levels of rated voltage is within 2.58+2.92 micro siemens/km.

The accepted assumptions about the arrangement of phase conductors of the
power line in space do not allow using expression (1.8) for determining the
capacitive susceptance per unit length of cable power transmission lines.
Capacitive susceptance of cable lines is many times higher than that of overhead
lines. Thus, for cable lines it is necessary to use reference books and specifications
for cable and wire products. In general, capacitive susceptance per unit length of
cable power transmission lines is determined by the expression

AQ, -107°

1

bO

b

where AQy is the charging capacity per unit length of cable, kVar/km.

CONTROL QUESTIONS
1. What phenomena determine the transversal capacitive susceptance of power
transmission lines?
2. Give the expression for determining the capacitive susceptance per unit length
of positive sequence of an overhead power transmission line.
3. Give the expression for determining the capacitive susceptance per unit length
of positive sequence of a cable power transmission line.
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4. [losichimb NpUHYUNOBY HEMONCAUGICMb GUKOpUcmanHs eupaszy (1.8) ons
BU3HAYEHHS NO2OHHOI  €MHICHOI  MpoGiOHOCMI KabenbHux — JiHil
eleKmponepeo0asanHsi.

JIITEPATYPA

[2],cmop.75-76; [3], cmop. 202-207; [4], cmop. 61-62; [ 7], cmop. 86-88;
[8], cmop. 139-141; [9], cmop. 90-94; [10], cmop. 36-38; [15], cmop. 131-133,;
[16], cmop. 130; [17], cmop. 94-95, 108.

Tema 6 CXEMHU 3AMIIIIEHHA CHUJIOBUX TPAHC®OPMATOPIB

1.13 HAPAMETPHU CXEM 3AMIINEHHSA IBOOBMOTKOBUX
CNJI0BUX TPAHCDOOPMATOPIB

CtpyM HaMmarHiuyBaHHSI CHJIOBOTO TpaHchopMmaTopa € JyXe MaluM
MOPIBHAHO 13 CTpyMaMH HaBaHTa)XEHHS 1 BU3HAYAETHCS POOOYOI0 HAMPYTro Ha
fioro 3artuckavyax. lle J03BOJNsIE CHPOCTUTH CXEMYy 3aMIlleHHs CHJIOBOTO
Tpancopmaropa, To06tTo nepeitu Big T-momioHOT A0 mpsiMoi ['-moaidHOT cxeMu
3aMIIIeHHs, TpecTaBieHoi Ha puc. 1.29 6.

X7

Puc. 1.29. CunoBuii 1B00OMOTKOBUI TpaHCHOPMATOpP: a — 3arajIbHUM BUTIISI,
0 — I'-moniOHa cxema 3aMilieHHs TpaHchopmaTopa

[To3moBXKHS TidKa TPEACTaBIs€ TEPBUHHY Ta BTOPHHHY OOMOTKH
tpancopmaropa. Ilonmepeuna TruIKa TpeACTaBIs€ KOHTYp HaMarHidyBaHHS.
[TonepeyHa ruika 3aBxAu po3TalioBaHa 3 OOKY KUBJICHHS TpaHChopMaTopa.

[Tapamerpu I'-momibHOI cXeMH 3aMillleHHS JBOOOMOTKOBOT'O CHJIOBOTO
Tpancopmaropy BU3HAYAIOTH 32 HOro0 MACHOPTHHUMH AaHWMH. J[0 MacmopTHUX
JaHUX TpaHCcHOPMATOPIB BITHOCSTH:
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4. Explain why it is impossible to use expression (1.8) for determining the
capacitive susceptance per unit length of cable power transmission lines.

REFERENCES

[2], p.75-76; [3], p. 202-207; [4], p. 61-62; [7], p. 86-88; [8], p. 139-141; [9], p.
90-94; [10], p. 36-38; [15], p. 131-133; [16], p. 130; [17], p. 94-95, 108.

Chapter 6 EQUIVALENT CIRCUITS OF POWER TRANSFORMERS

1.13 PARAMETERS OF TWO-WINDING POWER TRANSFORMER
EQUIVALENT CIRCUITS

The magnetizing current of power transformer is very small in comparison
with load currents, and is determined by operating voltage at the terminals. It
allows simplifying an equivalent circuit of power transformer, that is moving from
T-shaped to inverted I'-shaped equivalent circuit, as given in Fig. 1.29.

X7

Fig. 1.29. Two-winding power transformer: a) general view; b) inverted
I'-shaped equivalent circuit of the transformer

The longitudinal branch represents primary and secondary windings of the
transformer. The transversal branch represents a magnetizing loop. The transversal
branch is always located on the transformer supply side.

The parameters of inverted I'-shaped equivalent circuit of two-winding
power transformer are determined by the nameplate (rating) data. The nameplate
(rating) data of transformers comprise:
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1) HOMIHAJIBHY MOTYKHICTh, BUpaXeHY y KBA;

2) HOMIHQJIbH1 JIIHIMHI HAmpyrd TMEpBUHHOI Ta BTOPUHHOI OOMOTOK
Tpancopmaropa, Bupaxkei y kB (st ogHodazHux TpaHchopmMaTopiB —
HOMIHAJBHI (a3H1 HAPYTH);

3) XapakTEepUCTUKU JOCIiy HEpoOoUyoro xoay TpaHchopmaropa

BTpaTH aKTHUBHOI MOTY>KHOCT1 B PEKHUM1 HEPOOOUOT0 X0y, BUPAXKEHI B
KkBT;
CTpyM HEpOOOYOro XoJy, BUPAKEHHH Yy BIICOTKAX J0 HOMIHAJIBHOTO

CTpyMy TpaHchopmaTopa;

4) XapaKTEepUCTUKU JOCIIITy KOPOTKOIO 3aMKHEHHsI TpaHchopmaTopa;

BTpaTH AaKTUBHOI MOTY)XKHOCTI B PEXHMI KOPOTKOTO 3aMKHEHHS,
BUpaxeH1 B KBT;

HAmpyry KOpPOTKOTO 3aMKHEHHs, BHUpPaXXeHy Vy BIICOTKaxX [0
HOMIHAJIBHOI HAaNpyTu TpaHchopmaropa.

Ilapamempu nonepeunoi 2inku KOHTYpy HaMarHiuyBaHHS TpaHc(opmaTopa
BHU3HAYAIOTh 32 JAHUMU JIOCHIINYy HepoOboyoro xonay. B Takomy pexxkumi BTOPUHHI
0OMOTKH TpaHcpopMaTopa pPO3IMKHEHI, a J0 MEPBUHHUX OOMOTOK MPUKIANAIOTh
HOMIHANBHY Hanpyry. [Ipy 1poMy BUMIPIOIOTH CTPYM IEPBHMHHOI OOMOTKHM Ta
BTpaTH aKTUBHOI MOTYXKHOCTI.

3a yMOBU PO3IMKHEHOi BTOPMHHOI O0OMOTKM ['-mojiOHa cxema 3amilieHHS
TpaHcopmaropa CHpOLIyeTbCS Ha HaOyBa€ BUIVIAAY, MPEJICTaBICHOIO Ha

puc. 1.30.

[ —

gr 2 br

Puc. 1.30.I'-moxibna cxema 3amilieHHs] CUJIOBOTO TpaHc(opMaTopa

B JIOCi/11 HEPOOOUOTro X0y

O4eBUAHO, IO B JIOCIIII HEPOOOUOr0 X0y aKTUBHA MOTYKHICTh BUTPAUAETHCS
JIUIIIE B AKTUBHIN MPOBIAHOCTI:

3BiOKH

AP ; = Uizgc‘)'
AP . -107°
g(‘) = l.(zjz o (19)

1

ne AP,x. — BTpaTH aKTHBHOI MOTYXXHOCTI B JOCHiAl Hepobodoro xony; U, —
HOMIHAJIbHA HapyTa MePBUHHOI 0OMOTKH TpaHchopmaTopa.
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1) rated power, expressed in kVA;

2) rated line voltage of primary and secondary windings of the transformer,
expressed in kV (rated phase voltage for single-phase transformers);

3) characteristics of open-circuit (no-load) test of the transformer

- active power losses in the no-load conditions, expressed in kW;

- open-circuit (no-load) current, expressed as percentage of rated current of the
transformer;

4) characteristics of short-circuit test of the transformer;

- active power losses in the short circuit conditions, expressed in kW;

- short-circuit voltage, expressed as percentage of rated voltage of the transformer.

The parameters of the transversal branch of a magnetizing loop of the
transformer are determined by the results of open-circuit (no-load) test. Under such
operating condictions the transformer secondary windings are open, and rated
voltage is applied to the primary windings, the current of primary winding and
active power losses being measured.

If the secondary winding is open, the inverted I'-shaped equivalent circuit of
the transformer is simplified and assumes the form presented in Fig. 1.30.

[ —

gr 2 br

Fig. 1.30. Inverted I'-shaped equivalent circuit of power transformer in open-
circuit (no-load) test.

It is obvious that in the open-circuit (no-load) test the active power is spent
only on active conductance:

AP, = Uizgc‘)'
Hence,

AP{ . 10~
U’

1

& = ) (1.9)

where AP, . is the active power losses in open-circuit (no-load) test; U, is
the rated voltage of the transformer primary winding.
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Muoxuuk 107 y dopmymi (1.9) BUKOPHCTOBYEThCS TOMY, IO MACTOPTHA
BEJIMYMHA BTPAT AKTUBHOI MOTY)XKHOCT1 B PEXHMMI1 HEpOOOYOro XOJy BHpaK€Ha B
KUJIOBaTax, a HOMIHaJbHA HAaIpyra NepBUHHOI OOMOTKHU — Y KUJTOBOJIbTAX.

BinnmoBimHO [0 cXxeMu 3aMmillleHHs, NpejacTaBieHid Ha puc. 1.29, ctpym
HEpoOOYOro XOAy MICTHTh JBI CKIAJOBI — aKTUBHY Ta IHIYKTUBHY, SfKI
BU3HAYalOTh 332 BUpa3aMu:

U.
I, =—=8g
NE)
1" = Yi b
15, ﬁ 0°
roLoTn . :
ne I/ ;1 , — axkTuBHA Ta IHIYKTUBHA CKJIaJ0Bl CTPyMY HEpOoOOYOTO X0y

BIJIIIOBIIHO.
VY cBoMO Uepry, MoJyJib CTPyMYy HEpOOOUOT0 X0y BU3HAUYAETHCS BUPA3OM

VAN \jli,i"). +Ii”f“). = %\/gg +b§' (1.10)

3 iHII0r0 60KY CTpyM HEpoOOUOro Xoay TpaHnchopmaTopa JOPiBHIOE
i i, S,-107
]i 5 — .0. i — .0. 0]
%7100 100 3U,

(1.11)

b

ne I, Ta S; — HOMIHaJIBHUI CTPYM MEPBUHHOI OOMOTKU Ta HOMIHAJIbHA TOTYXHICTh
TpaHchopMaTopa BiAMOBIIHO.

Muoxuuk 107 y Bupazi (1.11) BpaxoBye mpeacTaBICHHS MAaCIOPTHOT
BEJIMYMHU HOMIHAJIBLHOT TOTY>KHOCT1 TpaHcopmaTopa y KBA.

SAxmo npupiBuaat Bupasu (1.10) ta (1.11), orpumyemo

2 2 _ ii.é. So'10_3

&0 =100 02
3BIIKHA
5107
b, =— (1100 6&2 j—gé. (1.12)

3Hak «» y Bupasi (1.12) BpaxoBye IHIYKTUBHHI XapakTep MONEPEUHOi
pPEaKkTUBHOI MPOBIAHOCTI CXEMU 3aMillleHHs TpaHchopmaTopa.
3 ypaxyBaHHsiM Bupazy (1.9) nnsg akTHBHOI MOMEpPEYHOI MPOBIAHOCTI
dbopmyna (1.12) naGyBae BUTTISAY
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The multiplier 10” in formula (1.9) is used because the nameplate (rating)
value of active power losses in no-load conditions is expressed in kilowatts, while
the rated voltage of the primary winding is expressed in kilovolts.

According to the equivalent circuit presented in Fig. 1.29, the open-circuit
(no-load) current contains two components, namey active and inductive,
determined by the expressions:

pooU,
o \/g 0°

oYy,

i.0. \/g 0

where// ; I, are active and inductive components of open-circuit (no-

load) current, respectively.
Then, the no-load current module is defined by the expression

I, =I* +1" = \/_«/go+b2 (1.10)

On the other hand, the no-load current of the transformer is equal to

. . -3
I, = Lis. I = L5 Ss-10 ’ (1.11)
%7100 100 3U,

where 7, and S, are rated current of the primary winding, and transformer
rated power, respectively.
The multiplier 10~ in expression (1.11) takes into account the nameplate
(rating) value of transformer rated power in kVA.
If comparing expressions (1.10) and (1.11), we obtain
2 2 Lo S, 10~
LR =100 v

1

Hence,

. -3 2
b :_\/(11{(;6 S<‘>U120 j - g (1.12)

The «-» sign in expression (1.12) takes into account inductive character of
the transversal susceptance of an equivalent circuit of the transformer.

Taking into account expression (1.9) for transversal conductance, formula
(1.12) 1s turned into
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b — iH.X. ST .10_3 2 _ APH.X. .10_3 2 —
! 100 U’ U:

H

s 107 | AP CS,107 [
g U L B A O NS

(1.13)

T

OueBusHO, IO Jpyra CKJIaaoBa MiAKOpeHeBoro Bupaszy y ¢opmyni (1.13)
SBJISE COOOIO0 KBajpaT BiIHOCHOTO 3HAYCHHS BTPAT aKTUBHOI TOTYXHOCTI B
pexuMi HepoOOUOTO X0y, BUPAKEHOTO Y BIICOTKAX 10 HOMIHAJIBHOT MOTYXKHOCTI
TpaHchopmaropa, To0To

AP, .
— 1.0.
Ap, , = —=-100. (1.14)
SC)

MoskHa Mmokas3aTH, 10 BTPAaTh aKTHUBHOI MOTY>KHOCT1 B PEKUMHI HEPOOOUOTO
X0y, BUPa)KEH1 Yy BIICOTKAaxX JI0 HOMIHAJIBHOI MOTYXHOCTI TpaHcpopmaTopa,
YHCEJIbHO CHIBMNAJAI0Th 13 aKTUBHUM CTPYMOM HEpOOOYOro Xony, BUPAKEHUM Y
BIJICOTKaX /10 HOMIHAJIBHOTO CTpyMy TpaHchopmaTopa. JlilicHo,

fyy = Lux 100 = Yuls ﬁU“_g 100 =
T J3 S 10
2 AP -10°° AP
— UH — H.X. : 100 = X . 100 = Apnx
S -10 U’ S x

Takum uuMHOM, Ui BU3HAYEHHS IHIYKTHUBHOI MOMEPEYHOI MPOBIIHOCTI
[-moni6HOT cxemMu 3aMillleHHs] CHJIOBOrO TpaHchopMmaTopa CIiJl CKOPUCTATHUCS
BHUPA30M

i, S, -107
= —_id 0 , 115
° 100 U] (1.13)
2
.1 2 AP ) .
ne i = .|l — Sl 2. 100 — IHIYKTUBHA CKJIaJloBa CTPyMy HepoOO4YOro
CTpyMy TpaHchopmaTopa.

3ayBaXUMO, 10 Yy CYYaCHUX TIOTYXHHUX CHJIOBHX TpaHcopMaTopax
IHAYKTHUBHA CKJIaJ0Ba CTPYMY HEpPOOOUYOTO XOJy CYTTEBO MEPEBUIIYE AKTUBHY
ckiagoBy. lle m03Boysie YMOBHO 3HEXTYBAaTH AaKTUBHOKO CKJIQJOBOK CTPyMY
HEepoOOYOro Xoay Ta BHU3HAYaTH IHAYKTUBHY TIONEpEYHY NPOBIIHICTh 3a
MACMOPTHUM 3HAUYEHHSIM IOBHOT'O CTPyMY HEpOOOYOro Xoay TpaHcpopMaropa:
i, S,-107

b = —id . 1.16
° 100 U? (1.16)

1

Ilapamempu no30062cHb0i  2inku CXEMU 3aMillleHHA TpaHchopMaropa
BHU3HAYAIOTh 32 JIaHUMM JOCIHIJly KOPOTKOTO 3aMKHEHHS. B Takomy pexumi
BTOPHUHHI
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b — iH.X. ST.IO_3 2_ AE)H.X..IO_3 : —
" A\loo  U? U

-3 2 -3
_ _% (iH.x.)2 _[ AR 100 | = _% (iH.x.)2 - (Ap”.)z.
10002 S 100U

T

(1.13)

It is obvious that the second component of the radicand in formula (1.13)
represents the square of relative active power losses in no-load conditions,
expressed as percentage of rated power of the trandformer, that is

Ap, , = &-100. (1.14)
3. S,

It is possible to show that active power losses in no-load conditions,
expressed as percentage of rated power of the transformer, numerically coincides
with the active current of no-load conditions, expressed as percentage of rated
current of the transformer. In fact,

", I Ug \/EU
o= 100 =~ 1. 100 =
T J3 S 10
2 AP._-107° AP
_ UH ~ HX. : 100 = 1x. . 100 = ApHx
S -10 U’ S *

Thus, for determining the transversal inductive susceptance of inverted
I'-shaped equivalent circuit of power transformer it is necessary to use the
expression

i', S, 107

1.0.

, (1.15)

°~ 100 U?

1

2
where i, = \/ i - (% - 100} is an inductive component of open-circuit

(no-load) current of the transformer.

Note that in modern mighty power transformers an inductive component of
no-load current greatly exceeds an active component. For convenience it allows
neglecting an active component of the no-load current, and determining the
transversal inductive conductivity by nameplate (rating) values of total no-load
current of the transformer:

_ ii.a. So 107
° 100 U’

The parameters of the longitudinal branch of a transformer equivalent circuit
are determined by the short-circuit test results. Under such conditions the
transformer secondary

(1.16)
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0OMOTKH TpaHc(hOopMaTOopa 3aKOPOUYEHI, a 10 MEPBUHHUX MPUKIAIAIOTh TaKy
Hampyry, mo0 CcTpyM Yy 3aKOpOYEHMX BTOPUHHMX OOMOTKax JOpPIBHIOBAB
HOMIHaNbHOMY. [Ipy 1bOMY BHUMIPIOIOTH HamNpyry, $Ky TMPUKIATAI0Th 10
MEPBUHHUX OOMOTOK, a TAKOX BTPaTH aKTUBHOI MOTYHOCTI.

OckilbkM ~ Hampyra, sKy [OpUKIaJaloTh 10 [EPBUHHUX  OOMOTOK
TpaHchopMaTropa B PEKHUMI KOPOTKOTO 3aMKHEHHS XapaKTEPHU3YETbCS MalluM
3HaueHHsAM (nopsnaky 10% Big HOMIHAIBHOI HAmpyrd NEPBHUHHOI OOMOTKH
TpaHchopMaTropa) CTpyM B KOHTYpI HaMarHi4yBaHHS TakOX Iy)K€ MaJldid 1 HUM
MOkHa 3HexTyBaTH. Lle pgo3Bossie cnpoctutu [-mogiOHy cxeMy 3amilieHHS
TpaHcdopMaropa Ta MPEJACTaBISATH WMOro JHIIE MOB3JOBKHBOIO TUIKOIO, SIK
nokasaHo Ha puc. 1.31.

T AT

o—_ }—"—=o0

Puc. 1.31.I'-noxibna cxema 3aMiiieHHs] TBOOOMOTKOBOTO
CUJIOBOTO TpaHchopMaTopa B JOCIiI1 KOPOTKOTO 3aMKHEHHS

OuyeBUJIHO, 1O B JOCHIAl KOPOTKOTO 3aMKHEHHS AaKTHBHA TMOTYXHICTh
BUTPAYAETHCSI JIMIIIE B aKTUBHOMY OIIOPI:

AP, =3I'r,-10°.
3BiIKH
AP, -107° AP, U} -10°
.= Bl _ AL,
° 317 S:

(o]

, (1.17)

ne APy, — BTpaTH aKTUBHO1 MOTYKHOCTI1 B IOCH1/11 KOPOTKOTO 3aMHUKaHHS.

Muoxuuk 10° y ¢popmysi (1.17) BU3HAYAETHCS THM, IO [TACTIOPTHA BEINYHHA
BTpaT AaKTUBHOI MOTY)XHOCTI B PEXKHUMI KOPOTKOTO 3aMKHEHHS BHUpaXeHa B
KUJIOBaTax, HOMIHAJIbHA TMOTYXXHICTh — Yy KUIOBOJbTaMIIEpax, a HOMIHAJIbHA
Harpyra — y KiJIOBOJIbTaXx.

B pexnmi KOpOTKOTro 3aMKHEHHS MaJiHHS HaIpyrd Ha MO3J0BKHBOMY OMOPI
CXeMHM 3aMillleHHs TpaHcdopMmaTopa YHCEIbHO JOpIBHIOE HAMpy3i, SKY
MPUKIAAAI0Th 10 Horo 3atuckadiB. [Ipum 1poMy mNajiHHSA HANpyrd MICTUTH JABI
CKJIaJI0B1 — aKTUBHY Ta IHAYKTUBHY, 5Kl BA3HAYaIOTh 32 BUPA3aMU:

U, = \/gli To = (SJC)

1

v, 107

" S(‘, -3
Ué.(;. = \/glixo = U X, 107,

1

ne U , U — aKTuBHa Ta iHIYKTHBHA CKJIAJIOBi HAIPYTH KOPOTKOTO 3aMKHEHHS

BIJIIIOBIIHO.
Y cBow uyepry, MoOIyidb Hamnpyrd KOPOTKOIO 3aMKHEHHS BH3HAYaA€THCS
BHUPA30M
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windings are short-circuited, and to the primary windings such voltage is applied
so that the current in the short-circuited secondary windings would be equal to the
rated current, the voltage applied to the primary windings and active power losses
being measured.

As the voltage applied to the transformer primary windings in short circuit
conditions is characterised by small values (of the order of 10% of the rated
voltage of the transformer primary winding), the current in a magnetizing loop is
also very small and can be neglected. It allows simplifying the inverted I'-shaped
equivalent circuit of the transformer, and presenting it only with the longitudinal
branch, as shown in Fig. 1.31.

T AT

o—_ }—"—=o0

Fig. 1.31. Inverted I'-shaped equivalent circuit of two-winding power
transformer in a short-circuit test

It is obvious that in a short-circuit test the active power is spent only on pure
resistance:

AP, =3I'r,-10°.

Hence,
AP, -107° AP, U} -10°

LYY _ AL,
° 317 S?

(o]

, (1.17)

where AP, is active power losses in a short-circuit test.

The multiplier 10° in formula (1.17) is determined by the fact that nameplate
(rating) active power losses in short circuit conditions is expressed in kilowatts,
rated power is expressed in kilovolt-amperes, and rated voltage is expressed in
kilovolts.

In short-circuit conditions the voltage drop in the longitudinal resistance of
an equivalent circuit of the transformer is numerically equal to the voltage applied
to the terminals. Thus, the voltage drop contains two components, namely active
and inductive, determined by the expressions:

Ut";.(;. = \/gli Iy = (SJO T 107

1

Ué".(;. = \/glix(‘) - (S]O Xo 107,

1

where U{ ,U{ are active and inductive components of short-circuit

voltage, respectively.
Then, the short-circuit voltage module is determined by the expression
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’ " S '10_3
U, = Ué.zc;. + Uéf;. = OU—\/’%2 + xé- (1.18)

i
3 iHII0TO OOKY HaIpyra B JOCIill KOPOTKOTO 3aMKHEHHS JJOPIBHIOE

u,
..o =—=U. . 1.19
é.g. 10 i ( )
Sxmo npupiBuaaTa Bupasu (1.18) ta (1.19), orpumyemo

0, 7 M UL 1O
© Y 100 S,

(o]

3BiIKH

0

2 3\
= (;’—OEUSiJ — 2. (1.20)

[}

3 ypaxyBaHHAM Bupazy (1.17) i aKTUBHOTO TOB3JOBXHBOTO OIOPY
dbopmyna (1.20) naGyBae BUTTISAY

u, U2-10°) (AP U-10°)
100 S S?

T

T

(1.21)

2
U;-10° |, (AP U -10° [ ;
[N : S u _ K3. | 100 — H U _ A

IOOST K.3. S ] IOOST \/ K.3. ( pK.3.)

T

OdeBuaHO, MO Apyra CKiIajaoBa MIAKOpeHeBOro Bupazy y dopmyni (1.21)
ABJIs€ COOOI0 KBaJpaT BIIHOCHOTO 3HAYEHHS BTPAT AaKTUBHOI TOTYXHOCTI B
pEXHMI KOPOTKOTO 3aMKHEHHs, BHpa)X€HE Yy BIICOTKAX /1O HOMIHAJIbHOI
MOTYXHOCTI1 TpaHc(opmaTopa, ToOTO

AP,
Ap, =—7=%-100.
€.c. S
0
MoskHa TTOKa3aTH, IO BTPaTH aKTUBHOI MOTY)XHOCTI B PEKHMHI KOPOTKOTO
3aMKHCHHS, BHUpaXKEHI y  BIICOTKax [0 HOMIHAQJIBHOT ~ TOTY>KHOCTI1
TpaHchopMaTopa YHCEIBHO CITIBIAJAal0Th 13 AKTHBHOIO CKJIAJIOBOIO HAIPYTH
KOPOTKOTO 3aMKHEHHS, BHPaXCHOK Y BIACOTKaX JO HOMIHAJIBHOI Hampyru
TpaHchopmaropa. [ilicHo,
U’ NEYAY J3 S AP U? AP
u  =—=-.100 = 11 .100 = ! 2 t.100 = —=--100 = Ap,
UH UH UH \ 3UH ST ST
TakuM dYuHOM, JJI1 BU3HAUCHHS 1HIYKTHBHOTO IIOB3J0BXXHBOTO OIOPY
['-moxiOHOi cxeMu 3aMillleHHsS CUJIOBOrO ABOOOMOTKOBOTO TpaHchopmaTopa ciif
CKOPHCTATHCSI BUPA30M
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’ " S(‘) : 10_3
Ué.(;. = \]Ué.zq. + Uéf;. = U—'\/’"o2 + xé' (1.18)

On the other hand, the voltage in a short-circuit test equals
és. = Jea gy (1.19)
10
If comparing expressions (1.18) and (1.19), we obtain
24 x? = Lee Ui -10° :
° ° 100 S,

(o]

2 3\
U (v L (1.20)
100 S,

[}

Hence,

Taking into account expression (1.17) for longitudinal pure resistance,
formula (1.20) is turned into

x = uK.3. Uj 103 2_ APK3U§103 : —
" \loo S s>

T

2
U:-10° |, AP Ut 10° .
= H u _ K3. 100 — H u2 _ A
IOOST \/ K.3. S ] IOOST \/ K.3. ( pK.s.)

(1.21)

T

It is obvious that the second component of the radicand in formula (1.21)
represents the square of relative active power losses in short-circuit conditions,
expressed as percentage of the transformer rated power, that is

Ap,. = %— -100.

0

It is possible to show that the active power losses in short-circuit conditions,
expressed as percentage of transformer rated power, numerically coincides with the
active component of the short-circuit voltage, expressed as percentage of rated
voltage of the transformer. In fact,

' 2 AP

u]:S :Uk.a. ‘IOO: \/EIH’”T ‘100: \/g ST APK,:;Z,UH .100: K.3. 'IOOZApK3

h UH UH UH ‘\/EUH ST ST h
Thus, for determining longitudinal inductive reactance of an inverted I'-shaped
equivalent circuit of the two-winding power transformer it is necessary to use the

expression
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xX. = ée. i
o s
S(‘)
2
"oo_ 2 AP@., .
e Uy, =, (U, — —Q—S -100 — IHAYKTHUBHA CKJIaJloBa HANpPYyru KOPOTKOTO

(3

3aMKHEHHs TpaHchopmaropa.

3ayBaXMMoO, M0 Yy CYYacCHHX TMOTYXHHUX CHJIOBHX TpaHCpopMaTopax
IHIYKTHBHA CKJIQJ0Ba HAMpPYTH KOPOTKOTO 3aMKHEHHS CYTTEBO TMEPEBUILYE
aKTHBHY CKiajoBy. Lle 103Bosissle YMOBHO 3HEXTYBaTH AaKTUBHOIO CKJIAJ0BOIO Ta
BU3HAYaTH IHAYKTUBHHUH TOB3JOBXHIN OMip 3a MAaCHOPTHUM 3HAYCHHSM TOBHOI
HAIPyTH KOPOTKOTO 3aMKHEHHS TpaHcopmaTopa:

u, U?-10

X, = —tesi (1.22)

° S,

o

[lapameTpu cXxeMHu 3aMilllEHHS CHJIOBOTO TpaHcopMaTtopa MOXYTb OyTH
3BE/ICHI J10 HOMIHAQJIBHOI HANpyrd MEepBUHHOI ab0 BTOpUHHOI oOMOTKH. ILle
BU3HAYAETHCA BIANOBIAHOI HOMIHAJIBHOIO HAMNpPYrow, SKy HIACTaBISIOTh Y
dbopMmyny s BU3HAYEHHS NapaMmeTpiB CXEMU 3aMillleHHS. Y JOBIAHHUKOBUX
Marepianax 3a3BUYail mapaMmeTpu TpaHcPopMaTropa MOAAIOTh 3BEACHUMHU 10
BHUCOKOi HOMIHAJIBHOI Hampyru. Y pa3i HEOOXITHOCTI MOXKHa IepepaxyBaTu Il
napamMeTpu MUISXOM MiJICTAHOBKM Yy (OPMYJIM HOMIHAJIbHOI HANpyru OOMOTKH
HU3bKO1 HAIIPYTH.

KOHTPOJIBHI 3AITUTAHHA

1. Ilepepaxyiime nacnopmui 0aHi cun08020 mpaHcpopmamopa.

2. Aki nacnopmmui Oami cunoeozo mpaxcgopmamopa uHaA4armev napamempu
nonepeuHoi 2Ky cxemu 3amiujeHHs?

3. ki nacnopmui Oawi cunosoco mpauncgopmamopa usHayarOms napamempu
N03008CHbOI 2INKU CXeMU 3aMIiUjeHHs?

4. Hasedimv 6upas 051 GU3HAYUEHHS NONEPEeyHOi aKMUBHOI NPOGIOHOCMI cxemu
3amiwjenHs cuno8o2o mpauncgopmamopa.

5. Haseoimv eupas 0115 usHauenHs nonepeyroi iH0ykmueHoi nposioHOCmi cxemu
3amiwjenHs cuno8o2o mpauncgopmamopa.

6. Hasedimv 6upas 0na 6usHaueHHs NO3008XHCHbO2O AKMUBHO20 ONOPY CXeMu
3amiujenHs cuno8020 mpauncgopmamopa.

7. Haseoims 6upaz 015 GuU3HAUEHHS NO3008HCHLO2O IHOYKMUBHO2SO ONOPY CXeMu
3amiujenHs cuno8020 mpauncgopmamopa.

JIITEPATYPA

[2], cmop. 80-82; [3], cmop. 226-228; [4], cmop. 65-67; [5], cmop. 64-66;

[6], cmop. 36-39; [7], cmop. 90-93; [8], cmop. 146-149;

[9], cmop. 100-103, 110-111; [10], cmop. 40-44; [14], cmop. 39-42;

[15], cmop. 134-137; [16], cmop. 140-144; [17], cmop. 135-139.
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" 2
xX. = ué.g‘Ui 10

0 S

o

2
where u; = \/ ”59 — (% : 100} 1s an inductive component of the short-
circuit voltage of the transformer.

Note that in modern mighty power transformers an inductive component of
the short-circuit voltage greatly exceeds an active component. For convenience it
allows neglecting an active component, and determining the longitudinal inductive
reactance by nameplate (rating) values of total short-circuit voltage of the
transformer:

u, U*-10

X, = ——— (1.22)
SE)

The parameters of an equivalent circuit of the power transformer can be
reduced to the rated voltage of the primary, or secondary winding. It is determined
by appropriate rated voltage inserted into the formula for determining the
parameters of an equivalent circuit. In reference books transformer parameters are
usually given as high rated voltage. In case of necessity it is possible to recalculate
these parameters by inserting the rated voltage of low-voltage winding into the

formula.
CONTROL QUESTIONS

1. What is included in the nameplate (rating) data of a power transformer?

2. What nameplate (rating) data of the power transformer determine the
parameters of the transversal branch of an equivalent circuit?

3. What nameplate (rating) data of the power transformer determine the
parameters of the longitudinal branch of an equivalent circuit?

4. Give the expression for determining the transversal active conductance of an
equivalent circuit of the power transformer.

5. Give the expression for determining the transversal inductive susceptance of an
equivalent circuit of the power transformer.

6. Give the expression for determining the longitudinal pure resistance of an
equivalent circuit of the power transformer.

7. Give the expression for determining the longitudinal inductive reactance of an
equivalent circuit of the power transformer.

REFERENCES
2], p. 80-82; [3], p. 226-228; [4], p. 65-67; [5], p. 64-66:[6], p. 36-39; [7], p. 90-
93; [8], p. 146-149; [9], p. 100-103, 110-111; [10], p. 40-44; [14], p. 39-42;

[15], p. 134-137; [16], p. 140-144; [17], p. 135-139.
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1.14 OJHOJIHIAHI CXEMHY 3AMIIIEHHS
TPUOBMOTKOBHUX CHJIOBUX TPAHC®OPMATOPIB

ITlin yac QopMyBaHHS EIEKTPUYHUX CHCTEM YacTO HEOOXITHO Ha OJHIN
MIACTaHIli MOEAHATH Ha MapajelibHy poOOTy ENEeKTPUYHI MEpexi TphOX KIaciB
HOMIHAJIBHOI HANIPYTH, HAIPUKJIAA, >KUBJISTY1 pailoHH1 Mepexi Hanpyrowo 110 kB,
MICLEB1 CUIbChKI Mepexi Hampyroio 35 kB Ta Mepexi MICBKHUX CIOXHBadiB
Hanpyroto 10 xB. Jlng uporo wmoxxkHa Oyino O BHKOpPUCTAaTH CHUJIOBI
tpanchopmaropu aBox tumiB — 110/35 kB ta 110/10 xB. Ilpore, 3a Takux yMoB,
€KOHOMIYHO JIOIUIBHIIIE 3aCTOCOBYBATH TPHOOMOTKOBI CHJIOBI TpaHC(OpMATOpH.
Taxi TpancdopMaTopu MICTATH 1O TP OOMOTKM B KOXKHIM (pa3i, po3TamioBaHi Ha
€IMHOMY MAarHiTonpoBojl. B pe3ynbraTi enexkTpuyHa eHepris, MNiABeJeHa [0
3aTUCKaYiB JKUBISAYUX MEPBUHHUX OOMOTOK TpPaHC(HOPMYETHCS Ta MEPEHAAETHCS Y
BTOPUHHI OOMOTKHU.

B TpuoOMoTKOBUX TpaHCPOpMaTOpax pO3PI3HIIOTH OOMOTKHM BHUCOKOI
CEepelHbOi Ta HU3BKOI HANpyru. 3a3BUYail, TPUOOMOTKOBI TpaHCHOPMATOPH
BCTAHOBJIIOIOTh HAa CIOXHUBAUBKUX MIACTAHIINAX, /€ MNEPBUHHUMHU KUBISTUYUMU
00OMOTKaMH € OOMOTKM BUCOKOI Hampyru, a BTOPUHHUMH — OOMOTKHU CEpEHBOT Ta
HHU3bKOT HaIpYyT.

B 3agadax ananizy poOoYMX PEXHMIB €IEKTPUUYHUX CHCTEM TPUOOMOTKOBI
TpaHchopMaTop MOJaTh ['-1oA1I0HOI0 CXEMOI0 3aMillleHHs, MPEACTaBICHO0 Ha
puc. 1.32. Taka cxema MICTUTb MOINEPEUHY T'JIKY KOHTYPY HAMarHiuyBaHHs Ta TpU
MOB3/IOBXHI T'JIKK OMOPIB OOMOTOK, OE€THAHI Y TPUIIPOMEHEBY 31PKY.

KoHTyp HamarHiuyBaHHs TpUOOMOTKOBOIO TpaHcdopmaTopa, Tak camo, fK 1
JIBOOOMOTKOBOTO, MICTUTh aKTUBHY Ta 1HAYKTHUBHY HPOBIIHOCTI Ta pO3TalllOBaHUMN
3aBX]M 3 OOKY >KUBJIIEHHA TpaHncpopmaropa. [lapamerpu nonepevyHoi Tk CXeMu
3aMillleHHd TPUOOMOTKOBOTO TpaHcpopMaTropa BU3HAYAIOTH 3a BUpa3aMu IS
nBooobmoTkoBoro Tpanchopmartopa(l.9), (1.15), (1.16).

ls Xg fe X

o—b—{ {0

Iy X

or| | 3br 3o

Puc. 1.32.I'-nonibHa cxema 3aMIlIeHHs! TPHOOMOTKOBOTO
CHJIOBOTO TpaHc(opmaTopa

[ToB3/1OBXKHI TUIKH OMNOPIB OOMOTOK XapaKTepU3YIOThCS AaKTUBHUMHU Ta
IHAYKTUBHUMU ornopami. [lapaMeTpu MoB3I0BKHIX T'JIOK BU3HAYAIOTh BUXOSYH 3
0CcOOMBOCTEN BUKOHAHHS AOCHIAIB KOPOTKOTO 3aMKHEHHS B TPHOOMOTKOBUX
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1.14 SINGLE-LINE EQUIVALENT CIRCUITS OF THREE-
WINDING POWER TRANSFORMERS

In designing electric systems it is often necessary at a substation to combine
electrical networks of three levels of rated voltage for parallel operation, for
example, these may be 110 kV single-area subtransmission networks, 35kV local
networks for rural consumers, and 10 kV networks for urban consumers. For this
purpose, it could be possible to use power transformers of two types, namely of
110/35 kV, and 110/10 kV. However, under such conditions it is more
economically viable to use three-winding power transformers. These transformers
contain three windings in each phase, mounted on the same magnetic circuit. As a
result, the electric energy supplied to the terminals of the primary windings is
converted and transmitted to the secondary windings.

In three-winding transformers there can be windings of high-, medium-, and
low-voltage. Three-winding transformers are usually installed at consumer’s
substations, where primary windings are high-voltage windings, and secondary
windings are medium-, and low-voltage windings.

In the problems of analysis of electric system operating conditions three-
winding transformers represent the inverted I'-shaped equivalent circuit, as
presented in Fig. 1.32. This circuit contains the transversal branch of a magnetizing
loop, and three longitudinal branches of resistance of the windings, which are Y-
connected.

The magnetizing loop of a three-winding transformer, just like in a two-
winding transformer, comprises active conductance and inductive susceptance, and
are located on the transformer supply side. The parameters of the transversal
branch of a three-winding transformer equivalent circuit are determined by
expressions for two-winding transformer (1.9), (1.15), and (1.16).

‘rﬂ‘ xﬂ r-l.'-‘ xl‘.?

o—b—{ {0

r.H lx’l—f

or| | 3br 3o

Fig. 1.32. Inverted I'-shaped equivalent circuit of a three-winding power
transformer

The longitudinal branches of the windings resistance are characterised by
pure resistance and inductive reactance. The parameters of the longitudinal
branches are determined by special features of conducting short-circuit tests in the
three-winding
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Tpancopmaropax. Jisg Takux arperaTiB JOCHIJ KOPOTKOrO 3aMKHEHHS
MPOBOJISITH ISl TPHOX TMap 0OMOTOK:
1) 3aMHKalOTh HAKOPOTKO 3aTHCKadl OOMOTOK CepeHbOi Hampyra Ta
MOAAIOTh KUBJICHHS JIO 3aTUCKA4Y1B 0OMOTOK BUCOKO1 HAaNpyTH;

2) 3aMHKalTh HaKOPOTKO 3aTHCKayl 0OMOTOK HU3BKOI HAMpPYTU Ta MOJAIOTh
JKUBJICHHS J10 3aTUCKa4iB 0OMOTOK BUCOKOI HamNpyru;

3) 3aMHKalOTh HAKOPOTKO 3aTHUCKa4l OOMOTOK HU3bKOI HANpyru Ta MOAAIOTh
YKUBJICHHS J10 3aTUCKa4iB 0OMOTOK CEpeaHhOT HAIIPYTH.

TakuM 4yMHOM, MACMOPTHI JaHI TPUOOMOTKOBUX TPAHCPOPMATOPIB MICTITH
iHbOopMaIlilo PO TPU MapH XapaKTEPUCTHK JOCHIIIIB KOPOTKOTO 3aMHUKAHHS MIXK
0oOMOTKaMU BHCOKOI Ta CepeHbOi, BUCOKOT Ta HUXKYOI, a TaKOX CEepPeIHbOI Ta
HU3BKOI Hampyr. Taki XapaKTEpUCTHUKH J03BOJISIOTH BU3HAYUTU CYMHU OIOPIB
MOCJIIJIOBHO YBIMKHEHHMX BIJIMOBIIHUX Map OOMOTOK TpaHchopmaropa. 30Kpema,
BTpAaTU aKTHUBHOI MOTY)XKHOCTI B JOCIiJlaX KOPOTKOIO 3aMUKaHHS BHU3HAYaIOTh
aKTUBHI OITOPU OOMOTOK BIATIOBITHO 10 BUPA3iB:

APKB-c(]TZIO3

VB + ]’; = J S2 ;
AP U*10°

vt = Slzf 0. (1.23)
AP._U’10°

r.+r, = —mng ,

T

1€ 7, Ve, ¥y — AKTUBHI OOPU OOMOTOK BHUCOKOi, CEpeHbOI Ta HU3BKOI HAIPYru
BIIMOBINHO; APy, APypy, APgcy — BTpaTH aKTUBHOI MOTYXKHOCTI B JOCJ]iIax
KOPOTKOTO 3aMKHEHHS MDK OOMOTKaMHM BHMCOKOi Ta CepeAHbOi, BUCOKOi Ta
HIDKYO1, CEpPEeIHROT Ta HU3bKOT HAMIPYT BIAMIOBITHO.

Bupasu (1.23) otpumani no ananorii 3 Bupazom (1.17) nns ABOOOMOTKOBOTO
TpaHchopmaropa.

Jliss BU3HAUEHHSI AaKTMBHOTO OMNOpPY OOMOTKM BHMCOKOI HAampyrd 3 CyMH
nepimux ABoX BupasziB (1.23) ciix BIIHATH TpETI:

AP, +AP, —AP _  )U10’

( K.B-C K.B-H K.C-H
2r =

B SZ

T

abo

K.B-C K.B-H K.C-H

0,5(AP, .+ AP —AP._ )UX0* AP _U?10°

rB = SZ SZ

T

b

raeAP,, =0,5(AP,, ; + AP, — AP,

e.a-n é.1-1

) — (DIKTUBHE 3HAYEHHSI BTPAT AaKTUBHOI

MOTY>KHOCT1 B OOMOTIII BUCOKOI Hampyru TpaHchopmaropa.
B 3arasbHOMy BHIaJKy MOXHA TMpPEACTaBUTH BUpa3 [Js BHU3HAYCHHS
aKTUBHHUX OMOPIB 0OMOTOK TPHOOMOTKOBHX TPAHC(HOPMATOPIB Yy BUTIISAI1
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transformers. In these devices the short-circuit test is conducted for three
pairs of windings:

1) terminals of medium-voltage windings are short-circuited, and terminals
of high-voltage windings are supplied with power;

2) terminals of low-voltage windings are short-circuited, and terminals of
high-voltage windings are supplied with power;

3) terminals of low-voltage windings are short-circuited, and terminals of
medium-voltage windings are supplied with power.

Thus, nameplate (rating) data of three-winding transformers contain the
information about three pairs of characteristics of short-circuit tests conducted
between high- and medium-voltage windings, high- and low-voltage windings, and
medium- and low-voltage windings. These characteristics allow determining the
sums of resistance of appropriate pairs of series windings of the transformer. In
particular, active power losses in short-circuit tests determine pure resistance of the
windings according to the expressions:

APKB-c(]TZIO3

= 'T;
AP U’10’°

ro4r = —“‘g(f 0 5 (1.23)
AP._ U’10°

r.+r, = 'C‘ng ,

where r, 7., ry are pure resistance of the windings of high-, medium-, and
low-voltage, respectively; APy s, APysyn, APy are active power losses in short-
circuit tests conducted between windings of high- and medium-voltage, high- and
low-voltage, medium- and low-voltage, respectively.

Expressions (1.23) are obtained by analogy with expression (1.17) for two-
winding transformers.

For determining pure resistance of the high-voltage winding (1.23) it is
necessary to subtract the third expression from the sum of the first two
expressions:

(APK B-C + APK B-H - APK C-H ) Ufl 03
or
O’ 5 (APK.B—C + APK.B—H B APK.C—H ) UT2103 APK BUT2103
rB = SZ = .SZ
whereAP,, =0,5(AP,,, + AP,,, — AP, ) is the empty value of active

power losses in the transformer high-voltage winding.
In general, it is possible to present the expression for determining pure
resistance of the windings of three-winding transformers in the form of
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AP U?10°

ho= (1.24)

ST

ne i — IHJeKC MOTOYHOI 0OMOTKH TpaHchopmaTtopa; APy — (IKTUBHI 3HAUEHHS
BTpaT aKTUBHOI MOTY>KHOCTI TpaHc(opmaTopa B i-ii 0OMOTIII:

AP :O’S(APM +Af)é.a-1' _Af)é.c-l');

AP, =0,5 (AP c AP — AP ) =AP,; . — AP ; (1.25)

AP, :O>S(APA . +AP, ):APé.ﬁ-i —AP,,.

é.a-1 é.0-1 é.a-n

KoHCTpykTHBHE  BHKOHaHHS  OUIBIIIOCTI  CYYaCHUX  TPHUOOMOTKOBHUX
TpancopMaropiB nependavae oJHAKOBI 3HAYCHHS BTPAT aKTUBHOI MOTY>KHOCT1 Y
BCIX JOCTigax KOpPOTKOro 3amMKHeHHs. s Takux TpaHchopmaTopiB aKTHUBHI
ornopy 0OMOTOK BU3HAYAIOTh 32 BUPA3aMHU

AP_U*10?
r,=r=r =—3——"

=7, =05 (1.26)

OueBuano, o Bupas (1.26) € okpemum BumnajgkoMm BupasiB (1.24) 3a ymoBu
OJIHAKOBMX 3HA4Y€Hb BTpaT AaKTUBHOI TOTY)XHOCTI B JOCHiJaX KOPOTKOIO
3aMKHEHHS

AP =AP._ =AP_ =AP_.

K.B-C K.B-H K.C-H

JUiss  BU3HAY€HHS  IHAYKTHUBHUX  ONOPIB  OOMOTOK  TPUOOMOTKOBHX
TpancopMaTropiB ToONEpPeaHLO HEOOXITHO po3paxyBaTH (IKTUBHI 3HAYCHHS
Hampyr KOPOTKOTO 3aMKHEHHS KOKHOi 3 OOMOTOK 3a BHMpa3amH, aHaJOTTYHUMU

(1.25):

T Uy pcr Ugpns Ugen — HAMPYTH B JOCHTIIaX KOPOTKOT'O 3aMKHEHHSI MK OOMOTKaMu
BUCOKOI Ta CepeaHbOi, BUCOKOI Ta HM)X4YOi, CEpelHbOI Ta HU3BKOI OOMOTOK
BIJIIIOBIIHO.

[HayKTHBHI OMOpU OOMOTOK TPHUOOMOTKOBHUX TpaHCPOpPMATOPIB BU3HAYAIOTH
3a TUTIOBUMU BUpPa3aMHU

2

U
x. =10u_. —, 1.27
1 K.l S ( )

T

Jle i— iHaeKc, 10 BIANOBiIae MOTOYHIN oOmoti TpaHncopmartopa (i = BH,
CH, HH); u,;% - ¢dixtuBHe 3HaueHHst Hanpyru K3 B BifCOTKax aJjis BIAMOBIAHOT
obmoTtku TpanchopmaTopa.Hacto ogHe 3 PIKTUBHUX 3HAYEHb HAMPYTH KOPOTKOTO
3aMKHEHHS (3a3BHYail OOMOTKH CEpEIHbO1 HAMPYTH, 1HKOIU — HU3BKOI HAIMPYTH)
BHUSBJIIETHCS OJIU3BKUM J0
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AP U?10°
ro= %, (1.24)
where i is an index of a current winding of the transformer; AP,; is an empty
value of active power losses of the transformer in i-winding:

AP, =0,5 (APé.a-c +AP,,; — AP, );
AP, =0,5 (APé.é-c + AP, — AP, ) =AF,, . — AP ;; (1.25)
AP, =0,5 (APeal +AF, . — APean) = AP, —AF,;.

Designing most of the modern three-winding transformers suggests equal
values of active power losses in all the short-circuit tests. For such transformers
pure resistance of the windings is determined by expressions

AP. U110’
B C H ZSf

It is obvious that expression (1.26) is a special case of expressions (1.24)
under condition of equal values of active power losses in short-circuit tests:

=0,57. (1.26)

APK.B—C = APK.B—H = APK.C—H = APK.s'
For determining the inductive reactance of the windings of three-winding
transformers it is necessary to precalculate empty values of short-circuit voltage of

each of the windings by the expressions analogous to (1.25):

U, =0,5 (ué.é-c F U T U o );
U, =0,5 (ué.é-c FUsoy — Ugyg ) =Ugae — Ugys
u,; =0,5 (”é.a-f U ”é.a-ﬁ) = Ugaq — Ugys

where Uy 5., Uxpn, Uccn are voltages in short-circuit tests conducted between
windings of high- and medium-voltage, high- and low-voltage, medium- and low-
voltage, respectively.

Inductive reactance of the windings of three-winding transformers is
determined by typical expressions

2

U
x. =10u_. —, 1.27
1 K.l S ( )

T

where i is an index of to a current winding of the transformer (i = high-
voltage, medium-voltage, low-voltage); u,;% is the empty value of short-circuit
voltage expressed as percentage for an appropriate winding of the transformer.

One of empty values of short-circuit voltage (usually of medium-voltage,
sometimes of low-voltage windings) often appears to be almost
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HyJIsI, 00, HaBiTh, BiI’€MHUM. 3a TaKMX YMOB CIIiJl IPUUHITH HYJIHOBE 3HAYCHHS
IHAYKTUBHOTO OTMIOPY BiIMOBIIHOT OOMOTKH TpaHChopMaTopa.

KOHTPOJIBHI 3AITUTAHHA

1. Axi aepecamu Ha3u8aromov mMpuoOMOMKOSUMU MPaAHCHopmamopamu?

. Hagedimv cxemy 3amiweHus cuno8oeo mpuooMomoko8020 mparchopmamopa.

.AK eusHauaromv  napamempu  NONEpeyHoi  2LIKU - mpuoOMomoK08020

mparncgpopmamopa?

4.V uwomy nonsgeac ocobaugicmv 00CAI0I8 KOPOMKO20 3AMKHEHH CULOBO2O
mMpuoOMOmK06020 mpancgopmamopa?

5. Hasedimo 6upaszu ons ikmueHux sHauenb 6mpam axmueHOi NOMYI’CHOCMI 8
00CNi0ax KOpPOmMKO20 3AMKHEHHS OJisl OKpeMux 0OMOmMOK mMpuooMOmoKo8020
mparcgopmamopa.

6. Hagedimov eupazu ons gikmusnux 3HaueHb Hanpye 8 00CHi0aX KOPOMKO20
3AMKHEHHs OJ1 OKpeMUux 0OMOmMoK mpuoOMomoKo8o2o mpaucgopmamopa.

7.Hasedimv  6upazu  0na  6U3HAUEHHA ~ AKMUBHUX  ONOpPi6  0OMOMOK
MPUOOMOMKOB020 MPAHCHOPMAMOPA 3 OOHAKOBUX MA PI3HUX 3HAUEHb 8MPAm
AKMUBHOI NOMYAHCHOCI 8 OOCTIOAX KOPOMKO20 3AMKHEHHS.

8.Hasedimv 6upazu Ona  6U3HAYEHHS  IHOYKMUBHUX  ONOPIE  0OMOMOK
MpUoOMOmMK08020 mpancgopmamopa.

w N

JIITEPATYPA

[2], cmop. 83-85; [3], cmop. 228-230; [4], cmop. 66-68; [S], cmop. 66-72;

[6], cmop. 39-41; 7], cmop. 93-95; [8], cmop. 152-154; [9], cmop. 103-106;[10],
cmop. 44-49; [15], cmop. 137-138; [16], cmop. 144-147;

[17], cmop. 139-143.

1.15 TPUOBMOTKOBI TPAHC®OPMATOPH 13 CKOPOYEHUMU
OBMOTKAMHA

B enekTpuuHHX Mepexax €HEeprocucTeM 3HaXOASThCA B EKCIUTyaTallii
CUJIOBI TPUOOMOTKOBI TpaHChOpPMATOPH, BUKOHAHI 3a 3aCTaplIuMU CTaHIAapTaMH,
oJlHa, a00 0OuABI BTOPUHHI OOMOTKHM SIKHUX PO3paxOBaHi HAa MEHILY MOTY>KHICTb,
HIK HOMiHaJIbHA TOTYXHICTh TpaHcpopmaropa. CripaBa B TOMY, 1110 €HEpPTid, sKa

MOCTyMae Ha TEPBHUHHY OOMOTKY BHCOKOI Hampyru TpaHchopmaTopa
PO3MOAUISETECS MK BTOPUHHUMH OOMOTKaMH CEPEeJIHBOI Ta HHU3bKO1 HAIPYT.
OdyeBUHO, IO  MOTYXHOCTI  BTOPUHHUX  OOMOTOK  TPHOOMOTKOBOTO

TpaHchopMaTopa 3aBXKIU MEHII MOTYXHOCTI MepBUHHOI 0OMOTKH. Lle o3Hauae,
oo B TPUOOMOTKOBUX TpaHc(hopmaTopax BTOPHHHI OOMOTKM MpaIlOlOTh B
HEJJOBAaHTA)KEHOMY PEKMMI HaBiTh 32 HOMIHAJIBHOTO HABAaHTAXEHHS MEPBUHHOI
oOMoTku. Lle cBiquuTh PO
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zero, or even negative. Under such conditions it is necessary to accept a zero value
of inductive reactance of an appropriate winding of the transformer.

CONTROL QUESTIONS

1. What devices are called three-winding transformers?

2. Describe an equivalent circuit of the three-winding power transformer.

3. How are the parametres of the transversal branch of a three-winding
transformer determined?

4. What is a specific feature of short-circuit tests of the three-winding power
transformer?

5. Give the expressions for empty values of active power losses in short-circuit
tests for individual windings of a three-winding transformer.

6. Give the expressions for empty values of voltage in short-circuit tests for
individual windings of a three-winding transformer.

7. Give the expressions for determining pure resistance of the windings of a three-
winding transformer at equal and various values of active power losses in short-
circuit tests.

8. Give the expressions for determining inductive reactance of the windings of a
three-winding transformer.

REFERENCES

[2], p. 83-85; [3], p. 228-230; [4], p. 66-68; [5], p. 66-72; [6], p. 39-41; [7], p.
93-95; [8], p. 152-154; [9], p. 103-106, [10], p. 44-49; [15], p. 137-138; [16], p.
144-147; [17], p. 139-143.

1.15 THREE-WINDING TRANSFORMERS WITH REDUCED
WINDINGS

Three-winding transformers employed in electrical networks of electric
power systems were made to meet standards which are now out-of-date, and so one
or both secondary windings are designed for lower power than the transformer
rated power. The thing is that the energy supplied to the transformer primary
winding of high votage is distributed between secondary windings of medium and
low voltage. It is obvious that the power of secondary windings of a three-winding
transformer is always lower than the power of the primary winding. In other
words, in three-winding transformers the secondary windings are operated in
underloaded conditions even at the rated load of the primary winding. This
indicates that
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MO>KJIMBICTh KOHCTPYKTUBHOTO BUKOHAHHSI BTOPUHHUX 0OMOTOK TpaHc(opmaTopa,
pO3paxoBaHUX HA  TMOTYXKHICTb, MEHNIy 3a HOMIHaJbHY MOTYXHICTb
TpaHchopmaropa. Taki arperatu Ha3uBaKOTh TpaHCHoOpMaTOpaMu 3 CKOPOUYEHUMHU
oOMoTkamu. BuroroBmsmcs Taki  TpaHcGOpMATOpPH 13  CIIBBLAHOLIEHHSM
notyxxkHoctet obmotok 100:100:66,7 Ta 100:66,7:66,7 y BigcOTKaxX 10
HOMIHAJIBHOT MOTYHOCTI TpaHchopmaTopa.

Hnst  tpaHchopMaTtopiB 31 CKOPOYEHMMHM OOMOTKaMU ISl PO3PAXyHKY
napameTpiB CXeM 3aMIIIeHHs CIiJ] BpaXOoBYyBaTH OCOOJIMBOCTI BUKOHAHHS JTOCII/IIB
KOPOTKOro 3aMKHeHHs. CrpaBa B TOMY, 110 B JAOCTIaX KOPOTKOTO 3aMKHEHHS Ha
3aTUCKadl NEepPBUHHUX OOMOTOK TIOJIal0Th TaKy Hamlpyry, Mmo0 Yy JaHIo31
BTOPMHHUX OOMOTOK MPOTIKaB HOMIHAJIBHUI CTPYM caMe€ BTOPUHHOI OOMOTKH.
OCKUTbKM TOTYXHICTh BTOPUHHOI OOMOTKHM MOXE BIAPI3HATHUCS Bl MOTYXHOCTI
NEPBUHHOT OOMOTKHM, CTPYM MEPBHUHHOI OOMOTKM B TaKOMY peXuUMi He Oyne
BIJIMOBIZJATH HOMIHAJIBHOMY CTpyMy TpaHcdopmartopa. Tomy aiis BU3HAYEHHS
napamMeTpiB CXeMH 3aMIlIeHHS TPUOOMOTKOBHMX CHJIOBHX TpaHchopMaTopiB 3i
CKOPOYEHUMHU OOMOTKaMH CIiJ] TIONEpPEIHbO 3BECTH MapamMeTpu JOCIiJIIB
KOPOTKOT'0 3aMUKAHHS 10 HOMIHAJIBHOI MOTY>KHOCTI TpaHcpopMaTopa.

Jist TpaHnc@opMarTopiB, B SKMX CKOPOYEHOIO € Juile OOMOTKAa HHU3bKOi
Hampyru (Hampukiajg, TpaHCOPMATOPH 31 CIIBBIAHOIICHHSIM MOTY>KHOCTEH
oomotok 100:100:66,7) ciig BUKOPUCTOBYBATH Taki BUpa3u IS MEPEPaxXyHKY
3HauY€Hb BTPAT aKTUBHOI MOTY>KHOCTI Ta HAPYT'H KOPOTKOTO 3aMKHEHHS :

2 ﬁ P
APK!BH — APKB ST — K.B-H ’
.B- .B-H S2 2
H.H. (XH.H.
2
APK' — AP ST — APK.C—H ;
C-H K.C-H S2 0(2
H.H. H.H
4 — ST — uK.B—H
K.B-H K.B-H 2
SHH (XH.H
u’ =y ST — uK.C—H
K.C-H K.C-H S - ’
H.H (XH.H
me o, =S8, /S, — xoedimieHT, KN BHU3HAYAE CHIBBIIHOMICHHS MOTYKHOCTI

CKOPOUYCHO1 0OMOTKH Ta HOMIHAJIBHO1 TOTY>XKHOCT1 TpaHchopmaTopa.

Jlist TpuoOMOTKOBUX TpaHCc(OpMATOpIB 31 CHIBBIIHOMIEHHSM IMOTY>KHOCTEH
oomorok BH:CH:HH 100:100:66,7 akTUBHMII Oomip IUISHKU CXEMH, IO 3aMillae
O0OMOTKY HOTYXHICTIO 66,7% Bi HOMIHAJIBHOI, BU3HAYAIOTh 3T1IHO BUPa3y

Toe67) = 1 » 374 100) >
€ F, o, - AKTUBHHH OMip JUIAHKM CXEMH, HABAHTAXEHOTO HOMiHAIBHOINO

MOTY>KHICTIO Ta 00YMCIICHOTO 10 CHiBBIAHOIIEHH!O (1.26).
Ji1st TpuoOMOTKOBHUX TpaHC(HOPMATOPIB 3 JBOMA CKOPOUEHUMH BTOPUHHUMHU
0oOMOTKaMH (HaNpUKJIad, TpaHC(HOPMATOPH 31 CMIBBIJHOIICHHAM MOTYKHOCTEH
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there exists a possibility of designing secondary windings of the transformer for
the power that is lower than the transformer rated power. These devices are called
transformers with reduced windings. They are made with the ratio of winding
power 100:100:66.7 and 100:66.7:66.7, expressed as percentage of the transformer
rated power.

In calculating the parameters of equivalent circuits for transformers with
reduced windings it is necessary to consider specific features of short-circuit tests.
The thing is that in short-circuit tests the voltage is applied to the terminals of
primary windings so that it is the rated current of secondary winding that would
flow in secondary windings. As the power of the secondary winding can differ
from the power of the primary winding, the current of the primary winding in such
conditions will not match the transformer rated current. Therefore, for determining
the parameters of equivalent circuit of three-winding power transformers with
underloaded windings it is necessary first to reduce the parameters of short-circuit
tests to the transformer rated power.

For transformers in which only low-voltage winding is reduced (for
example, transformers with the ratio of winding power 100:100:66.7) it is
necessary to use the following expressions for recalculation of values of active
power losses, and short-circuit voltage:

2
APK!BH — APKBH ‘S;-r — APK.B—H ’
.B- .B- S 0(2
H.H. H.H.
2
APK' — AP ST — APK.C—H ’
.C-H K.C-H S2 0(2
H.H H.H.
u' u ST uK.B—H ’

! uK C-H
uK Cc-H = uKC H . ’
. SHH (XH.H
wherea, , =S, /S, is the factor that determines the power ratio of the reduced

winding, and rated power of the transformer.
For three-winding transformers with the ratio of power of windings of high-

voltage:medium-voltage:low-voltage 100:100:66.7 the pure resistance of a section

of the circuit which replaces the winding of 66.7% of the rated power is

determined by the expression

=1,5r

Ts66.7) 5(100)

wherer is the pure resistance of a section of the circuit loaded with the rated

(100)
power, and calculated by relationship (1.26).

For three-winding transformers with two reduced secondary windings (for
example, transformers with the ratio
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obmotok 100:66,7:66,7 nepepaxyHKy HiJIsAral0Th apaMeTpy J0CIIIIB KOPOTKOTO
3aMKHEHHSI MDDK OOMOTKaMU BHCOKOI1 Ta CEpeJaHBOI 1 BUCOKOT Ta HU3bKOI HAIPYT.
Jlnst BTpaT akTHUBHOI MOTYXXKHOCTI Ta HAMpyrd KOPOTKOTO 3aMKHEHHS CIIiJ
BUKOPHUCTOBYBATU BUPA3U:

2
AP!. = AP S = Alse
éa-c é.a-c S2 2 s
c.i O(c.i
2
4 _ So _ A])é.é—i
AI)e a-i AI)é a-i 2 2 ’
S o
id id.
u =u SC) _ ue.é—l' .
ea-i — “ea-i S - ’
i.d al i
u =u S(‘) — ue.ﬁ—i
eni — e S - >
id al i
e o, =S8,/Sa,=S,,/S - xoebimienrtH, sKi  BH3HAYAIOTH

CIIBBIHOIIICHHS MOTYXHOCTEH CKOPOUEHUX OOMOTOK Ta HOMIHAJIBHOI MOTYKHOCTI
TpaHchopmaropa.

Jlist TpuoOMOTKOBUX TpaHCc(OpMaTOpiB 31 CHIBBIIHOMIEHHSM IMOTY>KHOCTEH
oomorok 100:66,7:66,7 aktuBHUM omip AUITHKH cxemMu (Owm), 10 3aMmilrye
0OMOTKY 3 HOMiHaJIbHOIO MOTYXHIcTIO 100%, Bu3HauaoTh He 3a Bupazom (1.26), a
3a CIIBBIIHOIIECHHIM

AU
T 1,838%107

[Ticns mepepaxyHKy 3Hau€Hb BTpaT IMOTYKHOCTI Ta HANpPyr KOPOTKOTO
3aMKHEHHS aKTHBHI Ta 1HAYKTHUBHI OMIOpH 0OOMOTOK TpaHC(HOpMaTOPiB BU3HAYAIOTh
3a Bupazamu (1.24) 1 (1.27).

KOHTPOJIBHI 3AITUTAHHA

1. Axi aepecamu nazuearome mpauncgopmamopamu 3i CKOpoyeHUMU 0OMomrkamu?

2.V uwomy nonseae  ocobausicmv  00Cnidi8  KOPOMKO20 — 3AMKHEHH:
mpaucgopmamopia 3i ckopoueHumMu 0oMomramu?

3. Hasedimv supazu 0151 nepepaxyHky nacnopmiux OaHux mpancgopmamopie 3i
CKOPOUEeHUMU 0OMOMKAMU 00 HOMIHANbHOI NOMYHCHOCMI Mpancgopmamopa

JIITEPATYPA

[2], cmop. 90, [3], cmop. 67; [5], cmop. 71-72; [8], cmop. 156-157; [16], cmop.
144-146; [17], cmop. 145-146.
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of winding power 100:66.7:66.7 the parameters of short-circuit tests conducted the
between windings of high- and medium-voltage, and high- and low-voltage are
subject to recalculation. For active power losses, and short-circuit voltage it is
necessary to use the expressions:

2
AP! — AP Sc‘) _ APé.é—c .
é.a-c é.a-c S2 2 >
ci. c.i
2
' _ S(‘) _ A})é.é—i .
Al)é a-i AI)e a-i - ’
a- .a- S2 az
id. id.
u' =u S(‘) _ ué.é—i
ea-i — “ea-i S - ”
id. al i
u' =y S(‘) ué.ﬁ-i
&.0-i é.0-i S o >

wherea,,, =S, /S, ;a,, =S,,/S, are the factors that determine the ratio of

power of reduced windings, and rated power of the transformer.

For three-winding transformers with the ratio of winding power
100:66.7:66.7 pure resistance of a section of the circuit (Ohm) which replaces the
winding of 100% rated power is determined not by expression (1.26), but by the
relationship

AP U,
V =
(100) 210-3
1,835°10
After the recalculation of values of power losses and short-circuit voltage the

active resistance and inductive reactance of transformer windings are determined
by expressions (1.24) and (1.27).

CONTROL QUESTIONS

1. What device is called a transformer with reduced windings?

2. What is a specific feature of short-circuit tests of transformers with reduced
windings?

3. Give the expressions for recalculation of nameplate (rating) data of
transformers with reduced windings to transformer rated power.

REFERENCES

2], p. 90; [31, p. 67; [5], p. 71-72; [8], p. 156-157[16], p. 144-146; [17], p. 145-
146.
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1.16 CUJIOBI TPAHC®OPMATOPH 3 POHIEIIVIEHUMHA
OBMOTKAMHA

KoHCTpyKkTHBHE BUKOHAHHS JIESIKUX THITIB CHJIOBUX TpaHCHOpMaTOpiB
nepeaoayae BUKOHaAHHS 0OMOTKHA HU3bKO1 HAMIPYTH PO3IIECTUICHOIO Ha /Bl YaCTHHH,
MOTYXHICTh KOXHOI 3 sKkux ckimanae 50% Bil HOMIHAIBHOI MOTY>KHOCTI
Tpancopmaropa. Sk 3a3Hauvanocs BUIlE, 3a JOMIOMOIOK0 TaKUX TpaHCHOpPMATOPiB
MOHA OPTraHi3yBaTH XKUBJICHHS €JCKTPUUYHHX MEPEX BiJl IBOX reHepaTopis, abo
PO3IUTBHE KUBJICHHS CEKI[IH PO3MOAUTPYMX MPUCTPOIB CIIOKUBAIIBKUX M1ACTAHIIIN.

TpanchopmaTopu 3 pPO3MICTUICHUMHU OOMOTKAMHU MOXYTh IMpaIfOBaTH TI0
JIBOM CXE€MaM YBIMKHEHHS: 13 TOE€JIHAHUMHU TMapajieIbHO OOMOTKaMU HHU3bKO1
HAIpPYTH Ta 13 PO3AUIBHUM YBIMKHEHHSM PO3UIEIUIEHUX OOMOTOK.

VY nepuiomy pa3i cxeMa 3amillleHHS TpaHcdopMaropa Ta I MmapaMeTpu
MOBHICTIO 301rar0ThCsl 13 CXEMOK 3aMIIIEHHS 3BHYAMHOTO JBOOOMOTKOBOTO
Tpancopmaropa, HaBeaeHOT1 Ha puc. 1.29. Taka cxemMa YBIMKHEHHS HE J03BOJISIE
BUKOPHCTOBYBATH KOHCTPYKTHBHI TepeBaru TpaHchOpMaTOpiB 3 PO3IICTUICHUMU
0OMOTKaMHU.

Hns  ngpyroi cxemMu yBIMKHEHHS TpaHcopmaropa 3  pO3IICIUICHUMU
oOMOTKaMHu cxeMa 3aMillleHHs HaBelleHa Ha puc. 1.33.

Fs Xa Fu X1
P a O
Kz
gr g br YT 0

Puc. 1.33.I'-noxibxHa cxema 3amillieHHsI CUJIOBOTO TpaHc(opMaTopa
3 pO3IIEIUICHUMHU 0OMOTKaMuU

Ha puc 1.33 r,, x; — aKTUBHMI Ta IHAYKTUBHUNA OMOPU OOMOTKH BHUCOKOi
HAIPYTH; Fy1, V2, Xul, X2 — AKTUBHI Ta 1HIYKTUBHI OMOPH PO3IIETIEHUX 0OMOTOK
HU3BKOI HAPYTH, 3Be/ICH1 JJO HOMIHAJILHOT HAIIPYTH OOMOTKH BUCOKOI HAMPYTH.

[TapameTpu momnepeyHoOi T'JIKK KOHTYpPY HaMarHiuyBaHHS CXE€MH 3aMIillleHHS
TpancopMaropa 3 po3lIETNICHUMU OOMOTKaMHU PO3PaXxOBYIOTh TaK caMo, K 1 JJIs
3BHYAaHUX JIBOOOMOTOKOBHMX TpaHc(opmaTopiB 3a Bupazamu (1.9) ta (1.15) abo
(1.16). Taka riika 3aBXaM po3TallioBaHa 3 0OKY KHUBJICHHs TpaHChopMaTopa.

BusHauenHss  mapaMeTpiB  TOB3JOBXKHIX  TUIOK  CXEMH  3aMIlICHHS
TpancopMaTtopiB 3 PO3MICIUICHUMH OOMOTKaMHU 0a3yeTbcsi Ha HACTYIHHUX
MipKyBaHHAX. OCKUIBKHM TOTYXHICTh KOXKHOI 3 PO3MICIJICHUX OOMOTOK HHM3BKOT
Hafpyru JOPIBHIOE TMOJOBHHI TMOTYXHOCTI OOMOTKHM BHCOKOi  Hampyru, JJs
aKTUBHUX OMOPIB 0OMOTOK TpaHCchopMaTopa MOKHA 3aMMCATH CHIBBIIHOIICHHS

r,=1, =2r,. (1.27)

il
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1.16 POWER TRANSFORMERS WITH SPLIT WINDING

The design of some types of power transformers suggests making low-
voltage winding split into two parts, the power of each winding being 50% of the
transformer rated power. As mentioned above, by means of these transformers it is
possible to supply electrical networks from two generators, or provide an
individual supply of sections of switchgear at consumer’s substations.

Split winding transformers can operate in two designs of connection circuit:
with shunt windings of low-voltage, and with separate connection of split
windings.

In the first case the transformer equivalent circuit and its parameters
completely coincide with the equivalent circuit of an ordinary two-winding
transformer, as illustrated in Fig. 1.29. This connection circuit does not allow using
design advantages of transformers with split windings.

The equivalent circuit for the second type of the connection circuit of the
transformer with split windings is given in Fig. 1.33.

Fs Xa Fu X1
P a O
Kz
gr g br YT 's)

Fig. 1.33. Inverted I'-shaped equivalent circuit of the power transformer with split
windings

In Fig. 1.33 r,, x; are pure resistance and inductive reactance of the high-
voltage winding; 7y, w2, Xu1, X are pure resistance and inductive reactance of the
split low-voltage windings, reduced to the high-voltage winding rated voltage.

Parameters of the transversal branch of a magnetizing loop of the equivalent
circuit of transformer with split windings are calculated in the same manner as for
ordinary two-winding transformers by expressions (1.9) and (1.15), or (1.16). This
branch is always located on the transformer supply side.

The determination of parameters of longitudinal branches of an equivalent
circuit of transformers with split windings rests on the following considerations.
As the power of each split low-voltage winding is equal to half of the power of the
high-voltage winding, the relationship for pure resistance of the transformer
windings can be written down as
=2r, . (1.27)
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3a mapaneiabHOro MO€JHAHHSA PO3UICIUICHUX OOMOTOK HHU3bKOI Hampyru
TpaHchopMaTrop Tpauroe SK 3BUYAHHUNA JBOOOMOTKOBHM TpaHcdopmaTop,
AKTUBHMM Ta IHAYKTUBHHUM OMOPHU SIKOTO CKIAAAI0Th

y =7y 4+ rleHZ .
T e
1 2
mi e (1.28)
X X
— HI" H2
XT = XB + —
le +xH2

ne r; 1 x; BU3HauaroTh 3a Bupazamu (1.17) ta (1.22) nnsa aBOOOMOTKOBHX
TpaHchopMaTopis.
3 nepuioro piBHsHHSA (1.27) Ta cniBBinHomeHHs (1.28) BunnuBae, mio

r,=0,5r;

v, =F, =TI,.

Hl T

Jis  TpaHchOpMaTopiB 3 PO3LICIUVIEHUMHU OOMOTKAMM 3 JOCTaTHBOIO
TH)XEHEPHOIO TOYHICTIO MOYHA BBa)KaTH, 10 1HIYKTUBHHUM OMIp OOMOTKH BHCOKOT

Hanpyru aopiBHioe HyIt0 (x = 0). Toxi 3 apyroro piBasHHS (1.28) BUILIHUBAE, 1110
p y B py p

Xip =X, :2xo'

KoHCTpyKTHMBHE BUKOHAHHS JESKUX CUJIOBUX TpaHCcPopMaTopiB nependadae
pO3IICTVIEHHS OOMOTKM HU3bKOI HAlPyrd Ha TPU YaCTHHH, MOTYXKHICTh KOXKHOT 3
akux ckiagae 33,3% Bl HOMIHAJIBHOI MOTY>XHOCT1 TpaHcpopmaTtopa. [is takux
TpancopMaTropiB mapamMeTpu IMOB3JOBXKHIX TUIOK CXEMH 3aMillleHHS CIIiJ
BHU3HAYATH 32 BUPA3aMU:

r, =0,5r;

By =Ty =Ty =151
x, =0;

Xy =X,y =X, =3x,

ne rp 1 x; BHU3HayawTh 3a Bupazamu (1.17) Ta (1.22) nnas 1BOOOMOTKOBUX
TpaHchopMaTopiB.

[lepeBaroro TpaHchopMaTopiB 3 PO3MICTUICHOI OOMOTKOIO € 30UIbIICHHS
PEAKTHUBHOIO OMOPY MK TUIKaMH, IO J03BOJISIE OOMEXKYBATH CTPYM KOPOTKOIO
3amukaHHsa Ha ctopoHi HH. Tomy nmonmxytodi TpanchopmaTopu 3 po3uierIeHUMU
OOMOTKaMH OJiepXalu MUpoKe mnomupeHHs. [linBuinyBanbHi TpaHnchopMaTopu 3
PO3ILICIUIEHUMHU OOMOTKaMH 3aCTOCOBYIOTh piIKO. BOHM BHKOpHUCTOBYIOTHCS Ha
€JIEKTPOCTAHIIISAX, KOJM KUIbKA TEHEpaToOpiB JOLUIBHO NPUEAHATH JO OJHOTO
TpaHchopmaTopa. Y  IbOMY  BHIAAKYy  YHUCIO  PO3LICIUIEHUX  OOMOTOK
Tpanc(opmaTopa MOBUHHE BIOBIIATH YUCITY TEHEPATOPIB, IO MiIKITIOYAIOTHCSI.
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With the parallel connection of split low-voltage windings the transformer
operates as an ordinary two-winding transformer, the pure resistance and inductive
reactance being calculated as

y =7y 4+ rleHZ .
T e
1 2
ni T (1.28)
X X
— HI" H2
X =x, +—1—t
le + xHZ

where 7; and x; are determined by expressions (1.17) and (1.22) for two-winding
transformers.
From the first equation (1.27) and relationship (1.28) it follows that
r, =0,5r;

r

Hl

=7, =".

For transformers with split windings it is possible to expect with sufficient
accuracy that the high-voltage inductive reactance is equal to zero. Then, from the
second equation (1.28) it follows that

Xip =X, = 2%,

The design of some power transformers suggests splitting the low-voltage
winding into three parts, the power of each being 33.3% of the transformer rated
power. For such transformers the parameters of longitudinal branches of an

equivalent circuit must be determined by the expressions:

r, =0,5r;

Ty =Ty =Ty =151
x, =0;

Xy =X,y =X, =3x,

where r; and x; are determined by expressions (1.17) and (1.22) for two-winding
transformers.

The advantage of transformers with split windings is an increase in the
reactance between branches, which allows restricting the short-circuit current on
low-voltage side. Therefore, step-down transformers with split windings have
found wide application. Step-up transformers with split windings are seldom
employed. They are used at power plants when several generators must be
connected to the same trasnformer. In this case, the number of split windings of the
transformer must correspond the number of the generators to be connected.
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KOHTPOJIBHI 3AITUTAHHA

1.Axi  aepecamu  Hazusaiomv — mpauncgopmamopamu 3 po3uenieHuUMuU
oomomxamu?

2. Haszsimv nepesacu suxopucmanns mpauncgopmamopie 3  po3uenieHuUMuU
obmomxamu.

3. 3a axumu cxemamu modcymo npayioeamu mparcpopmamopu 3 po3ujenieHumu
oomomxamu?

4. Hasedimb cxemy 3amieHHs CUI08020 MPAHCHOPpMAmMopa 3 po3ujenieHumu
obmomxamu.

5. Hasedimb supasu 0/ 6U3HAYEHHS AKMUBHUX MA IHOYKIMUBHUX ONOPI8 0OMOMOK
mpaucghopmamopie 3 po3uenieHumu 0OMOMKAMU.

JIITEPATYPA

[3], cmop. 230-232; [6], cmop. 42-45; [8], cmop. 150-152; [9], cmop. 106-108,;
[10], cmop. 55-58; [15], cmop. 138-139.

1.17 CUJIOBI ABTOTPAHC®OPMATOPH

B enekTpuuHHX Mepexax BUIIMX KJIACIB HOMIHAJBHOI HAIPyTd, OCOOJIUBO
HAJBUCOKOI ~ HOMIHAJIbHOI  HAmNpyrW, 4YacTO  BUKOPUCTOBYIOTH  CHJIOBI
aBroTpancopmaropu. Ha puc. 1.34 mnpeacraBienHo oaHodazHU CUIOBUN
aBroTpancopmarop 330/110 B, BctaHoBneHuit Ha Yepkacbkidd MiACTaHIIIT
330 xB.

Oco0nuBICTh KOHCTPYKTUBHOTO BUKOHAHHS aBTOTPaHC(HOPMATOPIB MOJISATAE B
HAsSIBHOCTI raJIbBaHIYHOTO 3B’ 3Ky MK 0OMOTKaMH 3a paXyHOK TOTO, III0 BTOPUHHA
OOMOTKa € YacCTHMHOIO MEPBUHHOT OOMOTKH, SK CXEMAaTHYHO TMpPEICTaBICHO Ha
puc.1.35.

Yactuny oOMOTKH aBTOTpaHchOpMaTopa, sika € CHUILHOIO JJIsl MOETHYBAHUX
CJIEKTPUYHUX MEPEXK PI3HUX KJIACIB HOMIHAJIBHOT HANPYTrd Ha3WBaIOTh 3arajbHOIO
oOMoTKOI0. HasiBHICTB 3arajibHOi OOMOTKH J103BOJISIE CYTTEBO MOKPAIIUTH Maco-
rabapuTHI Ta TEXHIKO-€KOHOMIYHI MOKa3HUKHU aBTOTpaHC(HOPMATOPIB MOPIBHSIHO 3
CWIOBUMH JIBOOOMOTKOBUMHU TpaHchopmaTopamu. 3a3HayuMMo, M0 4epes
OOMEKEHHS Maco-rabapuTHUX TMOKAa3HUKIB TPaHCPOPMATOPIB B EIEKTPUUHUX
MepekaxX HaJBUCOKOI HOMIHAJIBHOI HANmpyrd MOXIMBO BUKOPUCTAHHS JIMIIE
aBTOTpaHc(popMaTOpIB.

OnHi€l0 3 OCHOBHUX XapaKTEPUCTUK CHJIOBUX TpaHcPopMmaTopiB € ix
Koegiyicnm mpancgopmayii, IKUA YUCEIHHO JOPIBHIOE BIAHOIIEHHIO KIIBKOCTEH
BUTKIB OOMOTOK BUCOKOi Ta HU3bKO1 HAMPYTH BiJIMOBIIHO

T
;\' = E

T ar
e
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CONTROL QUESTIONS

1. What device is called a transformer with split windings?

2. Name the advantages of using transformers with split windings.

3. In what connection circuits can transformers with split windings operate?

4. Describe the equivalent circuit of the power transformer with split windings.

5. Give the expressions for determining pure resistance and inductive reactance of
windings of the transformers with split windings.

REFERENCES

[3], p. 230-232; [6], p. 42-45; [8], p. 150-152; [9], p. 106-108; [10], p. 55-58; [15],
p. 138-139.

1.17 POWER AUTOTRANSFORMERS

Power autotransformers are often used in electrical networks of high rated
voltage levels, especially of ultrahigh rated voltage. In Fig. 1.34 there is a single-
phase power autotransformer of 330/110 kV, installed at 330 kV Cherkasy
substation.

The specific feature of autotransformer design is the galvanic coupling
between windings, caused by the fact that the secondary winding is a part of the
primary winding, as schematically shown in Fig. 1.35.

The part of the autotransformer winding which is common for combined
electrical networks of different rated voltage levels is called common winding. The
common winding allows improving essentially weight, size, and performance
characteristics of autotransformers in comparison to two-winding power
transformers. One should note that because of restrictions of weight and size
transformer parameters in electrical networks of ultrahigh rated voltage it is
possible to use autotransformers only.

One of the basic characteristics of power transformers is the transformation
ratio, which is numerically equal to the relation of number of turns of high-, and
low-voltage windings, respectively

- Wy

T ar
W,
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Puc. 1.34. Cunosuii aBrorpancdopmarop 330/110 kB
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Puc. 1.35. Enexktpuuna npuHIMNoBa cxema ogH0¢a3HOro aBToTpaHchopmaropa

Slkiio 3HEXTyBaTH MaJIHHSAMM HAlpyru Ha oOMOTKaxX TpaHcdopmaTopa, TO
YMOBHO MOXHa BBa)kaTH, 110 KoeiieHT TpaHchopMallii TOPIBHIOE BIIHOIICHHIO
BHUCOKOT HAIIPYTY Ta HU3bKOI HAIIPYTH BIATIOBIIHO

kT:UB/UH.

CydacHi KOHCTPYKIIii CHJIOBHX TpaHC(HOpPMATOPiB JO3BOJISIOTH 3MIHIOBATH
pob6oUy KITBKICTh BUTKIB 0OMOTOK TpaHchopMmaTopa i, TAKUM YUHOM, 3A1HCHIOBATH
pEeryJloBaHHsS HANpyTd B EJICKTPUYHIA Mepexi, 10 MiJ€HaHa 10 BTOPUHHUX
oOMoTok TpaHchopmaropa. Take peryjaroBaHHS MOKe OyTH aBTOMAaTHYHHM 3a
JOTIOMOTOI0 TIPUCTPOIB PETYITIOBAaHHS 0€3 PO3pUBY JIAHIIOTa HAaBAHTAXKCHHIM
(PITH) aGo HeaBTOMAaTHYHUM 3a JIONOMOIOI IPUCTPOIO IMEpeKItoYeHHs 0e3
30ymxenns (I1b3). 3a3nauuMo, 10 OCTaHHIA cmocid peryjaroBaHHS MOTpedye
BIIKJIIOUEHHS TpaHc(opMaTopa BiJ MEpeXxi 1 TOMy HOro BUKOPHUCTOBYIOTH JIUIIIE
JUIS CE30HHOTO PETYIIIOBAHHS HAIPYTH.

129



ST WLV | T

(]
A
)
<)

|
|
|

L
Nl X\ g

l=1,-1, A]‘

O O
Fig. 1.35. Basic electric circuit of single-phase autotransformer

If we neglect voltage drops on the transformer windings, for convinience it
is possible to consider the transformation ratio to equal the relation of high-, and
low-voltage, respectively

kT:UB/UH.

Modern designs of power transformers allow changing the number of
operating turns of the transformer windings, thus regulating voltage in the
electrical network connected to the transformer secondary windings. This
regulation can be done automatically by means of control devices without tap
changing under load (TCUL), or manually by means of an off-circuit tap-changing
device (no-load tap changer, NLTC). One shoould note that the latter control mode
requires disconnecting the transformer from the network and, consequently, it is
used only for seasonal voltage regulation.
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Jlis moeaHaHHS Ha TapalenbHy poOOTY EJNEKTPUYHUX MEpEeK HaJABUCOKOI
HOMIHAJIBHOI HANpYru 3a3BMuYail BUKOPUCTOBYIOTH CHUJIOBI aBTOTpaHCHOpMATOPHU
(AT).

Cxema 3aminieHHst AT MICTUTh MONEPEUHY TUIKY KOHTYPY HaMarHI14yBaHHS
Ta TPU MOB3/I0BXKHI F'UIKK OMOPIB 0OMOTOK, MOEIHAH] Y TPUIIPOMEHEBY 31pKY.

HonatkoBoto xapakrepuctukoro AT € Tak 3BaHa THIOBA TMOTYXKHICTb.
HominanbpHa MOTYXXHICTh 11€ Ta MOTYXHICTh HA Ky BIH pPO3paxOBaHHUI MO YMOBI
HarpiBy, TOOTO 1€ TpaHUYHA MOTY>KHICTh, 110 MOXKe OyTu nepenana yepe3 AT Ha
CTOPOH1 BHCOKOi Hampyru. THUIOBa MOTYKHICTh XapaKTepU3y€e MOTYKHICTh, sKa
NEpPeaeTbCsd  EJIEKTPOMArHITHUM LUIIXOM  4Yepe3 OOMOTKHM, W0 3B s3aHl
enekTpuyHo. lle Ta MOTYXHICTH Ha $Ky pO3paxoBaHa IOCIIJOBHA OOMOTKa
CEpEeIHbOI HAIIPYTU

Sr= N"IEIEHUEH(I — Ucu/Uzz).

PosristHemo npuHIUNOBY cxeMmy aBToTpanchopmaropa. [lo cnipHiil 0OMOTIII
arperaTy IpOXOJUTh CTPYM, SIKHH YMCEJIBHO JOPIBHIOE PI3HUII CTPYMIB IEPBUHHOT
1 BTOpPUHHOI 0OMOTOK:

I,=1,-1,.
VY pa3i HeXTyBaHHS KyTaMHU OBOPOTY BEKTOPIB CTPYMY 1 HAIPYTy NMEPBUHHO1
Ta BTOPUHHOT OOMOTOK, 3yMOBJICHHX BTpPAaTaMH aKTUBHOI MOTYXHOCT1 HEPOOOUOTo

X0y 1 KOPOTKOTO 3aMHUKaHHs TpaHchopMmaTopa, cyMapHa MOTYKHICTh 3arajbHOi
O0OMOTKH (TUIIOBA MOTYKHICTh) aBTOTpaHC(hopMaTopa CTAHOBUTh

1
SaT = \/gUz (]2 _]1) = \/§U2]2 1_]_1 =

? (1.29)

1

=S, |1-—1|=8.k,.
kT
I, U, ..
ne kg = ]— = Ua — Koedimient Tpanchopmaillii aBroTpanchopmaropa,k .-
1 i

KOe(DILIEHT BUT1THOCTI.

3 aHanizy Bupaszy (1.29) moxHa 3poOWUTH BHUCHOBOK MpO T€, IO THUIIOBA
MOTYXKHICTh aBTOTpaHcPopMaTopa 3aBXKIWM MEHINA BiJ] HOMIHAJIBHOI MOTYKHOCTI
CHJIOBOTO TPUOOMOTKOBOT'O TpaHC(HOpMAaTOpa TOTO K KiIacy HOMIHAJIbHOI HAIPYTU
1 TIET K HOMIHAIBHOI MOTYXHOCTI. lle NpHU3BOAUTH 1O 3HIKEHHS MacH,
rabapuTHUX pO3MIpIB 1 BTpAT aKTUBHOI MOTY>KHOCTI B aBTOTpaHC(hHOpMaTopi.

Koedimienr,  gxuii ~ BU3HAYae  3HMKEHHS  THUIOBOi  MOTY>KHOCTI
aBToTpaHcopmaTopa, B TEXHIYHIA JiTeparypl Ha3UBaIOTh Koe]iliEHTOM
BUT'1IHOCT1
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Power autotransformers are commonly used for combining electrical
networks of ultrahigh rated voltage for parallel operation.

The equivalent circuit of autotransformers contains the transversal branch of
a magnetizing loop, and three longitudinal branches of resistance of the windings,
Y -connected.

The additional characteristic of autotransformers is so-called “standard
power”. The rated power is the power for which the transformer is designed to
operate under heating conditions; in other words, it is the maximum power which
can be transmitted through the high-voltage side of an autotransformer. The
standard power is the power which is transmitted electromagnetically through the
electrically connected windings. It is the power for which the series winding of
medium-voltage is designed.

Sr= N"IEIEHUEH(I — Ucu/Uzz).

Let us consider the basic circuit of an autotransformer. The current flows
along the common winding, being numerically equal to the current difference of
primary and secondary windings:

In case of neglecting the angles of rotation of current vectors, and voltage of
the primary and secondary windings, caused by active power losses of no-load and
short-circuit conditions of the transformer, the total power of the common winding
(typical power) of the autotransformer is

1
SaT = \/gUz (]2 _]1) = \/§U2]2 1_]_1 =

? (1.29)

1
=S, |1-—1|=8.k,.
kT
I, U, . ) . :
where ko = ]— = Ua - 1s the autotransformer transformation ratio , k. is the cost
1

5
ratio.

From the analysis of expression (1.29) it is possible to conclude that the
standard power of an autotransformer is always lower than the rated power of a
three-winding power transformer of the same level of rated voltage, and of the
same rated power. It leads to a decrease in weight and size parameters, as well as
active power losses in the autotransformer.

In technical literature the ratio which determines the decrease in standard
power of an autotransformer is called cost ratio.
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ko =1-—. (1.30)

Ob6epuena BenuunHa 1/k, mokasye, y CKUIbKU pa3iB BUTIHINIE 3aCTOCYBAHHS
aBTOTpaHc(opmaTopa MOPIBHIHO 13 CHIIOBUM TPUOOMOTKOBUM TpaHC(HOpPMATOPOM
TaKoi caMOi HOMIHAJIBHOT MOTYHOCTI.

3 ananizy Bupasy (1.30) BummBae, Mo 4uM OJMDKYl KJIACH HOMIHAJIBHOI
HaInpyra 0OMOTOK aBTOTpaHCc(hopMaTOpiB, TAM MEHIIUN KOE(ILIEHT BUT1IHOCTI, a,
OTXKe, TUM OUThIIMM OyJe 3HIKEHHS THIIOBOI MOTY>KHOCTI aBTOTpaHc(opMaTopa
(tabn. 1.4). Hanpuknan, 3a croiBBigHOIIEHb HOMiHanbHUX Hanpyr 330/220 kB,
500/330 kB, 750/500 kB koedimieHTH BHUTiIHOCTI aBTOTpaHCpopMaTopa
CTaHOBIATH Onn3bko 0,33, TOOTO THUIOBAa MOTYXHICTH aBTOTpaHchopMaropa
BUSBIIIETHCS MPUOIM3HO B TPU Pa3d MEHILOIO BiJl TUMOBOI MOTYKHOCT1 CUJIOBOTO
TpuoOMOTKOBOTO TpaHcpopmartopa. BogHouac 3a CHiBBIIHOIICHHS HOMIHATBHHUX
Hanpyr oOMoTok aBtoTrpanchopmaTopa 750/110 kB koedilieHT BHUTITHOCTI
ctaHoBuTh (0,85, TOOTO TUNOBA MOTYXKHICTh aBTOTpaHC(HOpMATOpPa 3HUKYETHCS
muiie Ha 15% nopiBHSAHO 3 HOMIHAJIBHOIO MOTYXHICTIO CHJIOBOTO TPHOOMOTKOBOTO
TpaHchopmaropa. Lle o3Hauae, 1m0 3HUKEHHS MacorabapuUTHUX XapaKTEPUCTHK
CWJIOBHUX aBTOTpaHC(OpPMATOpIB WLIOJI0 CHIIOBUX TpaHC(hOpMaTOpiB Tiei camoi
MOTYXHOCT1 OyzAe THUM Ouiblie, YuM OJM>K4l HOMIHAJIbHI HAaImpyrd MOEIHYBAaHUX
EJIEKTPUYHUX CUCTEM.

Tabnuus 1.4. XapakTepucTHUKU aBTOTpaHCHOPMATOPIB HAABUCOKOT HAIPYTU

CriBBITHOIICHHS Koedimient Koedimient
Harpyr TpaHchopmarii BUT1HOCTI
330/110 3,0 0,67
330/150 2,2 0,54
330/220 1,5 0,33
500/110 4,5 0,78
500/220 2,3 0,56
500/330 1,5 0,34
750/110 6,8 0,85
750/220 3,4 0,71
750/330 2,3 0,56
750/500 1,5 0,33

CuiioBi aBTOTpaHc(opMaTopu 3a3BUYail KOMIUIEKTYIOTh TPETbOIO OOMOTKOIO
HU3BKOI HAMPYTH, BiJl KOO 31MCHIOIOThH UBJICHHS BJIACHUX MOTpPeO MiJICTAHIIIH,
a TaKOXX MICIIEBUX CIIOKMBadiB. Takli OOMOTKM IOB’sA3aHI 3 OOMOTKaMH BHUCOKOT
HaIpyru 3a JIOMOMOTOI0 €JIEKTPOMArHITHOTO 3B’sI3Ky. UMHHI TE€XHIYHI YMOBHU Ha
CWJIOBl  aBTOoTpaHcpopmaTopu  mepeadadaroTh  BUKOHAHHS ~ arperatriB = 3
HOMIHAJIbHOIO

133



k, PR (1.30)

(6]

The reciprocal value 1/k, indicates how more advantageous it is to use the
autotransformer rather than three-winding power transformer of the same rated
power.

From the analysis of expression (1.30) it follows that the more similar the
levels of rated voltage of autotransformer windings are, the lower is the cost ratio,
and, thus, the greater is a decrease in the autotransformer standard power
(Table 1.4). For example, for the relation of rated voltage 330/2 kV, 500/330 kV,
and 750/500 kV the cost ratio of autotransformer is about 0.33; in other words, the
standard power of autotransformer is approximately three times lower than the
standard power of three-winding power transformer. At the same time, for the
relation of rated voltage of autotransformer windings 750/110 kV the cost ratio is
0.85; in other words, the standard power of autotransformer decreases only by 15%
in comparison to the rated power of three-winding power transformer. It means
that the decrease in weight and size parameters of power autotransformers in
contrast to power transformers of the same power will be greater with the more
similar values of the rated voltage of combined electric systems.

Table 1.4. Characteristics of autotransformers of ultrahigh voltage

Relation of Transformation )
: Cost ratio

voltage ratio

330/110 3.0 0.67
330/150 2.2 0.54
330/220 1.5 0.33
500/110 4.5 0.78
500/220 2.3 0.56
500/330 1.5 0.34
750/110 6.8 0.85
750/220 34 0.71
750/330 2.3 0.56
770/500 1.5 0.33

Power autotransformers are usually provided with a third low-voltage
winding, from which auxiliaries of substations, and also local power consumer are
supplied with power. The winding is connected with a high-voltage winding by
means of electromagnetic coupling. The valid specifications for power
autotransformers suggest designing the devices of the rated
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Hanpyrow 220 kB Ta Buie 3 0OMOTKaMU HM3BKO1 HANPyry MOTYXHICTIO 50,
40 abo 25% Big HOMIHAJIBHOT MOTYHOCTI aBTOTpaHcpopmaTopa.

ABTOTpaHc(opMaTOpu MOXKYTh MpaIlOBATH B aBTOTpaHCPOPMATOPHUX 1
KOMOiHOBaHUX pexkumax. [Ipu pobGoTi B aBTOTpaHCHOPMATOPHOMY PEKUMI
NOTYXHICTh nepenaeThes 13 cucreMu BH y cucremy CH aGo naBnmaku. TperunHa
OoOMOTKa MpU IIbOMY HE HaBaHTa)keHa (BOHA € KOMIIECHCYIOYOIO 1 CIYXHUTb IS
3aMHUKaHHSI CTPYMIB TPEThOI TapMOHIKH, 3amobirarouu ix mosBy B JiHIAX). [Ipu
po60TI B KOMOIHOBAaHOMY PEKHUMI 10 TPETUHHOI 0OMOTKHM aBTOTpaHC(hopMaTopa
NPUETHYETHCS HaBaHTaXeHHs Ha cTopoHi HH.

[lotyxuictb oOMotkn HH Takox piBHa THUMOBIM, SKIIO BOHA
BUKOPHCTOBYETHCS /IS JKUBICHHS HABAHTAKCHHS, HpI/I BI/IKOpI/ICTaHHi uie'l' 06MOTKH
aBTOTpaHchoOpMaTOpa, 1 BOHA BHU3HAYAETHCA TUIBKU i EIEKTPOJMHAMIYHOI W
TEPMIYHOIO CTIMKICTIO.

AKTHBHI Ta 1HAYKTUBHI onopu oOmMoTok AT Tak ke, sIK 1 TpaHC(HOPMATOPIB,
BHU3HAYAIOTh MO JaHUM KOpoTkoro 3amukaHHs. Aje B AT mpu K3 oomorku HH,
0 po3paxoBaHa HA THUIIOBY MOTYKHICTh, Hampyra HiAHIMAEThCS 1O 3HAYEHHS
CTpyMy B Iii OOMOTIIi, IO BIAMOBIAA€ TUMOBIN MOTYXKHOCTI, a HE HOMIHAJIbHIMH.
[Ipu K3 na croponi CH nampyra Ha ctoponi BH minHiMaeTbest 10 3HaYeHHS MpU
AKOMY CTPYM B TIOCHIJOBHIA OOMOTII JOcsira€ 3HAYEHHs, [0 BU3HAuYa€
HOMIHAJIBbHY NOTYXHICTh AT.

Tomy B macnmoptai pani AT, Ha BiAMIHY Bi TpPUOOMOTKOBUX
TpaHchopmaropiB, BxoaaTh BTpatu K3 Ha mapy oOMOTOK, MPUYOMY 3HAYEHHS
APy (s.c) TPUBOAUTHCS BIJHECEHUM [0 HOMIHAJIBHOI IOTYKHOCTI, a JIBa JPYTUX
3Ha4eHHA APy, APy B IESKUX BUNANKAX YKA3YE€ThCS BIIHECEHHM J0 TUIOBOI
noTyxHocTl. Texx came BIAHOCHUTBCS 1 JO HANpPyr KOPOTKOTrO 3aMUKaHHS. Tomy
IpU PO3paxyHKy OINOpPIB BCl 3HAYEHHS TMOBUHHI OyTH TPUBEICHUMH 10
HOMIHAJIBHOI MOTYXHOCTI AT:

ﬂPK':B—Z—[' ﬂP '3—-[I -[|:|'\ /HSTJ "ﬂP gle—u) — ﬂP l.;_.[| -m-x }HST; (131)

u"\3—-{| = 5-{::11 fH‘S' '\ (c—m) — M_.

'3—-{'

I.:—-[IS:-{m:!HST
Brpatu axkTHBHOI TMOTYXHOCTI KOPOTKOTO 3aMUKaHHA o0O0MOTOK AT
BU3HAYAIOTHCS aHAJIOTTYHO TPUOOMOTKOBOMY TpaHchopMaTopy.

AP, =0,5(AP,, . + AP, — AP, . );

é.a é.a-c é.a-1 é.c-i

(tAP,  —AP, )=AP, —AP,;

AP, :O>S(AP“ + AP, — AP, ):APé.ﬁ-i —AP,,.

da-i &i ¢.4-f

JUiss  MojentoBaHHA poOOYMX PEXKUMIB EIEKTPUYHUX CUCTEM CHJIOBI
aBTOTpaHC()OPMATOPU MOJETIOIOTh [ -MTOIOHUMH CXeMaMU 3aMillleHHs TaK caMo,
AK 1 3BHYaiiHl CUJIOBI TPMOOMOTKOBI TpaHcpopmaTopu. JloBinHKUKOBa 1H(pOpMaIlis
PO CKOpOYEHI OOMOTKM aBTOTPaHCPOPMATOPIB 3a3BUYAMl MICTUTH JaHl NPO
3BE/ICHI 0 HOMIHAJbHOI MOTYKHOCT1 aBTOTpaHcpopMaTopa mnapaMeTpu JOCITiIiB
KOPOTKOT'O 3aMKHEHHSI.
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voltage of 220 kV and above with low-voltage windings which are of 50, 40 or
25% power of the autotransformer rated power.

Autotransformers can operate in the autotransformer and combined modes.
In the autotransformer mode the power is transmitted from the high-voltage system
to the medium-voltage system, or vice versa. Under such conditions the tertiary
winding is not loaded (it is a compensating winding and serves for closing third
harmonic currents so that to avoid them in the lines). In the combined mode the
autotransformer tertiary winding is connected to the load on the low-voltage side.

The power of low-voltage winding is also equal to the standard power if it is
used for power supply of the load. When used as a compensating winding, its
power is 3+15 % of the autotransformer rated power, and is determined only by the
electrodynamic and thermal stability.

Pure resistance and inductive reactance of autotransformer windings, just
like in transformers, are determined by short-circuit conditions. However, if there
is a short circuit in autotransformer low-voltage winding, designed for standard
power, the voltage in the low-voltage increases to the value of current that matches
standard power rather than rated power. If there is a short circuit in the medium-
voltage winding, the voltage in the high-voltage winding increases to the value
which determined the rated power of autotrasnformer.

Therefore, in autotransformer nameplate (rating) data, unlike in three-
winding transformers, there is short-circuit winding loss, and the value of 4P, 1s
adjusted as being related to the rated power, while two other values, 4P;.,) and
APy, are sometimes given as being related to the standard power. The same
holds for short-circuit voltages. Thus, in calculating the resistance all the values
must be adjusted to the rated power of autotransformer:

ﬂPK':B—Z—[' ﬂP tlm—rn) -{DWJHSTJ "ﬂP gle—u) — ﬂP wlo—xu) -[.:.-x}HST; (131)

5-{::11 fH‘S' wlc—) = Ugy -‘5:-{03:!85T

a5 . —
E"L:x"\3— B} Klc—H}

'3 i)

Active power loss of autotransformer short-circuit windings is determined in
the manner similar to that in a three-winding transformer.

AP,, =0,5(AP,, .+ AP, — AP, );

APé.c:075(Af)eac+Af)601 Af)eell) APeac_Af)ea’
APé.l’ :O’S(Af)é.é-i +Af)en1 APealn) Af)eall _APé.ﬁ'

For modelling the electric system operating conditions power
autotransformers are modeled as inverted I'-shaped equivalent circuits, just like
ordinary power three-winding transformers. Reference information about split
windings of autotransformers usually contains the data on the parameters of short-
circuit tests, adjusted to the autotransformer rated power.
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JlIo OCHOBHMX mepeBar aBTOTPaHC(OPMATOPIB B TMOPIBHSAHHI 3
TpaHchopMaTopaMu Takoi K MOTYXHOCTI MOXHa BIJHECTH: MEHIAa BHUTpaTa
MarepiaiiB (Mifl, CTajl, 130JAMIHHUX MaTepiajiB); MEHII BTPATH 1 OUTBIIUHN K.K.1.;
Jerili  YMOBU  OXOJIOJPKEHHS;, MEHIIl rabaputv, 110 JI03BOJsi€ pOOUTH
TpaHcHopTadenbHl aBTOTpaHCHOPMATOPH OUIBIIOT MPOXITHOT MOTYKHOCTI, HIXK
TpaHchopMaTopH.

Henoniku aBtroTpancdopMaTtopiB B MOPIBHSAHHI 3 TpaHcPopMaTopamu
TaKoi * MOTYXHOCTI: HEOOXITHICTh TJIYXOro 3a3€MJICHHS HYJIbOBOi TOYKH, WLIO
MPU3BOJUTE J0 30UIbIIeHHA CTpyMiB K3; HHU3bKI BEIMYMHHM U, IO TaKOX
MPUBOJIUTH 110 30UIblIeHHs cTpyMiB K3, a oTxe, 10 30UIbIICHHS TUHAMIYHUX I1d
Ha OOMOTKHM; CKJIQJHIIIMK NpOLEC pPEryiaroBaHHsS HANpyry, BeluKa HeOe3neka
aTMOC(EepHHX NepeHanpyr BHACIIIOK €IEKTPUYHOTO 3B'13KY OOMOTOK.

KOHTPOJIBHI 3AITUTAHHA

1. Aki aepecamu nazuearoms cuio8UMU ABMOMpPanc@opmamopamu?

. Hageoims npunyunogy cxemy asmompancgopmamopa.

. Hazsimpo nepesazu ma obracmi BUKOPUCMAHHS CUNOBUX

asmompancgopmamopis.

. Havime euznayenns munogoi NOMyx#cHocmi agmompancgopmamopa.

5./laiime e6uznauenHsi ma NOACHIMb CYymHicmb Koe@iyienma BucioHocmi
asmompancgopmamopa.

6 . Hasedimo cxemy 3amiwenns cunogo2o aemompancgopmamopa.

7. llosichimb 6ucionicmb 3acmMOCY8aAHHA CUNOBUX ABMOMPAHCHOPMAmopis O
NOEOHAHHA HA NApPAieibHy pPoOOMY eleKMPUYHUX Mepedc ONU3bKUX KIACI8
HOMIHAILHOI HANpy2U.
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The main advantages of autotransformers over transformers of the same
power include lower consumption of materials (copper, steel, insulating materials),
lower loss and higher efficiency, more convenient conditions of cooling, smaller
size, which allows making transportable autotransformers of higher throughput
power than that of transformers.

The disadvantages of autotransformers in comparison to transformers of
the same power comprise the necessity of solid earth of zero point, which leads to
an increase in short-circuit currents, low values of u,, which also leads to an
increase in short- circuit currents and, consequently, to an increase in dynamic
impact on the windings, a complicated difficult process of voltage regulation, and a
high risk of atmospheric overvoltages because of electric coupling of the windings.

CONTROL QUESTIONS

1. What devices are called power autotransformers?

2. Describe the basic circuit of an autotransformer.

3. Name advantages and areas of application of power autotransformers.

4. Give the definition of standard power of an autotransformer.

5. Give the definition and explain the nature of the cost ratio of an
autotransformer.

6. Describe the equivalent circuit of a power autotransformer.

7. Explain the advantage of using power autotransformers for combining electrical
networks of similar rated voltage levels for parallel operation.

REFERENCES
[2], p. 87-90; [3], p. 232-234; [4], p. 68-70; [5], p. 66-72; [8], p. 155-157; [9], p.

108; [10], p. 49-54; [12], p. 227-230; [13], p. 256-259; [15], p. 139-140; [16], p.
147-151; [17], p. 143-146.
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PO3JILI 2

PEXXUMUPOBOTHU PO3IMKHEHUX EJEKTPUUYHNX
MEPEXK IIPU NIEPEJABAHHI EJIEKTPUYHOI EHEPI'TI 10
CIHHOKUBAYA
Tema7 JUKEPEJIA EJIEKTPUYHOI EHEPI'TI

2.1 EJEKTPUYHI CTAHIIII

JxepenamMu e€NEeKTPUYHOI €Heprii B €JEKTPOCHEPreTUYHHX CHUCTeMax €
€JIEKTPUYHI CTaHLi, MPU3HAYEHI JUIsI TEPETBOPEHHS MEXaHIYHOI, TEeIJIOBO],
AJIepHOI Ta HIIMX BUIB €HEPTii B eleKTpuuHy. [lepBUHHUMU JKepenamMu eHeprii
Ha eJIEKTPUYHUX CTAHIISIX € €HEeprisi OpraHIvYHOro MaluBa, A/IepHa €HEPTis, EHepTis
pPYXy BOAM y pIUKax, MOpAX Ta OKeaHaX, €Hepris BITPY, COHIS, TEIUIOBA €HEpris
3€MJI1 TOLLO.

Enepropecypcu, siKki BUKOPUCTOBYIOTh Ha €JIEKTPUYHHUX CTAHUIAX MOJIUISIOTH
Ha BUIHOBJIIOBAJIbHI Ta HE BIIHOBMIOBAIBHI. Jl0 HE BIJHOBIIOBAJIBHUX
E€HEePropecypciB BIAHOCATh €HEPril0 OpPraHiyHOro majauBa (ras, MasyT, BYruuis), a
TaKOX siiepHe nanuBo. /10 BIIHOBIIOBAIBLHUX €HEPTOHOCIIB BIIHOCATh MEXaHIUHY
€HEpPril0 TMOTOKIB PIYOK, MOPCHKMX XBHJb Ta TMPWIMBIB, TEIUIOBY €HEPriio
BHYTPIIIHIX MIapiB 3eMili, €HEPTril0 COHSAYHOTO BUIPOMIHIOBAHHS, €HEPTil0 BITPY
TOIILIO.

Ha enextpuyHux CTaHIIIX €HEPrito pecypciB  abo Oe3nocepeaHbo
MEPETBOPIOIOTH HA €JIEKTPUYHY €HEpTito, ad0 CIOYaTKy NepeTBOPIOIOTH B TEINIOBY
EHEPTiIo MeperpiToro napy, a moTiM — B €JICKTPUYHY €Heprito. BilnoBigHoO 10 TUITY
€HEProHoCisl Ta croco0y MOro NepeTBOPEHHS Ha €JEKTPUUHY €HEPTii0 €JIeKTPUYH1
CTaHIII] MOJUISIOTh Ha TEIUIOB1, aTOMHI, T1JIpaBJiyHi, BITPOB1, COHSIYHI Ta 1HIIII.

B OEC Ykpainu na 2012 pix excnayamyemuvca 14 — TEC, 7 - I'EC,

3 —T'AEC, 4 — AEC ma 97 — TEI] ycmanoenenorw nomyxcuicmio 53,31 mucau
MBm.

Ha mennoeux enexmpuunux cmanyiax (TEC) TtemnnoBy Ta eleKTpUYHY
EHEeprito BUPOOJAIOTh IUISIXOM CIHAJEHHS OpraHiuHMX BUJIIB MajivBa. BiamoBigHO
0 TUMY TMEPBUHHUX JBUTYHIB TEIUIOBl E€JIEKTPUYHI CTaHUIi MNOJIUIAIOTH Ha
napoTypOiHHI, ra30TypOiHHI, MAPOTa30Bi Ta AU3ETbHI €IEKTPUYHI CTAHIII.

Ha napomypé6innux cmanyiax eHepriio CHallOBaHHS OPTaHIYHOrO IMaJuBa
MEPETBOPIOIOTh Y TEMJIOBY €HEPriio MeperpiToro mapy, siky y MaporeHepaTopiB
MEePETBOPIOIOTH Ha €JIEKTPUUYHY €Heprito. Taki cTaHIii, y CBOIO 4epry, MOAUIAIOTh
Ha kxonodencayiuni (KEC) ta mennoghikauinuni (TELl) enextpuuni cranimii. Ha
puc. 2.1 HaBeJIeHO y3araJIbHEHY CXeMY TEIIOBOI KOHICHCAIIMHOT CTaHIIi.

Oco0nuBicTh TEIIOPIKAMINHUX €TEKTPUYHUX CTAHLIN MOJISrae y TOMY, IO
BOHHU, OKpIM €JIEKTPUYHOI €HEprii, BUPOOJIAIOTh TEIUIOBY EHEPril0 y BUIJISAI
raps4oi BOJU Ta mapy Ajisi 3a0e3neueHHs MoTped MPOMUCIOBUX MIANPUEMCTB Ta
KOMYHaJIbHO-TOOYTOBOTO cekrtopy. Ha puc. 2.2 HaBeneHO NPUHIIMIIOBY CXEMY
po6otu TEL] onantoBanbHOTO TUITY.
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PART 2

OPERATION MODES OF OPEN ELECTRICAL POWER NETWORKS IN
THE TRANSMISSION OF ELECTRIC ENERGY

Chapter 7 SOURCES OF ELECTRIC ENERGY
2.1 POWER PLANTS

Electric energy sources in electrical power systems are power plants,
designed for transformation of mechanical, thermal, nuclear and other types of
energy into electric power. Energy of fossil fuels, nuclear energy, energy of water
flow in rivers, seas and oceans, wind power, solar power, geothermal energy, and
so on are the primary energy sources of power plants.

The energy resources used at power plants are divided into renewable and
non-renewable. Non-renewable energy sources include fossil fuels (gas, fuel oil,
coal), and nuclear fuel. Renewable energy sources refer to mechanical energy of
river streams, sea waves and tides, thermal energy of internal layers of the Earth,
energy of solar radiation, wind power and so on.

At power plants energy resources are either directly transformed into electric
energy, or first transformed into superheated steam thermal energy and only then
into electric energy. Depending on the type of the energy resources and the method
of energy transformation used all power plants are divided into thermal, nuclear,
hydroelectric, wind-driven, solar and other kinds of power plants.

In 2012 in the Integrated Power System (IPS) of Ukraine there were 14
thermal power plants, 7 hydroelectric power plants, 3 hydroelectric pumped
storage power plants, 4 nuclear power plants, and 97 cogeneration plants in
operation, having the installed capacity of 53.31 thousand MW.

At thermal power plants thermal and electric energy is produced by burning
fossil fuels. Depending upon the type of prime movers thermal power plants are
divided into steam-turbine, gas-turbine, steam-gas, and diesel-engine power plants.

At steam-turbine power plants the energy of burnt fossil fuels is transformed
into thermal energy of superheated steam, which is converted into electric energy
in steam generators. These power plants are further divided into condensing power
plants and combined heat and power (CH&P) plants. Fig. 2.1 presents a general
design of a condensing power plant.

A specific feature of CH&P plants is that in addition to electric energy they
generate heat energy in the form of hot water and steam in order to meet the
requirements of industrial enterprises and public utilities. Fig. 2.2 presents the
basic diagram of operation of a CHP plant used for heating.
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Hot water
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Pumping unit T T Fuel
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Fig. 2.2. Basic diagram of operation of CH&P plant used for heating
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Jlns 3a0e3neueHHs €KOHOMIYHOCTI KOHJEHCAIIMHUX Ta TeriodikamiiHux
CJCKTPUYHUX CTaHIIM Ta 3HIWKEHHS COOIBAPTOCTI EJIEKTPUYHOI EHeprii Taki
€JIEKTPOCTaHIlIi BUKOHYIOTh 3 arperaTaMy BEJIMKOi MOTYXHOCTI. Tak, MOTy>XKHOCTI1
KOHJICHCAIIMHUX eJeKTpocTaHIii ckiaagaoTs 1000 MBT Ta Ginbiie.

JlonaTkoBe BUKOPUCTAHHS TEIUIOBOI €HEPrii TermogikalliiHUuX eJICKTPUIHUX
CTaHIIi JO03BOJIAE€ TMIABUIIUTH iX K.K.JA. g0 60+65% mnpotu 40% 'y
KOHJICHCAIIHHUX eneKkTpocTaHii. Ciin Takox 3BakaTtu Ha Te, mo TEL] 3a3Buuaii
NPAMIOI0Th 32 BUMYIICHUM TpadikoM, SKUH BHU3HAYAETHCS BUMOTAMHU TEIUIOBHUX
CIIO’KMBAYIB.

Jlo kiacy mapoTypOIHHUX TEIJIOBUX CTaHIIIN MOXHA BITHECTH TaKOXK AmOMHI
enekmpuuni cmanyii (AEC). EHepronocissMu Ha TaKMX CTAHIIISX € PaJl0aKTUBHI
130TOMHU, PO3IMICIUICHHS SIepP SKUX CYNPOBOKYETHCS BHIUICHHIM BEIHKOT
KUIbKOCTI Teryia. Jlami 19 eHeprii MEepeTBOPIOETHCS B TEIJIOBY E€HEPTiio
MeperpiToro mapy 1, HalNpUKIHII — B €JIEKTpUUYHy eHeprito. Jlyis 3abe3nedeHHs
BHUCOKOT pajiainiinoi HaaiiHocTi Ha AEC BUKOpUCTOBYIOTH OaraTOKOHTYpHE (Z1BO-,
IHKOJIM — TPU KOHTYpPHE) MEPETBOPECHHS €Heprii meperpitoro mapy. Ha puc. 2.3
HaBEJICHO MPUHITUIIOBY CXeMYy POOOTH aTOMHOI €JIeKTPOCTaHIIIi 13 JBOKOHTYPHUM

PEaKTOPOM.

lMapo-
2eHepamop

Peakmop

Ko+ndeHcamop

Puc. 2.3. Ilpunmnunosa cxema pobotu AEC
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To ensure economic efficiency of condensing and heating power plants, and
to decrease the cost price of electric energy these power plants are equipped with
high-power facilities. For example, the power capacity of condensing power plants
reaches 1,000 MW and more.

Additional application of thermal energy from heating plants allows raising
the efficiency to 60+65%, as compared to 40% in condensing power plants. One
should also point out that cogeneration power plants are usually operated in forced
mode, determined by demands of heat loads.

Nuclear power plants can also be referred to as a kind of steam-turbine
power plants. The nuclear fuel is radioactive isotopes whose nuclei are split to
produce a considerable quantity of heat. Next, this energy is turned into thermal
energy of superheated steam, and finally into electric energy. To provide high
radiation protection at nuclear power plants a multiple-loop (two-, sometimes
three-loop) transformation of energy of superheated steam is used. In Fig. 2.3 you
can see a basic diagram of operation of a nuclear power plant with two-loop
reactor.

Steam
generator

Condenser

Fig. 2.3. Basic diagram of operation of nuclear power plant
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I'azomypéinnorw (I'TC) Ha3uBalOTh €JIEKTPUYHY CTaHIIIIO, B SIKI OpraHiuHe
najauBo (raz) CnajarorTh Oe3rmocepeHb0 B TypOiHi reHepaTopa. Taka TexHOJIOTis
BUKJIIOYAa€ HEOOXIAHICTh MPOMDKHOIO MEPETBOPEHHS E€HEprii majivBa B TEIJIOBY
eneprito napy. I'TC xapakTepus3yrOThCS BHUCOKOIO MaHEBPEHICTIO Ta BIIIHOCHO
Majo MNoTyxHicTio arperatiB. Pazom 3 tum ['TC xapakTepus3yroThCs BIIHOCHO
BHUCOKHUM CTIOKMBAHHS MaJMBa Ta LIyMOBUM 3a0pYyJHEHHSIM CEpPEAOBHILIA.

IHapozazosi enekmpuuni cmanyii (I1I'C) cymimaioth y CBOi KOHCTPYKIIii
TEXHOJIOT1i MapoTypOIHHMX Ta Tra30TypOIHHUX arperariB, IO J03BOJISIE CYTTEBO
MIBUIINTHY K. K. . TAKUX CTAHII.

Jluzenvni enekmpuyni CcmaHyiiBUKOPUCTOBYIOTh pIIKE MAJIHUBO, SIKE
CHANIOIOTh Y JU3EJbHUX JBUTYHAX, KI 00€pTaloTh pOTOpU reHeparopiB. Taki
CTaHI[li XapaKTepU3yIOThCS MO0 MOTYXKHICTIO, X 3aCTOCOBYIOTbH ISl KUBJICHHS
aBTOHOMHMX CIOXHMBayiB, a TaKOX JJig oOpraHizauii pe3epBHOTO KUBJICHHS
CIIOKMBAYiB 0COOJIMBO BAXKIMBO1 KaTeropii.

[Mpunuun pobotu cidpasniunux erexkmpuunux cmanyin (I'EC) ocHoBaHuit
Ha TMEPETBOPEHHI MEXaHIYHOI €HEeprii pyXy BOJU PIYOK B E€JIEKTPUYHY EHEpTiio.
Hanip Bogum Ha Ttyp6iHax ['EC cTBOproeTbcs 3a nonomorotro rpebenb abo
nepusarlii. Ha puc.2.4 naBeneno tunoy cxemy I'EC.

['gpaBiiyHi €NeKTPUYHI CTaHIlli XapaKTEepPU3YIOThCS TAKUMU TEXHIYHUMU
0COOJIMBOCTSAMM:

— BUKOPUCTAHHSIM BIIHOBJIOBAaHUX TMPUPOJIHUX PECYPCIB €HEprii BOJOTOKY
pIYOK;

— BUCOKHM K. K. [I., aKkuid nepesuiye 90%;

— BEJIMKOID ~ MAaHEBPEHICTIO, sAKa oOOMexeHa JMiie  3amoOiraHHsIM
TiIpaBIIYHOrO yJapy Mo JIonaTKax riIpoTypOinu;

— HU3BKOIO COOIBAPTICTIO €JIEKTPOCHEPTII.

Ha ziopoakymynwrwuux enexkmpuunux cmanuyiax (I'AEC) BCTaHOBIIOIOTH
JIBOHAIMPAaBIICH] CUJIOBI arperatu. Taka CTaHIlisl MOXKe MPaIIOBaTH Y IBOX peKUMax
— TeHepaTOpHOMY Ta HacocHOMY. B pexuMi reHepaiii eHepris MOTOKY BOJIU 3
BEPXHBOTO OacelHy y HIKHIM MEepeTBOPIOETHCS B EIEKTPUUHY €HEPril0 Tak CaMo,
ak 1 Ha 3BuuadHii ['EC. B HacocHOMy pexumi BoJa 3 HHXHBOTO OaceiHy
NepeKayyeTbes y BEPXHIM JIJIs1 CTBOPEHHSI 3a1acy MOTEHI1adbHO1 €Heprii BOIU.
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The gas-turbine power plant is a power plant in which fossil fuel (gas) is
burnt directly in the generator turbine. This technology requires an intermediate
transformation of energy of fuel into steam thermal energy. Gas-turbine power
plants are characterised by high manoeuvrability and relatively low power capacity
of the facilities. At the same time, gas-turbine power plants are characterised by
rather high consumption of fuel and noise pollution of the environment.

The design of steam-gas power plants combines the steam-turbine and gas-
turbine technology, which allows raising the efficiency greatly.

Diesel-engine power plants use oil fuel which is burnt in diesel engines,
turning the generator rotors. These power plants are characterised by low power,
and are used to provide power supply for independent consumers, and standby
power sypply for electric loads of extremy important category.

The principle of operation of hydroelectric power plant is based on the
transformation of mechanical energy of river water flow into electric energy. The
water pressure in the power plant turbines is created due to dams, or diversion
canals. In Fig. 2.4 you can see a typical design of hydroelectric power plant.

Hydroelectric power plants are characterised by the following special
technical characteristics:

- the use of renewable energy potential of river waterway;

- high efficiency exceeding 90%;

- high manoeuvrability, which is restricted only by prevention of hydraulic
impact on the water turbine blades;

- low cost price of the electric power.

At hydroelectric pumped storage power plants bidirectional power units are
installed. These power plants can be operated in two modes — generator mode, and
normal pump operation mode. In the generator mode the energy of water stream
flowing from the upper reservoir to the lower one is turned into electric energy in
the same way as at an ordinary hydroelectric power plant. In the normal pump
operation mode the water from the lower reservoir is pumped into the upper one so
that to create the storage of potential energy of water.
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Puc. 2.4. Tlonepeunnii po3pi3 rpedai ['EC

Buxopucranus I'TAEC no3Bossie eeKTUBHO PpEryiioBaTH pPEKUMU poOOTH
€HEProcucTeM Ta eHeprool’eaHaHb. B pexkumax Mannx HaBaHTAKEHb (3a3BUYaAl, y
HIYHUI TIepi0]1) HAJIMIIKOBA €JIEKTpUYHA €Hepris crokuBaeThest Hacocamu ['AEC
Ta MEePETBOPIOETHCS Y MOTEHIIAJIbHY €HEprilo BOAM BEpXHbOro Oaceiny. Jami, y
nepioJl MaKCMMaJbHUX HABaHTAXXEHb, CHEPrii BOJAUW BEPXHHOTO OacelHy
MEPETBOPIOETHCS B €JIEKTPUUHY CHEPriio Ta MEePEAAEThCS B €ICKTPUUHY CUCTEMY.

3a  aHaNOriyHUM  NOPUHIMIOM  MPALIOIOTh  HOGIMPAHO-AKYMYIIOI0UI
2azomypoinni enexkmpuyuni cmanyii (ITAI'TY). Ha puc.2.5 nmoka3zaHo 3arajibHUi
BUIJISIT Takoi eyieKTpocTaHlli. Taki cTaHIli B HACOCHOMY pPEXHMI 3aKayylOTh
MOBITPSL Y pe3epByapu 3 HAUIMIIKOBUM THUCKOM. B TeHepaTopHOMYy pexumi
CTUCHYTE MOBITPS JIOAAE€THCS JI0 MPUPOJHOrO Tazy, sikuil cmamwoiots B ['TY.
JlolaBaHHsI CTUCHYTOT'O MOBITPS J03BOJISI€ 3HU3UTH BUTPATH MaJIUBA, MIABUIIUTH
MOTY>KHICTB Ta K. K. JI. TAKOT CTaHIII.

TemoBi, aroMHI Ta TIAPaBIIYHI €IEKTPUYHI CTaHIII BIAHOCATH N0 KJacy
mpaouyinnnux. Ha cboronni OuTbIa YacTKa €JEKTPUYHOT €Heprii BUPOOIIOETHCS
Ha TpaguUIMHUX EJIEKTPUYHUX CTaHIsAX. [Hmi crmoco6u  BUPOOHHUIITBA
€JIEKTPOCHEPTil BITHOCATH JO HempaouuiuHux, adb0 a1bmepHAMUBHUX.
OCHOBHMMHU Cepejl HUX € BITPOBI, COHSYHI, T€OTEPMaJIbHI, MPUIMBHI, XBIJIHOBI Ta
THIII €TeKTPOCTAHIII.
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Fig. 2.4. The cross-section of a hydroelectric power plant dam

Using hydroelectric pumped storage power plants allows regulating
effectively the operation modes of electric power systems, and power associations.
In off-peak periods (usually at night) the excess electric energy is used by pumps
of the hydroelectric pumped storage power plant and is turned into potential energy
of water in the upper reservoir. Later, during hours of on-peak demand the energy
of water in the upper reservoir is turned into electric energy and is transmitted to
the electric power system.

In the same manner air-storage power plants are operated. In Fig. 2.5 a
general view of such a power plant is given. In the normal pump operation mode
these power plants pump the air into excessive pressure storage tanks. In the
generator mode the compressed air is added to natural gas, which is burnt in the
gas-turbine power plant. Adding the compressed air allows decreasing fuel
consumption and raising the efficiency of the power plant.

Thermal, nuclear, and hydraulic power plants belong to the conventional
(traditional) types of power plants. Today, most electric power is generated at
conventional (traditional) power plants. Other methods of generaiting electric
power are called nonconventional, or alternative. These are wind-driven, solar,
geothermal, tidal, wave and other power plants.
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Puc. 2.5. 3aransHuil BUTIIA MOBITPSIHO-aKyMYJTIOIOUOi €1eKTPOCTaHIII1

Ha eimpoeux enexmpuunux cmanuiax (BEC) Ha enekTpuuHy eHeEpriio
NEePEeTBOPIOIOTh KIHETUYHY eHeprito BiTpy. Ha puc.2.6 mokaszaHi cyyacHI BITPOBI
€JIEKTPOCTAaHIII, 1110 pO3MiIleH1 B Mopi (puc.2.6a) Ta B moBiTpi (puc.2.60).

Conauni enexkmpuuni cmanuyii (CEC) nepeTBopioioTh Ha TEIUIOBY €HEPTiio
COHSIYHOT'O BUIPOMIHIOBaHHS, HAIIPABJIEHOIO 3a JIOMIOMOTOK0 CUCTEMU A3€pKaj Ha
naporeneparop. Jlami, y mapoBiii TOpOMHI TEIJIOBa €HEPris MEPETBOPIOETHCS Ha
enekTpuuny. Ha puc. 2.7 nokazana cy4acHa COHAYHA €JIeKTPOCTaHIIIS.

OcTaHHIM YacoM IIMPOKOTO MOUIUPEHHS HAO0YJIU COHSYH1 €JIEKTPUYHI CTAHIIli
13 0Oe3nocepeiHiM MEPETBOPEHHSIM EHEprii COHSYHOrO BHUIIPOMIHIOBAHHS Ha
EJIEKTPUYHY €HEPTIIO 32 I0TIOMOT010 (hOTOCTIEMEHTIB.

T'eomepmanvni enekmpocmanyii 171 BUPOOHUIITBA EJIEKTPUYHOI EHEPrii
BUKOPUCTOBYIOTh TEIUIOBY €HEprio BHYTpimHIX MmapiB 3emiiHa puc. 2.8
MOKa3aHa  reoTepMajbHa  €JIEKTPOCTaHLIA Ta  CXeMa  [eoTepMajbHOTO
TEIJIONOCTAaYaHHs 3 BUKOPUCTAHHSM arpeCUBHUX Ie0TepMaJIbHUX BOJ.

Ha npunuenux enekmpocmanuyiax Ha enexTpuKy NepeTBOPIOIOTHCS €HEPTis
NpWIMBIB MOpPIB Ta oOKeaHiB. Jlns BHUPOOHHUIITBA E€JIEKTPUYHOI EHEprii
BUKOPUCTOBYIOTh TAKOX €HEPrit0 MOPCHKUX TeUil Ta KOJUBAaHb HA HMPUIUBHUXTA
X6unbosux enekmpuunux cmanyiax (puc.2.9).

OcTaHHIM YacoM IIMPOKOrO MOLIMPEHHS OTPUMATU MEna06i el1eKmpuuHi
cmanuii na 6ionanuei. Ha Takux CTaHIISIX CHATIOIOTH 0i0Ta3, sSIKU BUPOOIISIOTH 3
OpraHIYHUX BIIXOJIB.

Ha puc. 2.10 mHaBenena jiarpama  CIIBBIJHOIICHHS BCTaHOBJICHUX
MOTYXHOCTEH eneKTpuuHuX craHiiil pizuux tumiB B OEC VYkpainu Ta o0csriB
BUPOOHHUIITBA HUMH €JIEKTPUYHOT eHeprii Ha YKpaiHi.

149



Fig. 2.5. General view of air-storare power plant

At wind-driven power plants the kinetic energy of wind is transformed into
electric power. In Fig. 2.6 the modern wind-driven power plants installed in the sea
(Fig. 2.6a) and in the air (Fig. 2.6b) are shown.

Solar power plants transform solar radiation, directed by a system of mirrors
onto the steam generator, into thermal energy. Further, in the steam turbine the
thermal energy is turned into electric power. In Fig. 2.7 the modern solar power
plant is shown.

Solar power plants with the direct transformation of energy of solar radiation
into electric power by photo cells have recently found wide application.

Geothermal power plants use the thermal energy of internal layers of the
Earth to generate electric power. In Fig. 2.8 the geothermal power plant and the
diagram of geothermal heat supply using aggressive geothermal water is shown.

At tidal power plants the energy of high tides of the seas and oceans is
turned into electric power. Also, the energy of sea flows and sea level variation are
used at tidal and wave power plants for generating electric power (Fig. 2.9).

Recently biofuel thermal power plants have found wide application. At
these power plants biogas produced from organic waste is burnt.

In Fig. 2.10 you can see the diagram illustrating the relation of installed
capacity of power plants of various types in the Integrated Power System of
Ukraine and the output of the electric power they generate.
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6)

Puc. 2.6. BiTpoBi eJeKTpUUHI CTaHIIIi: a) MOPCHKi; 0) MOBITPsHI
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b)
Fig. 2.6. Wind-driven power plants: a) offshore; b) airborne
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Puc.2.8. T'eorepmanbHa ejekTpocTaHIlisl (a) Ta MNOpuUHIUIIOBA cxema (0)
nBokoHTYpHOI1 TeoTEC: 1 — cBepasioBuHA; 2 — TETUIOOOMIHHHK; 3— TaporeHepaTop;
4 — rt1ypOiHa; 5 — enekTporeHeparop; 6 — KOHJEHCATOp 3 MOBITPSIHUM
OXOJIOJPKCHHSIM; 7 — KOHJICHCATHA JKMBWJIbHA TIOMIIa; 8§ — HarHiTajgbHa MOMIIA CsI
TEPUTOPIEIO CTAHIIIT
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Fig. 2.7. Solar power plant: a) direct solar power conversion: direct transformation
of solar radiation into electric power; b) concentrated solar power: transformation
of solar radiation into heat before converting it into electric power
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a b
Fig. 2.8. Geothermal power plant (a) and basic diagram (b) of two-loop
geothermal thermal power plant: 1 — borehole; 2 — heat exchanger; 3 — steam
generator; 4 — turbine; 5 — electric generator; 6 — condenser with air cooling; 7 —
condenser-feeding pump; 8 — force pump
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a) 0)
Puc. 2.9. EnexTtpocraniiii: a) mpuinBHA; 0) XBUIbOBA

3 miarpamu Ha puc. 2.10 BugHO, 110 OLIbIIA YAacTKa E€JIEKTPUYHOI €HEeprii
TE€HEPYETHCS Ha TEIJIOBUX, AaTOMHUX Ta T1APABIIYHUX CJICKTPUUHUX CTAHIIIAX, AKI
BIIHOCATH J0 KJacy TpaAulliiHUX JKepeNl eIeKTpUUHOi eHeprii. BukopucTtaHHs
TPaIUIIMHUX EIEKTPUUYHUX CTAHIIIN TTOB’13aHe 13 PSIJIOM HETaTUBHUX (haKTOPIB.

Tak, TEC cnoxxuBaroTh 3amacy OpraHIgyHOTO MaJIMBa, K1 € 0OMEKEHUMHU Ta B
JOCSIKHOMY MaiOyTHbOMY OyAyTh MOBHICTIO BUCHaXEH1. CHlaJeHHs OpraHIgYHOTO
nanmuBa Ha TEC cynpoBOKYETHCS CIIOKUBAHHSIM KUCHIO T4 BUKHIAMHU MIKIIJIMBUX
PEYOBHUH, 30KpeMa OKCH[IB CIpKH Ta a30Ty, Ta TEIUIOBOi eHeprii B aTMocdepy.
Takox TyT moTpiOHO BUPINITYBaTH MPOOJIEeMy 3 yTHII3aIlll 30J1H, IJIAKiB Ta THITUX
B1JIXO/I1B €HEPIeTUYHOTO BUPOOHUIITBA.

AEC BUKOPHCTOBYIOTH SIJIEpPHE TIAJMBO, 3aMacH SKOTO Y MPUPOl OUIbII, HIK
OpTraHiyHOTO, MPOTE BCE OJHO € OOMEKeHWMHU. Pa3oM 3 TUM aTOMHa €HEpreTHKa
MoB’s3aHa 13 pHU3UMKAMU paiallifHOro 3a0pyAHEHHS BHACTITOK MOMKJIUBUX
TEXHOTCHHUX KatacTpod, Ha KmTant aBapiii Ha YopHoOunbcbkii AEC y 1986 p.
ta Ha AEC ®ykycima-1 y 2011 p. Takox cyTTeBor € mpoOjieMa 3aXxOBaHb
BIMPAaIbOBAHOTO SJICPHOTO MAJIMBA Ta 1HIIUX Pai0aKTUBHUX BIIXO/IIB.
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BroradoenaHa noTysxHicTE 201 0 p HacTka eMpofHUUTES enekTROEHEpMIl

Puc. 2.10. BcTtanoBieH1 MOTYKHOCTI €EKTPOCTaHIIM YKpainu
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a) b)
Fig. 2.9. a) Tidal power plant; b) Wave power plant

From the diagram in Fig. 2.10 you can see that most electric power is
generated at thermal, nuclear, and hydraulic power plants, which are among
conventional (traditional) sources of electric energy. Using conventional
(traditional) power plants is associated with a number of negative effects.

For example, thermal power plants consume the resources of fossil fuels,
which are limited and will be completely depleted in the foreseeable future.
Burning fossil fuels at thermal power plants is accompanied by oxygen
consumption, and emissions of harmful substances, in particular oxides of sulphur
and nitrogen, as well as emissions of thermal energy into the aerosphere. Also, it is
necessary to solve the problem of disposal of ashes, slags and other wastes of
power generation.

Nuclear power plants use nuclear fuel, the resources of which are in more
amounts in nature than that of fossil fuels, but they are still limited. Moreover,
nuclear engineering is associated with the risk of radiation pollution resulted from
possible anthropogenic disasters, like the accident at Chernobyl nuclear power
plant in 1986 and at Fukushima-1 nuclear power plant in 2011. Also, there is a

serious problem of disposal of spent nuclear fuel and other nuclear waste.
1003

Installed capacity 2010 p Share in power generation

Fig. 2.10. Installed capacity of power plants of Ukraine
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['EC neBHOIO MIpPOIO € €KOJOrIYHO YUCTUMH, OCKUIBKM HE CHOXKHUBAIOTh
NPUPOAHI 3amacu, iXx po6oTa He MOB’s3aHa 13 IMIKJIMBUMU BUKuAaMu. PazoMm 3
THUM, CTBOPEHHS IITYYHHX BOJIOCXOBHII IOB’s3aHE 31 3MIHAMU KJIIMaTy B paioH1
cnopymkenHs ['EC Ta cyTTeBUMM BILUIMBAMHU Ha €KOCUCTEMH Y BEJIMKUX PETiOHAX.
KpiMm Toro, He3Bakarouu Ha BeIUKY HaAliHICTh Oynienb rpedens 'EC 3aBxau
3aJIMIIAIOTBCA  PU3MKM OO0 TEXHOTEHHUX aBapid 13  KaTtacTpopiYHUMU
HaCJIIJKaMU.

Herpanuiiiiai (aibTepHAaTUBHI) JKEpesia eJIeKTPUYHOT eHeprii nmpeacTaBieH1
BITPOCHEPreTUKOI0 Ta COHSYHUMHU €JEKTPOCTAHIIISIMHU, 3aliMaiOTh BKpail maiy
JI0JII0 Y 3arajbHid CTPYKTYp1 €JIEKTpPOEHEePreTUYHOro BUpoOHuITBa. Ha choroaHi
PO3BUTOK aJIbTEPHATUBHOI €HEPreTUKH € MPIOPUTETHUM HAIpsIMOM B YKpaiHi Ta
CBITI 4yepe3 OOMEKEHHS Ta BHCHAXKCHHSI TPAJULINHUX €HEPropecypciB, a TaKOXK
BKpail HEraTMBHUU BIUIMB HA OTOYYIOUE CEpPEJOBMINE TEIJIOBHX, aTOMHHUX Ta
r1IpOENIeKTPOCTAHIIIH.

Pa3zoMm 3 THM He MOXKHa TOBOPUTH TPO aOCONIOTHY EKOJIOTIYHY Oe3neKy
HeTpaJUuLIMHUX enekTpocTaHiiil. Tak, Hanpukiaa, podoTa BITPOETEKTPOCTAHIIIN
MOB’513aHA 13 HU3bKOYACTOTHUM LITYMOBHUM 3a0pYJHEHHSIM, SIKE HETaTUBHO BIUIMBAE
Ha 370pOB’sl JIIOJMHU, BUMYILIy€ NTaxiB YHUKATH pailoHu crnopymxkenHs BEC
TOLLIO.

Crnig TakoXX 3Ba)kKaTd Ha Te, 0 poOOYl MOTYKHOCTI BITPOBUX, COHSYHUX Ta
HIIUX HETPAAULIMHUX  eJIeKTPOCTaHII BU3HAYAETHCS METEOPOJIOTTYHUMHU
yMOBaMH, 30KpeMa HIBUIKICTIO BITPY, COHSIYHOIO aKTUBHICTIO, IPUJIMBAMHU MOPIB
Ta OKE€aHIB, aKTUBHICTIO MOPCHKHUX XBWJIb TOIIO. Lle CBIAYUTH MPO HEMOXKIUBICTD
Ha CBOTOJHI CYTTEBOTO 3aMIIIEHHS EJEKTPOCTAHIIH Ha  TpaguUIdHUX
eHepropecypcax albTepPHATUBHUMH. Ob6unactb 3aCTOCYBaHHS TaKUX
CJIEKTPOCTAHIINA Tmojisrae y 3a0e3MeyeHHl KUBJIEHHS OKpPEeMUX MMOOYTOBHUX
CIIO’KMBAYIB Ta HEBEJIMKUX T'OCHOJAPCTB. 32 YMOBHM HEIOCTAaTHOCTI €JIEKTPUYHOT
€Heprii, 3a HECHPUSATIMBUX METEOPOJOTIYHUX YMOB, NE(IIUT MOKPUBAETHCS 3a
paxyHOK 30BHINIHBOT eHeprocucteMu. HaBnaku, 3a CHpPUATIMBOI IOTOJH,
HAJUIMILIKK €JIEKTPOEHEPrii MOCTYNatTh B EHEPTOCUCTEMY.

Cepen mepcrneKTUBHUX CHOCOOIB BUPOOHMIITBA E€IEKTPUYHOI €HEeprii ciif
BUJUTUTH JIOCHIJKEHHS B OO0JACTl CTBOPEHHS TEPMOSJIEpHOro peakropy. Taxi
JOCIIDKEHHST MPOBOJATHCS LIE 3 CEPeAMHM MHUHYJIOro ctoiittsa. Ha chorogui
akTUBH1 jAociipkeHHs mnposonarkess y CIIA, Pocii, €Bpocoro3i Ta Kurai.
Haii6unbin nepcnextuBHuil mpoekt [TER(MbKHApOHUN TepMOsACpHUN PEaKTOp)
noeaHaB 3ycwiuis (axiBiiB 3 €Bpocoro3y, CIHIA, Pocii, Anownii, Kuraro, [Haii Ta
Kopei. B 2007 p. po3nodatro OyIiBHUIITBO TEPMOSIEPHOTO PEAKTOPY B MPOBIHIIIT
[IpoBanc (®panuist). Ouikyerbes, mo a0 2040 p. Oyne 30yaoBaHO mepily
TEPMOSIIEPHY €JIEKTPUYHY CTAHIIIIO.

[IpuHMn poOOTH ENEKTPUYHHUX CTAHIIN 3 TEPMOSIEPHUMHU peaKTOpamu
MOJIATAE y CHHTE31 BaXXKUX 130TOMNIB BOJHIO 13 BHUJUICHHSM TeNil0 Ta BEIUKOI
KUIBKOCT1 TEIUIOBOi eHeprii. BakiaumBoio mnepeBaror0 ejIeKTpUYHUX CTaHIINd 3
TEPMOSIIEPHUMU peakTopaMHu € ix ekosoriyHa Oe3neka. PesynbraTom poboTu
TEPMOSIIEPHUX PEAKTOPIB € €KOJOriyHO Oe3reuHi BojAeHb Ta reiiil. Pazom 3 Tum
OCHOBHI Npo0OyieMH TyT TOB’si3aHl 13 peani3ali€lo KepoBaHOI TEPMOSIEPHOT
peaxiii.
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Hydroelectric power plants are rather non-polluting as they do not consume
natural resources, and their operation is not associated with harmful emissions.
However, the creation of artificial reservoirs may lead to climate changes around
the construction site of the power plant, and greatly affect the ecosystem in the
large areas. Besides, despite the high reliability of the hydroelectric power plant
dams there are always risks of anthropogenic accidents with catastrophic
consequences.

Nonconventional (alternative) sources of electric energy, represented by
wind-driven and solar power plants, occupy the smallest share in the general
structure of power generation. Today, the development of alternative power
engineering 1s the priority goal in Ukraine and in the world around because of
limited amounts and depletion of conventional energy resources, and extremely
negative impact on the environment exerted by thermal, nuclear, and hydroelectric
power plants.

Yet, it is impossible to declare an absolute environmental safety of non-
conventional power plants. For example, the operation of wind-driven power
plants cause low-frequency noise pollution, which negatively influences human
health, forces birds to fly away from the areas of wind-driven power plant
construction, and so on.

It is also necessary to point out that operating capacity of wind-driven, solar
and other non-conventional power plants is determined by weather conditions, in
particular by wind speed, solar activity, tides of seas and oceans, amplitude of sea
waves and so on. This indicates that today it is impossible to replace all traditional
power plants with alternative ones. The scope of application of alternative power
plants comprises the power supply of individual household consumers, and small
enterprises. If the power generated is not suffient, and there are adverse weather
conditions, energy shortage is covered by an external power system. On the
contrary, under favorable weather conditions, the excess of the power generated is
directed to the power system.

One of the promising methods of power generation is the development of
thermonuclear (fusion-type) reactor. The investigations in this field have been
conducted since the middle of the last century. Today, researches are in progress in
the USA, Russia, the European Union and China. The most promising project
ITER (International Thermal Reactor) unites the efforts of specialists from the
European Union, the USA, Russia, Japan, China, India and Korea. In 2007 the
construction of a fusion reactor was begun in Provence (France). The first
thermonuclear power plant is expected to have been constructed by 2040.

The principle of operation of power plants with fusion reactors involves
synthesis of heavy isotopes of hydrogen, and release of helium and a considerable
amount of thermal energy. An important advantage of power plants with fusion
reactors is the environmental safety. The result of fusion reactor operation is
ecologically friendly hydrogen and helium. However, the main problems are
associated with implementation of controlled thermonuclear reaction.
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Y pa3t BuxoAy peakuii 3 M KOHTPOJIO, TEPMOSAJIEPHUN peaKkTop
MEPETBOPIOETHCS HA TEPMOsiZIEpHY O0MOY 13 KaTacTpo(h1YHUMHU HACTIAKAMHU.

[Hmi cnocobu BUPOOHMIITBA €IEKTPOCHEPrii, Hampukiaa 3 arMmochepHoi
€JICKTPUKH, Ha ChOTO/IHI 3HAXOASATHCS Ha CTall IEPEANPOCKTHUX JTOCTII>KEHb.

Cepen nepcneKTUBHUX CHOCO0IB MEPETBOPEHHS €HEPTii Ha eNIEKTPOCTaHIIAX
€ 3aCTOCYBaHHS MazHimoziopoounamiynux 2enepamopie (MI JI-renepaTopis).
[Mpunun pobGotu MI'JI-reHepaTtopiB OCHOBaHMN Ha CTBOPEHHI B TIeHepaTopi
MarHiTHOTO MOJIs, 1110 00epTAETHCA 32 IOMOMOTOK BUCOKOTEMIIEPATYPHOI TIa3MHu.
Taki arperatu SBIAIOTH COOOIO0 MpsIMI MEPETBOPIOBAYl TEIJIOBOI €HEPrii B
CJNEKTpUYHY 0€3 NPOMDKHOTO NEPETBOPEHHS Yy MEXaHIYHY €EHEpPrilo POTOpIB
TypOiH. Lle 103BoJIsI€ CYTTEBO MIIBUILUTH K. K. JI. TAKAX CTaHIIIH.

AXTHUBHI JociiKeHHs 31 ctBopeHHss MI'/[-renepaTtopis npoBoaunucs y 70-Ti
pOKM MHUHYNOro cTomiTTsa. [IpoOiemu, moB’s3aHi 3 BEIWKUMHU BHUTpaTaMu Ha
CTBOPEHHS Ta YTpUMaHHS IUIa3MH, BHU3HAYWIM BIJCYTHICTh Ha CBHOTOJHI
MIPOMHUCIIOBOTO BUKOPUCTAHHS TAKMX TEXHOJIOT1H B enekTpoeHepreruii. [Ipore, 31
CTBOPEHHSIM Yy TMEpCIEeKTUBI TEPMOSAJIEPHUX peakTopiB, TexHouorii MI/I-
reHepaTopiB MOXKYTh BUSABUTHUCS aKTyaJIbHUMHU.

2.2 JIDKEPEJIA AKTUBHOI NOTYXHOCTI

AKmuena nomyscnicms — e €HEpris 3a OJIMHUILIIO Yacy, siKa BUAUISETbCA TPU
MIPOXO/PKEHH] CTPYMY 4epe3 aKTUBHUI OIip ad0 MOTYXHICTb, SIKa BUTPAYAETHCS Ha
BUKOHAHHSA KOPHUCHOI poOOTH — OOEpTaHHA MAaxOBHKA JBUTYHA, MIAMOMY BaHTaXy
€JIEKTPOMArHiToM 1 T. 1H. JlKepenamu akTUBHOI MOTYXHOCTI B CHUCTEMI CIIy>KaTb
TeHepaTopH eJIeKTpocTaHIliid. B ocHOBHOMY, 11e Tpr(a3Hi CHHXPOHHI T€HEepaTOpH, 110
00epTaloThCsl MEPBUHHUMH JIBUTYHAMHU (TIApOBMMH, Ta30BUMHU M TiIpaBIIYHUMU
TypOiHaMu, TU3EIbHUMU JIBUTYHAMM).

3aJie’KHO Bil POy MEPBUHHOIO JBUT'YHA CUHXPOHHI F'€HEepaTopu AUIATHCS Ha
TypOOreHepaTopu, TiiporeHepaTopu U Ju3elbH1 FTeHEPaToOpH.

Typoocenepamopi oro NepBUHHUN IBUTYH — MapoBa abo razosa TypOiHa —
MalOTh TOPU3OHTAJIbHE BUKOHAHHS, MOHTYIOTbCS Ha OJHOMY (YHIaMEHTI M,
3'€ THYIOUHKCH 3a JOTIOMOT0I0 MYy(PTH, YTBOPIOIOTH mypooazpezam.

TypbOoreneparopu BIZHOCATBHCS A0 TUNY MWBUAKOXiAHMX MamuH. Y CPCP
HaWOLIbIIE TMOIIUPEHHS OJepkKalu TypOoreHepaTopu 3 OAHIET Mapolo MOJIOCIB
(TOOTO HESIBHOIOIIOCHI MaluHu) 13 yactoToro obeprands 3000 06/xB. Ha AEC i3
BIZJTHOCHO HU3BKUMH MapaMeTpaMy Mapu AOLUIbHE 3aCTOCYBaHHS OUIbII TUXOXIIHUX
TypOOreHEepaTopiB - YOTUPHOX-MOMIOCHUX MAIIMH 13 YacTOTOI0 OOEpTaHHS
1500 06/xB.

T'iopozenepamop, 3'¢qHYIOUNUCH 3a JONOMOTrOK My()TH 3 TiIpPaBIIYHOIO
TypOiHOIO, YTBOpIOE c2idpoazpezam. Ha BinMiHy Big TypOOoreHeparopis
riiporeHepaTopyd B OUIBIIOCTI BUIAJKIB BUKOHYIOTHCS 3 BEPTHKAJIbHUM BaJIOM,
BUTOTOBJISIIOTbCSA 3 OUIBIIMM YHCJIOM Tap MOJIOCIB (SIBHOMOJIOCHI MAallMHU) 1 €
THXOXITHUMH. [XHS yacToTa obepTtanHs nepedyBae B mexax Big 108 1o 910 06/xB
1 3aJIeXUTh BiJ Hamopy W BUTpaTH BOAM B CTBOpi piku. Kpim 3BHUaiiHOrO,
TIPOreHepaTopy MOXKYTh MaTH CHelliajbHe BUKOHAHHSL.
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In case the reaction happens to be beyond control, the fusion reactor is
turned into a thermonuclear bomb, having catastrophic consequences.

Other methods of power generation, for example from atmospheric
electricity, are still undergoing development tests.

The most promising technique of transforming energy at power plants is the
application of magneto-hydroelectric generators (MHD-generators). The principle
of operation of MHD-generators is based on the creation of a magnet field, rotated
by high-temperature plasma. These machines represent direct converters of thermal
energy into electric power, without intermediate transformation into mechanical
energy of the turbine rotors, which allows increasing greatly the efficiency of the
power plant.

Extensive researches on the creation of MHD-generators were conducted in
the 70ies of the last century. The problems caused by large expenses for creation
and maintenance of plasma are the reasons why this technology is not used on a
large scale in the power industry. However, when fusion reactors are created in the
future, MHD-generating technology may become of greater importance.

2.2 SOURCES OF ACTIVE POWER

The active power is the energy released in a unit of time when a current
passes through pure resistance, or the power spent on the performance of useful
work, e.g. rotation of an engine flywheel, load lifting by an electromagnet, etc. The
sources of active power in the electric system are generators at power plants. In
general, these are three-phase (synchronous) generators turned by prime movers
(steam-, gas- and water-turbines, diesel engines).

Depending on the type of prime mover, synchronous generators are divided
into turbogenerators, hydrogenerators, and diesel generators.

The turbogenerator and its prime mover, that is steam- or gas-turbine, are of
horizontal design modification, and are mounted on the same base so that being
connected by a coupling they constitute a turbo-unit.

Turbogenerators belong to a type of high-speed machines. In the USSR the
most common turbogenerators were of those with one pair of poles (that is
nonsalient pole machines) with the rotation frequency of 3,000 revolutions per
minute. At nuclear power plants with rather low steam conditions it is practicable
to use more low-speed turbogenerators, such as four-pole synchronous machines
with the rotation frequency of 1,500 revolutions per minute.

Hydrogenrators, connected by a coupling with the water-turbine, represents
a hydraulic unit. Unlike turbogenerators, hydrogenerators are mostly equipped
with a vertical shaft, they are made with a large number of pairs of poles (salient-
pole machines), and are low-speed. The rotation frequency is within 108-910
revolutions per minute, and depends on the water pressure and water discharge in
the river station. Besides conventional hydrogenerators, there are hydrogenerators
of special design modification.

160



Ile Tak 3BaHI KancyabHi TIAPOTEHEPATOPH, SKI  BCTAHOBIIOIOTHCS
Oe3rnocepelHbO B TOTOL PIKM Ta PO3MILLYIOTHCAB CEPEIUHI BOJOHEMPOHUKHOT
Karncyiau (BUKOHAHHS TOPU3OHTAIbHE) 1 360pomHi TiIpOTE€HEpaTOpH, fAKI
BcTaHOBMIOIOThC Ha ['AEC. [Ins HuMX XapakTepHa pi3Ha yacToTra oOepTaHHS B
pexxuMax reHeparopa W ABUTYHA. Benuki riiporeHepaTopu BUTOTOBISIOTHCSA I10
THAMBIAYaTbHUX 3aMOBJICHHSX.

st 30yI>KEHHS CUHXPOHHUX reHepaTopiB 3aCTOCOBYIOTBCS
€JIEKTPOMAlIMHHA, BUCOKOYACTOTHA HAMIBIPOBIIHUKOBA CHUCTEMH. SIK mpaBuio,
eleKMPOMAWUHHy CUCTEMY BHUKOPUCTOBYIOTH g 30YyIKEHHS TE€HEepaTopiB
notyxHictio 10 160 MBt. Jlns renepatopiB mnoTyxHicTio 160 MBT 1 Buie
noTpidHa cuctema 30Yy/KEHHS BEJMKO1 MOTY>KHOCTI (40 JAEKUIBKOX MEraBariB); y
UX BUMAJKaX 3aCTOCOBYIOTh BUCOKOYACTOTHE, 10HHE Ta TUPUCTOPHE 30YKEHHS.
TupucmopHne 30yIDKEHHS € IIBUAKOIIIOYMM 1 3a0e3reuye HalOUIbIly MEXY
CTaTHUYHOI ¥ JUHAMIYHOI CTIMKOCTI TypOOreHepaTopiB y NOPIBHSIHHI 3 IHIIMMHU
cuctemMamu 30y/pkeHHs. BOHO 3aCcTOCOBY€EThCSI Ha TypOoreHepaTopax noTYKHICTIO
300 MBT 1 BHIIIE.

OXO0JO/IKEHHSI CHHXPOHHUX T€HEepaTOpiB MOXE 31MCHIOBATUCS HENPSIMUM
yyHOM a00  0e3MocepelHbO  OXOJOJKyIouuM  cepenoBuiieM.  Cucrema
OXOJIOJP)KEHHSI Ha3UBAETHCS HenpsmMolo, KOIU TEIUIO, AKE BUAUIAIOTH MPOBIIHUKH
0OMOTOK T€HEepaTopa, BIIBOJUTHCSA OXOJIOKYBaJIbHUM 30BHIIIHIM CEPEIOBUILEM;
be3nocepeonboro, SKILO TEIUIO, AKE BUAANSAETHCA MPOBIIHMKAMU, BIABOAMUTHCS 3a
JOTIOMOTOI0 ra3zy abo PIAMHM, 10 MPOMYCKAIOThCS Yepe3 CleliajibHI BHYTPIIIHI
KaHaJM TMOPOXHIX NpoBiHUKIB. [Ipm 1bOMYy B SKOCTI OXOJOIKYBaJIbHOTO
cepeloBUlIa il TypOOreHepaTopiB BHUKOPHUCTOBYIOTH IOBITPS, BOAEHb, BOIY,
Macyo (y MepcrneKTUBI Telliii), A1 TIAPOreHepaTopiB — BOY.

[ToBiTpsiHE ab0 BOJHEBE OXOJO/KEHHS BUKOHYIOTH 3a JIONIOMOT'OIO
MPOTOYHOI ab0 3aMKHEHOI BEHTWIALIL. Boonege 0XOJOIXKEHHS e(EeKTHUBHIIIE
MOBITPSTHOTO W 3aCTOCOBYETHCS NJisi TypOOreHepaTtopiB MOTYXHICTIO Bif 30 1o
300 MBT. MeHa miibHICTh BOAHIO J03BOJISE€ 3MEHIITUTH BEHTUJIALINHI BTpaTH B
8-10 paziB 1 miaBummT KKJ[ reneparopa na 0,7-1%. I'eneparopu 3 BogHEBUM
OXOJIO/DKEHHSIM, K TMpPaBUIO, MOXYTh TaKOXX TPAllOBaTh 3 MOBITPIHUM
OXOJIOXKEHHSIM.

[Ile OutbI1 epeKTUBHUM € piounHe OXOJOMKCHHS (BOASIHE W MacisiHe),
teroBignaya skoro B 40-50 pasiB mepeBullnye TemioBiamady mnoBitpsa. [1[o6
MOMEePEeIUTH BHUJAUICHHS OMNaJIB YyCEepeAuHl NPOBIIHMUKIB TPU BOJISHOMY
OXOJIOJ)KEHHI, BHUKOPUCTOBYEThCS JUCTUIbOBaHA BoJa abo KOHAEHcaT 3
KOHJIeHcaTopa  TypOiHM.  PimuHHE  OXOJIOJUKEHHS  3aCTOCOBYIOTH IS
riiporesepaTopiB (BoAsHE) 1 Ajig TypOoreHepaTopiB MOTYXKHICTIO Bix 160 1o
1200 MBT (BoasiHe ¥ MacisiHe).

JIO OCHOBHMX TEXHIYHHMX JaHUX CHUHXPOHHUX T€HEpaToOpiB BITHOCSTHCS:
HOMIHAJNbHA Hampyra, KB; HOMIHaJIbHA aKTUBHA MOTYXHICTb, MBT; HOMIHATBHU
KOe(DILIEHT MOTYXHOCTI (COS Pyoy); HOMIHAJIIBHA PEAKTUBHA MOTYXHICTh, MBAD;
KK.

Typ6oreneparopu BumyckaroTh Ha Hanpyru 6,3; 10,5; 15,75; 18; 20; 24 1
36,75 kB, rinporeneparopu Ha Hamnpyru 3,15; 6,3; 10,5; 11; 13,8; 15,751 16,5 B.
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These are so-called capsule hydrogenerators, installed directly in the river
stream, and located inside a water-tight capsule (of horizontal design), as well as
reversible hydrogenerators, installed at pumped storage power plants and
characterized by different rotation frequency in the generator mode, and the motor
mode. Large hydrogenerators are made to order (custom-built).

Rotating, and high-frequncy semiconductor systems are applied to produce
excitation of synchronous generators. As a rule, the rotating excitation system is
used for producing excitation of generatiors of up to 160 MW. For generators of
160 MW and above an excitation system of higher power capacity (up to some
megawatts) is required, and in these cases the high-frequency, ionic, and thyristor
excitation is applied. The thyristor excitation is quick-acting, and provides the
highest limiting statics and dynamics values of turbogenerators in comparison with
other excitation systems. It is applied in turbogenerators of 300 MW and above.

Cooling of synchronous generators can be done indirectly or directly by
cooling medium. The cooling system is called indirect when the heat released by
the conductors of generator windings is removed by a cooling environment; and
direct if the heat released by the conductors is removed by a gas or liquid, passed
through special internal channels in hollow conductors. The cooling environment
for turbogenerators is air, hydrogen, water, oil (helium in prospect), and for
hydrogenerators it is water.

Air or hydrogen cooling is made by means of an input or closed-circuit
ventilation. Hydrogen cooling is more effective than air cooling, and is applied to
turbogenerators of 30-300 MW. Lower hydrogen density allows 8-10 times
reducing ventilation losses, and increasing the generator efficiency by 0.7-1%.
Hydrogen-cooled generators can usually operate with air cooling as well.

Liquid cooling (water and oil cooling) is even more effective, the convective
heat transfer 40-50 times exceeding air convective heat exchange. To avoid sludge
formation inside conductors in water cooling, distilled water or a condensate from
the turbine condenser is used. Liquid cooling is applied to hydrogenerators (water
cooling) and turbogenerators of 160-1,200 MW (water and oil cooling).

The basic performance specification of synchronous generators includes:
voltage, kV; rated active power, MW; rated power factor (cosguon); rated reactive
power, Mvar; and efficiency.

Turbogenerators are designed for the voltage of 6.3; 10.5; 15.75; 18; 20; 24
and 36.75 kV, hydrogenerators are designed for the voltage of 3.15; 6.3; 10.5; 11;
13.8; 15.75; and 16.5 kV.
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HomiHasibH1 aKTHBHI TOTY>KHOCTI TypOoreHepaTopiB piBHi 2,5; 4; 6; 12; 20;
30; 32; 60; 63; 100; 160; 200; 220; 300; 500; 800; 1000 1 1200 MBT.
['inporenepaTopy BUTOTOBIISIIOTh HA BEJIUKY KIJIbKICTh HOMIHAJIBHUX MOTY>KHOCTEH
— 811 20 1o 640 MBT.

MoxxnuBa poboTa reHepaTopa 3 aKTUBHUM HaBaHTAXEHHSM, 1110 MEPEBUILYE
HOMIHAJIbHY MOTY>XHICTh, 32 YMOBU MNPUIIYCTUMHUX TNEpEeBaHTaXEHb MO CTPyMY
poTtopa i cTpyMy cTaTopa.

PerymioBaHHST aKTUBHOT TMOTY>KHOCTI, LIO0 BIJJAETbCS T€HEPATOPOM Y
CUCTEMY, 3A1MCHIOETHCA 3MIHOIO MOMEHTY IMEPBUHHOTO JBUTYHA, TOOTO 3MIHOIO
BITyCKaHHs 1apy abo BOAM B TYpOiHY.

HominanpHuit KoeillieHT MOTY>KHOCTI OUTBIIOCTI THUIIB T€HEPATOpiB, IIO
BUIyckaroThcsl piBHui 0,8-0,9. MoxnuBa TpuBaia podoTa Mpu MiJABULIEHHI COSQ
70 OJIMHHUII JJII TeHEePaTOpIB 3 HEMPSMHUM OXOJOoKeHHSIM 1 10 0,95—0,96 nns
reHepaTopiB 3 0e3MocCePeHIM 0XOJIOKSHHSIM.

HominanpHa peakTHBHa TMOTYXKHICTh TeHeparopa oOyMOBJIeHa WHOro
HOMIHAJIBHOIO aKTUBHOIO TOTYXHICTIO W HOMIHaJbHUM 3HaueHHSIM cos@. KK]|
reHepaTopiB MpU HOMIHAJIBHOMY HaBaHTa)XEHHI Ta HOMIHAJIBHOMY KOE(III€HTI
MOTY>KHOCT1 KOJUBAETHCS B Mexkax 96-99%. 31 3MeHIEHHAM HaBaHTaXEHHS 1
koedimienta notyxknocti KKJI renepatopa nazgae.

Ha nanwmii yac npoBOASTECS TEOPETUYHI M eKCIIEPUMEHTANIbHI JOCIIIIKEHHS
31 CTBOPEHHsSI Ta 3aCTOCYBAaHHS IMOTY>KHHUX AaCHHXPOHHUX TypOOreHepaTopis.
[lepeBaramMu acMHXpOHHUX TE€HEPATOpIB € iXHS BHUCOKAa HAJIWHICTh, MPOCTOTA
BUT'OTOBJICHHS, TOPIBHSHO HU3bKA BApTICTh, a TAKOX MOKJIMBICTh MIJBUILIEHHS X
OJIMHUYHOI TOTYXHOCTI 4Yepe3 BIJICYTHICTh OOMOTOK 30ymkeHHA. OCHOBHHI
HEJI0JIIK — CIOKMBAHHS 3HAYHO! PEaKTHUBHOI MOTY>KHOCTI, 110 BUTPAYA€ThCA Ha
CTBOPEHHSI O0EpPTOBOr0 MArHITHOTO MoJisl. TOMy BHUKOPUCTaHHS ACHHXPOHHHUX
TypOOTreHepaTopiB MOKE€ CTaTH AOLUUIBHUM B EHEProcUCTeMax 3 HaJIUIIKOM
PEaKTUBHOI MOTY>KHOCTI TIOPSA/JI 13 3aCTOCYBAHHSIM CUHXPOHHHUX F€HEPATOPIB.

2.3 IXKEPEJIA PEAKTUBHOI NOTYXKHOCTI

Peakmuena nomyscnicmes — 11e ysIBHA TOTYXHICTb, SIKA BUTPAYAETHCS Ha
CTBOPEHHS E€NeKTPUYHUX TIOJIIB B €MHOCTAX Ta MArHITHUX TIOJIB B
IHAYKTUBHOCTSIX. PeakTHBHA MOTYXHICTh F€HEPYETHCS CHHXPOHHUMHU MAIlIMHAMHU
npu ixHboMy nepe30ymkenHi, emuictio JIEII, konaeHcatopamu Ta I1HIIMMU
eJIeMEeHTaMH, y IKUX CTpyM Mo (a3i Bunepeskae npukiaaeny Hamnpyry. Jbxepena
PEaKTUBHOI TOTY>KHOCTI MOXHa PO3MOJUINTH Ha CUCTEMHI W croxkuBui. Jlo
cUCmMeMHUX JKEepel BITHOCSATHCA CHHXPOHHI TEHEpaTOpu eJEeKTPOCTaHIIIH,
cunxpoHHi kommencaropu (CK), moryxni OaTapei cTaTMUYHUX KOHJEHCATOPIB
MOTEPEYHOro BKIIIOUEHHS, cTaTuyH1 TuprcTOpH1 KoMiieHcaropu (CTK). OcHoBHUM
JDKEpEJIOM PEakTUBHOI TOTYXHOCTI B 00’€qHaHIN eHeprocucreMmi YKpaiHU €
CUHXpOHH1 reHepaTtopu. [Ipu 3HMW)KEHHI aKTUBHOTO HAaBAaHTAXKEHHS TIeHEpaTropa
MOXe 30UTbIIYBAaTHCS BHJABaHa IM pEaKTUBHA NOTYXHICTh. CHUHXPOHHUUN
reHepaTop MOXHa MEPEeBECTH B PEKUM BHJ1aul TUIBKU PEaKTUBHOI MOTY>KHOCTI,
AKIIO 3HSATH 3 HBOTO AKTHBHE HABAHTAXKEHHS I 3aBaHTAXXKUTH PEAKTUBHUM
cTpyMoM. Y 1IbOMY BUIAJKy TeHepaTop Oynae npaitoBatu B pexumi CK.
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The rated active power of turbogenerators is equal to 2.5; 4; 6; 12; 20; 30;
32; 60; 63; 100; 160; 200; 220; 300; 500; 800; 1000 and 1,200 MW.
Hydrogenerators are made with high rated power (from 20 to 640 MW).

The operation of generator with a resistive load exceeding the rated power is
possible under permissible current overload of the rotor and the stator.

Regulation of active power, supplied by the generator into the electric
system, is done by changing the torque of the prime mover, that is by changing the
inlet of steam or water into the turbine.

The rated power factor of most types of the generators designed is equal to
0.8-0.9. Generators with indirect cooling can operate continuously at cos ¢ raised
to 1, and so can generators with direct cooling at cos ¢ raised to 0.95-0.96.

The rated reactive power of the generator is determined by the rated active
power, and the rating value of cos ¢. The efficiency of generators under rated load
and at rated power factor varies within 96-99%. With a decrease in the load and
power factor the generator efficiency is reduced.

At present both theoretical and experimental research on the design and
application of powerful asynchronous turbogenerators is being conducted. The
advantages of asynchronous generatprs are high reliability, simplicity of
manufacturing, rather low cost, and also the possibility of raising the unit capacity
because of field windings being absent. The main disadvantage is the consumption
of considerable reactive power, spent on creating a rotating magnet field.
Therefore, along with the application of synchronous generators the use of
asynchronous turbogenerators may become advisible in electric power systems
with excessive reactive power.

2.3 SOURCES OF REACTIVE POWER

The reactive power is an apparent power which is spent on the creation of
electric fields in capacitance, and magnet fields in inductance. The reactive power
is produced by synchronous machines in case of overexcitation, by capacitance of
power transmission lines, capacitors and other elements in which the current leads
the voltage applied. The sources of reactive power sources can be divided into
systems sources and consumers’ sources. Systems sources are synchronous
generators at power plants, synchronous capacitors (SC), powerful banks of static
condensers of parallel connection, and static thyristor compensators (STC). The
main sources of reactive power in the Integrated Power System (IPS) of Ukraine
are synchronous generators.

With a decrease in the resistive load of a generator the reactive power it
produces can increase. The synchronous generator can be switched to the mode of
delivering only reactive power if it is released from the resistive load, and loaded
with the reactive current (wattless current). In this case the generator operates in
the mode of synchronous capacitors.
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PerymtoBaHHsl BUZaBaHOT pEaKTUBHOT MOTY>KHOCTI T€HEPATOPa MPOBOIUTHCS
IpU BIAMOBIAHIN 3MiH1 cTpyMy 30ymxeHHs. Hopmanvhum cmpymom 30y0icenns
HA3MBAalOTh CTPYM, MPU SKOMY COS@=1 1 peakTHBHA NOTYXHICTh BIJIMOBITHO
nopiBHioe Hymto. [Ipu mepe3OypkeHHI reHepaTop CTa€ JKEPENIOM pPEaKTHUBHOI
MOTYXHOCT1, TP HEA030yI’KEHHI — CIOXuBae ii 3 mepexi. Tpupana pobdora
typborenepatopa B pexxumi CK 13 mepe3OyKEeHHAM JOMYCKAEThCSI TUIBKU TPH
CTpyMi 30y/KEHHS HE BHILE HOMIHAJIILHOTO; MaKCUMaJIbHO MOXJIMBE PEAKTHUBHE
HAaBaHTAXXEHHA HOTOo B pPEXHUMI1 HENO030yIKEHHS BH3HAYAETHCS HA MIACTaBI
TEIUIOBUX BUNPOOYBaHb. ['€eHepyBaHHS PEAKTUBHOI MOTYXHOCTI MPUBOAMUTH O
3pOCTaHHS CTPyMIB B OOMOTKax cTaTopa W poTopa TeHepaTopa, IO BHUKIMKAE
JesiKke TMOAOPOKYaHHS MAalIMHU B TOPIBHSAHHI 3 MAIllMHOIO, MPHU3HAYEHOI IS
reHepyBaHHs NPHU MOBHOMY HAaBAaHTAXKE€HHI TUIBLKU aKTUBHOI moTyxHocTi. [Ipore,
MUTOM1 BUTpPAaTH HAa T€HEPYBaHHS PEaKTUBHOI MOTYKHOCTI (TpH/KBAp) y npomy
BUMAKy Maixke B 10 pa3iB MeHIe, HDK BUTPATH HA YCTAHOBKY IHIIUX JKEpPeI
PEaKTUBHOI MOTY>KHOCTI.

Ha enextpocrtaHiisx crnemialibHO sl BUPOOJIEHHSI PEaKTUBHOI MOTY>KHOCTI
MOXXYTb OyTH BHJIJIEHI T€HEPATOPH, HE 3aBAHTAKEH1 B OKpEMIi TOAUHU 100U abo B
neBHi ce3oHu. IIpu npoMy 1isi TypOOreHepaTopiB MOXKIKBI HAacTyIHI CHOCOOHU
nepeBoy iX y pekUM BHJIayl TUIbKM PEaKTUBHOI MOTYKHOCTI: poOOTa B peKUMI
XOJIOCTOTO XOay; poOoTa B Oe3mapoBomy pexumi; pobota B pexumi CK mpu
B1JI €THaHIM TYpOIiHi.

IIpu po6oTi B pexuMi XO0JOCTOTO (HepoOodoro) xony TypOiHa obeprae
reHepaTop, 3aBaHTAKEHUW TUIBKM pEaKTUBHOIO MOTYyXKHIicTI0. lLleit cmocib
HallMEHIII EKOHOMIYHUM Yepe3 3HauH1 BUTPATH NapH B TYpOiHi.

VY Bumanky po6otu B 0e3mMapoBOMY pEKHUMI T'eHepaTop obepTae TypOiHy,
Mpaloyn K cladKo3aBaHTaXKEHUH CUHXpOHHMM NBUryH. Ilapa BuUTpadaeTbCs
TUIBKH JIJIS1 BEHTUJISALIIT JIOMIATOK.

Po6ora renepatopa B pexxumi CK mnpu BiakirodeHidt TypOiHI HaWOUIbII
ekoHoMiuHa. OJHaK y UbOMY BHUNAIKY /JI1 HaBaHTAXEHHsS TypoOoarperary
aKTUBHOIO MOTYXHICTIO MOTPiOHI 3yNUHKA TeHepaTopa AJisd MpUEIHAHHS TypOIHU 1
il mporpis.

[lepeBenennst rimporenepatopa B pexxum CK mpoBoauThCcs mpocTiiie i
mIBUAIIE, HDK TypOoreneparopa, 1 Moxe OyTH Jerko aBToMartu3zoBanuil. [lpu
1IbOMYy pobOoua KaMepa 3BUIBHSIETHCA BiJl BOAM, a OCylleHa TypOiHa MPOJOBXKYE
oOepratucsi pa3oM 3 TeHeparopoM. Haif0inplie MUPOKO 3aCTOCOBYIOTHCS
riiporeHepaTopu Juisi BUAadl peakTUBHOI MOTYKHOCTI B ME€P10]T MAJIOBOIIS.

Ha Benuxux IIC cneumiaapHO 1Jisi TE€HEpYBAaHHS PEAKTUBHOI MOTYKHOCTI
BCcTaHOBNIOIOTh CK, sKi SBISIIOTH COOOI0 CHHXPOHHMH JBUTYH MOJETIIEHOT
KOHCTPYKIIli, mpu3HadeHUil aisg poOOTH Ha xojoctoMy xoxay. Ilpu poGoti B
pexumi nepe30ymkenHs CK € reHepaTtopoM peakTUBHOI MOTY>KHOCTI, a B PEXKHUMI
HeJ030y/UKeHHsT — crnokuBaueM. Haiouibma mnotyxHicth CK  y  pexumi
nepe30y/KEHHsI HA3UBAETHCS WOTO HOMIHANBbHOW RnomydxdcHicmio. Y pexXUMI
Hen030ymkeHHs: CK 1o KOHCTPYKTUBHHUX OCOOIMBOCTAX 3BUUYalHO criokuBae 60%
HOMIHAJIBHOI MOTY>KHOCTI.
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Regulation of the reactive power produced by a generator is done by
changing the excitation current appropriately. The current at which cos ¢ = 1, and
thus the reactive power is equal to zero, is called regular excitation current. In
case of overexcitation the generator becomes a source of reactive power, while in
case of underexcitation it consumes reactive power from the electric network.
Continuous operation of turbogenerators in the mode of synchronous capacitors
(SC) with overexcitation is allowed if the excitation current is not higher than the
rated current; the highest possible reactive load in the mode of underexcitation is
determined on the basis of thermal tests. Generation of reactive power leads to a
growth of currents in the windings of the stator and rotor of the generator, which
causes a rise in the price of the machine in comparison with the machine intended
for generating only reactive power at full load. However, in this case the cost per
unit of reactive power generation (hryvnia/kilovar) is almost 10 times lower than
the cost of installation of other sources of reactive power.

At a power plant there might be generators specially intended for generation
of reactive power, and these are not loaded during certain hours of the day, or
seasons of the year. Thus, the methods of switching turbogenerators into the mode
of delivering only reactive power are as follows: operation under open-circuit (no-
load) conditions; operation in the non-steam conditions; operation in the mode of
synchronous capacitor (SC), with the turbine being disconnected.

Under open-circuit (no-load) conditions the turbine turns the generator
loaded only by reactive power. This method is the least economical one because of
considerable losses of steam in the turbine.

In case of operation in the non-steam conditions the generator turns the
turbine, thus working as an underloaded synchronous motor. The steam is spent
only on ventilation of blades.

The generator operating in the mode of synchronous capacitor (SC), with the
turbine being disconnected, is the most economical. However, in this case for
loading the turbogenerator by active power it is necessary to stop the generator to
connect the turbine and warm it up.

Switching a hydrogenerator into the mode of synchronous capacitor (SC) is
easier and faster than the turbogenerator, and can be readily automated. Thus, the
working chamber is cleared from water, and the dried turbine continues turning
along with the generator. Hydrogenerators are most widely used for supplying
reactive power during the periods of low water level.

At large electric substations synchronous capacitors (SC) are installed
particularly for generating reactive power, and these are synchronous motors of
simplified design, intended for operating under open-circuit (no-load) conditions.
In case of overexcitation synchronous capacitors (SC) generate reactive power, and
in case of underexcitation they consume it. The highest capacity of synchronous
capacitors (SC) in the overexcitation mode is called rated capacity. Because of the
specific design features synchronous capacitors (SC) usually consume 60% of the
rated capacity in the underexcitation mode.
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CHUHXPOHHI KOMIIEHCATOPU BHUKOHYIOTHCS 3 SIBHOMOJIOCHHM POTOPOM,
TOPU3OHTAILHUM  PO3TalllyBaHHSIM Baja, 4YacToTor oOepranHa 750 00/xBs,
noryxkHictio 50; 100; 160; 320 MBAp. Ixui Hominanssi Hanpyru 10,5; 11; 15,75 i
20 kB.

lupoke momMpEeHHS K  JDKepena  PeakTUBHOI  MOTY)XHOCTI B
EHEepProcucTeMax ojiep Kajii MOTYXH1 O6aTapei cratuuHux koHjaeHcaTopiB (bK), ski
KOMIUIEKTYIOTBCS HUISIXOM KOMOIHYBaHHS MapayelbHUX JIAHLIOXKKIB, CKJIAJCHUX 3
MOCIIIJIOBHO  3'€JHAHUX  OKPEMHUX  KOHAEHCATOpIB, BCTAHOBJIOIOTHCA  Ha
noHmwxkyBanbHUX [1C 1 MOXyYTh minkimouarucs Ha Hanpyru 6, 10, 351 110 kB.

[Topiaioroun CK 1 BK sk mxepena peakTMBHOI MOTY>KHOCTI, BiI3HAYUMO
HACTYIHE:

1. CK MOXyTh SIK TEHEpYBaTH, TaK 1 CIIOXKUBATU PEAKTUBHY MOTYXHICTh, BK —
TUIbKU T€HEPYBAaTU PEAKTUBHY MOTYXKHICTh Y CUCTeMY. PeakThBHA MOTYXHICTh
CK 3miH0€THCS TI1aBHO, @ BK — crynensmu.

2. ¥V CK renepyBaHHS PEakTUBHOI MOTY>KHOCTI HUIAXOM (hopcyBaHHS 30y KEHHS
NPaKTUYHO  HE 3aJeXKHUTh BIJ Hampyru, ska miaBoautbes. Y BK ichye
KBaJIpaTUYHa 3aJE€XKHICTh MDK T'€HEPOBAHOI MOTYXKHICTIO Ta IiJBEJICHOIO
HaIpyroro, o € ocHoBHUM HeaoiikoM bK. B aBapiiinux cutyanisix Hampyra
3HIKY€EThCs 1 BK pi3ko 3MeHIIyIoTh reHepoBaHy MOTYXHICTh, IO TPUBOIUTD
710 JOJIaTKOBOTO 3HWIKEHHSI HANpyTH, MOTIM MOTYXKHOCTI 1 Tak Jaji, ToOTO 10
ABUILA, SIKE HA3UBAEThCA Jaaeunoro nanpyzu. 11106 ycyHyTH 1eil Hemoik,
PEKOMEHIYEThCSI ~ 3aCTOCOBYBAaTM  IIYHTYBaHHS ~ YacCTUHU  IOCIIJOBHO
BKJIIOYEHUX KOHAEHCATOPIB, NMEPEMUKAHHS 3’€/IHaHHA 31pKM Ha TPUKYTHUK 1
1HIII 3aXO0/IH.

3. Ha Biaminy Big CK cratnuni BK xapaktepusyioTbcsi He3HAYUHUMU TUTOMUMHU
BTpaTaMu AakKTUBHOI MOTYXHOCTI (mopsaaky 0,3%), iXHBOIO CTaJIICTIO NpH
perymntoBanH1 noTyxHocTi BK 1 MeHIIMMu kaniTanbHUMU BUTpaTaMu Ha 1 KBap
reHepylo4yoi PEaKTUBHOI MOTY>KHOCTI. TOoMy HpH HEBEIUKUX MOTY>KHOCTIX
3actocoByBaTu CK HeIOILIBHO.

B octanHi pokum Bce Oulblna yBara MNPUIUISIETBCS HOBHM JDKEpesaM
pPEaKTUBHOI MOTYXHOCTI — cTatuuHi TupuctopHi komneHcatopu (CTK). Li
MPUCTPOT BIIPIZHAIOTHCS BHHITKOBOIO IIBUAKOMAIEI0 Ta 3AIMCHIOIOTH IJIAHOBE
PEryJIOBaHHS PEAaKTHUBHOI MOTYXHOCTI. BOHM MOXYyTh NHpalloBaT K y PEXKUMI
re’epaitiii, Tak 1 B peXkKuMi CriokuBaHHs peakTuBHOT noTy»)HOCTi. CTK nmpuznayeni
s yeranoBku Ha [IC eneprocuctem, maroth notyxHicts 100; 150; 260; 300 1
450 MBAp 1 HominanbHi Hanpyru 10; 15,75; 20; 35; 38,51 110 xB.

Jlxepena peakTUBHOI MOTY>KHOCTI CIOXHWBayiB 3/IHCHIOIOTH T'€HEPYyBaHHS
PEaKTUBHOI MOTY>KHOCTI 0e3MocepeIHhO B MYHKTI i CIIOKUBaHHS, 3a0e3Meuyoun
HalOUIBbII TOBHE PO3BAaHTAXEHHS €JIEMEHTIB E€HEProCHUCTEMHU Bl PEAKTUBHUX
CTPYMIB, 1 MNpHU3HAYEHl [JIsl TOJIMIIEHHS KoedilieHTa MOTYXKHOCTI OKpPEMHUX
MIIPUEMCTB.

JIo  CHOXMBYUMX  JDKEped  PEaKTHMBHOI  TMOTY)KHOCTI  BITHOCSITHCS
KOHJIEHCATOPH1 YCTAHOBKHU Ta CUHXPOHH1 JABUTYHHU.
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Synchronous capacitors are made with a salient-pole rotor, a shaft of
horizontal installation, having the rotation frequency of 750 revolutions per
minute, and power capacity of 50; 100; 160; 320 Mvar. The rated voltage is 10.5;
11; 15.75 and 20 kV.

Powerful banks of static condensers have been widely used as a source of
reactive power in the power systems. They are made by combining parallel circuits
of separate capacitors connected in series, and installed at step-down substations,
being able to operate at the voltage of 6, 10, 35 and 110 kV.

Comparing synchronous capacitors and powerful banks of static condensers
which serve as a reactive power source one should point out the following:

1. Synchronous capacitors can both generate and consume reactive power, while
banks of static condensers can only generate and supply reactive power into the
power system. Reactive power produced by synchronous capacitors changes
smoothly, and the one produced by banks of static condensers changes in a
stepwise manner.

2. In synchronous capacitors the generation of reactive power by superexcitation
practically does not depend on the voltage applied. In banks of static
condensers (BC) there exists a quadratic dependence between the power
generated and the voltage applied, which is the man disadvantage of BC. In
emergency situations the voltage decreases, and BC dramatically reduce the
power generated, which leads to a further reduction of voltage, followed by
reduction of power and so on. This phenomenon is called a collapse of voltage,
and to eliminate this defect it is recommended to shunt some of the capacitors
connected in series, to change the star-connection into Y-connection, and take
other measures.

3. Unlike synchronous capacitors, banks of static condensers are characterised by
showing negligible specific loss of active power (of the order of 0.3%), being
stable when the power is adjusted, and having lower capital costs per 1 kilovar
of the reactive power generated. Therefore, it is impracticable to use
synchronous capacitors at small values of power.

In the recent years much attention has been paid to new sources of reactive
power, namely static thyristor compensators (STC). These devices are notable for
the exceptional speed of operation and being able to carry out planned control of
reactive power. They can operate in the modes of both generation and consumption
of reactive power. STC are intended for being installed at substation of the power
systems, having the power capacity of 100, 150, 260, 300, and 450 Mvar, and the
rated voltage of 10, 15.75, 20, 35, 38.5, and 110 kV.

Consumers’ sources of reactive power generate reactive power directly at the
location where it is consumed, saving the elements of the power system from
wattless current most effectively, and are intended for improving the power factor
of individual enterprises.

Consumers’ sources of reactive power include capacitor units, and
synchronous motors.
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KoHnneHncaTopHi yCTaHOBKH BUIYCKAIOThCs Jisi BHYTpiHbOro (cepist KVY) i
30BHIHBOTO (cepist KYH) po3mimienns noryxHictio 240-425 kBAp Ha Hanpyru
6—10 xB. BoHU KOMIUIEKTYIOThCS 3 ManepoOBO-MAaCISIHUX KOHJEHCATOPIB THUITY
KM 1 KMH. BunyckaroTbCsi TakKoX pi3HI cepli cCHeliaJbHUX KOMIUIEKTHUX
KOHJICHCATOpHUX ycTaHOBOK Hampyrow 0,38 1 6-10 kB. Bonu ckmamaroTbest 3i
CTaHJAPTHUX  3aBOJACBKUX Imadp 3  KOHJIEHCATOpaMH W  BIANOBIIHUMH
oOnagHaHHAMU Tycky i perymtoBanHs (cepiss KKY). 3acTocyBaHHS KOMIUIEKTHUX
KOHJIEHCATOPHUX YCTAaHOBOK JJO3BOJISIE HE TUIBKM CKOPOTUTU CTPOKH MOHTAKHUX
poOiT, aJie i 3a0e3MeUnTH BUCOKY HAIMHICTh 1 O€3MeKa eKCIuTyararii.

KoMIiekTHI KOHJEHCATOPHI YCTaHOBKM BUIYCKAIOTHbCS HepeynboeaHi i
pezyibosani.PeryiioBaHHs Moxe OyTH 00H0-a00 Oazamocmyninyacmum. Ilpu
OJIHOCTYIIIHYACTIM PETYIIOBAHHI aBTOMATUYHO BIAKIIOYAETHCS a00 BKIIIOUAETHCS
Bca ycraHoBka. Ilpu  OGararocTymiH4acTMM  peryjloBaHHI ~ aBTOMAaTHYHO
nepemMukaroThes okpemi cexiii bK.

CHUHXpOHHI JIBUTYHHM BUKOPUCTOBYIOTBCS B EJIEKTPUUHHUX Mepexkax
MIPOMHUCIIOBUX MIIMPUEMCTB 1 BUIlycKaroThcs Ha Hanpyru 380 B, 6 1 10 kB. Bonu
MPaIiO0Th 13 BUMEPEIKAIBHUM KOE(DILIEHTOM MOTYXHOCTI, 110 JAa€ MOXKJIUBICTh
3aCTOCOBYBATH 1X JIJIsl BUPOOJIEHHS PEAKTUBHOI MOTYKHOCTI B MEPEXKY.

BukopuctaHHs pO3IIISHYTUX JKEpEN PEeaKTHUBHOI MOTYKHOCTI MOXJIUBO Y
JIBOX HaIpsIMKax:

1. llenTpanizoBaHe Te€HEpyBaHHS  PEAKTUBHOI  TOTYXHOCTI  Ha
€JIEKTPOCTAHIIIX EHEPTOCUCTEM 3 HACTYIHOIO Mepeavero ii CroKuBayaM.

2. JleneHTpanizoBaHe Te€HEPYBAaHHS pPEAKTUBHOI MOTYXKHOCTI B PIZHHUX
TOYKaX CUCTEMH, BKIIOYAIOYM MYHKTH 1i CIOKUBAHHS.

VY nepmomMy BUNAAKY Ba)XJHMBOIO MEPEBArold € BIACYTHICTb BHUTpPAT Ha
YCTAaHOBKY JOJATKOBUX O0OJIaJHaHb, 1[0 TE€HEPYIOTh PEAKTHUBHY IOTYXHICTb,
OCKLIBKU caMi CHHXPOHHI 'eéHepaTopu po3paxoBaHi Ha ii BupoOseHHs. [Ipu ubomy
1€ MiJBUILYEThCS IXHS CTIMKICTh, TOMY IO BOHH MPALIOIOTh 31 30UIbIICHUMHU
cTpymaMu 30y/pkeHHS. OJHaK IEHTPali30BaHE TE€HEPYBaHHS PpPEaKTUBHOT
MOTYXHOCT1 MOB'SI3aHE 3 Mepe/layei0 PEaKTUBHOI MOTYKHOCTI MO EJIEKTPUYHUX
Mepexax, 10 CYNPOBOKYEThCS OUTBIIMMU BTpAaTaMH aKTHMBHOI MOTYXKHOCTI Ta
HE3aJI0BUIbHUM pPEXUMOM Hanpyru. KpiM 1bporo, BUKOPUCTaHHS T€HEpaTOpiB Y
pexumi CK MOXIMBO TUIBKM €MI30JAMYHO ¥ MPUBOAUTH O PIZKOTO 3pOCTaHHS
MUTOMHX BTPAT aKTUBHOI MOTY>KHOCTI.

JlenieHTpanizoBaHe reHepyBaHHs PEaKTUBHOI MOTYHOCT1 J03BOJISIE CYTTEBO
CKOPOTUTH BTpPaTH aKTHUBHOI MOTYXHOCTI B Mepexax, 3a0e3neuye CHpUsTIUBHIMA
peXUM Hampyr 1 30epirae HEOOXIJHI pPE3epBU PEAKTHUBHOI MOTY)KHOCTI Ha
enekTpoctaHiaXx. OJHAK BOHO BHMAara€ 3HAYHUX BUTPAT HAa BHUTOTOBIICHHS,
YCTAaHOBKY M €KCIUTyaTallil0 1I0AaTKOBOTO BCTaTKYBAaHHS.

3 BUIIIE CKa3aHOro MpU BHOOPI JKEpesl peakTUBHOI MOTY>KHOCT1 IMOBUHHE
MpUUMAaTUCS PIIIEHHS, 3aCHOBaHE Ha EKOHOMIYHO JOIUIBHIA KOMOiHaIii
LEHTPaJII30BaHOTO ¥ JIELIEHTPaII30BAHOTO 11 TeHEPYBaHHS.

PeakTBHA MOTYXHICTh, sika reHepyerbcsi JIEIL, HasuBaerbcs 3apsaonoro
nomycHicmio.
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Capacitor units are made to be installed inside (CU product line), or outside
(CUN product line), having the power of 240-425 kilovar and the voltage of 6-
10 kV. They are made up of paper-oil capacitors of KM and KMN product line.
Various lines of special-purpose complete capacitor units are produced for the
voltage of 0.38 and 6-10 kV (CCU product line). They consist of cabinets with
capacitors, and matching devices of start-up and regulation. Application of
complete capacitor units allows you not only to shorten the time of installation
work, but also to provide high reliability and safety of operation.

The complete capacitor units are regulated or unregulated. Regulation can
be single- or multi-stage. With single-stage regulation the capacitor unit is
automatically switched on and off. With multistage regulation separate sections of
banks of capacitors are automatically switched.

Synchronous motors are used in electrical networks of industrial enterprises,
and produced for the voltage of 380 V, 6 and 10 kV. They are operated at a leading
power factor, which enables using them to supply reactive power into the network.

It is possible to use the above-mentioned sources of reactive power in two
ways:

1. Centralised generation of reactive power at power plants in the power
system, followed by power transfer to the consumers.

2. Decentralised generation of reactive power in various locations of the
system, including the points of consumption.

In the first case an important advantage is the absence of installation costs on
supplementary equipment for generating reactive power as synchronous generators
themselves are designed to generate it. Also, the stability is increased as they are
operated with increased excitation currents. However, centralised generation of
reactive power is associated with reactive power transfer over the electrical
networks, accompanied by high losses of active power and inadequate voltage
conditions. Besides, the use of generators in synchronous capacitor mode is
possible only occasionally, and leads to a dramatical rise of specific loss of active
power.

Decentralised generation of reactive power allows you to reduce greatly
active power losses in the networks, it provides favorable voltage conditions, and
keeps the necessary reserves of reactive power at power plants. However, this
requires considerable expenses on manufacture, installation, and maintenance of
supplementary equipment.

All things considered, when choosing a source of reactive power, one must
make a decision looking for an economically viable combination of centralised and
decentralised generation.

The reactive power generated by power transmission lines is called charging

capacity.
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Hus JIEIT 220 kB Tta Bume npu ganbHOCTI JiHii Outbme 300 kM 3apsaHy
MOTYXHICTh MOXHA TMOPIBHATH 3 MPOIMYCKHOIO CIIPOMOXKHICTIO JiHII, a MpHu
noxuH1 Buiie 1000 kM 3apsiHa OTYKHICTh MOXKe cTaTy Oubioro. [linBumieHHs
Halpyru MOKe JO0CATaTH HEIONyCTUMHMX 3HAay€Hb OCOOJMBO MpHU MeEpeaaBaHHI
HEBEIUKUX TMOTyXHOcTeH. [IpoTikaHHA 3apsAgHOT MOTYXKHOCTI  BHUKJIHMKAE
nigBuuieHHss Hanpyrd Ha kiHmi JIEII mpu oaHOCTOpOHHBOMY >KHBJIEHHI Ta B
CepelliHI P ABOCTOPOHHBOMY. J[J1s1 BUPIBHIOBaHHS HANPYT'H BUKOPUCTOBYIOTHCS
IIYHTYBadbH1 peakTopu. [Ipu BHOOpP1 Micllb YCTAHOBKM PEAKTOPIB MPU BMUKAHHI
JIEII minBuiieHHs Hanpyru Ha ii mo4yaTKy He MOBMHHO nepeBuulyBaTH 15%, a mo
JiH1i Ta Ha ii KiHI1 20% HOMIHAJIBHOT HaNpyTu. PeakTopu HEOOXIHO PO3MIllyBaTH
O0axaHo 1O pIBHOMIPHUM NpoMiKKaMm. CremianbHi MyHKTH MK MiJCTaHLIIMH
€KOHOMIYHO OMpaB/iaHi Mpu AaIbHOCTI OutbIie 500 KM.

KOHTPOJIBHI 3AIIMTAHHA

1. Hasedimb  npuxknadu  GiOHOGNIOBANLHUX ~ mMa  He  BIOHOBIHOBANbHUX
eHepz20pecypcie.

2. Hageodims knacughikayiro enekmpuyHux cCmanyit 3a munamu enepeopecypcis.

3. Haseodimv knacughixayito menniosux enekmpuyHux CcmaHyii 3a munamu
NepBUHHUX OBUSYHIE.

4. Haseoimv xapaxmepucmuxku HempaouyiiHux (aibmepHamuenux) odicepen
enepelii.

5. Hagedimb cmpykmypy eeHepyrqux HOMYNCHOCMelU pIi3HUX Munieé y CcKiaoi
OEC Vkpainu.

6. Oxapaxmepusylime He2amusHi akmopu, no8’s13aui 3 eKCNIyamayicro
Meniosux, amoMHUX, 2IOpPABIIYHUX eNeKMPOCMAaHYil mMa HempaouyitiHux
ooicepen enepeii.

JIITEPATYPA

[15], cmop. 19-40.

Tema 8 CIIOJKUBAYI EJIEKTPUUHOI EHEPI'TI
2.4 XAPAKTEPUCTHUKHU CIIOKUBAYIB EJIEKTPOEHEPT 11

OcHOBHE TpHU3HAYEHHS EJIEKTPUYHUX CHUCTEM IOJIsIrae y 3a0e3nedyeHH1
CJIEKTPUYHOIO EHEPri€l0  CHOXKMBayiB. 3arajoM pPO3PI3HIIOTH TaKl THIIH
CIIO’KMBAYiB:

1) KoMyHanbHO-TIOOYTOBI;

2) NMpOMUCIIOBI;

3) cUIbCHKOTOCIOIaPCHKI;

4) enexktpudikoBaHUN TPAHCIIOPT.

Jlo KomynanvHo-nobymosux cnodcueayié BITHOCSATH OCBITJICHHS >KUIUX Ta
IPOMAJICBKUX MPHUMIIIEHb, 30BHIIIHE OCBITICHHS BYJHIb, MOOYTOBI MpHIIA[IH,
midpToBi rocmomapctBa Tomo. Jlo mpomucnoeux  cmoowcusauié  BITHOCSTH
€JIEKTPOJABUTYHH, OCBITJICHHS, €JIEKTPOIEYl Ta 1HIII MEePEeTBOPIOBaUl €JIEKTPUYHOT
€Heprii, BCTAaHOBJIEH1 HAa IPOMHUCTIOBUX MIANPUEMCTBAX.
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For power transmission lines of 220 kV and above if the length of the line is
more than 300 km, the charging capacity can be compared to carrying capacity of
the line, and if the length of the line is over 1,000 km, the charging capacity can be
higher than that. A voltage rise can reach unacceptable values, especially in low
power transfer. The flow of charging capacity leads to a voltage rise at the end of
the power transmission line of single-way feed, or in the middle of the line of
double-way feed. For voltage balancing shunt reactors are used. When choosing
the place to install shunt reactors one should remember that during line
energization the voltage at the beginning of the line must not exceed 15% of the
rated voltage, and the voltage along the line and at the end of the line must not
exceed 20% of the rated voltage. It is desirable to place shunt reactors at uniform
intervals. It is economically viable to find a special location for reactor installation
between substations if the range of distance between those is more than 500 km.

CONTROL QUESTIONS

1. Give examples of renewable and non-renewable energy sources.

2. Give the classification of power plants by the type of energy resource.

3. Give the classification of thermal power plants by the type of prime mover.

4. Describe the characteristics of nonconventional (alternative) energy sources.

5. Describe the mix of generating capacities of various types in the Integrated
Power System of Ukraine.

6. Describe the negative factors associated with maintenance of thermal, nuclear,
hydraulic power plants, and the use of nonconventional energy sources.

REFERENCE
[15], pages 19-40.

Chapter 8 ELECTRIC LOADS
2.4 CHARACTERISTICS OF ELECTRIC LOADS

The basic purpose of using electric systems is to supply loads with electrical
power. In general, one can distinguish between the following types of electric
loads:

1) residential loads;

2) industrial loads;

3) agricultural industry loads;
4) electrified transport loads.

The residential load refers to the lighting of residential and public buildings,
street lighting, household appliances, elevator equipment, and so on. The industrial
load refers to electric motors, illumination, electric furnaces and other energy
converters installed at industrial enterprises.
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Ho  cinecbkococnooapcvkux — cnodjcueauié  BIOHOCATH  (pepMepehKi
rocroAapcTBa, CUIbCHKOTOCMOAAPChKl MiAnpueMcTBa Towmo. Jlo croorcusauis
eleKmpuhixoeano2o mpaHcnopmy BITHOCSATh HaBaHTAXKEHHS TATOBUX MiACTAHIIIN
eNEeKTpU(PIKOBAHUX 3a1I3HUIb, TATOBUX MIJCTAHIIIN TpaMBaiB, TPOJIEHOyCiB, METPO
TOLLIO.

YacTto BHUKOPHCTOBYIOTH IHINI MIAXOAW A0 Kiacudikailii CHoKuBadiB
EJIEKTPUYHUX CUCTEM.

3o0kpema, 3a pooom cmpymy CIOKUBAYIB MOJUISIOTh HA TPU TPYIIU:

1) crnoxuBayi 3MIHHOTO CTPYMY ITPOMHKCIIOBOT YaCTOTH;
2) crnoxuBayl 3MIHHOTO CTPYMY MiJBHUILEHOT 200 3HMKEHOI YaCTOTH;
3) cnoxuBayl NOCTIHHOTO CTPYMY.

OueBuAHO, 110 3a0€3MEeUEHHs KUBJICHHS CIOXKMBAUiB JIPYroi Ta TPEThOi rpym
noTpedye 3acTOCYBaHHSA CUJIOBUX IE€PETBOPIOBAYIB EJIEKTPOCHEPrii, 30Kpema
NEePETBOPIOBAYIB YACTOTH Ta BUMIPSAMIISUIB.

3a HOMIHANbHOI Hanpy20l0 CTI0KUBAYIB MOIUISIOTH HA J[B1 TPYIIU:

1) HU3BKOBOJIBTHI 3 HOMIHAIBHOIO Hanpyrow a0 1 kB;

2) BUCOKOBOJIbTHI 3 HOMIHAJIbHOIO Hamnpyroio 1 kB Ta Buie.
3a gumozamu Haoiinocmi PO3PI3HIIOTH TPU TPYIH CIIOKUBAYIB:

1) mepmioi kaTeropii;

2) npyroi KaTeropii;

3) TpeTboi KaTeropii.

OueBuAHO, 110 3arajibHi NPOLECH CIIOKUBAHHSA €JIEKTPUYHOT €HEeprii BIAHOCATD
70 KJacy croXxacTUyHuX. [IoTyXHICTh CIIOKMBadiB BU3HAYAETHCS MMOBIPHICHUMU
3aKOHAMHM  BIJNOBIAHO O  CKJaAy  €JIEKTPOTEXHIYHOTO  yCTaTKyBaHHS,
MIAKITIOYEHOTO [0 MEpexXi y KOXHUA MOMEHT 4Yacy. 3MIHY HaBaHTaXKCHHS
CIIO’KMBAYIB €JIEKTPUYHOT CUCTEMH Y Yacl Ha3UBaIOTh TpadikaMy HaBaHTAKEHHS.

I'paghix enexmpuunozo nasamnmasicenna TpeACTaBisie cO00I0 rpadiuHe
300paKEeHHS 3aJI€KHOCTI €JIEKTPOCIOXKUBAaHHS BiJ 4acy. ['padiku HaBaHTaxeHHS,
3a3Buyail, OyAylOTh Yy NPSIMOKYTHHX KOOpJIMHATax, Ji€ 3a BICCIO aOCIuC
BIJIKJIaJJalOTh Yac, a 3a BICCIO OpAMHAT — MOTYXXHICTh HaBaHTaKEHHs. [CHYIOTh
rpadikyd eJIeKTPUYHUX HABAaHTAXEHb 1 B BUIVISAl KPYrOBUX YacCOBUX Jiarpam
pajapHOro THUILY, B KOTPUX BUKOPUCTOBYIOTHCA MOP(OMETpUYHI METO/IH, a caMa
¢irypa rpadika YTBOpPIOE 3aMKHYTHH OaraToKyTHUK meBHOT Qopmu. I[lpu
PIBHOMIPHOMY CIIO>KMBaHHI1 (irypa rpadika € KoJjo.

I'padiki B NPSIMOKYTHHX KOOPJMHATAX MPEJCTAaBISIOTE COOOK0 ILIABHI,
namani a6o crymingacTi mimii. IX OyayloTh 114 meBHMX HepiofiB uyacy — 100W,
Mmicsausg, poky. Ha puc. 2.11 mnpeacraBieHo TumoBuii [1000BHI Tpadik
HABAaHTAXXEHHS KOMYHAJIbHO-MIOOYTOBUX CIOKUBAYIB.

OueBuaHo, 1o ¢opmMa Takux TIpadikiB BU3HAYAETHCS  TUIAMU
eJIEKTpONpUiiMaYiB, NIAKIIOYEHUX 0 €NEKTPUYHOT MEPEXkKI Ta XapaKTepUCTUKaAMHU
iX pexxumiB, 30kpemMa yacoM pobotu. OnHoyacHO ¢opma rpadiky HaBaHTAXKEHHS
JUISL TIEBHOTO CIIOKMBaya 3MIHIOETHCS 3 JHS HA JICHb, BIATIOBIAHO IO JHS THXKHS,
TPUBAJIOCTI CBITJIOBOT YaCTHHU J0OU TOIIO.

JUist  aHamizy TpOLECIB CIOXUBAHHS €JIEKTPUYHOI €Heprii NpUHSTO
BUKOPUCTOBYBAaTH HACTYIHI TMOKa3HUKH J000BUX rpadikiB HaBaHTaKEHHS
(puc. 2.12):

173



The agricultural industry load refers to farm enterprises, agricultural
enterprises, and so on. The electrified transport load refers to tranction substations
of electrified railway, traction substations of trams, trolleybuses, underground
railway, and so on.

Other types of electric loads classification are often used as well.

For example, by the nature of current electric loads are divided into three
groups:

1) alternating current loads of commercial frequency;

2) alternating current loads of overfrequency, or underfrequencys;

3) direct current loads.

It is obvious that supplying power to the loads of the second and third
groups requires using power converters, in particular frequency converters and
rectifiers.

By the rated voltage electric loads are divided into two groups:

1) low-voltage loads with the rated voltage of up to 1 kV;

2) high-voltage loads with the rated voltage 1 kV and above.

By reliability requirements electric loads are divided into three groups:
1) first category;

2) second category;

3) third category.

It is obvious that the general processes of electric power consumption are
said to be stochastic. The power of the load is determined by the laws of chance,
depending on the electrical equipment configuration, connected to the network at
each moment of time. The change in the power of electric loads in the electric
system in time is called load curve.

The electric load curve is a graphic representation of the dependence of
power consumption on time. Load curves are usually built in rectangular
coordinates, where time is given in the X-axis, and power of the load is given in
the Y-axis. Also, there are electric load curves in the form of a radar-type circular
graph, in which morphometric methods are used, and the graph itself represents a
closed polygon of a certain form. In case of uniform consumption the graph
represents a circle.

The load curves in rectangular coordinates represent smooth, broken, or
stepped lines. They are built for certain time periods of the day, month, or year. In
Fig. 2.11 you can see a typical daily load curve of residential loads.

It is obvious that the form of the curve is determined by the types of
electrical receiver connected to the electrical network, and characteristics of the
modes of operation, including the action period. At the same time the form of a
load curve for a certain electrical load changes from day to day, depending on the
day of the week, duration of daylight hours per day, and so on.

For the analysis of processes of electric power consumption it is common to
use the following parameters of daily load curves (see Fig. 2.12):
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1) maxcumanvua nomyoicnicms — HAHOUIbIIA MPOTATOM J0OM HOTYKHICTh
CIIO’KMBAaYiB eNleKTpuyHOi eHeprii. Ha puc. 2.12 no3HaueHa Py

2) wmiHimanbHa NOMYXMCHiCMb — HAWMEHIIA MPOTAroM J00M TOTYXHICTh

CIIO’KMBAaYiB eJleKTpuyHOi eHeprii. Ha puc. 2.12 no3nadueHa Puy;n;

3) cepeons nomyoxcnicmes — (PIKTUBHA HE3MIHHA TMOTYKHICTh 3 SIKOKO CIIOKHBau

Ipairoe MpoTAroM Jo0M Ta CHOXKKBAE TAKy camy KUIBKICTh €HEeprii, mo 1 3a

peanbHuM rpadikom. CepeiHIO MOTYKHICTh BU3HAYAIOTh 332 BUPA30M:

2fP(t)a’t
p —o

P 24

b

P(1) : : : o
ne BU3HAYA€ 3aJICKHICTh ITOTYKHOCTI HABAHTAXKEHHS Bl 4acy BIAINOBIIHO
1o rpadiky HaBaHTaKCHHS;
4) koeghiyienm HepiBHOMIPHOCMIT HABAHMANCEHHS

_ P min
a —_ —_—
,7106 P
max ;
5) koegpiyicnm winbHOCMI HABAHMANCEHHS
B — PCCp
1100 P

max

3a naHuMu 1000BUX TpadikiB HaBaHTaK€Hb (OPMYIOTh MICSUYHI, CE30HHI Ta
piuni rpadiku. TyT HalOUIBIIOrO NOMIKMPEHHST HAOYIM PiyHi rpadikKu MaKCUMYyMIB
HAaBaHTAXXEHb Ta PI4YHI Ipadikd HABaHTAXKEHb 3a TPUBAIICTIO, MPEACTABICHI Ha
puc.2.13 ta puc.2.14, BiamoBiIHO.
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Puc.2.11. TunoBuii n060BUIl Tpadik HaBaHTAXKEHb KOMYHAIbHO-TOOYTOBUX
CIIO’KMBAYIB
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1) maximum power, that is the the highest power of electric loads during a day. In
Fig. 2.12 it is indicated as P,,;

2) minimal power, that is the lowest power of electric loads during a day. In
Fig. 2.12 it is indicated as P,,;,;

3) mean power, that is imaginary stable power at which an electric load operates
during a day, and which equals the amount of energy an electric load consumes
according to the actual load curve. The mean power is determined by the
expression:

P(t . : :
where ( )determlnes the dependence of power of an electric load on time
according to the load curve;

4) unbalance factor

5) load density factor

P,
B 1100 = .
P

max

According to daily load curves monthly, seasonal, and annual load curves
are built. Annual peak load curves, and annual load duration curves have found
wide application; they are shown in Fig. 2.13 and Fig. 2.14, respectively.
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Fig. 2.11. A typical daily load curve of residential loads
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Puc. 2.12. XapakrepucTuku 1000BUX I'padikiB HABAHTAKEHb
P, % 5

17 2 3 4 &6 6 v 8 9 10 11 12
Puc. 2.13. Piunuii rpadik MaKkCUMyMiB HaBaHTa)KEHb

Ha piuaux rpadikax MakcMMyMiB HaBaHTaXeHb IO Bici abciuc
BIIKJIQIat0Th JHI 200 MICAIll POKY, a MO BICI OPJIMHAT — MAaKCUMAaJIbHI MOTYXHOCTI
HaBaHTa)XEHb Y BIAMOBIAHI AHI a0o MicsIl. 3a3BUYail ajig Takux TpadikiB
XapakTepHUN craj HaBaHTXKCHHS B JIITHI MICSIl POKY 4Yepe3 3MEHIIECHHS BUTpAT
eHeprii Ha OCBITJICHHS Ta OTaJICHHS.
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Fig. 2.12. Parameters of daily load curves
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Fig. 2.13. An annual peak load curve

In annual peak load curves days or months ofthe year are given in the
X-axis, and maximal power of the electrcil load in a certain days or months is
given in the Y-axis. These load curves usually show a decrease in the power in
summer months of the year because it is when less power is spent on illumination
and heating.
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Puc. 2.14. Piunnii rpadik HaBaHTaXXE€Hb 33 TPUBATICTIO

Piyni rpadiku HaBaHTaKEHHsS 3a TPUBAIICTIO MPEACTABIAIOTH COOO0IO
JaiarpaMyd  MOTY>KHOCTEH  HaBaHTA)KE€Hb, PAHKOBAaHUX 32 3HWKEHHSIM 13
BIJIMOBITHUMU TME€PI0JIaMH, MIPOTATOM SIKMX CIIOKMBAYl MPAIIOIOTh TPOTATOM POKY.

Jliist piuHUX TpadikiB HABAHTAKEHb BU3HAUAIOTH TaKi caMl XapaKTepPUCTHKH,
10 ¥ 171 1060BUX rpadikis.

3ayeascenna. I'padiku HaBaHTAXKEHHS CIIOKHBAYIB €JIEKTPUYHUX MEPEXK MOXKYTh OyTH
OTpUMaHi 3a JaHUMU Oe3MocepeHIX BUMIPIB MOTYXKHOCTI, L0 OTPUMYIOTh croxuBayi. Taki
rpadiku OyayTh BiioOpakaTu yMOBH pOOOTH CHOXKMBAYIB B JIEIKUN BUIIAJKOBO 0OpaHUil nmepios
4acy, Ta TOYHO XapaKTepPU3yBaTH CIOKUBAHHS MOTYKHOCTI caMe B 1ei nepioa. L{iHHICTh TakoTro
rpadiky BH3HAYA€ThCSA MOTO BIATOBIIHICTIO peaJlbHUM yMOBaM pOOOTH CIOXKMBaya, ajleé B TOM
e yac Ha oOpucu Takoro rpadika BIUIMBAIOTh BUMAJKOB1 YMHHUKH, IO 3 SBIISIIOTHCS B MEPIOJ
qacy, 10 PO3IJISJIA€ThCS, Ta 3HUKAIOTh B MOAAbII Hepioan. ToMy Ais CyIKEHHS PO TUIIOBUIMA
XapakTep rpadika TOro 4u IHIIOIO CIHOXKMBaya HeoOXigHa 00poOka rpadikiB, OTPUMaHUX
€KCIEPUMEHTAJIbHUM LIUISIXOM B HaTypaJlbHUX yMOBaX. MeTo/auka Takoi 0OpoOKH 3aJIeKUTh Bl
3a/a4, MpU pO3B SI3aHHI SKUX MarTh OYTHM BHUKOpUCTaHl Tpadiku HaBaHTaxeHHs. Cuiin
BIAPI3HATH /Bl 3a4ayl: TNPOEKTYBaHHS HOBOi €JNEKTPUYHOI Mepexi Ta BHU3HAYEHHS
nependavyyBaHOTO HaBaHTAXKEHHS ICHYIOUOT MEpPEX1 Ha A€AKUH 1epio B Maiil0yTHbOMY.

B nepumomy Bumagky HaBaHTa)K€HHS MalOTh BPaxOBYBAaTUCh OUIKYBaHUMHU Ipadikamu,
Kl MOXYTh BB@XaTUCh THUIOBUMHU JJIsi TOrO 4YM IHIIOTO CIOKMBaya, HANpUKIaA Ui
MalIMHOOYIIBHOTO ab0 METamypridiHOro 3aBOJy, TEKCTHJIbHOI (Gabpuku 1 T.1m. Taki rpadiku
MOXYTb OYTHM OTpHMaHi Ha MiACTaBl BUMIPIB MOTYKHOCTI y BEJMKOI KUIBKOCTI CIOKHMBAuiB,
OJIHOTUIHUX 3 THUM, JJISl SKOI'O BH3HAYA€ThCS TUNOBHUH rpadik. BuMipH, 110 BUKOHYIOTHCS B
noAi0HI Mepiofu Yacy, J03BOJISIIOTH IPOBECTH CTATUCTUYHY OOpPOOKY eKCHepUMEHTaJbHUX
JaHUX, 3HAUTU CEpeIHE IO CIOXKMBayaM, IO PO3IJISIAINCh, 3HAUEHHS MOTY)KHOCTI B KOXHY
roJIuHy 100M, a MOTIM OTpUMAaTH ycepenHeHuil rpadik. Llei rpadik 3 TuM OUIBILIOO MiACTABOIO
MOX€ BB@KATHCHh THUIOBUM, YMM OUTbIIA KUIBKICTH CIIOKMBadiB OOCTEXYeTbCs. Po3rismaroun
HaBAaHTAXXKEHHS IMX CHOKMBAYIB B OHI M T1 caMl T'OAMHM IOOM SIK BUIIAAKOBI HE3aJIEKHI
BEJIMYMHM, MOXJIMBO 3HAWTH HE JIMILE CEpe/IH] 3HaUCHHs MOTYKHOCTE! B 11 FOJIMHU, ajie TaKOXK
1HIIT1 YMCITOB1 XapaKTEPUCTUKY BUMIAAKOBUX BETUYHH (IMUCIIEPCIIO 1 T.11.).
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Fig. 2.14. An annual load duration curve

Annual load duration curves represent load diagrams of values of power,
ranked by a decrease in certain time periods, when electric loads are at work over a
year.

For annual load duration curves the same parameters are determined as for
daily load curves.

Note. Load curves of electric loads in the electrical networks can be built on the basis of
direct measurements of power which the loads are supplied with. These curves reflect operating
conditions of the loads in a randomly chosen time period, and exactly characterise power
consumption during this period. The usefulness of the load curve is determined by the
conformity with the actual operating conditions of a load, but at the same time the curve is
affected by random factors appearing during the time period under consideration, and
disappearing afterwards. Therefore, to verify the typical load curve it is necessary to process load
curves obtained experimentally under natural conditions. The method of processing the load
curves depends on the engineering problems that load curves must be used to solve. One should
distinguish between two types of problems: design of a new electrical network, and
determination of predicted load of an existing network for a certain time period in the future.

In the first case the loads should be calculated by predicted load curves, which can be
considered typical for a load, for example machinery plant, metallurgical works, textile mill, etc.
These curves can be obtained on the basis of measureming the power of a large number of loads,
similar to the one for which a typical curve is to be determined. The measurements done at
similar time periods allow statistically processing experimental data, finding the load average
and the value of power at each hour of the day, and obtaining an averaged curve. The more loads
are studied, the more rightly it is to view this curve as a typical one. Considering the power of
these loads at the same hours of the day as a random independent quantity, it is possible to find
not only the mean power in these hours, but also other numerical characteristics of random
quantities (e.g. dispersion, etc.).
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Ha BinMiHy BiA pO3TJISHYTOTO BHUIAJAKY, €KCIUlyaTaliidHl rpadikd HaBaHTaKEHHS
HEOOXIZIHO OTpPUMYBAaTH JUIsl KOHKPETHUX ICHYIOUMX CIOKHMBayiB, BpPaXOBYIOUH MOIJIUBI
BUIIAJIKOBI 3MIHM YMOB iX poOOTH B Jeskuil mepiof yacy. st oTpumanHs Takux rpadikiB
3aCTOCOBYETHCSI TAKOXk CTATUCTHYHA OOpoOKa rpadikiB MomepeHiX MepioiiB, L0 LIKaBIAThH
CIOXKMBAYIB, TPUIOMY JUTsI KOJKHOTO 3 HUX aHANI3YIOThCS Tpadiku, M0 XapaKTepU3yloTh POOOTY
came 1bOTro CII0KKBaya.

Jliig poGOTH CHOKUBAUIB €IEKTPUYHOI eHeprii HeoOXiJHa repeaaya 1o Mepexi He JIUIIe
aKTUBHOI, @ i PEaKTHUBHOI MOTY)XHOCTL. TOMy /JI MOBHOI XapaKTEpUCTUKU HABAHTAKEHHS IO
MOTY)KHOCTI, IO CIIOXKHUBAETbCSI, HEOOXIIHO TakoXX 1 JaHi TpadikiB 3MIHM PpPEaKTUBHOL
noTyxHocTi. Ll rpadiku MoxyTh OyTH OTpHMaHI TUMH K€ METOJaMu, 10 U rpadiku aKTUBHOL
noTyxHocTi. Kongirypaii rpadikiB akTUBHOTO Ta peaKTUBHOIO HaBAaHTaKEHHS B 3arajlbHOMY
BUIIAJIKY HE CITIBIIaJAl0Th.

[Ipyn mpoekTyBaHHI B psiil BUIAAKIB MOTpiOHA CHOXKUBadaM pPEAKTHBHA MMOTYKHICTb
BpaxoByeTbcs MpuOau3Ho. [Ipu 11boMy JUIsl XapaKTEpUCTUKU BETUYMHUA HEOOX1IHOT peakTUBHOL
MOTY)KHOCTI BHUKOPUCTOBYETHCSI KOE(DILIEHT MOTYXHOCTI (cos¢,,), 3HAUYEHHS SKOTO abo
NpUiiMaeTbcs HE3MIHHUM, ab0 3a7a€ThCs CTOCOBHO JIO MEpioJiB HaMOUIbIIOI Ta HaWMEHIIOL
aKTUBHOI MOTYXHOCT1 HaBaHTa)XEHHsI, IPUUOMY B 11 Hepioau JUlsl KoeillieHTa MOTYKHOCTI
MPUIMAaIOThCSl YHMCIOBI 3HAYEHHs. B SKOCTI NMpUKIAIIB HUXKYE HAaBEAEH1 3HAUYEHHS COS@, Ta
tge, U1 IesSKUX MPOMMCIOBUX MIANPHEMCTB, IO BIANOBINAalOTh nepiony F... (Makcumym
AKTUBHOTO HABAaHTAKEHH).

CepenHi 3HaYeHHS KO€QIIIEHTA MOTYKHOCTI IPOMHUCIOBUX MiITPHUEMCTB.

[TinmpuemcTBa COS @ yrug) t8Wruey
HadronepepoOni 0,9 0,484
MeTtanoo0OpoOHi 0,87 0,567
EnexTpoTexHidHOTO 0,82 0,698

oOnasHaHHS
ABTOTpPaKTOpPHI Ta 0,79 0,776
CUIbrOCIIMAIlINH

Baxxkoro MamuHoOy1yBaHHsI 0,73 0,936
BaronopemoHTHI1 0,69 1,049
BepcraroOynyBaHHs 0,68 1,078
I'ipauyopyHi 0,65 1,169

[Ipu nepcreKTHBHOMY NMPOEKTYBaHH1 €IEKTPUYHUX MEPEXK PEAKTUBHY MOTYXHICTh By3Ja
HABaHTaXEHHs, TOOTO TPYyNU CIHOKMUBAYIB, L0 MKUBJATHCS BiJl 3arajlbHUX IIMH, BU3HAYAIOTh
LUIIXOM MHOXEHHS MaKCUMaJIbHOI'O PO3PaxXyHKOBOI'O HABAHTAXKEHHS HA yCepeIHEH1 3HaueHHS
t@W.¢es, AKI BPAXOBYIOTH KOMIICHCYIOUH IPUCTPOI, 110 BCTAHOBJIEH] y CIIOXHBAYiB, Ta BTPATH
PEaKTUBHOI MOTY)KHOCTI B MEpeXax MONEepeAHIX CTYEeHIB HaBaHTaXeHHs. Tak, HalpuKiIa, Juis
HAaBaHTAKECHHS, NPUBEACHOTO 10 WHH 6320 KB MOHWKYyBaIbHMX MIACTAHUIA (€0 ¢5mq.=0,4
(cos @ aimax) — 0,93). lna naBantaxxeHHs, npuseaeHoro mo muH 110 Ta 220 kB, 111 opieHTOBHI
3HAYECHHA 1€Py ey NPUAMAIOTBCA PIBHUMH BiImoOBiaHO 0,55 ( cos@ .., = 0.88) Ta 0,6
(CDS‘J‘F":-:{:.";:.A'_'- = 0.86).

3icTaBlieHHS LIMX JAAHUX IOKa3ye, 110 YUM BUUIE CTYNIHb HAIPYTH, 10 SKOi MPUBEICHE
KOMIUICKCHE HAaBAaHTAKCHHSI , TUM OUIbIIIe 3HAYCHHS PEAKTUBHOI MTOTYXKHOCTI, 1110 BOHA MOTpeOye
B PEKHUMI MaKCHMaJIbHOTO aKTHBHOTO HaBaHTakeHHsS. L[i oOcTaBMHM BHKIMKaHI Hacammepena
BEJIMKMMHU BTpaTaMH pPeaKTUBHOI NOTYKHOCTI B TpaHC(POPMATOPHOMY 00JIaIHaHH1 MOHMKYIOUHX
MJICTAHITIH.
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Unlike in the case studied above, it may be necessary to build load curves for specific
loads, taking into account all possible random changes in the operation during a certain time
period. To build such load curves one also processes statistically the load curves of the previous
periods concerned, the load curve characteristic for each of the loads being analysed.

For electric loads to operate it is necessary to transmit both active and reactive power in
the network. Thus, to obtain all the parameters of the load power the data of reactive power
change curves are also required. These curves are obtained in the same manner as active power
curves. In general, configurations of active and reactive power curves do not coincide.

In some cases the reactive power needed by a load is considered roughly in design.
Furthermore, to determine the value of the reactive power required the power factor (cos g, is
used whose value is taken as constant, or set with reference to the periods of the highest and the
lowest active power of a load, the numerical values of power factor being adopted for these
periods. For example, look at the following values of cose, and tge, adopted for some
industrial enterprises, taken for the period of the highest active power of the load, F,,...

Average power factor of industrial enterprises.

Enterprise COS Prius) t8@ e rus)
Petroleum refinery 0.9 0.484
Metalworking plant 0.87 0.567
Electrical equipment production 0.82 0.698
Motor and tractor plants, farming 0.79 0.776

machines production

Heavy engineering plants 0.73 0.936
Car-repair plants 0.69 1.049
Machine-tool plants 0.68 1.078
Mining plants 0.65 1.169

In advanced design of electrical networks the reactive power of a load center, which is a
group of electric loads supplied from common buses, is determined by multiplication of a
maximum design load and average values of tg @../..s,, which take into account the compensating
devices installed at electric loads, and reactive power losses in the networks of the previous types
of loads. For example, for the load reduced to busses of 6+20 kV at step-down substations tg
Pamazy= 0,4 (COS@Pyima.y = 0.93). For the load reduced to busses of 110 and 220 kV, the
approximate values of tg@, .., are taken as being equal to 0.55 (cos @, = 0.68) and 0.6
(COSQ@ 1 maxy = 0.86), respectively.

Comparing the data, we can see that the higher level of voltage to which load is reduced,
the higher the value of the reactive power it requires at maximum resistive load. This condition is
explained first of all by large losses of reactive power in the transformer equipment of step-down
substations.
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CroXuBaHHSA MOTY>KHOCTI B €JIEKTPUYHUX CUCTEMAaX BUMIPIOETHCS TIPU 3MIHI
napameTpiB pexXUMy, TOOTO IIPH 3MiH1 3HAYEHHS Ta YaCTOTH HAIpPYTH, IO KUBUTh
criokuBauiB. L1 3MiHK BiioOpakaroThCsl B 3MiHI MOTOKIB MOTYHOCTI B JIIHISX, 1110,
B CBOIO Yepry, BIUIMBAE HA PO3MO/LI HAPYT'y B MEPEXI 1, BIAMOBIIHO, HA HANIPYTY
Ha 3aTHCKayax eJieKTponpuiimMauiB. ToMy MNpu po3paxyHKaxX peXKUMIB MEpPEex
ICTOTHE 3HAYEHHS Ma€ BpaxyBaHHsS XapaKTEPUCTHUK, IO BiIOOpakalOTh 3MIHY
MOTYXHOCTI, IO CHOKUBAETHCSI HaBaHTAKEHHSM, MPHU 3MIHAX MiABEACHOI A0 Hei
HaAlpyrd 3a BEJIMYMHOIO Ta YacTOTOl0. Taki XapaKTepUCTHUKH, IO BIANOBIIAIOTH
YCTAJICHOMY  pEXUMY,  HAa3UWBAIOThCS  CTAaTUUYHUMHU  XapaKTEPUCTUKAMU
HaBaHTaxeHHs 1m0 Hanpysi (P, = f, (U), Q.. = f;(U) ) ta mo yacroti (P, = ¢,(f),

AHaNOr1YH1 XapaKTepUCTUKH, ajie Taki, U0 BIMOBIJAIOTh TOMY YU IHIIOMY
NepexiTHOMY  peXuMy, Ha3uBalOThcs  AuHamiuHumu. lle, Hanpukian,
XapaKTePUCTUKH, 1110 OTPUMAHI MPU MIBUJIKUX 3MIHAX HANMpPYyrd Ta 4acTOTH, KOJHU
BUKJIMKaHI IIMMH 3MIHAMU TEpeXiJHl MPOLECH HE BCTUTAIOTh 3TacHYTH IMpHU
nepexo/i BiJl OAHIET TOUKM CTaTUYHOI XapaKTEPUCTUKU HABAHTAXKEHHS JO I1HILOI.
Junamiyni  xapakrepuctuku P, = f (U, t), Oy =f,(Ut) Tta BianosiaHo
Py = @,(f,t), Qg = @, (f, t) Ha BiqMiHy BiJ cTatu4HuX € QyHKUisMu yacy. Ha
CTaTHUYHIA XapaKTEPUCTHIl KOXKHY ii TOYKY MOXKHA BBa)KaTH BIAMOBIIHOIO
YCTAJICHOMY PEXUMY.

KOHTPOJIBHI 3AIIUTAHHA
1. Hasedimv  xapaxmepucmuku  CHOMCUBAYIE  KOMYHAIbHO-NOOYMOBO20,
NPOMUCTIO08020, CLIbCbKO2OCNOOAPCHLKO20 CEKmMopie ma enekmpugikosano2o
MPAHCNOpmy.
2. Oxapaxmepu3zytime nioxoou 00 Klacughixayii cnoircusavie enekmpuyHux
cucmenm.
3. Jlaiime susnauenus epaixie Hasanmaxicety.
4. Oxapaxmepu3yume 0CHO8HI 8UOU epaDiKi8 HABAHMAIICEHD.
5. Hasedimv ocnogHi xapakmepucmuku 2pagikie Ha8aHmMAaNiCeHb.
JIITEPATYPA
[1],cmop. 9-11; [2], cmop. 54-56; [15], cmop. 40-50; [16], cmop. 102-105;
[17], cmop. 146-149.

2.5 BUSHAUYEHHS KIJBKOCTI EHEPI'II, IIIO NEPEJAETHCS
IO EJJEKTPUYHINA MEPEXI ITIPOTATOM POKY

Ockinbku Trpadiku HaBaHTaXEHHS Ta rpadikd 3a TPUBAIICTIO OYIYIOTH Y
KOOpAMHATaX MOTYKHICTh-4ac, TO OUYEBHIHO, 1110 IUIomia Girypu, oOMexeHa TaKuM
rpadikoM TpOMOpIiiiHa KIUIBKOCTI €HEeprii, M0 MepeNacThcsl MO ENCKTPUUHIN
Mepexi 3a BiAMOBiAHWN Tmiepiod. lle o3Hauae, mo 11 BU3HAUYEHHS KUIBKOCTI
eHeprii, mepenaHoi yepe3 eNeKTPUUHY MEpPEeKy MPOTArOM IMEBHOTO MEPIoay CIif
CKOPHUCTATUCS OJTHUM 3 HACTYITHUX BUPA3iB:

A, = }P(t)dt
0 (2.1)

st rpadikiB y BUTIIsiA1 Oe3nepepBHOI KpUBOi, a00
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The power consumption in electric systems is measured when there are
changes in the parametres of operating conditions, that is changes in the values and
frequency of electric load power. These changes result into changes in power flows
along the lines, which in turn have an effect on the voltage distribution in the
network and, thus, on the voltge at terminals of electric receivers. Therefore, in
calculating the operation modes of electrical networks it is extremely important to
take into account the parameters that represent changes in the power consumed by
a load when there are changes in the value and frequency of the power it is
supplied with. These parameters, which correspond to the steady-state operating
conditions, are called static voltage characteristic (P, = f, (U),Q,, = f,(U) ) and
frequency characteristic (P, = ¢, (f),0x = @, (f) ) of the electric load.

Similar characteristics, but those that correspond to transient state operating
conditions, are called dynamic characteristics. These are, for example, the
characteristics obtained during the rapid changes in voltage and frequency, when
the transients caused by these changes fail to decline when moving from one point
of static characteristic of the load to another. Unlike static characteristics, dynamic
characteristics P, = f,(U,t), 0@y =f,(Ut), and thus PF, =¢,(f 1),
Qs = @, (f,t), are time functions. In static characteristics every point can be
considered to correspond to steady-state operating conditions.

CONTROL QUESTIONS
1. Describe the characteristics of such electric loads as residential loads,
industrial loads, agricultural industry loads, and loads of electrified
transport.
Describe the approaches to classification of electric loads.
Give the definition of the load curve.
Describe the principal types of load curves.
Describe the main characteristics of load curves.

AN

REFERENCES
[1], p. 9-11; [2], p. 54-56; [15], p. 40-50; [16], p. 102-105; [17], p. 146-149.

2.5 DETERMINATION OF THE QUANTITY OF POWER
TRANSMITTED IN THE ELECTRICAL NETWORK OVER A YEAR

As load curves and load duration curves are build in the power-time
coordinates, it is obvious that the area of the figure of a curve is proportional to the
quantity of power transmitted in the electrical network over a definite time period.
It means that to determine the quantity of power transmitted in the electrical
network during a certain time period it is necessary to use one of following
expressions:

A. =

pik

P(t)dt

O e 3

2.1)

for load curves with a continuous curve, or

184



T
A, = ZO:P(t)At

JUISL CTYHIHYACTHX TpadikiB.

(2.2)

Y Bupazax (2.1) ta (2.2) P(t) BU3HAYA€ TIOTYXKHICTh HaBaHTAXKCHHS
EJICKTPUYHOT MEpeXi Yy BIAMOBIIHUNA MOMEHT abo0 TepioJ yacy BiAMOBIAHO 0
rpadikiB HaBaHTaxeHHs, a00 TpadikiB HaBaHTAXKEHHS 3a TpUBAIICTIO; 1 —
TPUBAIICTH MEPIONY, MPOTATOM SIKOIO BU3HAUYAIOTH KUIBKICTh MEPEeNaHoi eHeprii
(manpuknazn, s poky 1 = 8760 o).

besnocepenne BuKOpUCTaHHS TpadikiB HABAHTAXKEHHS IS PO3B’SI3aHHS
CJIEKTPOTEXHIYHUX 3a/Jay [OB’sA3aHE 13 TPYAHOLIAMHU alpOKCHUMAIlll TaKuUX
rpadikiB, TOOTO (OpMYyBaHHS MATEeMATHMUYHUX 3aJIEKHOCTEH MOTY>KHOCTEH
HaBaHTaXXEHHs (3MIHM CTpyMy B 4aci) Bif dacy. ToMy B mpakTulll po3B’s3aHHS
EJIEKTPOTEXHIUYHUX 3asa4y 3a3BUYal BUKOPHUCTOBYIOTh y3arajibHeH1
XapaKTepUCTUKH MPOLIECiB BUPOOHUIITBA Ta CIIOKUBAHHS €JIEKTPUYHOI €Heprii, AKi
J03BOJIIIOTH OLIIHUTH KUIBKICTh MEpeaHoi eHeprii Ta ii BTpaTu 0e3 3aCTOCYBAHHS
rpadikiB HaBaHTaKEHHS.

Tak, sikio peanbHU rpadik HABAHTAKEHHS 3aMIHUTU (IKTUBHUM Trpadikom
NpSIMOKYTHOI  (OpMH  €KBiBaJIeHTHOI TUIomii Ta (PIKCOBAaHUM 3HAYCHHSIM
HABAHTAXXEHHA, SKE JOPIBHIOE MAaKCUMaJIbHOMY HABAaHTAXXEHHIO EJIEKTPUYHOI
Mepexi 3a pealibHUM rpadikoM, To adcLuca TaKoro rpadiky BUSHAYUTh (PIKTUBHUN
yac MaKCUMaJIbHOT'O HaBaHTaKeHHs (puc. 2.15).

Yac makcumanvnozo nasanmadxcennsa (4aC BUKOPUCTAHHS MAaKCUMYMY) 1€
TaKMi Yac, MPOTArOM SKOrO €JNeKTpUYHA CHUCTEMa Mpalloe 3 MaKCUMaJIbHUM
HAaBaHTAXXEHHSAM Ta Tepesiae abo CMOKUBAE TaKy caMy KUIbKICTh €Heprii, 1o il 3a
peanbHUM rpagikoM.

TakuM yMHOM, KUIBKICTH €HEprii, MepeiaHoi yepe3 eIeKTPUUHY MEpexy
MPOTATOM POKY MOKHA BU3HAYUTH 32 BUPA30M

A. =P
PIK max~ max
s

¢ Pmax — HOTY)KHiCTB MAaKCHUMAJIBHOT'O HaBaHTAaKCHHA CJICKTpI/I‘IHOI Mepe>1<i;
T, max — 4aC MAaKCHUMAJIbBHOI'O HaAaBAHTAXXCHHA.

VY cBo1O qepry 9a¢ MakKCUMAJIbHOT'O HABAHTAXKCHHA BU3HAYAIOTh 3a BUPA30M

8760 8760

[ P(r)a ) 2P (1) A

max P P P

max max max

H

Il
=
=

Il
S
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T
A, = ZO:P(t)At

for load curves with a step curve.

(2.2)

In expressions (2.1) and (2.2) P(t)determines the power of a load in the
electrical network at a definite moment or period of time, according to the load
curves, or load duration curves; T is the duration of the period during which the
quantity of power transmitted is determined (for example, for a year it is
T = 8760 hours).

The direct use of load curves for solving electrical eengineeing problems is
associated with the difficulties of approximation of these curves, in other words of
formation of mathematical relations between the power of a load (changes in
current in time) and time. Therefore, in practice of solving electrical engineering
problems it is common to make use of generalised characteristics of power
generation and consumption processes, which allow estimating the quantity of
power transmitted and power losses without using load curves.

So, if an actual load curve is replaced by a fictitious curve of squared shape,
equivalent area, and fixed value of the load that equals the peak load of the
electrical network according to a real load curve, the X-axis will determine the
fictitious time of peak load (Fig. 2.15).

The peak load time (time of maximum load) is the time when the electric
system operates at a peak load, or consumes the same quantity of power as is
indicated by an actual load curve.

Thus, the quantity of power transmitted in the electrical network over a year
can be determined by the expression

A P T

pik ~ * max” max
’

where P, is the power of peak load in the electrical network; T, is the
peak load time.

Further, the peak load time is determined by the expression

8760 8760
A ! P(t)dt 2P (1) A
T = 1K = =
- Pm ax Pm ax Pm ax
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Puc. 2.15.'padiuna inTeprpeTairis 4acy MakKCUMaIbHOTO HaBaHTAXCHHS

O4eBUAHO, IO BEIMYMHA YaCy MAaKCUMAaJIbHOT'O HAaBAHTAXKEHHS BioOpakae
HIUIBHICTH PIYHOTO TpadiKy HaBaHTaKEHHS:

T = B 8760

CnoxuBayl €JIeKTPUYHOI €Heprii € JOCUTh PI3HOMAHITHUMHU 3a CBOIMHU
TUTNIAMHU, XapaKTEPUCTHKAaMHU, BJIACTUBOCTAIMU Ta TPHUBATICTIO CIOKUBAHHS
eNeKTpuyHOi eHeprii. Lle o3Hauae, 110 KOKEH TUM €JIEKTPUYHOrO0 HABAHTAKECHHS
XapaKTepU3yeThbcsl  BIANOBIAHUMHU  3HAQYEHHSIMH  4Yacy  MaKCHUMAaJbHOTO
HaBaHTaXeHHsA. OpIEHTOBHI 3HAYEHHS 4Yacy MaKCHUMAaJIbHOTO HABAaHTAXEHHS IS
TUIIOBUX CIOXKUBAYIB CKJIAJIal0Th:

— OCBITJICHHS —1500-2000 roa/pik;

— KOMYHaJIbHO-110OyTOBe HaBataxkeHHs — 2500-3000 roa/pik;
—~ OJHO3MIHHI HIAPUEMCTBA — 1800-2500 roxa/pik;
— JIBO3MIHHI MAMPUEMCTBA —3900-4500 roa/pik;

— TPU3MIHHI MIJIMPUEMCTBA —5900-6200 roa/pik.

SIKII0 HaBaHTaXXEHHsI EJEeKTPUYHOI CHUCTEMH € HEOJHOPITHUMH Ta
XapaKTEePU3YIOThCA PI3HUMM 3HAYEHHSMHU Yacy MaKCHUMaJbHOT'O HAaBaHTAKCHHS,
JUIT BU3HAYEHHS KUIBKOCTI €HEeprii, IepegaHoi dYepe3 eJIEeKTPUYHY MEpexKy
MPOTATOM  POKY, BHUKOPUCTOBYIOTh  CEPEAHBbO3BAKEHE  3HAYEHHS  4Yacy
MAaKCHMaJIbHOTO HaBaHTaXeHHA. OCTaHHE BU3HAYAIOTh 32 BUPA30OM

v T,

T i=1 Pmax i*maxi

l‘ﬂEl.KIZE[J N P . !
i=1 " maxi
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Fig. 2.15. Graphical interpretation of peak load time

It is obvious that the value of peak load time represents the density of an

annual load curve:
I . = BpiK 8760

Electric loads widely differ in types, characteristics, properties, and duration
of power consumption. It means that each type of the electric load is characterised
by appropriate values of peak load time. Approximate values of peak load time of
typical electric loads are:

- 1llumination —1,500-2,000 hours a year;
- residential loads —2,500-3,000 hours a year;
- single shift production plants — 1,800-2,500 hours a year;
- double-shift production plants — 3,900-4,500 hours a year;
- three-shift production plants — 5,900-6,200 hours a year.

If loads of the electric system are non-uniform and characterised by various
values of peak load time, the quantity of power transmitted in the electrical
network over a year is determined by using a weighted average value of peak load
time. The latter is determined by the expression

T _ ?:1 Pmax z'Tmax i

l‘ﬂEl.KIZE[J N P . !
i=1 " maxi
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€ Praxis, Tmaxi — TOTYXHICTH Ta 4Yac BHUKOPUCTAHHA MaKCHUMaJIbHOTO
HABAHTAXXEHHA [-T0 CIOXHUBaya €JIEKTPUYHOI cucTteMu; N — 3arajibHa KUIBKICTh
CIIO’KMBAYIB €JIEKTPUYHOT CUCTEMH.

[Hmmit cnoci® BU3HAYEHHS KUIBKOCTI €HEprii B eNeKTpUYHIA Mepexi
IPOTATOM POKY TOJIATa€E Yy 3aMIIIeHHl peanbHOro rpadiky HaBaHTaXKEHHS
MPSIMOKYTHUKOM, abciuca sikoro aopiBHioe 8760 (KUIBKICTh TOJHMH Y pOLi), a
iom@a MNpPSIMOKYTHUKA JOPIBHIOE IUIOMI (Irypu i peadbHUM TIpadikom.
OpauHaty Takoro NPsIMOKYTHOro TpadiKy Ha3HBaIOTh CEPEeIHIM 3HAYEHHSIM
HaBaHTAXEHHS €JIEKTPUYHOI cucTemu (puc.2.16).

Cepedne Haganmadicenna  eneKmpuyHoi cucmemu — 1€ Take
HABAHTAXXEHHA 3 SKUM €JIEKTpUYHA CUCTEMa MPaLIOe TMPOTATOM POKY Ta Tepenae
a00 CIOKHMBAE TaKy caMmy KUIbKICTh €HEPrii, 110 132 pealbHUM IpadikoMm.

O4eBUAHO, U0 TYT KUIBKICTh €HEPrii, MepeaHoi uepe3 eNeKTPUUHY MEPEXKY
MPOTATOM POKY, BUBHAUAIOTh 32 BUPa30M

A P_ 8760

pik = cep

P, % A

100-—‘

'Dcep_

t, eod
>

8760
Puc. 2.16. I'padiuna iHTeprperalrisi cepeHLOT0 HaBaHTAXKEHHS

VY cBoro acepry, HOTY)KHiCTB CCPCAHBOIO HABAHTAKCHHA BHU3HAYANOTH 34

BHUPA30M
8760 8760

p [ P(t)at ) ;P(t)At

piK 0

P = =
8760 8760 8760
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where P, Thai are power and time of peak load of i-load of the electric
system; N is the number of total of loads of the electric system.

The other technique of determining the quantity of power transmitted in the
electrical network over a year is to replace the actual load curve by a rectangle
whose X-axis 1s equal to 8,760 (number of hours in a year), and the area of
rectangle is equal to the area of figure below the actual load curve. The Y-axis of
this rectangular load curve is called average load of the electric system (Fig. 2.16).

The average load of the electric system is the load at which the electric
system operates over a year, and transmits or consumes the same quantity of power
as 1s indicated by an actual load curve.

It is obvious that in this case the quantity of power transmitted in the
electrical network over a year is determined by the expression

A, =P, 8760 -
P, % A
100
chp T e e e e — —

t, hours

8760
Fig. 2.16. Graphical interpretation of average load

Further, the power of average load is determined by the expression

8760 8760
P RO WAGY
p =k _ 0 __0
“P 8760 8760 8760
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3a3HayuMo, 110 B MPAKTHIIl €NEKTPOTEXHIYHUX PO3PAXYHKIB HAUOLIBIIOrO
NoImUpeHHss Ha0yB mepmuii  crnocid, dYepe3 TMOTYKHICTh MAaKCUMaJIbHOTO
HABAaHTAXXEHHA Ta YaC MaKCUMAaJIbHOTO HAaBAHTAXKEHHS.

KOHTPOJIBHI 3AITUTAHHA

1. o sasnaroms coboro epahixu Ha6aHMaN*CeHHs 3a MPUBANICMIO?

2. Hasedimv e6upasu 01151 GU3HAYEHHs KIIbKOCMI eHepeii, nepeoanoi no
eeKMPUYHILL Mepedci NpoOmsa2oM POKY, i3 3ACMOCY8AHHAM be3nepepeHux
ma cmyniH4acmux 2paghiKie HaBaHMAaANCeHHs.

3. Hagedimo usnauenusn uacy MaxcumanbHo20 HABAHMANCEHHSL.

4. Hasedimb  ceomempuuny  iHmepnpemayilo  4acy  MAaKCUMATbHO20
HABAHMAIICEHHS.

5. Hagedimv e6upaz O0na eusHauewHs KilbKocmi eHepeii, nepeoanoi no
eleKMPUYHILL  Mepedci NpomsA2OM  pOKY, I3 3ACMOCYBAHHAM  HACY
MAKCUMATbHO20 HABAHMAICEHHSL.

6. Hagedimv opienmo6ni 3HaueHHs uacy MakcuMaibHO20 HABAHMANCEHHS

0J151 MUNOBUX CHONCUBAYIS.

. Hasedimb suznauenns cepeOHbo20 Ha8aAHMAaNCEHH.

. Hasedimb ceomempuuny inmepnpemayito cepeoHb020 HA8AHMANCEHHS.

9. Hageoimv 6upaz 0ns 6usHauenHs KilbKocmi eHepeii, nepedaHoi no
ENeKMPUYHIU Mepedtci NPpomaA20M pPOKY, i3 3aCMOCYBAHHAM NOMYHCHOCHI
cepeoHb020 HABAHMAICEHHS.

G

JIITEPATYPA
[6], cmop. 46-51; [8], cmop. 165-168; [10], cmop. 71-73; [15], cmop. 404;
[16], cmop. 102-108; [17], cmop. 146-153.

2.6 YUYACTHh EJEKTPOCTAHIIM PI3HUX THUIIB Y IOKPUTTI
I'PA®IKIB HABAHTAKEHHS

Ha puc. 2.17 nHaBeneHo TUMOBUN 1000BUM rpadik HaBAHTAKEHHS
€JIEKTPUYHOT CUCTEMH Yy 1IoMY. Takuit rpadik XapaKTepU3y€eThCs IBOMA MIKaMU —
PAaHKOBUM Ta BEYIpHIM, a TaKOX JIBOMA CHaJaMU — HIYHUM Ta JACHHUM. MiHIMyM
HaBaHTAXEHHS CIIOCTEPIra€ThCs il Yac HIYHOTO MPOBAly, a MAKCUMYM — MiJ 4ac
BEYIPHBOTO MIKY.

3a3zBuuail 000B1 Trpadikv HaBaHTaXXEHHS MOAUIAIOTH HA TPU 30HU —
0a3ucHy, HaMNIBMIKOBY Ta TIKOBY. ba3ucHa 4YacTWHa BKIJIIOYAE Jiana3oH
HaBaHTAXEHb MDK HYJIEeM Ta MiHIMaJbHUM HaBaHTOKEHHSAM. Jlo HamiBIIKOBOi
YaCTUHU BIIHOCATH HABAHTAXKEHHS MK MIHIMYMOM Ta CEpEIHIM HaBaHTAKCHHSIM.
HaBaHTa)xeHHS MK CepeIHIM Ta MIKOBUM BIIHOCATH 10 MIKOBOT YaCTUHU IpadiKy.
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Note that in practice of electrical engineering calculations the first technique
has become most common because of power of peak load, and peak load time.

CONTROL QUESTIONS

.\A

What do load duration curves represent?

2. Give the expressions for determining the quantity of power transmitted in the
electrical network over a year, making use of continuous and step load
curves.

Give the definition of peak load time.

Give the geometrical interpretation of peak load time.

Give the expression for determining the quantity of power transmitted in the
electrical network over a year, making use of peal load time.

Give the approximate values of peal load time for typical electric loads.

Give the definitions of average load.

Give the geometrical interpretation of average load.

Give the expression for determining the quantity of power transmitted in the
electrical network over a year, making use of the power of average load.

SR W

ASERSIRNERN

REFERENCES
[6], p. 46-31; [8], p. 165-168; [10], p. 71-73; [15], p. 404; [16], p. 102-108; [17],
p. 146-153.

2.6 CONTRIBUTION OF POWER PLANTS OF DIFFERENT TYPES TO
LOAD-FACTORING

In Fig. 2.17 you can see a typical daily load curve of the electric system,
taken as a whole. This curve is characterised by two peak-load periods — in the
morning and at night, and also by two off-peak periods — at night and in the
daytime. The minimum load is during night off-peak periods, and the maximum
load is in the evening peak-load hours.

Daily load curves are usually divided into three zones: base-load zone,
intermediate-load zone, and peak-zone. The base-load zone involves the load range
between zero and the minimum load. In the intermediate-load zone, loads range
between the minimum load and average load. The loads between the average and
peak values belong to the peak-load zone of the load curve.
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Puc. 2.17. TlokputTst 1000BOTO rpadiKy HaBaHTAKEHHS
€JIEKTPOCTAHIISIMU PI3HUX THUIIIB

3 MeTOol MIHIMI3allli BUTpAT NajvBa Ha €JIEKTPOCTAHIISIX €HEeProCUCTEMHU
JUISL  TIOKPUTTS. PIYHUX YacTUH TpadiKy HABAHTAXKEHHS BUKOPUCTOBYIOTH
€JIEKTPUYHI CTAHIIi PI3HUX THUIIIB.

Tak, g nmokpuTTs 6a3UCHOT YaCTUHU TIpadiky 3aCTOCOBYIOTH E€JIEKTPHUHI
CTaHllii 3 MIHIMAJbHUMH BHUTpAaTaMH TajluBa Ta OOMEXEHUM [1alma30HOM
peryntoBaHHs pexuMiB. Jlo Takux ctaHiii BigHOCITs AEC Ta HalOLIBIIT MOTYXHI
KEC, TELl, ski npaifoloTh 32 BUMYIIEHUM Tpa]ikoM HABAHTAKEHHS TETUIOBUX
CIOKMBayiB, yacTUHU NOTykHOCTeN ['EC, 060yMoBIeH1 MiHIMAJIbHUM BOJIOTOKOM,
a Takox HerpamuuiiHi mkepena eneprii — BEC ta CEC, moTyXHOCTI SKHUX
BH3HAYAIOTHCS METEOPOJIOTTYHUMHU YMOBAMH.

HaniBnikoBy uyactuny rpadiky po3nofuisitorb Mibk TEC BigmoBigHO 10 iX
€KOHOMIYHOCTI Ta MAHEBPEHOCTI.

[likoBy YacTuHY rpadiky MOKpUBAIOTh MAaHEBPOBUMHU €JIEKTPOCTAHIIISIMU —
I'EC taI’'AEC, I'TY Tomo.

3 MeTor0 BHPIBHIOBaHHS J0OOBUX IpadikiB HAaBaHTAXKEHHS MiJ Yac HIYHUX
MPOBAJIIB MITYYHO 30UIBIIYIOTH 3a paxyHOK YyBiMKHeHHA ['AEC y HacocHuit
PEXKHM.
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Fig. 2.17. Load-factoring of a daily load curve by power plants of different types

To minimize the consumption of fuel at power plants of the electric system
power plants of different types are used for load-factoring of an annual load curve.

So, power plants with the minimum fuel consumption and restricted range of
mode regulation are used for load-factoring of the base-load zone. These are
nuclear power plants, high-power condensing power plants, combined heat and
power plants forced to operate by thermal load curves, some generating capacities
of hydroelectric power plants (because of minimum water flow), and non-
conventional energy sources, such as wind-driven power plants and solar power
plants, generating capacities of which depend on weather conditions.

Load-factoring of the intermediate-load zone is divided between thermal
power plants, depending on their efficiency and flexibility.

Load-factoring of the peak-load zone is provided by flexing generating
plants, such as hydroelectric power plants, hydroelectric pumped storage power
plants, gas-turbine power plants, etc.

For balancing the daily load curves during night off-peak periods an increase
in load is intentionally achieved by running hydroelectric pumped storage power
plants in the normal pump operation mode.
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KOHTPOJIBHI 3AIIMTAHHA
1. Hazsimb ma  oxapaxkmepu3yume OCHOBHI 30HU  00008uUXx  2paikie
HABAHMAIICEHHS.
2. Hosacuimv npunyunu po3nooiny HABAHMANCEHHS eNeKMPUYHOI CUCeMU MIdHC
eIeKMpOCMAaHYIAMU PI3HUX MUNIE.

JIITEPATYPA
[8], cmop. 34-36; [15], cmop. 50-53.

Tema 9 BTPATH IOTYKHOCTI TA EHEPI'II
B EJJEKTPUYHINA CUCTEMI

2.7 3ATAJIbHA XAPAKTEPUCTHUKA BTPAT HOTYXHOCTI B
EJIEKTPUYHUX MEPEXAX

[lepenaBaHHsl €NEKTPUYHOI €HEPrii MO EJIEKTPUYHUM Mepekam 3aBikKIu
MOB’s13aHe 13 BTpaTaMH €HEPTii B JIHISX €JIEKTpoIepeiaBaHHs, TpaHcPopMaTopax
Ta IHIIMX €JIeMEeHTaX eJeKTpUYHOi Mepexi. Takli BTpaTh BHU3HAYAIOTHCA
HarpiBaHHSAM MPOBOAIB Ta OOMOTOK TpaHCPOpPMATOpPIiB IiJ YaC NPOTIKAHHS
CJIEKTPUYHOTO CTPyMy, BTpaTaMu €HEprii Ha 10HI3alil0 TMOBITPsA (BTpaTH Ha
KOpPOHY), JIeNeKTpUYHI BTpaTH KaOeNbHUX JIHIM, BTpaTH e€Heprii Ha
nepeMarHiuyBaHHs ocepeisi TpaHchopMaTopiB TOIIIO.

B 3aranbHOMY BUIIaIKy BTpAaTH €HEPTii B €JIeMEHTaX EJICKTPUUYHUX MEPEX
MO’KHA IOJUIMTH Ha JIBa KJIACH.

1. Brpatu eHeprii Ha HarpiBaHHs TMpOBOJIB JIHIA Ta OOMOTOK

TpaHchopmaropiB. Taki BTpaTH BU3HAYAIOTHCS POOOUYMMH CTpyMaMH B
JiHIAX 1 TpaHcopMaropax Ta MarTh MICIE JUIIE I Yac MPOTIKaHHS
poOOYHX CTPYMIB.

2. Brparu eHeprii Ha KOpPOHY B JIIHISX €JIEKTpOIepeaaBaHHs, NieIeKTPUUHI
BTpaTH B KaOENbHUX JIHISAX, BTpPATH HA IepeMarHiuyBaHHS ocepeias
TpaHchopmaropiB. Taki BTpaTh BH3HAYAIOTHCA POOOYOI0 HANPYrow Ha
€JIEMEHTaX EJEKTPUYHMX MEpEeX Ta MaloTh MiClle BECh 4ac, MPOTSIrOoM
SKOTO YCTaTKYBAaHHSI 3HAXOUTHCSA I11]1 HAIIPYTOIO.

MuTTeBI 3HAaYEHHS BTPAT €HEPrii BHU3HAYAIOTh BTPATU TOTYXHOCTI B
yCTaTKyBaHHI €JIEKTPUYHUX Mepexk. [Ipu niboMy po3pi3HAIOTH BTPATU aKTUBHOI Ta
pPEaKkTUBHOI MOTYKHOCTI. BTpaTu akTHBHOI €Heprii, BiIHECEH1 J0 OAMHUII Yacy
(1 ¢) BU3HAYaIOTh BTpPATH AKTHUBHOI MOTYXHOCTI. Taki BTpaTh BU3HAYAIOTHCS
MPOTIKAHHSAM CTPYMIB HaBaHTAXEHHS Ta CTPYMIB BUTOKY 4Yepe3 aKTHBHI €JI€MEHTH
(omopu Ta MPOBIAHOCT1) CXEM 3aMILIEHHS YCTAaTKyBaHHS €JIEKTPUUHUX MEPEK.

[lo ananorii 3 BTpaTaMi aKTUBHOI MOTYXHOCTI BU3HAYalOTh TaKOXK BTPATH
pEakTUBHOI MOTYKHOCTI. Taki BTpaTu 00yMOBIJIEH1 MPOTIKAHHIM CTPYMIB
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CONTROL QUESTIONS

1. Give the names and main characteristics of zones of a daily load curve.
2. Explain principles of load distribution in the electric system between power

plants of different types.

REFERENCES
[8], p. 34-36; [15], p. 50-53.

Chapter 9 POWER LOSSES AND ENERGY LOSSES IN THE ELECTRIC
SYSTEM

2.7 GENERAL CHARACTERISTICS OF POWER LOSSES IN
ELECTRICAL NETWORKS

Power transmission in electrical networks is always associated with energy
loss in power transmission lines, transformers, and other elements of the electrical
network. This loss occurs as heating of wires and windings of transformers when
electric current passes through them, as air ionization loss (corona loss), dielectric
loss in cable lines, magnetization loss in the transformer core, and so on.

In general, energy losses in the elements of electrical networks can be
divided into two types.

1. Heating energy loss in the transmission line wires and transformer windings.
This loss is determined by operating currents in transmission lines and
transformers, and occurs only when operating currents flow.

2. Corona energy loss in power transmission lines, dielectric loss in cable lines,
magnetization loss in transformer cores. These losses are determined by
operating voltage in the elements of electrical networks, and occur all the
time when the equipment is alive.

Instantaneous values of energy losses determine power losses in the
electrical network equipment. One should distinguish between active power losses
and reactive power losses. Active energy losses, related to a unit of time (1s),
determine active power losses. They are determined by load currents and leakage
currents, flowing through active elements (resistance and conductivity) of
equivalent circuits of electrical network equipment.

Reactive power losses are determined in a similar way to active power
losses. They are caused by load currents and leakage currents,
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HABAaHTAXXEHHS Ta CTPYMIB BUTOKY 4Yepe3 PEaKTUBHI €JIEMEHTH CXEM 3aMiIIeHHS
YCTaTKyBaHHS €JIEKTPUYHUX MEPEK.

Cnig 3BakaTu Ha Te, IO BTPATH PEAKTHUBHOI MOTYKHOCTI MOXYTb MaTH
pi3Hy Gi3UuHy mnpupoay. BrTpaTtH, oOyMOBII€HI MNPOTIKaHHAM CTPYMIB uepe3
IHAYKTUBHI €JIEMEHTH CXE€M 3aMIIeHHS YCTaTKyBaHHS HOCATb IHIYKTUBHHM
XapakTep. BIANoBiAHO [0 TNPUHLMIIIB BHU3HAYEHHS IIOBHOI MOTY>XHOCTI 3a
KUIBCHKOIO €JIEKTPOTEXHIYHOIO IIKOJIOI0 Taki BTpaTH BPaXOBYIOThb 3 BiJ €MHUM
3HakoM. HaBmaku, BTpaTu peakTUBHOI MOTYXHOCTI, OOYMOBJIEHI MNPOTIKAHHIM
CTPYMIB 4Yepe3 €MHICHI €JIEMEHTH CXEM 3aMIIIEHHS HOCITh €MHICHUH Xapakrep,
Takl BTpaTH BPaxOBYIOTh 13 JOJATHIM 3HaKOM. HYacTo MicCIls JoKami3aiii eMHICHUX
BTpaT PEAKTUBHOI MOTY>KHOCTI, 30KpeMa 3apsAHUX IMOTYKHOCTEH MOBITPSHUX
JHIA eneKTponepenay, po3risgaloTh SK JpKepela PEakTUBHOI MOTYXHOCTI B
CJIEKTPUYHUX CUCTEMaX.

Binomo, 1mo cxemu 3aMillleHHsI YCTaTKyBaHHS €JIEKTPUYHUX MEpEeX B
3arajJbHOMY BHUIIQJKy MICTATb MOB3JIOBXHI 1 MOMEpPEYHi TiIku. B MOB3I0BXKHIX
riikax CIOCTEpIraroThCsl BTPATH €HEPTil Ta MOTYKHOCTI BiI MPOTIKAHHS POOOUMX
CTPYMIB, B TONEPEYHUX — BTPATU €HEPrii Ta MOTYXKHOCTI BiJ BILUIUBY poOOYOT
HaIpyTu.

PexxuM Hampyru B HOpMaJIbHUX POOOUMX pEXKUMAX EIEKTPUUYHHUX CHCTEM
3MIHIOETBCS Y JOCTaTHbO BY3bKOMY Jiamia3oHl HABKOJO CBOTO HOMIHAJIBHOTO
3HaueHHsA. lle o3Hadae, MO0 CTpyMU BUTOKY, a, OTXKE€, 1 BTpPAaTH B MONEPEUHUX
€JIEMEHTaX CXEM 3aMIllIeHHs YCTaTKyBaHHS Mailke HE 3MIHIOIOTHCS MiJ] Yac 3MIiHU
HABAaHTAXXEHHS EJIEKTPUYHOI cucTeMH. Taki BTpaTH yMOBHO BBaXXalOTh
HE3MIHHUMHU 1, 3a3BUYail, BU3HAYAIOTh 32 HOMIHAJbHOI HAMPYTOI0 BIAMNOBITHOTO
yCTaTKyBaHHS.

HaBmaku, BTpatH, OOyMOBIJIEHI pOOOYMMHU CTpyMamMH B e€JIEMEHTax
EJIEKTPUYHOT MEPEXKi, MMOCTIMHO 3MIHIOIOTHCS BIAMOBIIHO 10 3MIHM HaBaHTa)KCHHS
enextpuuHoi cuctemu. Taki BTpaTH € 3MIHHMMH. IX BM3HAYalOTh 33 IOTOYHHM
HAaBaHTAXXEHHSAM pPOOOYMMH CTPyMaMHU YCTaTKyBaHHS €IEKTPUUHUX MEPEK.

KOHTPOJIBHI 3AIIMTAHHA
1.  Hasedimv micys noxanizayii empam enepeii 8 eleKmpuyHUxX mepexncax.
2.  Cgopmymoiime npasuna 8U3HA4YeHHs 6MpPam peakmueHoi NOMYHCHOCMI 3a
KUIBCHLKOIO e/IeKMPOMexXHiuHO0 WKOJL0T0.
3. lloacuimv npunyun nooileHHs 6mMpam NOMYI*CHOCMI 6 eNeKMPUYHUX

Mmepedcax Ha 3MIHHL mMa He3MIHHI.

JIITEPATYPA
[4], cmop. 71; [6], cmop. 186, [9], cmop. 111-113; [10], cmop. 69;
[14], cmop. 50-51.
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flowing through reactive elements of equivalent circuits of electrical network
equipment.

It is worth pointing out that reactive power losses can be of different
physical nature. The losses caused by the currents flowing through inductive
elements of equipment equivalent circuits are of inductive nature. According to the
principles of determining total power adopted by Kyiv school of electrical
engineering this loss is taken with a negative sign. On the contrary, reactive power
losses caused by the currents flowing through capacitive elements of equivalent
circuits are of capacitive nature; this loss is taken with a positive sign. The location
of capacitive loss of reactive power, in particular charging capacity of overhead
transmission lines, is considered as a source of reactive power in electric systems.

In general, equivalent circuits of electrical network equipment are known to
consist of longitudinal and transversal branches. In longitudinal branches there are
energy losses and power losses due to the flow of operating currents, while in
transversal branches there are energy losses and power losses due to the effect of
operating voltage.

Voltage characteristics in normal operating conditions of electric systems
vary in a quite narrow range around the rated value. It means that leakage currents,
and thus losses in the transversal branches of the equipment equivalent circuits
practically do not change with the change in the load of the electric system. For
convenience, these losses are considered to be invariable, and are usually
determined from the rated voltage of the appropriate equipment.

On the contrary, the losses caused by operating currents in elements of the
electrical network continuously vary with the changes in the load of the electric
system. These losses are variable, and are determined by the load of operating
currents of electrical network equipment.

CONTROL QUESTIONS
1. Describe the locations of energy losses in electrical networks.
2. Tell the rules of determining reactive power loss adopted by Kyiv school of
electrical engineering.
3. Explain the principle of dividing power losses occurring in electrical
networks into variable and invariable.

REFERENCES
[4], p. 71; [6], p. 186; [9], p. 111-113; [10], p. 69; [14], p. 50-51.
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2.8 BHU3HAYEHHA BTPAT IIOTYXHOCTI B JIHIAX
EJIEKTPOIIEPEJTABAHHSA

BTpatu mNOTY)XXHOCTI B JIHIAX €JEKTpOINEpeaBaHHsl MaloTh Miclle B
MO3J0BXKHIX Ta TMOMEPEYHUX eJeMEeHTax cxeMm 3amilieHHs JiHid. I[lo3Haunmo
BTpaTH MOBHOI MOTYKHOCTI B TMO3J0BXKHIX €JIEMEHTaX CXeM 3aMillleHHs JIHIN

qyepes Z. Taki BTpaTH BHU3HAYAIOThCS POOOUYMMM cTpymMamu JiHli. Brpatn
MOBHOT MOTY>KHOCT1 B T'JIKaX MOMEPEYHUX MPOBITHOCTEH CXEMM 3aMillleHHs JiH1i

MO3HAYMMO Yepe3 ASy . Taki BTpaTu BU3HA4YAIOTHCA J1€I0 POOOUOI HAIIPYTH.
BiamoBigHO [0 cXeMmH 3aMillleHHs JIiHINA eJeKTpornepe aBaHHs, BTpaTu
MOTYXHOCT1 BiJl MPOTIKaHHS POOOYMX CTPYMIB CIIOCTEPITalOThCS B aKTUBHOMY Ta
IHAYKTUBHOMY TIO3/IOBXHIX OIOpaxX CXeMHU 3aMillleHHA. Taki BTpaThd MOXHa
BHU3HAYUTHU 32 BUPA3OM
AS, = AUI =(IZ)1 =IPZ = I* (r - jx)
, (2.3)

2 o e
ne I'— kBaapaT MOJIylid BEKTOpa poOOYOro CTpyMmy JIiHII €JeKTpolepe/laBaHHS;

Z = }" - :x (v . . P
S CIIPSKCHUN KOMIUICKC IMO3JJOBKHBOI'O OIIOPY CXCMH 3aMIIIICHHA JI1H11

eJIeKTponepe1aBaHHsl.

Amnani3 Bupasy (2.3) cBIIUUTH NPO T€, IO BTPATH MOTYKHOCTI, 00YMOBIIEHI
poboYMMH CTpyMaMH JIiHIT MICTATh JBI CKJIQJIOBI — aKTUBHI Ta 1HAYKTUBHI. TyT
IHAYKTUBHI BTpPaTH pPEAKTUBHOI MOTY>KHOCTI MalOTh BIA €MHHI 3HAK, IO
XapaKTEePHO JIs1 KUIBChKOI €IEKTPOTEXHIYHOI IIKOJIH.

Brpatu moTyX)HOCTI Ha TO30BXHIX JUISHKaX CXEM 3aMIlleHHS JIHIN
eJIEKTponepead MO>KHA BHU3HAUUTH TAKOK 32 3HAUYCHHSIMH MOTOKIB aKTHUBHOI Ta
PEaKTUBHOI MOTY>KHOCTI 32 BUPA30M

) P2 10>
AS, =1’ (r —jx) = —2Q(r - jx)
v : (2.4)
ne P, (Q — TmOTOKM AakTUBHOI Ta PEaKTUBHOI MOTYXXHOCTI MO JiHIi

enexkTponepenaBanus; U — Mollylib BEKTOpa poO0Y0i HAIIPYTH.

JUis BU3HA4YeHHs BTpPAT MOTYKHOCTI y Bupa3 (2.4) ciig MiACTaBIATH
napaMeTpu (OTY>KHOCT1 Ta HANPYTy) Mo4yaTKy abo KiHI JiHi1 BIATOBITHO.

BTpatu notyxHOCTi BiJi MPOTIKaHHS CTPYMIB BUTOKY BH3HAYalOThCA JI€I0
poOo4oi Hampyrd Ta MapaMeTpamMu TUIOK MOMNEPEeYHUX MPOBITHOCTEH CcXeMHU
amimieHHs JiHil. s cumerpuunux [I-momiOHUMX cxem 3aMillleHHs JIiHINA
eJIEKTpONepeIaBaHHsl Takl BTPATH CKIAAAOThCA 3 BTPAT Ha MOYATKy Ta HA KIHII
CXEMHU 3aMIIIEHHS JIIHIT 1 BU3HAYAIOThCS 32 BUPA30M
AS, =U,I,, +U,,, =UU, % +UU, % = %(Uf +U; )Y =UZ, (g + jb)

cep

,(2.5)
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2.8 DETERMINATION OF POWER LOSSES IN POWER
TRANSMISSION LINES

Power losses in power transmission lines occur in the longitudinal and
transversal elements of transmission line equivalent circuits. The total power losses
in longitudinal elements of transmission line equivalent circuits are denoted by

AS, . These losses are determined by operating currents of the line. The total
power losses in transversal elements of transmission line equivalent circuits are

denoted by ASy . These losses are determined by the effect of operating voltage.

According to the transmission line equivalent circuit, power losses caused by
a flow of operating currents occur in active resistance and inductive reactance of
longitudinal branches of an equivalent circuit. These losses can be determined by
the expression

AS, = AUI =(IZ)1 =PZ = I* (r - jx)

, (2.3)
where I* is a square of the module of operating current vector of the transmission
line; Z =1~ J¥ s the conjugate complex longitudinal resistance of a transmission

line equivalent circuit.

The analysis of expression (2.3) indicates that the power losses caused by
operating currents of the line contain two components, which are active and
inductive. The inductive losses of reactive power are of a negative sign, which is
characteristic for Kyiv school of electrical engineering.

Power losses in the longitudinal sections of transmission line equivalent
circuits can also be determined from the values of flow of active and reactive
power by the expression

2 2
AS’Z =I’ (r —jx) = #(V — jx)
u , (2.4)
where P, Q are flows of active and reactive power in the transmission line; U is the
module of operating voltage vector.

For determination of power losses by expression (2.4) it is necessary to use
the parameters (power and voltage) of the sending and receiving ends of the line,
respectively .

Power losses caused by a flow of leakage currents are determined by the
effect of operating voltage, and parameters of transversal branches of a
transmission line equivalent circuit. For symmetrical II-shaped transmission line
equivalent circuits these losses are made up of the losses at the sending and
receiving ends of a transmission line equivalent circuit, and are determined by the
expression
+O,0, £
2

. . . .Y
ASY = UIIIO +U2[20 =UU, ;

1 2 2 2 .
2 (Ul + U2 ) — Ucep (g + J )) (25)
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e (]1’ 110) UZ’ 120

— BEKTOPH HAIMpyrd Ta CTPYMIB BUTOKY Ha MOYATKY Ta KIHII

U, = %(Uf +U; )

cep

JHIT BIAMOBIIHO; — CepelHbOKBaIpaTUYHa poboya Hampyra
U, U,

B JIIHII eJIeKTporepeaaBanHs; |’ ~2 — KBaJpaTd MOJIYJIB BEKTOPIB Hampyru Ha

MOYaTKy Ta KIHII JIiHII BIAMOBIIHO; — — MOBHA MONepeyYHa MPOBITHICTD

JiHII enekTponepenaBanHs (06e3 mnoauty HaBoul 3rigHo Il-moniOHOi cxemu
3aMIIICHHS ).

B o1iHOYHHX pO3paxyHKax BTPATH MOTYXKHOCTI B MOIMEPEUYHHUX E€IEMEHTax
CXEMHM 3aMIIIeHHs JIiHIi eJIeKTponepejaBaHHsl MOXKHA BU3HAYATH 32 HOMIHAJIBHOIO
HaIpyrolo 3a BUpa3oM

AS, =U: (g + jb) 2.6)

ne U, — HoMiHalbHA HANpyTa JIiHIi eJeKTpoepe1laBaHHs.

Ananiz BupasiB (2.5) Tta (2.6) CBIZUUTH, IO BTPATU IMOTYKHOCTI B
MONIEPEYHUX MPOBITHOCTSIX MICTSTH JIB1 CKJIaJIOB1: aKTUBHY Ta EMHICHY.

BTpatu akTHBHOi MOTY>KHOCTI B TMOINEPEYHUX €JIEMEHTaX BHU3HAYAIOTHCS
BTpaTaMu NOTY)KHOCTI Ha KOPOHY B MOBITPSHUX JIHIAX €JEKTpOIepeaaBaHHs Ta
J1eJIEKTPUYHUMHU BTPAaTaMU B 130JIs11111 KaOENbHUX JITHIN:

AP, = AP

x JITIS1 TIOBITPSIHUX JITHIM;

AP, = Aanp tgd

JJ1s KaOCIbHMX JIHIHN,
ne APy — BTpaTd aKTHUBHOI MOTYXHOCTI Ha KOpPOHY B TMOBITPSHUX JIHIAX
enexTponepenaBaHs; AQs,, — 3apsHa IOTYKHICTb KaOEIbHO] JIiHii; tg0 — TaHreHC
KyTa J1eIEKTPUYHUX BTPAT KaOENbHUX JIIHIH.

€MHICHI BTpaTH B TMOINEPEYHUX MPOBITHOCTSAX JIHIM eleKTporepeaaBaHHs
3a3BUYall Ha3WBAIOTh 3apSAHOI0 MOTYXHICTIO JiHII. Taki BTpaTd, BIAMOBIIHO 10
KHIBCHKOT €JIEKTPOTEXHIYHOI IIIKOJIW, MalTh J0JAaTHIA 3HaK. ToMy TUIKA
MOTNEPEYHUX MPOBITHOCTEN CXEeM 3aMILIEHHs JiHINA eleKTporepeaBaHHs MOXHa
PO3IJIAZIaTH SIK JKEpeia PEaKTUBHOI MOTYKHOCTI B €JIEKTPUUHUX CUCTEMAX.

KOHTPOJIBHI 3AIIMTAHHA

1. Hagedimv micys noxkanizayii 3MIHHUX 6mMpam NOMYACHOCMI 6 JIHIAX
eleKmponepeOasanHsi.

2. Hasedimv micys Jnokanizayii He3MIHHUX 8mMpam HOMYICHOCMI 8
NOBIMPSAHUX MA KAOEIbHUX JIHISAX eleKmponepeoasanHtsl.

3. Hasedimv e6upazu 011 Gu3HaueHHs 6mpam HOMYNCHOCMI 8 JUHIAX
eleKkmponepeoasanHs, 00YMOBLEeHUX pOOOUUMU CIPYMAMU.

4. Haseoimv e6upasu 0ni 6u3HAUeHHs 6mpam NOMYHCHOCMI 6 JIHIAX
eleKkmponepeoasanHs, 00YMo8ieHUx pobouo HAnpy2010.

JIITEPATYPA
[2], cmop. 96-99; [3], cmop. 70-71; [4], cmop. 71-73; [9], cmop. 113-114;
[10], cmop. 69-70; [14], cmop. 51-53.
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UI UI

where 20 are vectors of leakage voltage and currents at the sending and
1
y o Uy s,
receiving ends of the transmission line respectively; is the
2 2
root-mean-square operating voltage of the transmission line; ~1°> ~'2 are squares of

the modules of voltage vectors at the sending and receiving ends of the

transmission line respectively;z =g+jb are full transversal conductivity of the
line (without dividing into two, according to II-shaped equivalent circuit).

In evaluation calculations the power losses in transversal elements of a
transmission line equivalent circuit can be determined from the rated voltage by
the expression

AS, =U: (g + jb) 2.6)

where U, 1s the rated voltage of the transmission line.
The analysis of expressions (2.5) and (2.6) shows that power losses in the
transversal conductivity contain two components, which are active and capacitive.
Active power losses in the transversal elements are determined by corona
power losses in overhead transmission lines, and dielectric losses in the isolation of
cable lines:

AP, = Al x for overhead transmission lines;

AP, = AQ

sap tgd for cable lines,

where APy is corona active power losses in the overhead transmission lines; AQs,,
is charging capacity of the cable line; tgo is tangent of an angle of dielectric losses
of the cable lines.

Capacitive losses in transversal conductivity of transmission lines are
usually called charging capacity of the line. These losses, as adopted by Kyiv
school of electrical engineering, are of a positive sign. Therefore, branches of
transerval conductivity of transmission line equivalent circuits can be viewed as a
source of reactive power in electric systems.

CONTROL QUESTIONS

What are the locations of variable power losses in transmission lines?

2. What are the locations of invariable power losses in overhead and cable
transmission lines?

3. Give the expressions for determining power losses in transmssion lines,
caused by operating currents.

4. Give the expressions for determining power losses in transmission lines,
caused by operating voltage.

.\A

REFERENCES
[2], p. 96-99; [3], p. 70-71; [4], p. 71-73; [9], p. 113-114; [10], p. 69-70; [14], p.
51-53.
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2.9 BUBHAYEHHA BTPAT NOTYKHOCTI B CUJIOBHUX
TPAHCO®OPMATOPAX TA ABTOTPAHC®OPMATOPAX

BTpaTtu noTyXHOCTI B CHJIOBUX TpaHC(opMaTopax MarOTh /1Bl CKJIaJIOBI, SKi
BU3HAYAIOThCA POOOYUM CTPyMOM B OOMOTKax TpaHchopmaTopa Ta poOOUOIO
HaMpyrow Ha ioro 3atuckayax. BiamoBimgHo no ['-momibHOI cxemu 3aMilieHHS,
BTpaTH Bil poOOYOro CTPyMy CIOCTEPIraloThCa B TIKaX MOB3J0BXKHIX OIMOPIB, a
BTpaTH Bl poOOYOI HANPYrd Yy KOHTYpl HaMarHiyyBaHHS  CHJIOBOTO
TpaHcdopmaropa. BTpatu mNOTY>KHOCTI B CHJIOBUX TpaHC(hopMaTopax MOXKHA
BHU3HAYUTHU 32 HOro MacmOPTHUMU JAaHUMH Ta MMapaMeTpaMu poOoUOro peKUMY.

BTpatu nDOTYXHOCTI y MONEPEYHOMY KOHTYpl HaMarHidyBaHHS MaloTh
aKTUBHY Ta IHAYKTUBHY CKJIAQJOBl, SIKI YHCEJIbHO JOPIBHIOIOTH BTpaTam
MOTY>KHOCTI B IOCHI/I1 HEPOOOUOTO XOIY:

AP, = AP _;

H.X
AQy, =-AQ, = _ZH_‘XST'
‘ 100 (2.7)

JlJist BU3HAUY€HHSI BTPAT PEaKTUBHOI MOTY>KHOCTI B KOHTYP1 HaMarHiuyyBaHHs
NOTPIOHO Ha TMONEPEIHbOMY €Tamll BU3HAUUTU PEAKTUBHY CKJIQJ0BY CTPyMY
HepoOodoro xoxy. Ilpore nmis cydyacHUX MOTY>KHMX TpaHC(QOpMaToOpiB aKTHUBHA
CKJIa/l0Ba CTPyMY HE3HA4HA 1 HEI0 MOKHA 3HEXTYBATH.

Btpatu peakTuBHOI TOTYXHOCTI B KOHTYpl MOMNEPEYHOI MPOBIAHOCTI
TpaHchOpMaTOpiB HOCATH IHAYKTUBHUHN XapakTep. Came Tomy y Bupasi (2.7) Taki
BTpaTH MPEJICTABIEHI 3 B1I’€EMHUM 3HAKOM.

BtpaTtu notyxxHocTi B 00MOTKax TpaHc(OpMaTOpiB BiJl MPOTIKAHHS CTPYMIB
HABAaHTAXXEHHS BHM3HAYAIOThCA 3a JAHMUMHU JOCHIAIB KOPOTKOTO 3aMUKAHHS
BIJIMIOBIJTHO /10 TUIY KOHCTPYKTUBHOI'O BUKOHAHHS TpaHcpopMaTopa.

Tak, nns ABOOOMOTKOBOro TpaHcopmaTopa MJiss BHU3HAYEHHS BTpAT
MOTYXHOCT1 Y TO3JJ0BXKHIM T'JIII CXeMH 3aMIILEHHS 3aCTOCOBYIOTh BUPA3H:

AP, = AP, |2 2— AP,_B*;

V4 K.3 S K.3 ?

S u S u

AQZ :_AQK.a o :_ﬁsT o :_ﬂSTBZ‘
S, 100 S, 100 (2.8)
S
p=+
Y  Bupazax (2.8) T — KoedIillleHT 3aBaHTXECHHS OOMOTOK

TpaHchopmMaropa; S — MOJyJb MOTYKHOCTI HaBaHTaXXEHHsS TpaHcpopmarTopa; S, —
HOMIHAJIbHA TIOTYXXHICTh TpaHchopMaTopa.

BBenenns koedilieHTa 3aBaHTaXEHHS OOMOTOK y Bupasu (2.8)
MOSICHIOETHCS HACTYNMHUMH MipKyBaHHsIMHU. CrpaBa B TOMY, IO XapaKTEPUCTUKHU
J0CHiy KOPOTKOTO 3aMKHEHHS BH3HA4YalOThb BUXOJASYM 3 HOMIHAJIBHOTO
3aBaHTAKEHHSI
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2.9 DETERMINATION OF POWER LOSSES IN POWER
TRANSFORMERS AND AUTOTRANSFORMERS

Power losses in power transformers have two components, determined by
the operating current in windings of the transformer, and the operating voltage at
the terminals. According to the inverted I'-shaped equivalent circuit, operating
current losses occur in the branches of longitudinal resistance, and operating
voltage losses occur in the magnetisation loop of the power transformer. Power
losses in powers transformers can be determined by trasnformer’s nameplate
(rating) data, and parameters of operating conditions.

Power losses in the transversal magnetization loop have active and inductive
components, which are numerically equal to power losses in an open-circuit test:

AP, = AP_;

H.X

l
AQ, =-AQ, =-—XS.
QY QH‘X 100 T (2‘7)

To determine reactive power losses in a magnetisation loop it is necessary to
preliminary find out the reactive component of no-load current. However, in
modern high-power transformers the active component of current is insignificant,
and can be neglected.

Reactive power losses in the transversal conductivity loop of transformers
have inductive character. For this reason, in expression (2.7) these losses are given
with a negative sign.

Power losses in transformer windings caused by the flow of load currents are
determined by short-circuit tests according to the type of transformer design.

For example, to determine power losses in the branch of transversal
conductivity of a double-winding transformer equivalent circuit the following
expressions are used:

2 2
S u S u )
A = —A — | =3 G | | = —x3 §[(3°.
= Q“(SJ 100 (S) 100 P

58

In expressions (2.8) S: s the load factor of transformer windings; S is
the module of power of transformer load; Sm is the rated power of transformer.

Introduction of the winding load factor into expressions (2.8) can be
explained in the following way. The fact is that short-circuit test characteristics are
determined by the rated load of

(2.8)
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BTOPUHHOI OOMOTKH CHJIOBOTO TpaHchopmaTtopa. B niiicHOCTI HaBaHTaXKeHHS
0o0OMOTOK TpaHchopMaTopa BIAPIZHIETHCA BiJi HOMIHAJIBHOTO Ta BH3HAYAETHCS
CTOXaCTUYHUMH MPOLECaMU BUPOOHMIITBA Ta CIIOXKUBAHHS €JIEKTPUYHOI €Heprii.
Tomy min d4ac BH3HAYE€HHS BTpaT TMOTYKHOCTI B OOMOTKax CHJIOBOIO
TpaHcdopMaropa B MPOTIKAHHA pPOOOYMX CTPYMIB HEOOXIIHO BpaxoBYyBaTH
3MIHY BTpaT BIIHOCHO JaHUX JIOCHIAY KOPOTKOTO 3aMKHEHHS MPONOPUIHHO
KBaJIpaTy CTPyMy HaBaHTaXEHHs, 110 1 BpPaXOBYE KBajapaT KoedilieHTa
3aBaHTa)KEHHs 0OMOTOK TpaHcdopmaTopa.

3a3HaunMo, 1110 JIJIs1 BU3HAYEHHS BTPAT PEAKTUBHOI MOTYKHOCTI B 0OMOTKax
cujoBoro TpaHchopmaTropa MNOTPIOHO HaA TMOMEPETHBOMY eTami BU3HAYUTH
pPEaKkTUBHY CKJIAJOBY HANpPYyrd KOPOTKOro 3aMkHeHHs. [Ipore amsa cydacHux
MOTYXHUX TpaHC(OPMATOPIB aKTUBHA CKJIaJ0Ba HANPYTH HE3HAYHA 1 HEIO MOXHA
3HEXTYBAaTH.

Jlist TpPHOOMOTKOBUX CUJIOBUX TpaHc(opMaTopiB Ta aBTOTpaHC(HOpMATOpIB
BTpaTH MOTYXHOCT1 BiJl MPOTIKAHHA pPOOOYUX CTPYMIB MO OOMOTKaxX BHU3HAYAIOTh
OKpPEMO JIsl KO)KHO1 OOMOTKH 32 BUPa3aMu:

AP, = AP B, + AP, B; + AP, B.;

ST 2 2 2
AQZ - (uK‘BBB + uK.CBC + uK.HBH)’
100 (2.9)
ne APy, Ugs, APie, Uge, APiy, Ugy — (DIKTHUBHI XapaKTEPUCTHKW JOCHTIAIB

KOPOTKOI'0O 3aMKHCHH, BiI[HeCCHi a0 0OMOTOK BI/ICOKOI, CCp@I[HBOI Ta HHM3BKOI

Harpyr BIAMOBIIHO; B = SB/ST, Bc - Sc/ST , B, = SH/ST — KoedilieHTH
3aBaHTaKEHHSI OOMOTOK BHCOKO1, CEpeHBOT Ta HU3bKOT HAIIPYT BIMOBITHO; Sy, S,
Sy — MOJyJI1 TOTY>KHOCTEN HAaBaHTaXKEHHsI 0OMOTOK BUCOKO1, CEpPEIHbOI Ta HU3bKOT
HaIpyr BIANOBIIHO.

3ayBaXUMO, 10 HABAHTAXKEHHS OOMOTOK TPUOOMOTKOBUX CHJIOBUX
TpaHchopMaTopiB BiIpi3HAIOTECA. BiamosinHo no mnepmoro 3akonHy Kipxroda
MOTYXHICTh HABAaHTAXXEHHS NEPBUHHOT OOMOTKM BHCOKOi HAmpyru JOPIBHIOE
Tr€OMETPUYHIN CyMi MOTY>KHOCTEH HABAHTAKEHb BTOPUHHUX OOMOTOK CEpeIHbOI
Ta HU3bKOI Hampyr. ToMmy Koe(]illleHT 3aBaHTaXKEHHS NEPBUHHOI OOMOTKHU
3a3BUYail He TOPIBHIOE anreOpaiuHiil cymi Koe(illieHTIB 3aBaHTa>KEHHS. BTOPUHHUX
00OMOTOK:

S, =5 +S,;
By # B + B

ko TpUOOMOTKOBHI TpaHCPOpMATOp BUKOHAHUU 13 CKOPOUYEHUMH
0OMOTKaMH, TO Mepe]l BU3HAUEHHSIM BTpaT NOTYKHOCTEH, Ha MONEPEeTHbOMY €Talll,
XapaKTepUCTUKHU JOCIIIIB KOPOTKOrO 3aMKHEHHS HEOOXIJHO MepepaxyBaTH [0
HOMIHAJIBHOI TOTYXHOCTI TpaHcdopmartopa (IO YMOB TMEPBUHHOI OOMOTKH
Tpanchopmaropa).

BTpatu peakTUBHOI MOTYXHOCTI B OOMOTKax CHJIOBOTO TpaHchopmaTopa
HOCSITh IHIYKTUBHHH XapakTep, TOMY Yy Bupazax (2.8) ta (2.9) BoHuM 3ammcani 3i
3HAKOM MIHYC.
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the power transformer secondary winding. In practice, the load of transformer
windings differs from the rated load, and is determined by stochastic processes of
power generation and consumption. Therefore, when determining power losses in
windings of the power transformer caused by the flow of operating currents it is
necessary to consider a change in losses with respect to the short-circuit test data,
being proportional to the square of load current, and it is what the square of load
factor of transformer windings implies.

Note that to determine the reactive power losses in power transformer
windings it is necessary to preliminary find out the reactive component of
impedance voltage. However, in modern high-power transformers the active
component of voltage is insignificant, and can be neglected.

For three-winding power transformers and autotransformers the power
losses caused by the flow of operating currents in the windings are determined
separately for each of the windings by the expressions:

AP, = AP_B, + AP, B; + AP, B;

S
AQZ == v (uK‘BBE + uK.CBi + uK.HBfl)’
10 (2.9)

where APyg, Uxg, APye, Uxe, APy, Uy are fictitious characteristics of the short-
circuit tests, related to high-, medium-, and low-voltage windings,

respectively; B, = SB/ST, B. = Sc/ST , B. = SH/ST are load factors of high-,
medium-, and low-voltage windings, respectively; Ss, S, Sy are the modules of
load power of high-, medium-, and low-voltage windings, respectively.

Note that loads of windings of three-winding power transformers differ.
According to Kirchhoff’s first law the load power of primary high-voltage winding
is equal to a geometrical sum of load power of secondary windings of medium-,
and low-voltage. Therefore, the load factor of the primary winding is not usually
equal to an algebraic sum of load factors of secondary windings:

S, =S, +8,;
B, # B + B,

If a three-winding transformer is designed with split windings, before
determining power losses it is necessary to preliminary convert short-circuit tests
characteristics to the rated power of the transformer (i.e. to the conditions of the
primary winding of the transformer).

Reactive power losses in the windings of power transformer have inductive
character; therefore, in expressions (2.8) and (2.9) they are given with a minus
sign.
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KOHTPOJIBHI 3AITUTAHHA

1. Hagedimv wmicys noxanizayii 3MIHHUX 6mMPam HNOMYAICHOCMI 8 CULOBUX
mpaucgopmamopax ma asmompanc@hopmamopax.

2. Hasedimv micys nokanizayii He3MIHHUX 6mpam HOMYICHOCMI 6 CULOBUX
mpaucgopmamopax ma agmompancgopmamopax.

3. Hasedimv 6upasu 0Ons eusHaueHus empam NOMYHCHOCMI 6 CUTOBUX
mpaucgopmamopax, 00yMosieHUx pooouUMU CIMPYMAMU.

4. Hasedimb 6upazu 014 GU3HAUEHHS 6Mpam HOMYA*CHOCMI 8 CUNOBUX
mpaucgopmamopax, 00yMosieHuUx pobouo Hanpy201o.

5. Hagedimv 6usnauenns Koeghiyienmie 3a8aHMANCEHHI OOMOMOK CUNOB020
mpancgopmamopa.

6. [losicnimb  nonodcenHs npo me, wo aneeopaiuna cyma Koe@iyicHmis
3A6AHMANCEHHA BMOPUHHUX OOMOMOK MPUOOMOMOKE020 mMpancgopmamopa
3a38uuail He 0OPIBHIOE KoeiyieHmy 3a8aHMaAd0CeHHs. NePEUHHOI 0OMOMKLU.

JIITEPATYPA
[2], cmop. 99-100; [3], cmop. 234-236; [4], cmop. 77-78; [7], cmop. 92-93,;
[9], cmop. 114-116; [10], cmop. 70-71; [14], cmop. 52-53.

2.10 BTPATH EHEPTII B EJJEKTPUYHUX MEPEKAX

Brpatu eneprii B €JEKTpUYHUX MEpPEKaxX MOXHA BU3HAYUTH SK JTOOYTOK
BTpaT aKTUBHOI MOTYXXHOCTI Ha dYac, MPOTITOM SKOTO e€JEKTpUYHA CHUCTEMa
mpaioBajga 3  BIANOBIAHMM  HaBaHTaxeHHAM. OCKUIbBKM  HaBaHTAKCHHS
€JIEKTPUYHOT CUCTEMH TOCTIHHO 3MIHIOETHCS, TO JJIsi BU3HAYEHHS BTpaT €Heprii
MIPOTSITOM TEBHOTO MEPIOY CJIiJT OOUUCIUTH 1HTErpasl BUTIISY:

T
AL = [ AP (t)dt

0 , (2.10)
ae — (yHKLIA 3MIHM BTpaT aKTUBHOI MOTY>KHOCTI NPOTAroM yacy; 1 —
TEpPMIH Yacy, MPOTITOM SKOTO BU3HAYAIOTh BTPATH €HEPTil (111 BU3HAYEHHS BTpAT
eneprii nporarom poxy I = 8760 ron).

Sk 3a3Havanocs padille, BTpaTH MOTY)KHOCTI MOAUIAIOTH Ha 3MIHHI Ta
nocTiiHi. Jlo mepuioi rpynu BiTHOCATH BTPAaTH, 0OYMOBIIEHI pOOOYUMHU CTpyMaMH,
a J10 Apyroi — po60o4Yor0 Hapyroxo.

Jliss BU3HaueHHs BTpaT e€Heprii, OOyMOBJIEHHMX pOOOYOI0 HAIMPYTOko
yCTaTKyBaHHS, HANpPUKIAI BTpaT €HEprii Ha KOPOHY, YMOBHO BBaXalOTh, IO
poboua Hampyra NpoTATOM POKY € HE3MIHHOIO Ta JOPIBHIOE HOMIHAJIBHIN HAIpPY3i.
3a MX yMOB TaKl BTpaTH €HEprii IpOTAroM POKY BU3HAYAIOTh 32 BUPA3OM:

M, =APT

pik
’
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CONTROL QUESTIONS

1. Describe the locations of variable power losses in power transformers and
autotransformers.

2. Describe the locations of invariable power losses in power transformers and
autotransformers.

3. Give the expressions for determining the power losses in power transformers
caused by operating currents.

4. Give the expressions for determining the power losses in power transformers

caused by operating voltage.

Give the definitions of load factors of power transformer windings.

Explain why the algebraic sum of load factors of the secondary windings of a

three-winding transformer is not usually equal to the load factor of the primary

winding.

SN

REFERECNES
[2], p. 99-100; [3], p. 234-236; [4], p. 77-78; [7], p. 92-93; [9], p. 114-116; [10],
p. 70-71; [14], p. 52-53.

2.10 ENERGY LOSSES IN ELECTRICAL NETWORKS

Energy losses in electrical networks can be determined as the product of
active power losses and time during which the electric system was operated at an
appropriate load. As the load of electric system is constantly changing, to
determine energy losses during a certain period it is necessary to calculate the
following integral:

M = [ AP (1) o

AP (t). . . . o
where ( )1s the function of active power loss changes during a certain time; T
is the time during which energy losses are determined (for determination of energy

losses during a year! = 8760,

As previously mentioned, power loss is divided into variable and invariable.
The first group refers to the losses caused by operating currents, and the second
one to those caused by operating voltage.

In determining the energy losses caused by operating voltage of the
equipment, for example corona energy losses, it is assumed for convenience that
the operating voltage during a year remains invariable, and is equal to the rated
voltage. Under such conditions the energy losses during a year is determined by
the expression:

A4, =APT

pik
’

208



ne APy — BTpaTH aKTUBHOI MOTY>KHOCTI B TUIKaX MOMNEPEYHUX MPOBIAHOCTEH CXEM
3aMIIIEHHS YCTAaTKyBaHHS €JIEKTPUYHUX MeEpek; Ipix — Yac 3HAXOUKECHHS
YCTaTKyBaHHS MiJ] HAIPYTOIO IPOTATOM POKY.

Jlist BU3HAYEHHS BTpAT €HEeprii, oOyMOBJIEHUX MPOTIKAHHSAM pPOOOUYOTO
CTpyMy B YCTaTKyBaHHI, Oe3mocepeiHe BuUKopucTaHHa Bupazy (2.10), €
HEBUIIPABJIaHUM, OCKUIBKH MOTpeOy€e BEIWYE3HUX OOCATIB PO3paxyHKIB BTpaT
aKTUBHOI TMOTY>XHOCTI B YCTaTKyBaHHI E€JIEKTPUYHUX MEpPEekK 3a KOXHOTO
MOTOYHOTO  3HAYEHHS  HABAHTAXKEHHS  CcHCTeMH. ToMy B TIPaKTHUIl
CJIEKTPOTEXHIYHUX PO3PaxXyHKIB 3a3BUuYail BUKOPHUCTOBYIOTH 1HIII MIAXOJH, SK1
0a3yloThCSi Ha BUKOPHUCTAHHI IHTETPAJIbHUX TIOKA3HUKIB ()YHKI[IOHYBaHHS
€JIEKTPUYHO1 CUCTEMH.

Btpatu mnoTyXHOCTI B TMOB3JOBXKHIX €J€MEHTaX CXeM 3aMIlICHHS
YCTaTKyBaHHS €JIEKTPUYHUX MEPEX BU3HAYAIOTHCS y3arajJbHEHUM BUPA3OM:

5-2

5 3\2
U= R = (L’cosq.:-) H’

ne S — MOIyJIb TOBHOI MOTY>XHOCTI; R — aKTUBHUN OMIP MO3J0BXHIX €JIEMEHTIB
CXEM 3aMIIICHHS yCTaTKyBaHHS €JIEKTPUUHUX MEPEK.

Takum ynnoM Bupa3z (2.10) mis BU3HAYEHHS! BTPAT €HEprii B €NeKTpUUHIN
Mepexi Ha0yBa€e BUTIISILY

AP

R;

A =[] P2 (t)dt,

I =
Utecos c.'-':':E[::

e i — I1HJAEKC TMOTOYHOIO €JIEeMEHTa eJEKTPUYHOiI Mepexi; Pi(f) — moTouHe
3HAYEHHS HABaHTAXXEHHS (-0 €JIEMEHTa EJIEKTPUYHOI MEpeki BIANOBIAHO 10
rpadiky HaBaHTAXKXECHHS; COSQcp — CEPEIHBO3BAKEHE 3HAYCHHS KoeillieHTa
MOTYXHOCTI i-T'0 €JIEMEHTa €IEKTPUUHOI MEPEexKI.

I'padix HaBaHTaKEHHS EJIIEKTPUYHOI Mepexl 3a TPUBAIICTIO MOXKHA
nepepaxyBaTd 10 KBaJpaTHYHHX KOOPAHMHAT (KBaapaT MOTYXKHOCTI — Hac), fK
npeacrasieHo Ha puc. 2.18. Taki rpadiku MoxyTh OyTH Oe3nepepBHUMHU, abO
CTYMIHYaCTUMHU.

OueBuaHo, 1O TUIomia QIirypu, oOMexeHa KBaApaTUYHUM Tpadikom
HABAaHTAXXEHHSA 3a TPHUBAIICTIO MPOMOPIiifHA BTpaTaM €HEprii MpoTIroM
BIJIMOBITHOTO TEPMIHY:

A= | GT P?(t) dtnnst 6e3nepepBHOro Tpadiky;

AA =¥ 7 P? At nns crymingaroro rpadiky.
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where APy is the active power losses in the branches of transversal conductance of
the equipment of electrical networks; 7, 1s the time the equipment is energized
during a year.

For determining the energy losses caused by operating current flowing in the
equipment, it is unreasonable to use expression (2.10) directly as it requires a lot of
calculations of active power losses in the electrical network equipment for each of
the current value of the load in the system. Therefore, in engineering calculation
practice other approaches are usually used, which are based on the application of
integrated parameters of electric system operation.

Power losses in longitudinal elements of equivalent circuits of the electrical
network equipment are determined by the generalized expression:

2P =Rr=(—-2 )ZR,

Ucosw

where S is the total power module; R is the pure resistance of longitudinal
elements of equivalent circuits of the electrical network equipment.

Thus, expression (2.10) for determining energy losses in the electrical
network is turned into
T R;

na= |

0 Feoto P2(t)dt,

where i is the index of actual element of the electrical network; P(¢) is the current
value of the load of i-th element of the electrical network according to the load
Curve; cosQep 1s the weighted value of power factor of i-th element of the
electrical network.

The load duration curve of electrical network can be transformed into
quadratic co-ordinates (squared power versus time), as shown in Fig. 2.18. These
can be continuous, or step curves.

It is obvious that the area of the figure of a quadric load duration curve is
proportional to the energy losses during appropriate time period:

AA = f: P=(t) dt — for the continuous curve;

AA = ¥ T P2 At — for the step curve.
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Puc. 2.18. KBagpaTuunuii rpadik HaBaHTaKEHHS 33 TPUBAJIICTIO

Otpumanuii kBaApaTUyHUU rpadik HABAHTAXKEHHS 3a TPUBATICTIO MOXKHA
3aMICTUTH TPSIMOKYTHUM TrpadikoM, OpAMHATa SKOrO JOPIBHIOE KBaApaTry
MaKCUMaJIbHOTO HaBaHTaXEHHS, a Iulolla — Taka camo, SIK MiJl peaJbHUM

rpadikom. AOcmmca Takoro Trpadiky BU3HAYAE€ Yac MaKCHMaJIbHMX BTpaT
(puc. 2.19).

Yac makcumanvhux empam — 1€ Takui (QIKTUBHHUM Yac, MPOTATOM SIKOTO
CJIEKTPUYHA CHCTEMa IMpalloe 3 MAKCUMaJbHUM HaBaHTAXKEHHSIM Ta BTpaTaMu
€Heprii, TakuMH CcaMUMH, OO0 1 3a pealbHUM rpadikoM. B mnpakTuii
EJIEKTPOTEXHIYHUX PO3PaXyHKIB Yac MaKCHUMaJbHUX BTPAT 3a3BUYail MO3HAYAIOTh
I'PELBKOIO JIITEPOIO T Ta PO3Pax0OBYIOTh 3a (OpMyIaMu:

8760

j P*(t)dt

max st 0e3nepepBHOTo rpadiky;

(=)

B IUISL CTYIIIHYACTOro rpadiky.
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Fig. 2.18. Quadric load duration curve

The quadric load duration curve obtained can be replaced by the rectangular
curve, whose ordinate is equal to the squared peak load, and the area is as that of

an actual curve. The x-coordinate of this curve determines the time of maximum
losses (Fig. 2.19).

The time of maximum losses is a fictitious time during which the electric
system is operated at the maximum load and with maximum energy losses, which
are the same as in an actual curve. In engineering calculation practice the time of

maximum losses is usually indicated by the Greek letter 1, and calculated by the
formulas:

max - for the continuous curve;

Biax - for the step curve.
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Puc. 2.19. I'padiuna iHTEepIpeTalis yacy MakCUMajabHUX BTPAT
VY cBOIO Yyepry BTpaTu €HEprii MPOTATOM POKY BU3HAYAIOTh 32 BUPA30M

Ad=AP 1

ne APpn.,x — CyMapHi BTpaTh aKTHUBHOI MOTYXHOCTI B PEXUMI MaKCUMaJbHUX
HABaHTAXEHb.

TakuM 4MHOM BUKOPUCTAaHHS 4acy MaKCUMAaJbHUX BTPAT J103BOJISIE CYTTEBO
CKOPOTHTH OOCAT PO3PaxyHKIB, OCKUIBKM BiAMaaae HEOOXITHICTh PO3pPaxyHKIB
BTpaT MOTY>KHOCTI 3a PI3HUX HaBaHTaXXeHb 3TiAHO Tpadiky Ta NPUBOIUTHU
PO3PaXyHOK JIUIIE JJIsSl PEKUMY MaKCUMaJIbHUX HAaBAaHTAXEHb.

Yacto rpadiku HaBaHTAXKEHHS BIJICYTHI, a BIIOMI JIHMIIE MaKCUMaJbHI
HABAaHTAXXEHHS Ta Yac MaKCUMAaJbHOIO HaBaHTaKEHHs. TyT yac MaKCHUMallbHUX

BTpaT BU3HAYAIOTh 32 EMIIPUIHOIO (HOPMYIIOLO:
2

1=10,124 + s 8760
10000 2.11)
®opmyna (2.11) nae HabawkeHi, aje JOCUTh TPUHHATHI pe3yJIbTaTH.

B ycraTkyBaHHI €NEeKTpUYHUX MEpPEX s BU3HAUEHHS BTpPAT €HEprii mpu
BIICYTHOCTI Tpadika HaBaHTAXKCHHS BUKOPHUCTOBYIOTH TaKOX IIJIXiJ] HA OCHOBI
CEpEeIHbOKBAIPATUYHOI TOTYXKHOCTI HaBaHTaxkeHHA. Kganmpatuunuii rpadix
HABAHTAXXEHHS 32 TPUBATICTIO 3aMIIIYIOTh NPSIMOKYTHHM TpadikoMm Ti€l camoi
wiomnl, abcuuca gxoro AopiBHIoe 8760 rox. OpaumHaTa TaKoro NpPSMOKYTHOTO
rpadiky BU3HaYa€e cepeIHbOKBAIPATUYHY MOTYKHICTh HaBaHTaXeHH (puc. 2.20).
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Fig. 2.19. Graphical interpretation of the time of maximum loss
Further, energy loss over a year is determined by the expression

Ad =AP_ 1

where AP,y 1s the total active power loss under peak-load conditions.

Thus, using the time of maximum losses allows you to reduce greatly the
calculations as it eliminates the necessity for calculating power losses at different
loads according to the curve, and to do calculations only for peak-load conditions.

Load curves are often unavailable, and what is known is the peak load, and
the time of maximum load. Here, the time of maximum losses is determined by the
empirical formula:

T 2
T= (0,124 T Lj 8760
10000 @.11)

Formula (2.11) gives approximate, but quite acceptable results.

For determination of energy losses in the electrical network equipment
without a load curve it is also possible to use the approach based on root-mean-
square power of the load. A quadric load duration curve is replaced by a
rectangular curve of the same area, whose x-coordinate equals 8,760 hours. The Y-

coordinate of this rectangular curve determines root-mean-square power of the
load (Fig. 2.20).
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Puc. 2.20. I'padiuna inTepripeTallisi cCEpeAHLOKBAAPATUUHOTO HABAHTAXKCHHS

Cepeonvokeaopamuune HABAHMANCEHHA YCTATKYBAHHS EIEKTPUUYHUX
MEpeX — I TaKe HaBAaHTAXXEHHsSI 3 SIKUM YCTAaTKyBaHHs IMPAIIO€ MPOTIATOM POKY 3
BTpaTaMM €HEPTii, TAKUMH CAaMUMH, 1110 ¥ 3a peaqbHUM rpadikom.

8760
[ P (1)
P — 0
- 8760  nng 6esnepepBHOTO rpadiky;
8760

> P’At
0

8760 g CTYIIHYacTOro rpagiky.
Tyt BTpaTu eHeprii npoTAromM poky BU3HA4YaOTh 32 BUPA30M
2

P
A4 =| —=—| R-8760
U, coso

cep

cep

ne U, — HoMIHaJIbHA HAaNpyra yCTaTKYBaHHS; COSQeep — CEPEHBO3BAKEHE 3HAUCHHS
Koe(illieHTa MOTY>KHOCTI.

TakuM ynHOM JUIs1 BU3HAUYEHHS] CyMapHHUX BTPAT €Heprii He0OXiTHO CKIIACTU
BTpaTH €Heprii B MONEPEUHUX 1 MOB3JOBKHIX €JIeMEHTaX CXeMH 3aminieHHs. Taxk,
JUIsl BUBHAYEHHS BTPAT €Heprii B JIHIT eleKTporepeaay, ska Oyjia BBIMKHEHA MiJ
HaIpyry MPOTIrOM BChOI'O POKY HEOOX1IHO CKOPUCTATHUCS BUPa3aMuU:

2 2

Ad = AP1-8760 + Lo Qa1 j o100

)

abo
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Fig. 2.20. Graphical interpretation of root-mean-square load

The root-mean-square load of the equipment of electrical network
equipment s is the load at which the equipment operates over a year with energy
losses which are the same as that of an actual curve.

8760

J P*(t)dt
P — 0
oep 8760

- for the continuous curve;
8760

> P’At
0

8760

- for the step curve.

Here, the energy losses over a year are determined by the expression

p 2
A4 =| ———| R -8760
U,coso,,

where U, 1s the rated rated voltage of the equipment; cos@,, is the weighted value
of power factor.

Thus, to determine the total energy losses it is necessary to sum up energy
losses in the transversal and longitudinal elements of an equivalent circuit. Thus, to
determine the energy losses in a power transmission line which is energized all
year long it is necessary to use the expressions:

2 2
P ¥ Oy +2Qma" rl 110

b

A4 = AP1-8760 +
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2

S
A =| AP +=21].10° (8760

2
H

)
ne APy — muTOMI BTpaTH AaKTHBHOI TOTYXHOCTI Ha KOPOHY; 7y — IHUTOMHUU
aKTUBHMM OIMIp JIiHIT; / — TOBXHUHA JIIHI.

Muoxunuk 10° B apyriif  ckmajgoBiit  (GopMyaH TpH3HAueHHE IS
nepeBeIeHHs BTpAaT aKTUBHOI OTY»)HOCT1 3 MBT 10 kBT.

Jlist 1BOOOMOTKOBOTO TpaHcpopMaropa BTpATH €HEprii BU3HAYAIOTH 3a
BUpA3aMHU:

A =AP,_ -8760 +AP B -t

abo
2
Ad = (AP, + AP, B, )-8760
Scep
Bcep N S ..
Ie T — KoeQIIIEHT 3aBaHTaXXEHHS OOMOTOK TpaHchopMaTtopa 3a

CEpEeIHbOKBAIPATUYHOTO HABAHTAKEHHSI.
Jist TppoOMOTKOBOTO TpaHchopMaTopa MaEMO TaKi BUPA3U:

A4 = AP, -8760 + (AP, B. + AP, B + AP, B} ) - ©

abo
2 2 2
AA = (Al)ux + A})K.BBcep.B + A})K.CBCCP.C + A})K.HBCCP.H) ) 8760
_ Scep.B _ Scep.c _ Scep.B
Bcep.B - S Bcep.c - S Bcep.B - S
Jie T, T, T — Koe(iIleHTH 3aBaHTAKCHHS

OoOMOTOK BHCOKOi, CepeIHbOi Ta HHU3bKOI Hampyru TpaHcopmaTtopa 3a
CEpeIHbOKBAIPATUYHUX HaBaHTA)KEHb BIATOBIIHUX OOMOTOK.

VY psial BUMAKIB MOXE BUSIBUTUCS JTOUUIBHUM BHU3HAYATH PO3AUIHLHO BTPATH
€JIEKTPOEHEPrii Bil MOTOKIB AKTUBHOI Ta pEaKTUBHOT MOTYKHOCTEH:

- -

; P:ZE.KE R + Q:‘f_’ﬂ:‘ic R
ﬂ\fl = - Ia = T
Ur_ U.r_ P

MaKC MaKC

ne T, 1 T, BU3HAYaIOTHCS BIAMOBIIHO YEpe3 4aC BUKOPUCTAHHSI MAaKCUMyMY T, 1

B
T, BIANOBINHO aKTHMBHOI Ta PEaKTHBHOI CKJIAaJOBHX IOTOKY IOTYKHOCTI; YHCIIO
rOJMH BUKOPUCTAaHHS MAaKCUMyMy PEaKTHBHOI CKJIAJI0BOi MOTOKY MOTY>KHOCTI
MOBUHHO BHM3HAYaTHCS MO IUIONII PIYHUX IpadikiB peaKTHUBHOI MOTYKHOCTI. Jlms
mepex 35 kB Ta 110 kB y 6umsmocti Bunankis T, = (0,7+0,8)T, . IIpu npomy ciig
MaTd Ha yBa3sl, 110 3MEHIICHHA T, 03Hayae MiJBUILEHHSA CEPEIHBOrO 3a PIK PIBHA
HaIMpyru Ha NpUAMaNbHUX KIHIEX JIHIM 1 IPUBOAUTH A0 AESIKOTO 3HIXKEHHS BTpAT
BiJl TOTOKIB aKTUBHOI MOTY>KHOCTI, 1110 Y BEJIMUKHI T; HE BPAXOBYETHCSI.

Btpatu enextpoeneprii B 3arajgbHiil KUIBKOCTI BTPAT B MEPEXKaX 3arajibHOTO
KOPHUCTYBAaHHS NPUOIU3HO PO3NOJAUISIOTHCS TaK, SIK MPEACTaBICHO B Ta0muii 2.1.
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2

S
A = (APKZ s rol-lO3J876O

2

H
5

where APy is the specific corona active power loss; 7y is the specific pure resistance
of the line; / is the length of the line.

The multiplier 10° in the second part of the formula is needed to transform
active power loss from MW to kW.

For two-winding transformers energy losses are determined by the
expressions:

A =AP,_ -8760 +AP B -t

or
2
A = (AP, +AP B2 - 8760
Sce
Bcep = SP o .
where » 1s the load factor of transformer windings in case of root-mean-

square load.
For a three-winding transformer there are the expressions:

A4 = AP, -8760 + (AP, B. + AP, B + AP, B} ) - ©

or
Ad = (AP, + AP B, + AP, Bl + AP, B, ) - 8760
Sce B Sce .C Sce B
Bcep.B = Sp. Bcep.c = Sp Bcep.B = Sp
where T, L v are load factors of transformer

windings of high-, medium-, and low-voltage of the transformer in case of root-
mean-square load of appropriate windings.

In some cases it may be practicable to determine energy losses apart from
flow of active and reactive power:

-

| z
M _ U.z.ﬂ.."-': RIG + 3.2.3:.12 RI

MAKC MAKC
where 7, and 7,are determined by the time of using maximum T, and T, according

v

to the active and reactive components of power flow; the number of hours of using
the maximum of a reactive component of power flow must be determined by the
area of annual reactive power curves. In most of the cases for 35 kV and 110 kV
networks T, = (0,7+0,8)T,. Thus, it is necessary to take into account that a decrease
in T, means an increase in the average annual voltage level at the receiving ends of
the lines, and leads to some reduction of losses caused by active power flow, which
are not considerd in quantity 7,.

Energy losses in the total amount of losses in networks of general
application are roughly distributed in the manner presented in Table 2.1.
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Btpatu eneprii B TpancdopmMaropax 1 aBToTpaHchopmMaTopax CTaHOBISTH OJIU3BKO
30% cymapHHUX BTpaT y MEpex1 BIMOBIIHOTO CTYIIEHS HAMPYTH.

Tabmuig 2.1. CTpykTypa BTpat eIeKTpOeHeprii 1o KjacaMm Hanpyr

EnexkrpoycTtaHOBKH Ta mpouecu Brpartu enexkrpoeneprii , %
JIEII 330-750 xB 11
JIETI 220 kB 15
JIEIT 35-150 kB 41
JIETI 0,4-20 kB 2
BtpaTtu Ha KOpoHy 2

[Hmi enemMeHTH Mepexi (peakTopw,
reHepaTopy, W0 MpPalllTh Y
pexXUMI CUHXPOHHOTO
KOMIIEHCATOPA, BUMIpIOBaJIbHI | 3
npuiagu, TpaHchopMaTopu CTpyMy
Ta HAIIPYyTH)

Brnacui notpebu miactanirii 2
KOHTPOJIBHI 3AITUTAHHA

1. Hasedimb 3acanvHuti 8upas 0Jisi BUIHAYEHHS 6mMpPam eHepeii 8 eleKmpudHill
MepedrCl.

2. Hasedimv 6upaz 0ns eusHauenwHs empam eHepeii, 00yMoGleHux O0i€i
pobouoi nanpyeau.

3.]o sasnaroms coboo KeadpamuyHi 2pagpiku  HABAHMAIICEHHS 3a
mpusanicmio?

4.Y uyomy nonseae ocHO8Ha eraACMUBICMbL KEAOPAMUUHUX 2pag)iKie
HABAHMAICEHHA?

5. Hasedimb susHauenus 4acy MaKxcumMaibHux empam.

6. Hagedimv e6upasz oOns eusnauenus empam eHepeii Npomsacom poKy i3
3acmoCcy8aHHAM 4acy MAKCUMATIbHUX 8MPam.

7.Hasedimv  6upasz emnipuunoi  opmynu O BU3HAUEHHS  YdAc)y
MAKCUMATILHUX 6MPAM.

8. Hasedimb 8uzHauenHs cepeOHboK8aopamu4Ho20 Ha8aAHMANCEHHSL.

9. Hasedimb 6upas 01a GU3HAYEHHS 6mpam eHepeii NnpomsacomM poKy i3

3aCmocCy6aHHAM cepe()HbOKeaOpamutmozo HABAHMAINCEHHAL.

10. Hasedimb 6upaszu 015 GU3HAUEHHS 6MPAam eHepeii npomseom poKy 6

JIHIT enekmponepeoasanHs.

11. Hasedimb 6upaszu 011 GU3HAUEHHS 6MPam eHepeii Npomseom poKy 6

CUTLOBOMY 0800OMOMKOBOMY MPAHCHOPMAMOPI.

12. Hasedimb 6upaszu 01 GU3HAUEHHS 6MpPam eHepeii npomseom poKy 6

CUTI080MY MPUOOMOMKOBOMY MPAHCHOPMAMOPI.
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Energy losses in transformers and autotransformers make about 30% of the total
losses in the network of appropriate voltage level.

Table 2.1. Structure of energy losses depending on voltage level

Electrical installations and processes Energy losses, %
330-750 kV power transmission line 11

220 kV power transmission line 15

35-150 kV power transmission line 41

0.4-20 kV power transmission line 2

corona losses 2

other elements of the network (reactors;
generators operating in the mode of

synchronous capacitor; measuring
instruments, current and  voltage
transformers) 3
auxiliaries of substantions 2

SANNAER IS

8.
9.

CONTROL QUESTIONS

. Give the general expression for determining energy losses in the electrical

network.

Give the expression for determining the energy losses caused by the effect of
operating voltage.

What do quadric load duration curves represent?

What is the key characteristic of quadric load duration curves?

Give the definition of time of maximum losses.

Give the expression for determining energy losses over a year by using the
time of maximum losses.

Give the expression of empirical formula for determining the time of
maximum losses.

Give the definition of root-mean-square load.

Give the expression for determining energy losses over a year by using root-
mean-square load.

10.Give the expressions for determining energy losses over a year in the power

transmission line.

11.Give the expressions for determining energy losses over a year in a two-

winding power transformer.

12.Give the expressions for determining energy losses over a year in a three-

winding power transformer.
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JIITEPATYPA
[2], cmop. 100-106, [3], cmop. 71-75; [4], cmop. 73-78; [6], cmop. 182-186;
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[17], cmop. 362-367.

Tema 10 PO3PAXYHOK PEKUMIB POBOTHU PO3IMKHEHHUX
EJIEKTPUYHUX MEPEX

2.11 PO3PAXYHOK HABAHTAKXEHbD MIJICTAHIIIT TA
EJEKTPOCTAHIIII HA IIMHAX BUCOKOI HAIIPYTH

VY HabnmxeHuX (OLIHOYHHMX) PO3paxXyHKaxX pPEKUMIB pOOOTH €IEKTPUUHHUX
MEpeX, JJIsi CKOpPOUYEHHSI 00cATy OOUMCIIeHbh Yy PO3PaXyHKOBUX CXeMax MOKHA He
BpPaxOBYBaTHU MapaMeTpPU CXEM 3aMillleHHS CHUJIOBUX TpaHCHOpMaTopiB. Y LbOMY
BUIAJIKY 3aJlaHl HaBaHTa)xeHHsI, npukiaaeHi go muH CH 1 HH migcranmii, cimin
MepeHecT Ha IIMHW  BUCOKOI HAINpPyrW IIACTaHIi 3 ypaxyBaHHSM BTpat
MOTY>KHOCT1 B TIO3JJ0OBXHIX OTIOpax 1 MOMEPEYHUX MPOBITHOCTIX CXEM 3aMIIICHHS
CUJIOBUX TpaHCPOPMATOPIB.

Takum ymHoM, Ha mmHax BH mincrannii popmyerhcsi nmpuBeieHe HaBaH-
TaXEHHS, 1[0 SBIJE COOOI0 anreOpaiuHy cyMy 3aJaHUX HaBaHTaXXCHb,
npukiagenux ao mmH CH 1 HH migcranimii Ta BTpaT MOTY>KHOCTI B MO30BXKHIX
oropax 1 MoNmepPeUHnX HpOBlI[HOCTfIX CHJIOBHX Tpchq)opMaToplB (puc. 2.21)

NpuB __
ST =S +8 +AS +AS 2.12)

ne AS;,=AP.,+JAQ,, - BTpaTH MOTY>KHOCTI B TO3JJ0BXKHIX onopax 0OMOTOK OHOTO
(abo 610Ky) cunosux Tpancdopmaropis; AS;=AP,,+JAQ,, - BTpaTH NOTYKHOCTI B
MOMEePEYHUX MPOBITHOCTIX OAHOTO (200 OJIO0KY) CUIOBUX TpaHC(HOPMATOPIB.

Jlns 650Ky 3 n mapaliesibHO TMpaliolouuX JBO- abo0 TpHOOMOTKOBUX
Tpanc(opMaTopiB BTpaTH aKTHBHOI Ta PEAKTHUBHOI MOTYXHOCTEH y MOMEPEUHUX
MPOBITHOCTSAX OJIOKY BU3HAYAIOTh 32 OJITHAKOBUMH BUPa3aMU:

AP.y= nAP,; AQry=—(nSt/100)Lix % , (2.13)
JIe N — YUCJIO MapaliebHO BKIIOYEHUX TpaHchopmaTopiB Ha migcTaHiii; APy, Sy,
[;x% - macnmopTHi JaHl OJHOTO 13 CHUJIOBUX TpaHchOpMaTopiB OJIOKY, B SIKOMY

mapaJiCcJIbHO IIPAlIOIOTh CHJIOBI TpaHC(i)OpMaTOpI/I OIHOTO THITY 1 BII[HOBII[HO
OIIHaKOBOI HOMIHAJIbHOT HOTY)KHOCTI.

221



REFERENCES
[2], p. 100-106; [3], p. 71-75; [4], p. 73-78; [6], p. 182-186; [7], p. 237-244; [8],
p. 168-173; [9], p. 116-128; [10], p. 73-79; [14], p. 55-60; [15], p. 405-407; [16],
p. 285-288; [17], p. 362-367.

Chapter 10. CALCULATION OF OPERATION MODES OF OPEN
ELECTRICAL NETWORKS

2.11 LOAD CALCULATION FOR SUBSTATIONS AND HIGH-
VOLTAGE BUS POWER PLANTS

In the approximate calculations of operation modes of electrical networks it
is possible to neglect the parameters of power transformer equivalent circuits in
order to reduce the amount of calculations to be done. In this case the stated load,
applied to medium-, and low-voltage substation buses, must be moved to the of
high-voltage substation buses, taking into account the power losses in the
longitudinal resistance and transversal conductance of power transformer
equivalent circuits.

Thus, on high-voltage substation buses the reduced load is produced, which
represents an algebraic sum of the stated loads applied to medium-, and low-
voltage substation buses, and power losses in the longitudinal resistance and
transversal conductance of power transformers (Fig. 2.21)

m/ct

S =8, + S, +AS, +AS, 2.12)

where AS,,=AP.,+JAQ;, 1s the power loss in the longitudinal resistance of windings
of one or a block of power transformers; AS;,=AP,;+JAQ,, is the power loss in
transversal conductance of one or a block of power transformers.

For the block of n operating in parallel two- or three-winding transformers
the active and reactive power losses in transversal conductance are determined by
the same expressions:

AP;= nAPyy; AQry=—(nS1/100)Lx % (2.13)
where n is the number of parallel transformers at a substantion; AP, Sy, [:x% are
nameplate (rating) data of one or the block of power transformers, in which power

transformers of similar type are connected in parallel, and thus of the same rated
power.
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Puc.2.21. TlpuBeneHe HaBaHTaKEHHS MIICTAHII: a - CXeMa eJIEKTPUIHA
MIPUHIIMIIOBA; O - cXeMa pO3paxyHKOBa; B - CXeMa 3aMillIeHHs

Btpatu mOTY)XHOCTI B TO3JOBXKHIX OMNOpax CXEeMHU 3aMillEHHs
TpaHchopMaTopa 3ajexkaTh BiJ HOro KOHCTPYKTUBHOTO BUKOHAHHS. 30KpeMa, s
O0JIOKy 3 n TMapajelibHO MpaIlolouuX JABOOOMOTKOBUX TpaHchopmaTopiB
BUKOPUCTOBYIOTh 3aJIEKHICTh

AP, ~nAPp’,

ae B=S/nS, Koe(illlEHT 3aBaHTaKEHHsSI OJIOKY CHJIOBHUX JBOOOMOTKOBHX
TpaHchOpMaTopiB; S — M00yab TTOBHOI MOTYKHOCTI, IO MPOXOAUTH Yepe3 OJIOK 7
napajieJIbHO BKJIIOUYEHUX IBOOOMOTKOBUX TpaHC(HOPMATOPIB.

[Ipu HasSBHOCTI OJHOTO CHJIOBOTO TpaHcpopmaTopa HOro KoedilieHT
3aBaHTaXCHHs [} BU3HAYAIOTh 33 BUPA30M

S
)

T
b

ne S — moOyib TOBHOI MOTYXKHOCTI, 10 MpoxoauTh mo oomorkax BH 1 HH
JIBOOOMOTKOBOTO TpaHc(opmaTopa.

Btpatu peakTUBHOI MOTY>XHOCTI B OOMOTKax OJIOKY JBOOOMOTKOBHX
TpaHchOopMaTopiB JOPIBHIOIOTh

nS.
AOQ =—2BU_%
QTZ 100 B K3 Y
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Fig. 2.21. Reduced load of a substation: a) the basic electric circuit; b) the design
diagram; c¢) the equivalent circuit

Power losses in the longitudinal resistance of a transformer equivalent
circuit depend on the design. In particular, for the block with n two-winding

transformers operating in parallel the following relation is used:
AP =nAPGp,

where p=5/ns, is the load factor of a block of two-winding power
transformers; S is the module of the total power passing through the block of n
two-winding transformers connected in parallel.

In the presence of one power transformer the load factor 3 is determined by
the expression

where S is the module of total power passing in high-, and low-voltage windings of
a two-winding transformer.

The reactive power losses in the windings of a block of two-winding
transformers are equal to

AQ., :_nS

L BU %
100 P Us °
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Husg OnoKky 3 7 [HapajielbHO  IMPALOIOYMX  CHUJIOBHX  TPHOOMOTKOBMX

TpaHchopMaTopiB Jisl pO3paxyHKy BTpaT TOTYXKHOCTI B IXHIX OOMOTKax

BUKOPUCTOBYIOTh CITIBBITHOILIEHHS

_ I’ZAPK3 (
2

TZ

B + B +B3) o1t

ne Bi, o, B3 — koedimienTu 3aBantaxkeHHs: oomorok BH, CH 1 HH 6noky cunoBux
TPUOOMOTKOBUX TpaHC(POPMATOPIB, sIKI BU3HAYAIOTH 3T1THO BUPA3iB:

s B+ R (0, +0.)

Pr =P, nS, nS,

5o_p NP O

nS. (2.15)

5 _p NP O

nS

T .
Koedimientn 3aBaHTa)keHHS OOMOTOK CHJIOBUX TpaHC(OpPMATOPIB 3aBXKIU
OlticHi BETUYHHU.
Brpatu peaktuBHO1 notyxHOcTi AQ;, B 00OMOTKax OJOKY TPHOOMOTKOBHX
TpaHchOpMaTOpiB BUZHAYAIOTH 3T1AHO BUPA3y

nS
AQ,, = =75 (Bl % + BiUs % + BiUs, %) o6
, .
ne Uy%, Us%, Us;% - (PIKTUBHI 3HAYEHHS HANpyr KOPOTKOTO 3aMUKaHHS B %o,
[0 BU3HAYAIOTHCS 3a BHUpa3aMH ISl KOKHOI 3 OOMOTOK OJIOKY mMapajieibHO
MpaIo0YnX TpaHchpopMaTopis.
Ilpugedene HaBaHTAXKECHHS €JICKTPOCTAHIIT SIBJIsiE COOOI0 aneebOpaiuny cymy

o e .S S
MOTY>KHOCTEH BCIX ii reHepatopiB (2! ), HABAaHTaXXEHHS BJIACHUX MOTPeO (~ Ban ),

HABAaHTAXXEHHS MICLEBOrO pailoHy eHepronocTayaHHs (Si ) 1 BTpaT MOTYKHOCTI B
MO3J0BXKHIX OMopax 1 TONEePEeYHUX MPOBIAHOCTAX MIIBUINYBAJHUX CHIIOBUX
TpaHchopMaTopis, TOOTO

s« : : : :

Sé/ﬁé SZA+Séé'1' +Si +AS62 +AS(‘)y’ (217)
1€ BEIINYUHY Sy , SIK TIpaBWJIO, MPUNMAIOTh Y Mexax 8-12% Bin yCTaHOBIIEHOI
MOTYXHOCTI1 €JIEKTPOCTAHIII.

Po3paxynkoee HaBaHTa)XCHHsSI MIACTaHUIi (EJIEKTPOCTAHIli) MpeACcTaBisie
co00W0 aneebOpaiuny Cymy TIPUBEICHOTO HaBaHTAXXEHHS IMIJCTaHINT (eJeK-
TPOCTaHIIi1) 1 TIOJIOBUHU BTPAT MOTY>KHOCTEH y MOMEPEUYHUX MPOBIAHOCTAX 6CIiX
JHIN, 10 BiAxoaaTh Bif muH BH ganoi migcranmii (eeKTpocTaHilii).
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For a block with »n three-winding transformers operated in parallel
calculations of power losses in the windings involve the relation

nAP
v == (B +B: +B3)

) (2.14)
where B, B2, B3 are load factors of high-, medium-, and low-voltage windings of a

block of three-winding power transformers, determined by the expressions:

S B, +B) 0y +0,)’

Pr =Py, = nS, nS,

5o_p NP O

ns, (2.15)

b

B _B _ PHH2+QHH2
3 7 FMmm — nS

Load factors of the windings of power transformers are always real values.
Reactive power losses AQ;, in the windings of a block of three-winding
transformers are determined by the expression

AQTZ == nST (Blelm% + B;UZKS% + BiU?)KS%)

100 , (2.16)
where Uy%, Uy:%, Usi% are fictitious values of impedance voltage in %,
determined by the expressions for each of the windings of a block of transformers
operating in parallel.

The reduced load of a power plant represents an algebraic sum of power of

all the generators (SZr ), load of auxiliaries (SBJm ), load of local area of power
supply (Si ), and power losses in the longitudinal resistance and transversal
conductance of step-up transformers, i.e.

a/no

o ¢ : : : :
Sine =Ssa TS t8; +AS,, +ASéy) 2.17)

where the quantity Sy is usually accepted within the limits of 8-12 % of power
plant installed capacity.

The design load of a substation (power plant) represents an algebraic sum of
the reduced load of substation (power plant), and half of the power losses in the
transversal conductance of all the lines coming from high-voltage buses of this
substation (power plant).
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Y mepeswcax nanpyzorw 0o 220 kB ekiwuno nonepeuHorw) aKmueHol
npoeioHicmI0 NIiHIll HEXMYIOmb | MOMYy 6 MAKUX GUNAOKAX 00 NPUBEOEHO20
HAGAHMAa) CeHHa niOcmanyii (e1ekmpocmanuii) ciio anzedpaiuno oOooasamu
Juue noJa06UHY CYMU 3APAOHUX NOMYHCHOCHEN 6CIX JIIHII, WO 8I0X00AmMb y
cxemy 6i0 wuun BH konkpemnoi niocmanuyii (e1ekmpocmanuyii).

TakuM YMHOM, po3paxynkoée HaBaHTa)XEHHS I1JICTAHLII BHU3HAYAIOTh
BHUPA30M

SPP = 4 0,50, =S + j0,5B,U2 = S + j0,5) b, LU’

, (2.18)
ne B, — eMHICHA MoNepeyHa MPOBIAHICTh BCIX i-X JIIHIH, 110 BIAXOISTh Y CXEMY BiJl

mmH BH migcranmii; bOi - TOrOHHAa €MHICHA TMPOBIIHICTh i-01 JIiHII, fKa
TIpHB

XapaKTEePU3YEThCS JOBKHUHOIO /;; “wer - MpUBE/IeHE HAaBAaHTAXKCHHS M1JICTAHIII1, 110
PO3PaXOBYIOTh 3T1IHO BUpa3y (2.12).

JInst  eleKTpOCTaHIlli  po3paxyHkoee HABAaHTAXXCHHS BHU3HAYAIOTh 10
aHAJIOTIYHOMY BUPaA3y
Spo3p __ (YIOpHB . __ Qupus . 2
Se/CT - Se/CT + ]O’ 5Q3ap - Se/CT + ]O’SZ bOiliUH

i

s
npuB

ne “efer - IpUBEEHE HABAaHTAXEHHsI eJeKTpocTaHIii (2.12).

KOHTPOJIBHI 3AITUTAHHA

AK 3Haxo0umscs po3paxyHKoe HA8aAHMANCEeHHs Niocmanyii?

Ak 3Haxooumuvcs npusedene HABAHMANCeHHs NIOCmanyii?

Ak susHauaemvcs npugeoerHe HABAHMANCEHHS eJleKMpPOCMAaHyii?

LI]o make po3paxyHkoge HaBAHMANCEHHS eIeKMPOCMAaAHYii?

Yum siopiznaomvcasmpamu aKmusHoi (peakmugHoi nomyasxcHocmetl) y no-

nepeuHuUx nposiOHOCMAX 080- A60 MPUOOMOMKOBUX MPAHCHOPMAMOPIE i K

BOHU BU3HAYAIOMbCA?

6. Ax eusHauaecmuvcs po3paxyHKo8e HABAHMANCEHHS NIOCMAHYIl 3 JIHIAMU
Hanpyeoro suuje 220 kB?

SR N~

JIITEPATYPA

[2], cmop. 119-121; [15], cmop. 173-174;[16], cmop. 170-175;
[36], cmop. 45-48.
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In the networks of up to 220 kV inclusive the transversal conductance of
the lines is neglected so that in this case to the reduced load of a substation
(power plant) it is necessary to add only half of the sum of charging capacity of
all the lines that come to the circuit from high-voltage buses of a certain
substation (power plant).

Thus, the design load of a substation is determined by the expression

SPP = 4 0,50, =S + j0,5B,U2 = S + j0,5) b, LU’

,  (2.18)
where B, 1s the capacitive transversal conductance of all i-x lines that come to the

circuit from high-voltage buses of the substation; by is the capacitive susceptance
TIpHB

per unit length of i-lines, which is characterised by length /; Ster is the reduced
load of the substation, calculated according to expression (2.12).
For a power plant the design load is determined by similar expressions

Sposp _ SHPHB + j075Q3ap — S’”p”B + ]O’SZb le

e/ ct e/cT e/ ct 0i"i " H

b

TIpHB
where Seter is the reduced load of the power plant (2.12).

CONTROL QUESTIONS

How can we obtain the design load of a substation?

How can we obtain the reduced load of a substation?

How is the reduced load of a power plant determined?

What is the design load of a power plant?

What is the difference between active (reactive) power in transversal

conductance of two-, or three-winding transformers? How are they

determined?

6. How is the design load of a substation with the lines of above 220 kV
determined?

SR N~

REFERENCE

[2], p. 119-121; [15], p. 173-174; [16], p. 170-175; [36], p. 45-48.
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2.12 IOTYKHOCTI HOYATKIB, KIHIIB TA
CEPEJJHBOJIIHIMHA MOTYXHICTb AIJISSHOK EJEKTPUYHOI
MEPEXI

[Ipu nmepenadi mo 1-i JUISHI CXEMU MEPEXK1 JAESIKOT MOTY>KHOCTI ! 3aBXKIH

: . . NV . AS,
MaloTh Miclle MOBHI BTpaTH MOTY)KHOCTI Ha MLIA JUISHII i, Came TOMY
PO3PI3HAIOTH MOTYKHICTh MOYATKY 1-0i JUISHKH Sit , TOTYKHICTh KiHIS

: S .. - .S
OUISHKY & 111 cepeHbO-JIiHIiIHY NOTY:KHicTh ¢ (puc. 4.2).

S, =P+ jO, U,

IK

U »
® —— O

Puc. 2.22. CepennboiiiHiiiHa MOTYKHICTh 1-01 AUITHKU

[ToTy>XHOCT1 MOYATKY 1 KiHIISA JUISHKH BIIPI3HAIOTHCS OJTHA B OJTHOT TUTBKHU

. AS, . :
Ha BCJIMUYMHY IIOBHUX BTPAT IOTY>KHOCT1 ! Ha 011 JUUTAHITL:

Sip =S TAS; (2.19)
S =Sy —AS, _ (2.20)

— . . S .. . .
CepennbodiiHiiHA MOTYKHICTh AUISTHKA —  BIAPIZHSIETHCS BIJ] MOTY>KHOCTEH
MOYaTKy Ta KIHIS 1-0i JUISHKA MepexXl TUIbKM Ha TOJOBMHY MOBHHUX BTpaT
MOTYXHOCT1 Ha L1H IUISHII, TOOTO:
S =8; —0,5AS,
>
S. =5, +0,5AS,

S,

HOTY)KHOCTi MMOYaTKIB I[iJ'ISIHOK i 3aBXJIW BU3HAYAKOTHCA HalpyramMu

I1049aTK1B AUISHOK Ul[ , 4 IIOTY>XHOCT1 KIHIIIB AUTAHOK K — HalpyraMm KiHI[1B

TUITHOK UiK. Jlist cepeaHbONIHINHOT MOTY>KHOCTI JIUISHKH, 10 € (PIKTUBHOIO
PO3PaXyHKOBOIO BEIUYMHOIO, BBOJSATH MOHATTS (DIKTUBHOI HAIPYTH CEPeAUHU 1-01
IOUISHKWA, MOJYJIb $IKOi BH3HAYAIOTh 3T1IHO BHUPA3y CEPEeIHbOKBAAPATUYHOTO
3HAYEHHS HaNpyTru

2 2
U, =\0.5(UF +U2) -
[ToToKOPO3MOALT MOTYKHOCTEN MO JAUISHKAX CXEMH MEPEXi, 3HAlAeHUN 10
3a/IaHUX EJIEKTPUYHUX HABAaHTAXEHHAX MYHKTIB cxeMHu (ToO0TO Oe3 BpaxyBaHHs
BTpaT TOTYXXHOCTI B TIO3JIOBXHIX €JIEMEHTaX CXEMH 3aMIilleHHs) MOKHa
PO3MIISIAATH SIK IOTOKOPO3MOLT CEPEAHBOIIHIMHUX MTOTYKHOCTEH.
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2.12 POWER OF THE SENDING END, RECEIVING END, AND
MIDDLE SECTIONS OF ELECTRICAL NETWORK

In transmitting power S, over i-th section of the network diagram there is

always overall power loss in this sectionASi. For this reason, we distinguish

S

between the power at the beginning of i-th section™# | the power at the end of the

section Sic , and the power of the middle section S, (Fig. 4.2).

i S, =R+ jO, UiK
o >
© Z =1+ Jx =

Fig. 2.22. Power of the middle line of i-th section

The power of the sending end and that of receiving end of the section differ

from each other only in the value of overall power loss AS, in this section:

Sip =S TAS; (2.19)

S =Sy —AS, _ (2.20)

The power of the middle line section S, differs from the power of the
sending end and the power of the receiving end of i-th section of the network only
in half of overall power loss in this section, in other words:

S, =S; —0,5AS,
S =S8, +0,5AS,
The power of the sending ends of the sections Sit is always determined by
the voltage at the beginning of the sections Uy , and the power of the receiving

ends of the sections Sic is determined by the voltage at the ends of the

sections UiK. For the power of middle line section, which is a fictitious design
value, the concept of fictitious voltage of the middle line i-th section is introduced,
and its module is determined by the expression of root-mean-square voltage

Up = \/OJS(UiZi +Uizé)

: (2.21)

Power flow in the sections of network diagram, determined by stated electric
loads at the points of the diagram (that is without taking into account the power
losses in longitudinal elements of equivalent circuit) can be considerd to be the
flow of power of the middle line section.
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2.12 PO3PAXYHOK PEKUMY HATIPYTH B EJEKTPAUYHIN
MEPEXI
Po3pi3HAIOTE pO3paxyHKH PEXKUMY HAMPYTH B IYHKTAX CXEMH 34 yMOGAMU
nouamky a6o kinya. Ilpu po3paxyHKy 3a yMOBaMH MOYaTKy ab0 KIHIS JTUISHKA

MepexXi 3aBXKIU BIIOMI PIBHI Halpyru Ha MOYATKY Vi ab0 KIHIIl ~ ® JUISHKH.
BusznayeHHIO MiUIsratoTh piBHI HANPYTH, BIAMOBIIHO, HA KIHII & a00 MoYaTKy
Vi IUITHKY Mepexi (puc. 2.23 1 puc.2.24).

U' Sin = En + jQin - U

IK

=9
® O

Zi:’/;'_l_]xi

Puc. 2.23. BekropHa JiarpamMa po3paxyHKY Halpyrd 3a yMOBaMHU MOYATKY
[Ipu po3paxyHKy 3a yMOBaMH MOYATKy (MPUIYCTHMO, 110 BEKTOP HANPYTH
U;,30iraeThes 3 BicCro A1MCHUX 3HAYEHb BEJIMUMH), OTPUMYEMO (puc. 2.23)

Uik =U, _AUi =U, _‘/gjigi =U, _5_iZi =

i

— (]iH _ Pznl/; Qinxi s ani + inrz' — (]iH _AUi!_]-AUi!V
Ui Ui, , (2.22)
ne Py, On — aktuBHa (MBT) 1 peaktuBHa (MBAp) nmoTy>XHOCTI Ha MoYaTtky i-0i
TUISTHKYA MEpexi.

Bupas (2.22) iHTepnpeTyoTh BEKTOPHOIO JiarpaMolo, 0 MpeACcTaBiIeHa Ha

!
puc.2.23. Tyr BenuuuHa AU =(B,1,-0,x) /U, (xB) mpencraBnsie coboro
Nn030060/CHIO  CKIIQJIOBY  MAaJiHHS  HAmpyrd Ha i-d  JUISTHIOI — MEpexi;
14

AUI’ - (mel. +Qinri)/ Uiﬂ (xB) — nonepeuny cknanoBy najiHHA Hampyru Ha i-u
TUTSTHIT MEPEXKI; AUZ‘ - IAQJ{IHHS HAMIPYTH Ha i-W JUISHI MEpexi, 110 SBISE COO0I0
2eomempuyny pi3HUYl0 BEKTOPIB HANpPYrd Ha IMOYATKy Ta B KIHI i-Oi JAUISHKHU
Mepexi, TOOTO TeOMETpUYHA PI3HULIA HAIPYTH HA MOYaTy Ta KiHIl JiHIT € TaaiHHsg
Hanpyru. AnreOpaiuHy pI3HHUIIO HANpyrd Ha TMoYaTy Ta KIHII JIiHIT HAa3UBalOTh
BTPaTOIO HANPYT'H MaJiHH HAPYTH
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2.13 CALCULATION OF VOLTAGE CHARACTERISTICS IN THE
ELECTRICAL NETWORK
One distinguishes between calculation of voltage characteristics at points in
the network diagram under conditions of sending or receiving ends of the line. In
calculating under conditions of sending or receiving ends of a network section the

voltage levels at the sending end Ui, or receiving end Ui of the section are
always known. Thus, one can determine the voltage levels at the receving end

Ui or at the sending end Ui, of a network section (Fig. 2.23 and Fig. 2.24).

U =Bt JOn U =2

faud iK

0 — O

Zi:’/;’_l_]xi

Fig. 2.23. Vector diagram of calculating the voltage under conditions of
sending end of a line section

Calculating under conditions of the sending end of a section (assuming that
the voltage vector U, coincides with the axis of real values), we obtain (Fig. 2.23)

Uik =U, _AUi =U, _‘/gjigi =U, _5_iZi =

i

— (]iH _ Pznl/; Qinxi _j ani + Qinri — (]iH _AUi'_jAUiﬂ
U, U , (2.22)
where Py, Qi are active power (MW), and reactive power (MV Ar) at the sending
end of i-th section of the network.

Expression (2.22) is interpreted with the vector diagram, presented in

Fig. 2.23. Here, AU; =B, = 0,%) /Uy, (kV) represents the longitudinal

component of the voltage drop in 1i-th section of the network;
AU=(Bx +0,1) /U, (kV) is the transversal component of the voltage drop
in i-th section of the network; and AU, is the voltage drop in i-th section of the
network, representing a geometrical difference of voltage vectors at the sending
and receiving ends of i-th section of the network; in other words, the voltage drop
is geometrical difference of voltage at the sending and receiving ends of the line.
The algebraic difference of voltage at the sending and receiving ends of the line is
called voltage loss of voltage drop.
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[Ipu po3paxyHKy 3a yMoBaMH KiHLS (IPUIYCTUMO, 1110 BEKTOp Hanpyru U
301ra€eThCs 3 BiCCIO A1MCHUX 3HAUYE€Hb BEJIMYUH), OJepKyeMO (puc. 2.24)

U, =U,+AU, =U, +3l,z, =

Pr-0Q.x . Bx+0.r L o
:(]lK + 1K lU IK 1 +] IK IU IK 1 :UZK +AUI +]AU1
i i , (2.23)

ne Py, Qi — aktuBHa (MBT) 1 peaktuBHa (MBAp) moTykHOCTI B KIHII #-0i
TUISTHKYA MEpexi.

Bupas (2.23) iHTepnpeTyioTh 3a JONOMOTOK BEKTOPHOI Jiarpamu, U0
MpEeICTaBICHA Ha puc. 2.24. Tyt aHAJIOTTYHO BEJIMYMHA

4 —_ —_
AU; = (Bt = 0w ) 1 U (xB) - nozodoeoicusa ckiianioBa najiHHS HAIPYTy HA i-U

AUi” = (Pixxi + Qixri)/ U,

TUISHIIL  MEpexI; kx (kB) — mnonepeuna cxnangoBa

NaJiHHS HAMPYTU Ha i-U TUISHII MEPEXKi; AU, NajIHHS HAPYTH Ha i-i AUTSHII
MEpeXi, 0 TaKOX TMPEJCTaBIsIE COOOK eceomempuyHy pizHuylo BEKTOPIB Ha
MOYaTKy Ta B KIHII AUITHKH MEPExXi.

[Ipu po3paxyHKy 3a CEpeIHbOJIIHIMHUMU MOTYXHOCTSIMHU -0 AUISHKU 3a
yMOBaMH MoYaTKy abo KiHis Bupasu (2.22)1(2.23) HaOyBatOTh BUTIISIAY:
Fr, —0x, . . Bx, +0r,

UiK = Uil‘l o U ‘] U
ic ic -3a yMOBaMH IIOYaTKY,
: Pr.—0Ox, Px +Qr
— 11 11 11 11
ic ic - 33 yMOBaMHU KIHII,

ne BennuuHy U, BU3HayaroTh 3rigHO Bupasy (2.21); P;, Q; — cepenHboNiHIITHA
aktuBHa (MBT) 1 peaktuBHa (MBAp) NOTY>XKHOCT1 i-0i JUISTHKA MEPEXKI.

Uin :? UiK

® e
Z=r+x, S, =B+ JO,

U,

IK >\\ . *
> . s \
/\« g f,\«/ 9

Puc. 2.24. BektopHa Jiarpama po3paxyHKy HalpyTry 3a yMOBaMU KiHIIS
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Calculating under conditions of the receving end of a section (assuming that
the voltage vector U;, coincides with the axis of real values), we obtain (Fig. 2.24)

Uin =U, +AU1’ =U, +\/§ji§i =
Pr -0 x Px +Qr
:(]iK + lKrl ercxz +j lel QlKrl :UiK +AU;+J-AU;'

Ui Uy , (2.23)

where Py, Qi 1s the active power (MW), and reactive power (MVAr) at the
receiving end of i-th section of the network.

Expression (2.23) is interpreted with the vector diagram, presented in

Fig. 2.24. Similarly, AU, = (B = Qux) | Uy (kV) is the longitudinal
component of the voltage drop in 1i-th section of the network;

AUi” = (Pixxi + Qixri)/ U,

x (kV) is the transversal component of the voltage drop

in i-th section of the network; and AU, is the voltage drop in i-th section of the
network, also representing a geometrical difference of vectors at the sending and
receiving end of a network section.

Calculating the power of the middle line of i-th section under conditions of
the sending or receiving ends of a section expression (2.22) and (2.23) are turned
into:

_ Fr,-0x . . Bx, +0r,

UiK = Uin
U Ui - under conditions of the sending end,
U =U + Fr,-0x, +jpixi +0r
in iK
Ui Ue . under conditions of the receiving end,

where U, 1s determined by expressions (2.21); P;, Q; are middle line section active
power (MW) and reactive power (MV Ar) of i-th section of the network.

U =2 U.

i K

® =0,

Zl.:?;.+jxl- Sz‘K:P +jQiK

Fig. 2.24. Vector diagram of calculating the voltage under conditions of
receiving end of a line section
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[licns meperBOpeHb mpuBENEeHUX BupasziB (2.22) 1 (2.23), 3anucaHux s
YMOB MOYATKYy Ta KIHII, ISl pO3paxyHKY Mo0yi¢ Hanpyru (KB) y koxxHomy f-My
MYHKTI CXEMHU Mepexi abo B cepeAuHl AUISHKU MEPEXi, 10 MPUMHUKAE 0 f-TO
NyHKTYy cxemu (mpu mnepemimieHHi Big JK 1o KiHIS Mepexi), OAEpKYEMO
HACTYIH1 BUpa3U:

- ISl yMOB TMOYATKY Y f~-MY ITYHKTI

0, |= U2 -23 (Rr - 0,)
2

, (2.24)
- ISl YMOB KIHIA Y f~MY YHKTI

0|= U + 22 (B - 0,
.

: (2.25)
- JI1 YMOB IIOYATKY B CepeI[I/IHi I[iJ'IS[HKI/I

‘Uc =\/Ul~i _(Pir;' - ixi) ’ (2.26)

- 1711 YMOB KIHIIS B CEpEeANHI TUISTHKA

‘Ufc‘ = \/UZZK + (Plrz _Qixi)

, (2.27)
S
ne K - aneebpaiyHa cyma BEJIMYMH, 3a3HAYCHUX Y AYXKKaX, B3sTa N0 mMpaci

Mepedici Bl JUKepena XKUBJEHHS A0 f-ro MyHKTY cxeMmu, Uy, — 3aJaHuil piBeHb
Halpyru Ha IIMHAX JpKepena >KuBlieHHd, KB. [HIekc fc xapaktepusye cepenuHy
OUISHKA MEpPEeXi, 10 NMPUMHKAE JO f-TO MyHKTY CXeMHU. TakMM UYMHOM BHUpPa3u
(2.26) 1 (2.27) BUKOPHUCTOBYIOTh ISl PO3pPaxyHKY 3HA4€Hb MOJYJIB (DIKTUBHHUX
BesimunH Hanpyr Uy y cepenuHi i-X AUISHOK MEPEKI.

VY Bcix Bupazax (2.24)-( 2.27) nix cuMBoa0M OYKBU () pO3yMIIOTh YHCIOBY
BEJIMYMHY BIIMOBIIHOT PEAKTUBHOI MOTY>KHOCTI Pa30M 3 ii 3HAKOM.

[Tpu BUKOpHUCTaHHI BCIX MPUBEACHUX BUILEC BUPA31B MOTYKHOCTI Py, Qin, Pig,
Qix, 1 Pi, Q;, - 116 MOTY>XHOCT1 TTOYATKIB, KIHIIIB 1 CEPEIHBOJIHINHI MOTYXHOCTI, 10
MPOTIKAIOTh B JUISHKAX MEPEXkKi 1 IX MOTOKOPO3MOI17T 00OB'I3KOBO CJIi/I BU3HAYUTHU
nepes1 MoYaTkoM po3paxyHKy peKUMY HalpPyTy B MYHKTaX CXEMHU MEPEXKI.

KOHTPOJIBHI 3AITUTAHHA

1. Ak 3naxooumucs ¢gikmusne 3HaueHHs Hanpyeu cepeounu i-oi OLIAHKU
Mepeoxci?

2. 3a akumu ymoeamu pO3pi3HAIOMb DO3PAXYHKU — DPEHCUMY HANpyeU 8
NYHKMAax cxemu?

3. Lo make empamu Hanpyeu?

4. Ak euznauaemvcs nadinHsa Hanpyeu?

JIITEPATYPA
[2], cmop. 119-121; [15], cmop. 174-180; [36], cmop. 52-55.
235



After transformations of the reduced expressions (2.22) and (2.23), written
for sending and receiving end conditions, in order to calculate the modules of
voltage (kV) in every f-th point of the network diagram, or in the middle of a
network section which borders on f-th point of the diargam (when moving from the
power source to the end of the network), we obtain the following expressions:

- for sending end conditions at f-th point

‘Uf‘:\/Ué—2Zf:(Pﬁ1;— LX), (2.24)
G

- for receiving end conditions at f-th point

U,|= \/U2+2Z P —0.x,), (2.25)

- for conditions of the begmmng in the middle line of a section

o =AU = (B - ), (2.26)

- for conditions of the end in the middle line of a section

= \/UZZK + (Pzrz - ixi)’

Ufc\ - (2.27)

where Z( ..... )is an algebraic sum of the quantities specified in brackets, taken

over the path of the network from the power supply to f-th point of the circuit
design, U, 1s the set voltage level on buses of the power supply (kV). Index fc
characterises the middle line of a network section, which borders on f-th point of
the network diagram. Thus, expressions (2.26) and (2.27) are used to calculate the
modules of fictitious values of voltage Ug in the middle line of ith network
sections.

In expressions (2.24)-(2.27) letter Q stands for numerical value of
appropriate reactive power, together with its sign.

In using all the above expressions of power Pin, Qimn, Pik, Qik,and Pi, Qi, are
the power quantities of the sending end, receiving end, and middle line of a
section, flowing in network sections, and this power flow must be determined
before starting to calculate the voltage characteristics at point in the network
diagram.

CONTROL QUESTIONS
1. How can we obtain the fictitious value of voltage of the middle line of i-th
section of the network?
2. Under what conditions are voltage characteristics calculated at point of the
network diagram?
What is voltage loss?
4. How is voltage drop is determined?
REFERENCES
[2], p. 119-121; [15], p. 174-180; [36], p. 52-55.

“w
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2.14 BUBHAUYEHHSA HAIIPYT'N HA AIVIAHKAX CXEMHA
MEPEXIB EJIEKTPOTEXHIYHUX PO3PAXYHKAX

PosrasiHeMo mpakTHYHE 3aCTOCYBaHHS BHUPAa3iB ISl BUZHAYCHHS 3HKCHHS
Hafpyru Ha JUISTHKAX CXeMH MEpeXi B HAWMNOIIMUPEHIMHMX OLIHOYHHMX
eJEKTPOTEXHIYHUX po3paxyHKax. Hampukiana, Ko moTy>XKHOCTI, 110 MPOTIKAIOTh
B JIUITHKAX CXEMHU MEpexi, 3aJaHl He B MEraojuHuisix, a y kBr 1 xBAp, To
BHUpa3M IS PO3PAXYHKY TMO3/IOBXKHIX Ta MOMEPEYHUX CKIIAJIOBUX MaJIHHS HAPYTH
HaOyBalOTh BUTJISY:

(P.r -0, x)107

AU =
UiK
AU.”Z (le X; +Qii ]/'1)10_3
| Ui , (2.28)
-3
sy (B 0RO

if
VY HabnmkeHuX po3paxyHKax y npuBeAeHuX Bupaszax (2.28) semuuunu Uy,

Uik 1 Uj. 3aMIHAIOTH Ha BEJIMYMHY HOMIHAJIBHOI Hanpyru Mepexi Uy,.
4 4

SIKIIO X BEJIWYUHU iq ! HEOOXIIHO OI[IHUTU Y BIJICOTKOBOMY
BIJTHOIIIEHH] BiJl HOMIHaJbHOI Hampyru U, Mepexi, TO ciiJf BUKOPUCTOBYBATU
HACTYIH1 BUPA3U:

AU'!
AU |%|=—=L100 = Pr.—Q0x
l[ 0] UH 1 Uz( Ql 1)
AU 1
AU"[%| = —L100 = +Q.r).
l[ 0] U 10U2 i Ql 1)

n n (2.29)
SKIo X MOTYXHOCTI JUISTHOK, 3aJlaHi B MEraoJAWHUIIX, Bupazu (2.29)
HaOyBalOTh BUTJISY:

Au o] = 100

0,x,),
(2.30)

AU %] - 2)(2) (Px, +0r).

i

[Ipy po3paxyHKy e€JIEKTPUYHOI Mepeki, BUKOHAHOI Ha BCIX JUISHKaX
MPOBOJIAMHU OJIHIE] MAapKH, 0OHAKOB020 TEPETUHY Ta 3 OOHAKOBUM  PO3Ta-

: : r,; = const
ITYBAHHAM IIPOBOAIB Ha OIIOpax, TOOTO npu JOTPUMAHH1 YMOB ! 1

X,, = const , Bupasu (2.28) i (2.30) MOXKHa 3amKcaTy sK:
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2.14 DETERMINATION OF VOLTAGE IN NETWORK DIAGRAM
SECTIONS BY ELECTRICAL ENGINEERING CALCULATIONS

Let us consider the practical application of expressions for determining
voltage reduction in sections of a network diagram in the most common electric
engineering calculations. For example, if the power flowing in sections of a
network diagram is set not in megaunits, but in kW and kilovars, the expressions
for calculating longitudinal and transversal components of voltage reduction
assume the following form:

_ (Pmrz B Qikxi)lo_3

AU =
UiK
AU.NZ (le X; +Qii ]/'1)10_3
| Ui , (2.28)
-3
AU’ = (Bx, +0r)10

In approximate calculations of reduced expressions (2.28) the values of Uz,

U, and U, are replaced by the values of network rated voltage U,,.
! 4

If the values of i and i are to be found in percentage terms of the
network rated voltage U, , it is necessary to use the following expressions:

AU’ 1

AU |%|=—2L100 = Pr.—0.x)),

l[ 0] UH IOUHz( i Qz 1)

AU 1

AUZ.”[%] =——=100 = =(Px, +0r).
U, 10U, (2.29)

If the power of sections is set in megaunits, expressions (2.29) assume the
following form:

1
AU; [%] - O(z) (Pr, =0x)),

Ui (2.30)
AU %] - 2)(2) (Px, +0r).

i

In calculating the electrical network where wires in all the sections are of the
same type, the same cross-section, and located on the poles in the same position,

) .. 7,. = const X,. = const
that is under conditions 90: and "~ 0

(2.30) can be written down in the following form:

, expressions (2.28) and
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AU! = —(r,,P, — x,,0,.)1107

1
' -3
AU, z—(rmpii — X Oy )lil()
Uii
y BIICOTKOBOMY BIJTHOILICHH] Bii HOMiHaJIbHOI HAanpyru Uy

AU;[%] = 10(1] (FOiPi — Xoi i)li

2

" ; (2.31)
AUi”[%] = 10U (XOiPi + rOiQi)li

2

H .
b

Ipu HOTY)KHOCTi I[iJISIHOK, 3aJaHUX B MCIraOJNMHHUIIAX

AU; [%] = @(l/bipi — Xy; i)li
U, .
AUi” %] = 10(2) (XOiPi + rOiQi)li

H

Amnani3 BupasiB (2.31) noka3zye, 110 B €IEKTPUUHUX MepekKaX, BUKOHAHUX 3
0OHAKOBUM TIEPETUHOM TPOBOAIB, PO3PAXYHOK PEXHUMY IiXHBbOi POOOTH MOKHA
MIPOBOJIUTH Oe3n0CcepeoOHbo NO 00BHCUHAX OLISTHOK MepedicCl.

[Ipu po3paxyHKy NajiHHSI HAPYTH AU, 710 TOBUIBHOTO f-TO MIYHKTY CXEMH,
OYEBUJIHO, HEOOXITHO MPOCYMYyBaTH BCl OKpeMi MaJIHHS HANpyr Ha AUISTHKaX
Mepexi, 0 BXOAATh y mpacy BiJ IXKepea KUBJIEHHS 70 f-r0 MYHKTY CXEMH.

Takum uwHOM, yIsi HAOMMXKEHOI OIHKM 3a CEPEIHBbOJIHIMHUMU I10-
TY>)KHOCTSIMHM JIUISTHOK, HANpUKIIAJ, MO3/J0BXKHBOI CKJIAJO0BOi CHaay Hampyru B
MepexXi 10 TOBUIBHOTO f-TO MYHKTY CXEMH, MAEMO:

AU}‘ = UL(FOiiI)ili - iniQilij

y BIICOTKOBOMY BIJTHOILIEHH] BiJi HOMiHaJIbHOI HAanpyru Uy

, 1 S S
AUf [%] = W(FOZ.ZPJI. - inZQili]
i aw aw ; (2.32)
MIPU TOTY>KHOCTI JIUISTHOK, 33JITaHUX B META0IUHUIISX

100 L i
1o —
AU, [A)] T rOiZ})ili B inZQili
Ui dze dxe
[Ipu HAsIBHOCTI B MEpeXki CIIOKUBAUIB, K1 XapaKTEPU3YIOThCSI OJHAKOBUMU
KoeilieHTaMu OTYXKHOCTI (cosp=const), Bupa3u (2.32) HaOyBalOTh BUTIISIAY:

;1 L
AUf = U_(rm - intg(p)ZPili

b

y BIICOTKOBOMY BIJTHOILIEHH] BiJi HOMiHaJIbHOI HAanpyru Uy
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1

AU} = U_iK(FOiPiK — Xoi ik)li10_3 .
1
AU; = —(rmpii — X0, Oy )li10_3
Uii
in percentage terms of the rated voltage U,
, |
AU; [%] = 10U 2 (FOiPi — Xy, i)li
1 ; (2.31)
|

AUi”[%] = IOUH2 (XOiPi + rOiQi)li.
if the power of the sections is set in megaunits
AU; [%] = @(Fmpi — Xy, i)li

2
H

AUi” %] = 2)(2) (XOiPi + rOiQi)li

b

H

The analysis of expressions (2.31) shows that in the electrical networks of
the same cross-section of wires, calculations of the operation mode can be done
directly by the lengths of network sections.

In calculating the voltage reduction AU, up to any f-th point of the circuit
design it is necessary to add up all separate voltage reduction in the network
sections which are included in the path from the power supply to f-th point of the
netwok diagram.

Thus, for an approximate evaluation by middle line power of the sections,
for example by a longitudinal component of the voltage reduction in the network
up to any f-th point of the network diagram, we obtain:

1 / f
AU; = U_(rm;}yi _XOi;Qili);

i

in percentage terms of the rated voltage U,

1 / /
AU} [%]:W(FW;BL _XOi;Qili); (232)

if the power of the sections is set in megaunits

100 & L
2 (rmzf% _inZQilij‘
i G G

If there are no electric loads in the networks which are characterised by
equal power factors (cos ¢ = const), expressions (2.32) assume the form:

, 1 L
AUf = U_(FOZ' _intg(p)ZBli ;
G

i

AU [%]=

in percentage terms of rated voltage Uy
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: 1 L
AU, [%] - 1002 (rOi - intg(p)Z})zlz

i

MIPU TIOTY>KHOCTI JIUISTHOK, 3aJ1aHi B Meraoz[HHHuﬂx

, 100
AUf [%] = U 2 ( Toi Xoltg(P)Z

i
ISt eNeKTpUYHUX MEepeX 3 YHMCTO aKTUBHUM HaBaHTaxeHHs (Q=0) abo
Mepex KabeJIbHOTro BI/IKOHaHHSI (x0; = 0), BUpa3u (2.32) MaroTh BUTJISIA:

U, = ZPZ

1 dze

y BiI[COTKOBOMy BII[HOH_ICHHI Bl):[ HOMIHAJbHOT HaIllpyTu UH

S
AU (4] = S R

i dze

b

MIPU TIOTY>KHOCTI JIUISTHOK, 3a/1aH]l B MEraoAMHUIIIX

ZPZ

AU} [%] _ 1007,

KOHTPOJIBHI 3AITHTAHHA

.\A

AK 3HAxX00umbCs N030084CHI MA NONepeyHi CK1aoos8i NadiHHs Hanpyeu?

2. Ax 3mnaxooumvcsi no30082%CHI mMa NONepeyHi CKAA008i NAOIHHA Hanpyau y
8I0COMKOBOMY BIOHOUWEHHI 00 HOMIHAIbHOI Hanpyau?

3. 3a akumu ymoeamu MONCIUBO SUKOHAMU PO3PAXYHOK PEHCUMY 6e3nocepeonbo
10 008AHCUHAX OLIAHOK Mepedrci?

4. Ak susnauaemvcsa nadiHHA Hanpyeu npu HAs8HOCMI 8 MepPedci CNOA#CUBAUI8, SKI

Xapakxmepuzyromscsi 00HAKOBUMU KOepiyicHmamu nOmyx#cHocmi?

JIITEPATYPA
[2], cmop. 119-121; [15], cmop. 174-180; [36], cmop. 55-57.

2.15 AJITOPUTM PO3PAXYHKY PEKUMY POBOTH
PO3IMKHEHOI CXEMUA MEPEXI

Po3paxyHok pexumMy poOOTH OyAb-sIKO1 CXeMH €JIEKTPUIHOT Mepexi (Y TOMY
YHCIi, 1 PO3IMKHEHOI CXEMHU) MOJIATa€ B BUKOHAHHI MOCIIJOBHOCTI HACTYITHUX

poLeayp:
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) 1
AU, [%]:W( 0i sztg(p Z iti s

1

if the power of the sections is set in megaunlts

100
(01 xoztg(P Z

For electrical networks with actlve (resistive) load (Q; = 0), or networks of
cable design (x(; = 0), expressions (2.32) assume the form of:

Ty &
AU} =250 Bl
i G

in percentage terms of the rated voltage U,

/
7
0 :
2 Rl
i G
if the power of the sections is set in megaunits

AU, [%]=

i

AU [%]-

2
G

/
AU [%] = 1(()]0” > Pl

CONTROL QUESTIONS

1. How can we determine the longitudinal and transversal components of voltage
reduction?

2. How can we determine the longitudinal and transversal components of voltage
reduction in percentage terms of the rated voltage?

3. Under what conditions is it possible to calculate the operation mode directly by
the lengths of network sections?

4. How can we determine the voltage reduction if there are electric loads in the
the networks which are characterised by equal power factors?

REFERENCES
[2], p. 119-121; [15], p. 174-180; [36], p. 55-57.

2.15 ALGORITHM OF CALCULATING THE OPERATION MODE
OF OPEN NETWORK DIAGRAM

Calculation of operation mode of any electrical network diagram (including
the ones of open circuit design) consists in performing the following steps:
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1) Busnauenna nomoxopo3nooily ROmMyM#cHoOCmell Ha OLIAHKAX cXemu
Mepedxci no 3a0aHux abd0 npueeOeHUX HABAHMANCEHHAX NYHKMIE
cxemu;

2) eusHaueHHA pexcumy HANPY2U 8 NYHKMAX CXeMUu mepeiici;

3) 6U3HAUEHHA CYMAPHUX 6MPAM NOGHUX HOMYMNCHOCHIEN Y NO3008IHCHIX
Onopax OiIAHOK i honepeuHux nPoBiOHOCMAX NYHKMIB cCXeMU mepeirci.

Po3paxyHOK MOTOKOPO3MOALTY B PO3IMKHEHIN CXeMi Mepexi 3aBXIu
3MIACHIOIOTh BiJl KIHIIEBUX MYHKTIB MEpEXi, MOCIIJIOBHO MNEPEMIIIYIOUHUCH [0
JDKepena KUBJICHHS, HpU CHMPO2OMY OOMPUMAHHI GUMO2 HEPULOZ0 3AKOHY
Kipxzoga.

TyT HeoOX11HO BpaxOBYBaTH HACTYIHY OOCTaBUHY. SIKIIO B MyHKTaX CXeMU
MEpeXi, KpIM EJIEeKTPUYHUX HaBaHTAXXEHb NYHKTIB (TakoX 1 HaBEJICHHUX
HaBaHTa)XEHb), JTOJATKOBO 3aJlaHl MOTEPEYHI MPOBIIHOCTI, TO neped NoYAmKOM
PO3paxyHKy MOTOKOPO3MOJAUTY TMOTY)KHOCTEH HEOOXIIHO BU3HAYUTH BEIWYUHU
MOTYXHOCTEH, K1 BIATIKAIOTH 13 MyHKTIB MEPEX1 B 11 MOMEPEeYH1 MPOBITIHOCTI, 1O
CITIBBIHOIICHHIO

' 2
AS =Y U
sy TsTw (2.33)
Y . .
7€ =5 - 3aJlaHa ToTepeYHa MPOBITHICTh S-TO MYHKTY MEPExXi.
[ToTiM 311MCHIOIOTH aneeOpaiune MiACYMOBYBaHHS 3HAACHUX MOTYKHOCTEH

¥ 13 3alaHuMHU (200 PUBEIECHUMU) 3HAUCHHSIMU MOTY>KHOCTEH HaBaHTaXKEHHS
S-TUX TYHKTIB 1 minoku TICHs 1i€l mpoueaypu, (TOOTO MIiCs OACPKaHHS HOBUX
3HaY€Hb TMOTY)XHOCTEH S-TUX TYHKTIB), MPUCTYMAIOTh [0 BHU3HAYCHHS
MOTOKOPO3MOAUTY MOTYKHOCTEH Ha JUISTHKAX PO3IMKHEHOI MEpExi.

Po3paxyHok pexxuMy Hampyrud B pO3IMKHEHIM cXxeMi Mepexi 3M1iCHIOIOTh,
CIUpPAIOYMCh Ha 3aJJaHui PIBEHb HANPYTH Ha IIMHAX JpKepena skuBieHHS Uy (3a
ymosamu nowamky). Ilpm 1bOMY TIOCHIIIOBHO MEPEMIIIYIOTBCI 6i0 Odowcepena
JICUBNEHHs 10  KIHLEBHX  MYHKTIB  PO3IMKHEHOI  CXEMH, peaji3ylouu
CIIBB1IHOIICHHS

S
Uf - szox _2Z(Piri _Qixi)
TOK

) (2.34)
HaGmmxenuil po3paxyHOK TIOBHUX BTpaT MOTYXKHOCTEH Yy MO3JOBKHIX
oropax JUISHOK Ta MOMEPEYHUX MPOBIAHOCTIX MYyHKTIB 3A1HCHIOIOTH 32 BIIIOMUMU

U U. ..
3aJICKHOCTAMU (BI/IKOpI/ICTOBYIOLII/I BEJINYUHHU _® abo i )

2 2
AS =T O
1z U2 1 ] 1
: : (2.35)
AS  =YU,

AS . .
(Y upoMy BUNAJKy BEJIMYUHU % OyJId pO3paxoBaHi HAMU paHille).
CymapHi MOBHI1 BTPAaTH MOTY>KHOCTI y BC1i MEPEXi JOPIBHIOIOTh
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1) determination of power flow distribution in sections of an electrical
network diagram by stated or resulted loads at points of the diagram;

2) determination of voltage characteristics at points of the electrical
network diagram;

3) determination of total loss of total power in the longitudinal poles of
sections, and transversal conductivity of the points of the electrical
network diagram.

Calculation of power flow distribution in the open network diagram is
always carried out from the network terminal points, gradually moving to the
power supply, strictly following the requirements of Kirchhoff’s first law.

In this connection it is worth pointing out the following consideration. If in
addition to points of electric loads in the network diagram (including the reduced
loads) the transversal conductivity is stated, before starting to calculate the power
flow distribution it is necessary to determine the values of the power flowing from
the network into the points of transversal conductivity by the relation

5 2
AS, =L.U, (2.33)

where Y, is the stated transversal conductivity of s-th point of the network.

Further, we perform algebraic addition of the determined power AS, with
the stated (or reduced) values of electric load power of s-th points, and only after
that (i.e. after receiving the new values of power of s-th points) we may get down
to determining the power flow distribution in the sections of the open network.

Calculation of voltage characteristics in the open network diagram is done
based on the stated level of voltage on the buses of the power supply U, (under
sending end conditions). Moreover, one gradually moves from the power supply to
the terminal points of the open network diagram, applying the relation

S
U, = \/Ué -2> (Pr,-0x,). (2.34)
G

Approximate calculation of total power losses in the longitudinal poles of
sections, and transversal conductivity of points is carried out by known relations

(using the values of U, or UiC):
. P+0Q?
A8, =BG - )
U
n , (2.35)
AS  =YU,

(in this case the values of AS, have been calculated earlier).
Overall total power losses in the whole network are equal to
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) i=N i=M
AS, =D AS_+) AS
i=1 s=1
>
ne N — moBHA KUIBKICTh JIUISSHOK CXeMHU MeEpexi; M — MOBHAa KUIBKICTh IMYyHKTIB
cxeMH Mepexi (0e3 BpaxyBaHHS JIKepelia JKUBJICHHS ).
[Ipu HEeOOX1THOCTI BU3HAYEHHS PIYHUX BTpaT akTuBHOI eHeprii (MBT1ron) B

eJEKTPUYHINA MepeKi HEOOX1THO BUKOPHUCTOBYBATH CITIBBITHOIIICHHS :

A4, =Y AP -8760
A4, =) AP

7€ BEJIMUMHY T BU3HAYAIOTh 10 eMIIIpUYHii 3anexHocTi (2.11) y pyHkuii Bin
BEIUYUHU 1 pax.
CymapHi piuHi BTpaT eHeprii y Bciid Mepexi (MBTTox) 10piBHIOIOTH

A, =Ad, +Ad, (2.36)

Po3paxyHok pexumMy poOOTH PO3IMKHEHOI Mepexki 3aBeplIylOTh BHU-
3HAYEHHSAM MOTYXXHOCTEH MOYaTKiB 1 KIHILIB BCIX IUISHOK cxemu Mepexi. [Ipu
IIbOMY HEOOX1THO BpaxXxOBYBaTH, 1110 MOTYKHOCTI KIHI[IB IUISHOK, SIK1 IIXOJATh 10
KIHIIEBUX MYHKTIB PO3IMKHEHOI MEpeX1, TOBUHHI BIAMOBIIHO J0 MEPIIOTO 3aKOHY
Kipxroda crporo BiaNmoBigaTH 3HAYEHHSM BIJKOPUTOBAHUX EJIEKTPUYHUX
HaBaHTa)XEHb KIHIIEBUX MYHKTIB cXeMH. [I0TY>KHOCTI MOYaTKiB KiHIIEBUX IUISTHOK
MMOBHUHHI BU3HAYATHUCS BIAMOBITHO 70 Bupasy (2.19), TOOTO NUIIXOM areebpaiunoco
MiICYMOBYBAHHS TOBHUX BTpAaT TMOTYXHOCTI Ha KIHLIEBUX JUISHKax 3
MOTY)KHOCTSIMU  KIHI[IB 1HUX JAUISTHOK. 3a3HaueHa TMpoleypa IOBUHHA OyTu
MOBTOPEHA JIJIsl BCIX 1HIIUX AUITHOK MEPEXkI IMIIIXOM TOCIIIIOBHOTO MepEMIIICHHS
B/l KIHIIIB MEpEXi J0 JpKepesia >KUBJICHHS MPH CTPOrOMY IOTPUMaHHI BHUMOT
nieporo 3akoHy Kipxroda.

BukopuctoByroun po3paxyHKOBY BEJIUYMHY TIOTOKY TIOTY)KHOCTI Ha

ai
MOYaTKy TOJOBHOI JAUISHKM CXeMH i | sika MPUMHKAE A0 JKEpesa >KUBJICHHS,
MOXJIMBO TMEPEBIPUTH MPABUIBHICTh PO3PAXYHKY CYMAapHHUX BTpaT MOTYXKHOCTI B
MO3/IOBXKHIX OMOpax CXeMH 3aMIillleHHsI, BpaXOBYIOUH T€, 1110 BTPATH MOTY>KHOCT1 B
MONEPEYHUX TMPOBIAHOCTAX TYHKTIB, $KI pO3paxoBaHI HaMHU paHilie I0
HOMIHAJIbHIN Hampy3i Mepexi, YBEIEH1 J0 CKJIaJy HaBaHTaXEHb S§-X ITYHKTIB
Mepexki CXEMHU.
J171s1 1€ METU BUKOPUCTOBYIOThH BUPa3

. o« n e s=M .
AS,. = S5 38,
s=1

ae 5. 3aJlaHe HaBaHTaXXEHHS S-TO MyHKTY CXEMHU MEpEeXli 3 ypaxyBaHHSM BTpaT
MOTYXHOCT1 B MONEPEUHIN MPOBIAHOCTI LOTO XK S-TO MYHKTY, 3HAWIEHUX paHIlIe
110 HOMIHAJIbHIM HaIpy31 MEepexi.
Pe3ynpTaT peXUMHOIO pO3paxyHKy HAHOCATh Ha OHOJIHIMHY CXeMy
3aMIIIEHHS eIEKTPUYHOT MEpEeX1, y SIKid MOBUHHI OyTH BiI0OpaXkeH1 MOBH1 OMOpU
245
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AS, = ZAS. +> AS,

i=l1 s=1
where N is the total number of sections of the electrical network diagram; M is the
total number of points of the network diagram (except for the power supply).
If it is necessary to calculate the annual losses of active energy (MW/h) in

the electrical network, one uses the relation:
A4, =Y AP -8760
AA iz = ZA})IZ T
where the value of 1 is determined from empirical dependence (2.11) in the
function of T,,,,.
The total annual energy loss (MW/h) in the whole network is equal to
Ad, =AA, +AA,. (2.36)

Calculation of operation modes of the open network is finished by
determining the power of the receiving and sending ends of all the sections of the
network diagram. Also, it is necessary to take into account that according to
Kirchhoff’s first law the power of the ends of the sections approaching the terminal
points of the open network must strictly correspond to the values of the modified
electric loads of terminal points of the diagram. The power of the beginning of the
final sections must be determined by expression (2.19), in other words by algebraic
addition of total power losses in the final sections and the power of the ends of
these sections. The procedure described above is to be repeated for all other
sections of the network by moving gradually from the network ends to the power
supply, strictly following the requirements of Kirchhoff’s first law.

Using the estimated value of power flow at the beginning of the main

sections of the network diagram S, which borders on the power supply, it is

possible to test the correctness of calculations of the total power losses in the
longitudinal poles of an equivalent circuit, considering that power losses in
transversal conductivity of points, determined earlier by the rated voltage of the
network, are included into the loads of s-th points of the network diagram.

For this purpose use expression

s=M
AS., =S7->S,, (2.37)
s=1
where 5, is the stated load of s-th point of the network diagram, taking into
account the power losses in the transversal conductivity of the same s-th point,
determined earlier by the rated voltage of the network.

The results of calculating operation modes are put on a line diagram of
electrical network equivalent cicuit, where total resistance (impedance)
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.. . Z, =T + Jx, . ) )
BC1X JUIAHOK y BUIJIAA1 — l l (‘{I/ICJIOBI BCJIMYUHU — 3 TOYUHICTIO HC 61JIBIJ_IC

JBOX 3HAKIB IMicJsi KOMHM); 3aJaHl eJIeKTpUYHI HABAHTAXKEHHA IYHKTIB (200
MpUBEACH] 3HAYCHHS HABaHTA)XEHb IMYHKTIB), MOTOKM AKTUBHUX 1 PEAKTUBHUX
MOTY>KHOCTEHM MO JIISHKAX CXEMU MEpPexi (YMCIIOB1 BETUUMHM - HE OUIbIIE JBOX
3HAKIB MICIS KOMU).

HanpsiMok TOTOKIB MOTY)KHOCTEH MO JAUISHKaX TMpPU BHUKOPUCTAHHI
CEePeOHbONIHIUHUX NOMYI’CHOCMell 3aBXIU BKA3YEThCI 0062010 CTPUIKOI, SKa
pO3MillleHa HaoO AUITHKaAMU 1 CIPsIMOBaHA 8i0 0djicepend JHCUBNEHHs 00 KIHYeB8020
nyHkmy cxemu. Haj cTpiikaMu BKa3ylOTh YHCIIOBI BEJIMYMHU MMOTOKIB AaKTUBHOI Ta
PEaKTUBHOI MOTY>KHOCTEH (HE OLIbIIIE IBOX 3HAKIB MICIS KOMU).

[Ipy BUKOpPUCTaHHI MOTYXKHOCTEW MOYATKIB 1 KIHIIB JUISTHOK KOPOMKUMU
CTPUIKaMH, PO3MIIMICHUMH HAO OiNAHKAMU, BKA3yIOThb MOTYXHOCTI Ha IMOYaTKY
JUISHOK, @ KOPOTKUMHM CTPUIKAMH y KIHIIB IUISTHOK, PO3MIIIEHUMU 1i0 OLIAHKAMU,
MMO3HAYaI0Th MOTY>KHOCT1 B KiHIII ITUX AUISHOK (puc. 2.25). Bumoru 10 HanpsmkiB
CTPUIOK 1 YHMCENbHUX BEJIMYUH MOTOKIB MOTYXHOCTEH MOBHICTIO BiIMNOBIIAIOTH
PO3TJIIHYTUM BHUIIIE.

[ToTiM Ha cxemi MPUBOAATH PO3PAXYHKOBI 3HAUEHHS MONYJIIB HANpPyTH B
MyHKTaxX MEpexi (YUcaoBa BeITUYMHA — 3 TOYHICTIO HE OUIbILIE OAHOrO 3HaKa MICHs
KOMU; 0€3 BKa31BKM CHUMBOJIIB HAmpyrd 1 PO3MIpPHOCTI, HU(PHU MITKPECTIOIOTHCS

3HU3Y).
116 12.36+j0.82 115.71 8.03-12.68 2 1152
O, Q ;
3+j4 12.33+JO.86> 8-12.64 . T
-9.85+)7.76 8-12.64

5417  ASy=0.36-0.18 MBA

Puc. 2.25. TIoTy>XHOCTI OYATKIB 1 KIHI[IB AUITHOK CXEMHU MEpExKi

VYHu3y mig OAHOJIHIHHOIO CXEMOI BKa3ylOThb KOMNIEKCH)Y BEITUYUHY
CYMapHUX MOBHUX BTPAaT aKTUBHOI Ta PEaKTUBHOI MOTY>KHOCTEH y BCI Mepexi
(uucnoBa
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. . Z. =71 + Jx. .
of all the sections is given as =/ ¢ HXi (numerical values are accurate up to

two digits after decimal point); the stated electric loads of points (or reduced values
of loads of points), flows of active and reactive power in sections of the electrical
network diagram (numerical values are accurate up to two digits after decimal
point).

When using middle line power the direction of power flows in sections is
always indicated by a long arrow, located above the sections, and running from the
power supply to a terminal point of the diagram. Above the arrows there are given
numerical values of active and reactive power flows (up to two digits after decimal
point).

When using the power of the receing and sending ends of section the power
at the beginning of the sections is indicated by short arrows, located above the
sections, while the power at the end of the sections is indicated by short arrows,
located below the sections (Fig. 2.25). The requirements for directions of the
arrows, and numerical values of power flows completely coincide with the ones
studied above.

Further, the estimated values of voltage modules at network points are given
in the diagram (numerical values are accurate up to one digit after decimal point;
without symbols of voltage and quantity dimensions, the digits are underlined).

16 _ 12.36+0.82 , 11571 _ 8.03-j2.68 2 1152
e e
3+j4 12.33+j0.86 8-2.64 :"
-9.85+j7.76 8-j2.64

5417  AS;=0.36-0.18 MVA

Fig. 2.25. Power of the beginning and end of sections of the network diagram

Below the line diagram a complex quantity of overall total losses of active
and reactive power in all the network is given (the numerical
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BEJIMYMHA — HE OLIbIIIE ABOX 3HAKIB IIICII KOMH 3 OOOB'I3KOBOIO BKAa31BKOIO
PO3MIPHOCTI BEJIMYUHU CYMapHHUX BTpaT NOTyXHOCTI MBA).

N

KOHTPOJIBHI 3AITHTAHHA

Ilepepaxyiime nocnioosnocmi npoyedyp O BUKOHAHHA PO3PAXYHKY DeHCUM)
pobomu cxemu eeKmpuyHoi mepexnci?

Ak nosnauaromuvcs napamempu NOMOKOPO3NOOLLY HA cxeMi mepexici?

Ak  no3nauacmvca Ha  cxemi  NOMOKOPO3NOOIl  NpU  BUKOPUCMAHHI
CepeOHbONTHIUHUX NOMYAHCHOCIEU?

JIITEPATYPA
[2], cmop. 119-121; [15], cmop. 174-180; [36], cmop. 58-61.
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value is accurate up to two digits after decimal point, and the quatity dimentions of
overall losses of power are to be given in MVA).

CONTROL QUESTIONS

1. Describe the order of steps in performing the calculation of operation modes

of an electrical network diagram.
2. How are parameters of power flow distribution indicated in the network

diagram?
3. How is power flow distribution indicated in the network diagram when

middle line power is used?

REFERENCES
[2], p. 119-121; [15], p. 174-180; [36], p. 58-61.
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