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.
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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.
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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.

70



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

Y

A
A\

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,=3}D-D-D=D

Y

Y

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.
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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
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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

101



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
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

114



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

118



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-r — A})K.B—C .
K.B-C K.B-C S2 2 D
cH A
2
AP' — AP ST — AI)K.B—H .
K.B-H K.B-H S2 2 2
HH. (O
r_ ST — Upe .
K.B-C K.B-C ’
SC.H. Qs
u' =qu ST — uK.B—H
K.B-H  KBH S - )
wr. K
e o, =S8,/Sa,=S,,/S - xoebimieHrtH, sKi  BH3HAYAIOTH

CIIBBIHOIIICHHS MOTYXHOCTEH CKOPOUEHUX OOMOTOK Ta HOMIHAJIBHOI MOTYKHOCTI
TpaHchopmaropa.

Jlist TpuoOMOTKOBUX TpaHC(OpMATOpIB 31 CHIBBIIHOMIEHHSM TMOTY>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

f P 2
7 _ K3U0B
T(100) — 2 -3 -
1,835210
[licns mepepaxyHKy 3Hau€Hb BTpPAT IMOTYKHOCTI Ta HAMpyr KOPOTKOTO

3aMKHEHHS aKTHBHI Ta 1HAYKTHUBHI OMIOpH OOMOTOK TpaHC(HOpMaTOpiB BU3HAYAIOTh
3a Bupazamu (1.24) 1 (1.27).

KOHTPOJIBHI 3AITUTAHHA

1. Axi aepecamu nazuearome mpauncgopmamopamu 3i CKOpoyeHUMU 0OMomKamu?

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 S-r — A})K.B—C .
K.B-C K.B-C 2 2 2
C.H. (X'C.H.
2
AP' — AP ST — AI)K.B—H .
K.B-H K.B-H S2 2 9
H.H (X'H.H.
! ST — uK.B—C .
K.B-C K.B-C 2
SC.H. (X'C.H.
u' =qu ST _ uK.B—H
KB-H  K.B-H S - D
(X'H.H.

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) 21N0-3
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
OBMOTKAMMA

KoHCTpyKkTHBHE BUKOHAHHS JIESIKUX THITIB CHJIOBUX TpaHCHOpMaTOpiB
nepeaoayae BUKOHaHHS 0OMOTKHA HU3bKO1 HANPYTH PO3IIETUICHOIO Ha /Bl YaCTHHH,
MOTYXHICTh KOXHOT 3 sKkux ckmanae 50% Bil HOMIHAIBHOI MOTY>KHOCTI
Tpancopmaropa. Sk 3a3Hauvanocs BUIlE, 3a JOMIOMOTIOK0 TaKUX TpaHCHOpPMATOPiB
MOXHA OPraHi3yBaTH XKUBJICHHS €JECKTPUUYHHX MEPEX BiJl IBOX reHepaTopis, abo
PO3IUTBHE KUBJICHHS CEKI[IH PO3MOAUTFUYMX MPUCTPOIB CIIOKUBAIIBKUX M1ACTAHIIIN.

TpanchopmaTopu 3 pPO3MICTUICHUMHU OOMOTKAMHU MOXYTh IMpaIfOBaTU TI0
JIBOM CXE€MaM YBIMKHEHHS: 13 TOE€JIHAHUMHU TMapajieIbHO OOMOTKaMU HHU3bKO1
HAIpPYTH Ta 13 PO3AUIBHUM YBIMKHEHHSM PO3UIEIUIEHUX OOMOTOK.

VY mnepuiomy pa3i cxeMa 3aMillieHHS TpaHcdopMaropa Ta I MapaMeTpu
MOBHICTIO 301rar0ThCsl 13 CXEMOK 3aMIIIEHHS 3BHYAMHOTO JBOOOMOTKOBOTO
Tpancopmaropa, HaBeaeHOT Ha puc. 1.29. Taka cxemMa YBIMKHEHHS HE J03BOJISIE
BUKOPHCTOBYBATH KOHCTPYKTHUBHI TepeBaru TpaHchOpMaTOpiB 3 PO3IICIUICHUMU
0OMOTKaMHU.

Jns  ngpyroi cxemMu yBIMKHEHHS TpaHcopmaropa 3 pO3IICIUICHUMU
oOMOTKaMHu cxeMa 3aMillleHHs HaBelleHa Ha puc. 1.33.

rﬁ“ xﬂ Pt X
AL o}
Xz
AR O

Puc. 1.33.I'-noxiObHa cxema 3amillieHHsI CUJIOBOTO TpaHc(opMaTopa
3 pO3IIEIUICHUMH 0OMOTKaMu

Ha puc 1.33 r,, x; — akTUBHMI Ta IHAYKTUBHUNA OMOPU OOMOTKH BHUCOKOi
HAIPYTH; Fy1, V2, Xul, X2 — AKTUBHI Ta 1HIYKTHUBHI OMOPH PO3IIETIEHUX 0OMOTOK
HU3BKOI HAPYTH, 3BE/ICH1 O HOMIHAJILHOT HAIIPYTH OOMOTKH BUCOKOI HAMPYTH.

[TapameTpu momnepeyHoOi T'JIKK KOHTYPY HaMarHiuyBaHHS CXEMH 3aMIillleHHS
TpancopMaropa 3 po3IIECTNICHUMU OOMOTKaMHU PO3PaxOBYIOTh TaK caMo, K 1 JJIs
3BHYAaHUX JIBOOOMOTOKOBHMX TpaHc(opmaTopiB 3a Bupazamu (1.9) ta (1.15) abo
(1.16). Taka rinka 3aBXau po3TallioBaHa 3 OOKY *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 TMOTY)XHOCTI OOMOTKHM BHCOKOi  Hampyru, s
aKTUBHUX OMOpPIB 0OMOTOK TpaHCchopMaTOopa MOKHA 3aMMCATH CHIBBIIHOIICHHS

v, =r,=2r,. (1.27)

H
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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 s Xyt
P aa 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 ry, x; are pure resistance and inductive reactance of the high-
voltage winding; 71, 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

v, =r,=2r,. (1.27)
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3a mapaneiabHOro MO€JHAHHSA PO3UICIUICHUX OOMOTOK HHU3bKOI Hampyru
TpaHchopMaTop Mpalroe 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
X =x, +—1—t
le + xHZ

ne r; 1 x; BU3HauvaroTh 3a Bupazamu (1.17) ta (1.22) nna aBOOOMOTKOBHX

TpaHchopMaTopiB.
3 nepuioro piBHsHHSA (1.27) Ta cniBBinHomeHHs (1.28) BuninuBae, mo
r, =0,5r;
rHl = rH2 = rT'

Jis  TpaHchoOpMaTopiB 3 PO3LICIUVIEHUMHU OOMOTKAMM 3 JIOCTaTHBOIO
TH)XKEHEPHOIO TOYHICTIO MOYHA BBa)KaTH, 10 1HIYKTUBHHUI OMip OOMOTKH BHCOKOT

Hanpyru aopiBHioe HyIt0 (X = 0). Toxi 3 apyroro piBasHHS (1.28) BUILIHUBAE, 110
p y B py p

X1 =X, :2xo'

KoHCTpyKTHBHE BUKOHAHHS JESKUX CUJIOBUX TpaHCcPopMarTopiB nependadae
pO3IICTNIEHHS OOMOTKM HU3bKOi HAlPyrd HAa TPU YaCTHHH, MOTYXKHICTh KOXKHOT 3
akux ckiagae 33,3% Bil HOMIHAJIBHOI MOTY>XHOCT1 TpaHcpopmaTopa. s takux
TpancopMaTropiB mapamMeTpu TMOB3JOBXKHIX TIUIOK 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
TpaHchopMaTopis.

[lepeBaroro TpaHchopMaTopiB 3 PO3MICTUICHOI OOMOTKOIO € 30UIbIICHHS
PEAKTHUBHOIO OMOPY MK TUIKaMH, IO J03BOJISIE OOMEXKYBATH CTPYM KOPOTKOIO
3amukaHHsa Ha ctopoHi HH. Tomy nmonmxytodi TpanchopmaTopu 3 po3uienIeHUMHU
OOMOTKaMH OJiepXajlu MIUpoKe mnomupeHHs. [linBuinyBanbHi TpaHnchopMaTopu 3
PO3LIEIUIEHUMHU OOMOTKaMH 3aCTOCOBYIOTh piIKO. BOHM BHKOpHUCTOBYIOTHCS Ha
€JIEKTPOCTAHIIIAX, KOJM KUIbKA TEHEpaToOpiB JOLUIBHO NPUEAHATH JO OJHOIO
TpaHchopmaTopa. Y  IbOMY  BHIAAKYy  YHUCIO  PO3LICIUIEHUX  OOMOTOK
TpaHchopMaTopa MOBUHHE BIANOBIIATH YUCITY T€HEPATOPIB, IO MIAKIIOYAIOTHCS.
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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

r..r

_ H] H2
VT = VB + P .
1 2
ut 7 (1.28)
X X
— HI" H2
XT = XB + —
le +xH2

where r; 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;

By =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  Hazusaiomb — mpaumcgopmamopamu 3 po3uenieHUMuU
oomomxamu?

2. Haszsimv nepesacu suxopucmanns mpauncgopmamopié 3  po3uenieHuUMuU
obmomxamu.

3. 3a axumu cxemamu modcymo npayioeamu mparcpopmamopu 3 po3ujenieHumu
oomomxamu?

4. Hasedimb cxemy 3amijeHHs CUIO8020 MPAHCHOPpMAmMopa 3 po3uenyieHumu
obmomxamu.

5. Hasedimb supasu 0/ 6U3HAYEHHs AKMUBHUX MA THOYKIMUBHUX 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 CWJIOBI ABTOTPAHC®OPMATOPH

B enekTpuuHHX Mepexax BUIIMX KJACIB HOMIHAJbHOI HAIPyrd, OCOOJIUBO
HAJBUCOKOiI  HOMIHAJIbHOi  HANpyrW, 4YacTO  BUKOPUCTOBYIOTH  CHJIOBI
aBroTpancopmaropu. Ha puc. 1.34 mnpeacraBienHo oaHodazHUI CUIOBUN
aBrotpancopmarop 330/110 B, BctaHoBneHuit Ha Yepkacbkid 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, K CXEMAaTHYHO TMpPEACTaBICHO Ha
puc.1.35.

Yactuny oOMOTKH aBTOTpaHchOpMaTopa, sika € CIUIBHOIO AJIsl MOETHYBAHUX
EJIEKTPUYHUX MEPEXK PI3HUX KJIACIB HOMIHAJIBHOT HANPYTr Ha3WBaIOTh 3arajbHOIO
oOMoTKOI0. HasiBHICTB 3arajibHOi OOMOTKH J103BOJISI€E CYTTEBO MOKPAIIUTH Maco-
rabapuTHI Ta TEXHIKO-€KOHOMIYH1 MOKa3HUKU aBTOTpaHC(HOPMATOPIB MOPIBHSIHO 3
CWIOBUMH JIBOOOMOTKOBUMHU TpaHchopmaTopamu. 3a3HayuMMo, M0 4epes
OOMEKEHHS Maco-rabapuTHUX TMOKAa3HUKIB TPaHCPOPMATOPIB B EIEKTPUUHUX
MepekaxX HaJBUCOKOI HOMIHAJIBHOI HAmpyrd MOXIMBO BUKOPUCTAHHS JIMIIE
aBTOTpaHc(popMaTOpiB.

OnHi€l0 3 OCHOBHMX XapaKTEPUCTUK CHJIOBUX TpaHcPopMaTopiB € ix
Koegiyicnm mpancgopmayii, IKUA YUCEIBHO JOPIBHIOE BIAHOIIEHHIO KIIBKOCTEH
BUTKIB OOMOTOK BUCOKOi Ta HU3bKO1 HAMPYTH BiJIMOBIIHO

ar

k=

ar
=
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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

o
W,

128



1

L e ——

AVED AV G AV

.
Nl XN

L L O, e e e ¢

U1 _f’>
I, U,
O
1=l
e, O

Puc. 1.35. Enexktpuuna npuHIMNoBa cxema oH0¢a3HOTro aBToTpaHchopmaropa

Slkio 3HEXTyBaTH MaAIHHSAMM HAlpyru Ha oOMOTKaxX TpaHcdopmaTopa, TO
YMOBHO MOXHa BBa)KaTH, 110 KoeiieHT TpaHchopMallii TOpPIBHIOE BIIHOIICHHIO
BHUCOKOT HAIIPYTY Ta HU3bKOT HAIIPYTH BIATIOBIIHO

kT:UB/UH.

CyuacHi KOHCTPYKIIi CHJIOBUX TpaHC(OpMATOpiB JO3BOJSIOTH 3MIHIOBATH
pobOoUy KITBKICTh BUTKIB 0OMOTOK TpaHchopMmaTopa i, TAKUM YUHOM, 3A1HCHIOBATH
pETYIIOBaHHS HANpPYTH B EICKTPUYHIN Mepexi, 10 MieJIHaHa 0 BTOPHUHHHUX
oOMoTok TpaHchopmaropa. Take peryjaroBaHHS MOKe€ OyTH aBTOMAaTHYHHM 3a
JOTIOMOTOI0 TIPUCTPOIB PETYITIOBAaHHS 0€3 PO3pUBY JAHIIOTa HABAHTAXKCHHIM
(PITH) aGo HeaBTOMAaTHYHUM 3a JIONIOMOIOI) MPHUCTPOIO IMEpeKItoYeHHs 0e3
30ymxkenns (I1b3). 3a3HauuMo, 10 OCTaHHIA cmocid peryjaroBaHHS MOTpedye
BIIKJIIOUEHHS TpaHc(opMatopa BiJ MEpeXi 1 TOMy HOro BUKOPHUCTOBYIOTH JIUIIIE
JUIS. CE30HHOTO PETYIIIOBAHHS HAIPYTH.
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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/ Uy.

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 3a3BHuYail BUKOPUCTOBYIOTH CHUJIOBI aBTOTpaHCHOpMATOPHU
(AT).

Cxema 3aminieHHst AT MICTUTh MONEPEUHY TUIKY KOHTYPY HaMarHI14yBaHHS
Ta TPHU MOB3JIOBXKHI T'JIKKM OMIOPiB 0OMOTOK, MO€HAH] Y TPUITPOMEHEBY 31PKY.

HonatkoBoto xapakrepuctukoro AT € Tak 3BaHa THINOBA TMOTYXKHICTb.
HominanbHa MOTYXXHICTh 1€ Ta MOTYKHICTh HA Ky BIH pPO3paxOBaHHIl MO yMOBI
HarpiBy, TOOTO 1€ TpaHUYHA MOTY>KHICTh, 110 MOKe OyTu nepenana yepe3 AT Ha
CTOpPOH1 BHCOKOi Hampyrd. THUIOBa MOTYKHICTh XapaKTepU3y€e MOTYKHICTh, sKa
NEpPeacTbCcsd  EJIEKTPOMArHiTHUM —LUIIXOM  4Yepe3 OOMOTKHM, W0 3B s3aHl
enekTpuyHo. lle Ta MOTYXHICTb Ha $Ky pO3paxoBaHa IOCIIJOBHA OOMOTKa
CEpeHbOI HAIIPYTU

St =3I Usu (1= Ucs/ Uss).

PosristHemo npuHIUNOBY cxemy aBToTpanchopmaropa. [lo cnipHiil 0OMOTIII
arperaTy npoOXOJUTh CTPYM, SIKHH YUCEJIBHO JOPIBHIOE PI3HUIII CTPYMIB IEPBUHHOT
1 BTOpPUHHOI 0OMOTOK:

I,=1,-1,.
VY pa3i HeXTyBaHHS KyTaMH IOBOPOTY BEKTOPIB CTPYMY 1 HAIPYTy MEPBUHHO1
Ta BTOPUHHOT OOMOTOK, 3yMOBJICHHX BTpAaTaMH aKTUBHOI MOTYXHOCT1 HEPOOOUOT0

X0y 1 KOPOTKOTO 3aMUKaHHs 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 TpancdopMmaillii aBroTpanchopmaropa,k -
1 .

ni
KOe(DILIEHT BUT1THOCTI.

3 aHanizy Bupaszy (1.29) moxHa 3poOWUTH BHUCHOBOK MpO T€, IO THUIIOBA
MOTYXKHICTh aBTOTpaHcPopMaTopa 3aBXKIWM MEHINA BiJ] HOMIHAJIBHOI MOTYKHOCTI
CUJIOBOTO TPUOOMOTKOBOTO TpaHC(HOpMAaTOpa TOTO K KiIacy HOMIHAJIbHOI HAIPYTU
1 TIET K HOMIHAIBHOI MOTYXHOCTI. lle NpU3BOAUTH MO0 B3HIKEHHS MacH,
rabapuTHUX pO3MIpIB 1 BTpAT aKTUBHOI MOTY>KHOCT1 B aBTOTpaHC(hOpMaTopi.

Koedimienr,  gxuii ~ BU3HAYae  3HMKEHHS  THUIOBOi  TMOTY>KHOCTI
aBToTpaHcopmaTopa, B TEXHIYHIA JiTeparypl Ha3UBalOTh 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.

St =3I Usu (1= Ucs/ Uss).

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

S, =3U, (I, - 1,) =3U,1, 1—5—1 _

2

(1.29)
1
=S, |1-—1|=8.k,.
kT
1 U,
wherek, = ]—2 = Ua - is the autotransformer transformation ratio , k_ is the cost
1 ,

i
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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k,=1-—. (1.30)

Ob6epuena BenuunHa 1/k, mokasye, y CKUIbKM pa3iB BUTIHIIIE 3aCTOCYBAHHS
aBTOTpaHc(opmaTopa MOPIBHIHO 13 CHJIIOBUM TPUOOMOTKOBUM TpaHC(HOPMATOPOM
TaKoi caMOi HOMIHAJIBHOT MMOTYHOCTI.

3 ananizy Bupasy (1.30) BummBae, MO0 4uM OJMDKYl KJIAcCH HOMIHAJIBHOI
HaIrpyra 0OMOTOK aBTOTpaHc(hopMaTOpiB, TAM MEHIIUN KOE(ILIEHT BUT1IHOCTI, a,
OTXKe, TUM OUThIIMM OyJie 3HIKEHHS THIIOBOI MOTY>KHOCTI aBTOTpaHc(opMaTopa
(tabn. 1.4). Hanpuknan, 3a croiBBigHOIIEHb HOMiHanbHUX Hampyr 330/220 kB,
500/330 kB, 750/500 kB koedimieHTH BHUTiIHOCTI aBTOTpaHCpopMaTropa
CcTaHOBIATh Onn3bko 0,33, TOOTO THUIOBAa MOTYXHICTH aBTOTpaHchopmaropa
BUSBIIIETHCS MPUOIM3HO B TPU Pa3d MEHILOIO BiJl TUIIOBOI MOTYKHOCT1 CUJIOBOTO
TpuoOMOTKOBOTO TpaHchopmaropa. BogHouyac 3a CHiBBIIHOIICHHS HOMIHATBHHUX
Hanpyr oOMoTok aBToTrpanchopmatopa 750/110 kB koedillieHT BHUTITHOCTI
ctaHoBuTh (0,85, TOOTO THUMOBA MOTYXKHICTh aBTOTpaHC(HOpPMATOpa 3HUKYETHCS
muiie Ha 15% nopiBHSAHO 3 HOMIHAJIBHOIO MOTYXHICTIO CHJIOBOTO TPHOOMOTKOBOTO
TpaHchopmaropa. Lle o3Hauae, 1m0 3HUKEHHS MacorabapuTHUX XapaKTEPUCTHK
CWJIOBHUX aBTOTpaHC(OpPMATOpIB WLIOJI0 CHIIOBUX TpaHC(hOpMATOpIB Tiei camoi
MOTYXHOCT1 OyzAe TUM Oulblie, YuM OJNM>K4l HOMIHAJIbHI HAampyrd MOETHYBAaHUX
EJIEKTPUYHUX CUCTEM.

Tabnuus 1.4. XapakTepucTHUKU aBTOTpaHCHOPMATOPIB HAABUCOKOT HAIPYTU

CriBBIHOIICHHS 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 TPEThOIO OOMOTKOIO
HU3BKOI HAMpPYTH, BiJl KOO 31MCHIOIOTH KUBJICHHS BJIACHUX MOTpeO MiJICTAHIIIH,
a TaKOXX MICIEBUX CIIOKMBa4yiB. Takli OOMOTKM IOB’sA3aHI 3 OOMOTKaMH BHCOKOT
HaIpyru 3a JIOMOMOTOI0 €JIEKTPOMArHITHOTO 3B’sI3Ky. UMHHI TEXHIYHI YMOBHU Ha
CWJIOBl  aBToTpaHcpopmaTopu  mepeadavaroTh  BUKOHAHHS  arperatriB = 3
HOMIHAJIbHOIO
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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:

AP

Kle—mH)

= ElPK(E:—:—{' HDMKSTJ ﬂP;:{.:—H:I = ﬂPK':E—H' H-:nt{STJ
(1.31)

v '
Upizg—u) = uK':E—H:ISHDM!S y Usle—n) = ufc':c—H:ISHDM!ST

Brpatn akTHBHOI TOTYXHOCTI KOPOTKOTO 3aMUKaHHSI oO0MoTok AT
BU3HAYAIOTHCS aHAJIOTTYHO TPUOOMOTKOBOMY TpaHchopMaTopy.

AP, =0,5(AP, + AP, - AP, );

K.B-C K.B-H

K.B-C K.C-H K.B-C K.B?

AP, =0,5(AP, +AP,_ —AP,, )=AP, —AP
AR, =05(AP,, +AP AR, J=AP, AP,

Jiss  MojentoBaHHA poOOYMX PEXKUMIB EIEKTPUYHUX CUCTEM CHJIOBI
aBTOTpaHC(HOPMATOPU MOJETIOIOTH [ -MOIOHUMH CXeMaMU 3aMillleHHs TaK caMo,
AK 1 3BHYaiiHl CUJIOBI TPHOOMOTKOBI TpaHcpopmaTopu. JloBinHuKOBa 1H(pOpMaIlis
PO CKOpOYEHI OOMOTKM aBTOTPaHCPOPMATOPIB 3a3BUYAMl MICTUTH JaHl NPO
3BE/ICH] 10 HOMIHAJbHOI MOTYXKHOCT1 aBTOTpaHCchopMaTropa mnapaMeTpu JIOCITiIiB
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:

' 2 2, ' I . L2 2,
E‘PK{B—HJ = E‘PK':B—H]SHDMXSTJ ﬂPK{c—HJ - &PK'\E—H_JSHDMXSTJ
(1.31)
‘ '
uK':B—H:I = uK':B—H:"gHDMXS y uw:c—:-{:l = uK':E—H:"SrHEIMXST

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, );
AP, =0,5(AP, +AP,  —AP  )=AP_  -AP,;
AP, =0,5(AP, +AP _ —AP_  )=AP, —AP,,.

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  OXOJIOJDKEHHS; MEHIIl rabapuTv, 110 JI03BOJsiE 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; HU3bKI BEIMYMHHM 1, 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 6uznauenHsi ma NOACHIMb CYmMHICmMb Koe@hiyienma BuciOHoCmi
asmompancgopmamopa.

6 . Hasedimo cxemy 3amiwenns cunogo2o aemompancgopmamopa.

7. llosichimb 6ucionicmb 3acmMOCY8aAHHA CUNOBUX ABMOMPAHCHOPMAmopis O
NOEOHAHHA HA NApPAieibHy pPoOOMY eleKMPUYHUX Mepedc ONU3bKUX KIACI8
HOMIHAIbHOI Hanpy2uU.
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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.
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