o ®

Education and Culture

Tempus

CEFES

YHUBEP3WUTET “Cs. KUPWUJT N METOQWNJ*
’) ENEKTPOTEXHUYKN PAKYNTET — CKONJE
\/ HactaBa Ha nocTAMNMOMCKM CTYAUN HA NPOEKTOT:

EKOHOMCKW UCTMNATIIMBN N EKONOLWKWN EHEPTETCKN CUCTEMW
(COST EFFECTIVE&ENVIRONMENTALLY FRIENDLY ENERGY SYSTEMS)

HACTABA MO NPEAMETOT:

" KBAJIUTET HA ENEKTPUYHATA EHEPITUJA"
(POWER QUALITY)

Marepujan u3paboTeH Of:
npod. a-p Josuna Munanosuk, Y MU CT-Manuecrep
u npepasauynte Ha CARDS-yHuBep3uTeTUTE:
pon. n-p Amup Tokuk, ET® — Tysna,
npod. a-p Baagumup Katuk, Td- Hosu Cap
npod a-p Pucro Aukoscku, ET® — Ckomje

Mamnuecrep, Ty3na, Hosu Can, Ckomnje, 2005/2006 r.



I NEJ. PETYJIAILIMJA HA HAITIOHUA

[Tpunpemun npod. a-p Pucro AukoBcku

Coopwuna:

1. PEI'YIIAIMJA HA HATIOHWUTE 1 PEAKTUBHUTE
MOKHOCTHU BO EEC [1]...... 5

1.1. OmumTo 3a peryjanmjata Ha HANIOHUTE

1.2. Bpcka nomery HAIIOHHUT W TEKOBHTE HA PEAKTHBHUTE MOKHOCTH

1.3. Perynanuja Ha HAMOHOT €O W3MEHA HA HANIOHUTE Kaj U3BOPUTE

1.4. Perynanuja Ha HAMOHOT CO U3MEHA HA IPEHOCHUTE OJHOCH Kaj
eHepreTckyute Tpancgopmaropu

1.5. Perynanuja Ha HAanmoHUTe cO Mpepacnpenenda Ha peakTHBHUTE
mMoknocti B0 EEC

2. PETYITALIMJA HA HAITIOHUTE BO
INCTPUBYTUBHUTE MPEXHN [2] ...... 53

2.1. CraTH4yKku HANOHCKHM KAPAKTEPHCTHKH HA TOBAPOT

2.2. IlITeTH Kaj MOTPOUIYBAYUTE 3aPAH OTCTANYBAHETO HA HATOHOT
2.3. Tpanchopmaropu co peryanuja B0 6€3HANOHCKA COCTOj0a

2.4. Tpauncdopmaropu co peryianmja onoj ToBap (peryjanuoHu Tp-pu)
- 3aMEHCKa IlIeMa Ha TpaHchOopMaTOpOT

- peryianyja Ha HallOHOT BO AUCTPUOYTUBHUTE MPEXKHU

- e(pMKaCHOCT Ha peryJjalnyjaTa Ha HallOHOT

3. IOJTOTSPAJHU BAPMJALIMU HA HATIOHOT
(LONG-DURATION VOLTAGE VARIATIONS) [3],[4] ...... 69

3.1. IlpuHuunu Ha peryJjanujata Ha HANOHOT

3.2. Cpepacrsa 3a peryaanuja Ha HAMOHOT

- HalIOHCKY PETyJIaTOpH

- pepope30HaHTHH TpaHpopMaTOpn

- TpaHCc(pOpPMaATOPH CO €IEKTPOHCKU IIPOMEHIIUB IPEHOCEH OTHOC
- MarHeTCKM CUHTHCAj3epH

- on line UPS cuctemu (UPS = uninterptuble power supply)

- CUCTEM MOTOpP-TE€HEPATOP

- CTaTUYKM KOMIIEH3aTOPHU Ha peakKTuBHAa MOKHOCT (SVR)
3.3. IlpumeHa Ha HANIOHCKM pPeryJaTopu

- KOMIIEH3all{ja Ha NaJJoT Ha HAIllOH BO BOJJOBUTE

- CEPHUCKU PETyJIaTOPH

3.4. Peryianuja Ha HANIOHTO CO MOMOII HA KOH/IE3ATOPH
- MapajieiHa KOMIIeH3aluja



- penHa (cepucKka) KOMIIeH3alyja

3.5. KomneHn3amuja Ha peakKTHBHATA MOKHOCT Kaj KPajHUTEe KOPHUCHUIH
- JOKalyja Ha KOHJEH3aTPOCKUTE OaTepuu 3a MOMpaBKa Ha cos @

- IOKa4yBame Ha HAIOHOT

- penyknuja (HaMallyBame) Ha 3aTryONTe Ha MOKHOCT

- pefyKIiyja Ha cTpyjaTa BO BOJOBUTE

- BUCTUHCKU (paKTOp Ha MOKHOCT (true power factor TPF)

- 1300p Ha roJieMUHAaTa Ha KanaluTEeTOT Ha OaTepujaTa

3.6. Perynanuja na HamonuTe co aucTpudoynpann uzsopu (DG)

3.7. JImteparypa

4. HATIOHCKU JAMU (ITPOITAIW) U ITPEKNHU
(VOLTAGE SAGS AND INTERUPTIONS) [3], [4] ...... 91

4.1. WM3Bopu Ha mponajuTe U NPEKNHNATE

4.2. PannuBa odiact

4.3. OCHOBHH NPUHIMIIM HA 3aIITHTATA

4.4. Kpajuu noTpomyBayu u npodJieMaTHKa BO BPCKa CO HUB

- hepope30HaHTHU TPAaHCPOPMATOPH

- MAarHeTCKM CUHTHUCA]3epH

- IMPEKTHO BIYYEHU ypeNHn 3a MPEeCHPEKNHATO HaNojyBame (on-line UPS)

- xubpupau UPS

- rpylla MOTOp-TE€HEepaToOpP

- CYIIEpCIIPOBOIHY CPEJICTBA 3a CKIIAIMPAE Ha MarHETCKaTa eHEpruja

- cienduKanyja Ha onpemMaTa IpuKJydeHa Kaj KpajHUTe KOPUCHUIN

4.5. Hanoncku nponaau nNpyu cTapryBame Ha MOTOpPUTE

- HAUMHU 3a BOYLITaWk€ Ha TOJIEMUTE MOTOPHU

- IPOLICHKA Ha FOJIEMUAHATA HAa HAIIOHCKUOT ITPONaj MPU JUPEKTHO BIIYIITAHE

4.6. IIpodaemaTHKa HA OTCTPaHYBamb€e HA PELIKHTE BO MpeKaTa

- IPUHIUIN HA IPEKYCTPyjHATA 3allITUTA

- IpUMEHA Ha pelen

- IpUMEHA Ha OCUTYpyBaydu

- MOBEKEKPATHO BKIy4yBame (reclosing)

- IITEJICHE HA OCUTYPYBAauUNTE

- IOBEPJIUBOCT

- BJIijaHNe Ha eJTMMUHALFjaTa Ha IITEAECHETO OCUTyPYBaUH

- IOJIOJI>)KHO CEKIINOHUPahE

- 3roJieMyBame Ha OpOjOT Ha PEKIIO3epH

- MOMEHTAJIHO IIOBTOPHO BKJIy4yBahE

- eAHO0(pa3HO aBTOMATCKO MOBTOPHO BKIIYUYBaH-€

- OCUTypyBa4M 3a OrpaHNYyBal€ Ha Kyca BpcKa

-nojiecyBame (HarojiyBame) Ha pejiejHaTa 3allTHTa



- 3aHeMapyBame Ha CTPyjaTa Ha TPETHOT XapMOHUK

- IpeBEeHIIMja Off TPEIKN BO MpesKaTa

- OJIp>KyBam-¢ Ha HAI3EMHUTE BOJOBH

- IpIMEHa Ha TIOI3€MHHI Ka0n

- OJIBOJTHHIIY HA TIPEHATIOHU

- IOKalyja Ha Tpenikara (Kycara BpcKa)

- TOKaKyBaun (MHAMKATOPH) Ha TpenIkaTa

- ToIMpamke Ha MECTOTO Ha Ipelllka Kaj Kabiaure 6e3 MHINKATOPH Ha Tp.
4.7. JIlnreparypa

References:

[1] P. AukoBcku, "BucokOHanmoHCKN Mpexu u cucremun”, ET®-
Ckorje, 1995. (yae6HEK).

[2] H. PajakoBuk, [I. Tacuk, I'. CaBaHnoBuk, "[IucTpuOyTUBHE
uHpycrpujcke mpexe" ET®-beorpan. 2004. (yueOHUK).

[3] R. Dugan, M. F. McGranaghan, H. W. Beaty, "Electical Power
Systems Quality". McGraw Hill, N.York, 1996 (first edition).

[4] R. Dugan, M. F. McGranaghan, H. W. Beaty, "Electical Power
Systems Quality". McGraw Hill, N.York, 2002 (second edition).



3. PEI'YJAIIMJA HA HAITIOHU 1 PEAKTUBHU
MOKHOCTH BO EEC

3.1. OIIIITO 3A PETI'YJAIIMJATA HA HAITIOHU
BO EEC

Pa6oraTta Ha moTpolyBaunTe ce BIOIIyBa KOTra THE paboTaT cO HAMOH KOj
ce pa3lMKyBa Ojf HOMUHAJHUOT. BO cily4ajoT Kora HamoHOT € TOTroJIeM Off
HOMHMHAIIHAOT, Kaj TpaHcopMaTopuTe moafa MO 3roJieMeHu 3aryom Ha
aKTUBHA W pEaKTUBHA MOKHOCT BO MarHeTCKOTO KOJO W IO 3TOJIEMEHO
3arpeBamwe nopaau Toa. CIuyHO, Kaj HaJ3eMHUTE BOJOBU, NOPajiu MojaBaTa
Ha 3acWiieHa KOpOHa, jjoafa [0 3rojieMyBame Ha 3aryonTe Ha aKTHBHA
MOKHOCT, JIofieKa Kaj KaOGnuTe, 3apaji 3rOJIEMEHNUTE IUETIeKTPUYHY 3aryou,
MOXe Jla Iojie A0 MPEeKyMEpPHO 3arpeBame Ha M3oJanyjaTta u 1o IojaBa Ha
TOIUTMHCKU TPO0O0] WM HEj3UHO MpeiIBpeMeHO cTapeeme. PabGorara co
MIPEBUCOK HAIOH € 0COOEHO HETIOBOJIHA 33 CBETHIIKUATE CO BXKapeHO BIAKHO,
OujiejKu TOa 3HATHO UM I'O CKpaTyBa HUBHHOT BEK Ha TPacHE.

» 3a0p3aHo cTapeewe Ha CUTE €JIEMEHTH Of] MpeXara;
» 3royieMeHu 3aryou AP u AQ BO TpaHC(OPMaTOPUTE;
>
>

3acujieHa KOpOHa U 3roJieMeHu 3aryom AP Kaj
HAaJ3€EMHHUTE BOJIOBH;

3rOJIEMEHU JUEJIEKTPUYHN 3aryon AP u 3arpeBame
Kaj KabauTe, MpeBPEMEHO CTapEEeHE, MOKHOCT 3a
TOIJIMHCKY NMPOOUB.

Uu>U,

PaboTaTa co HAmoOH IMOHM30K OJf HOMHUHAJIHUOT MCTO TaKa HEIMOBOJHO Ce
ofipa3yBa Ha TEXHUYKHUTE W €KOHOMCKHTE MOKAa3aTeNn Ha MOTPOIIyBAUUTE.
Kaj cBeTunkuTe co BXXapeHO BJIAaKHO, IOPaAN HAaMaJICHHOT HAMOH jioara 10
OCETHO HaMallyBalkhe Ha CBETIIOCHHOT (PIYKC IITO TMOBIIEKyBa co cebe u
Apyru HemoxkedHW mocieaunu. Kaj acHHXpOHUTE MOTOpH ce BIIOIIyBaaT
yCIIOBUTE HA BOYIITakE, a OCBEH TOA, BO HOPMAIIHUOT PEKUM Ha paboTa ce
3roJIeMyBa JIM3TakETO, MITO MOBJIEKYBa 3roJieMeHa CTpyja U TIOMHTEH3UBHO
3arpeBame Ha HAMOTKHTE Ha MOTOPOT, BJIOIIyBame HAa KOS(HUIUESHTOT Ha
KOPHCHO JIejCTBO U MOOP30 cTapeewme Ha Motopute. McTo Taka, paGoraTa
CO HATIOH TOJI HOMWHAJTHUOT TOBJIEKYBa 3rOJIEMEHHU 3ary0nm Ha MOKHOCT U
eHepruja BO eJIEKTPUIHUTE MPEKH UTH.

» 3roJIEMyBamhe€ Ha 3aryOuTe Ha aKTUBHA MOKHOCT
U €HEepryja BO eJIEKTPUUHUTE MPEXU;

BJIOIIYBaHh€ HA TEXHUUKUTE U EKOHOMCKHUTE
noxkasaTesnu 1 nepopMaHCH Ha HOTPOIIYBAYUTE;
HaMaJlyBamw€ Ha CBETIMHCKHUOT (DIIYKC Kaj CHjaIULIATE
CO BXKApEHO BIIAKHO U IPYTH HETIOXKETHY 110]aBY;

3TOJIEMEHO JIN3TakEe U 3r0JIEMEHN 3aryou Kaj
ACUHXPOHUTE MOTOPH.

>
Uu<Uu, >
>

Ha pabGorara Ha mNOTpOIIyBauMTE HEMOBOJHO BIHMjaaT HE CaMo
OTCTanyBamaTa Ha HANOHOT Off HeroBaTa HOMUHAJHA BPETHOCT TYKY U
KonebamaTa Ha HallOHOT.



I'maBHa mpuuymHA 3a OTCTAyBAKETO HA HAIIOHOT Kaj MOTPOILIYBAYUTE Of
HEropaTa HOMMHAJIHATAa BPEJHOCT € IIPOMEHATa Ha OINTOBAapyBaHETO HA
CHCTEMOT, OTHOCHO IIPOMEHJIMBUAOT PEXUM Ha pad0OTa HA MOTPOILIYBAYHTE.

Bo ronemure enektpoeHeprercku cucremun (EEC), opgHOcoT Mery
MakCHMaJlHaTa ¥ MUHUMAaJIHaTa CyMapHa MOKHOCT Ha ONTOBapyBamE€TO BO
TEKOT Ha JIEHOT ce JIBUKM HajuecTo BO mHTepBajoT op 1,5:1 mo 2:1. Bo
MUCTPUOYTUBHUTE MpEXKH, NMaK, BO KOU TOJEM J[ie] Off E€Heprujara ce
KOPHUCTH 32 €JEKTPUYHO OCBETIEHHUE, UCTHOT TO] OJHOC MOXE Jla Oupie #
nmoroJieM ox 6:1.

Ha pasnute pexumum Ha paboTa Ha MOTPOLIYBAYMTE UM OAroBapaar
Pa3IUYHU BPEJHOCTH HA MOKHOCTHUTE IITO TE€YaT HU3 €JIEMEHTUTE Off Mpe-
>kaTa. CoOfIBETHO Ha Toa, 3aryOMTE HAa HANOH KAaKO M BPEAHOCTHUTE Ha
HAIMlOHUTE BO MOEUHUTE ja3su Off MpeKaTa BO pa3jMyHu pPeXXUMH Ke Oupat
pa3IuyHU.

JIpyra npuyuHa 3a oTcranyBamaTa U KojebamwaTta Ha HanmoHOT BO EEC ce
U3MEHUTE HAa PEXMMOT Ha paboTa Ha CaMHTE HM3BOPH HA EJIEKTPUYHA
eHepruja.

MOKHOCTUTE HITO €JEKTPUYHNUTE LIEHTPAJIA TH TeHEpUpaaT BO CUCTEMOT ce
MEHyBaaT KakO BO TE€KOT Ha JEHOT TakKa M BO TEKOT Ha roguHata. Ha
npumep, Kaj xuppoenektpuunute neHtpann (XEL) 6e3 perymammja Ha
MPOTOKOT Ha BOJAa, BO MEPUOAOT HA IOJEMHUTE BOJAM BO peKHMTe padoTar
CHTE arperatu, jofieka BO MEpPHONOT Ha MajuTe BOAW (TOoa € OOWYHO
JETHUOT MEPHUOf) A Off arperaTute ce UCKIydyBa of padora. Mcro Taka,
cuTe arperatd 0e3 MCKIYYOK BO M3BECEH NEpPUOJ Off TOiMHATa, MOpaju
TaKaHAPEUYEHUTE [LAAHCKU peMOHIU, Ce HaoraaT HaABOpP OJf MOTOHOT.
HcknydyBamkeTo Ha MAIIMHUATE OJf TIOTOHOT (OWJIO a € TOoa IUIAHCKU WA
nmopajii XaBapuja) ja HamaJayBa MOKHOCTa IITO MOKE Jia ja MpOU3BeIyBa
eJIeKTpUYHaTa eHTpasa.

ITokpaj u3mMeHnTe MITO HAaCTaHyBaaT Kaj U3BOPUTE Ha eJEeKTPUIHA €HEePTHja,
IO OTpefiesicHH MEepPUOAWYHY (WU CIy4YajHu) W3MEHH Joafa W BO camara
nieMa Ha Mpeskata. IMeHo, o] pa3Hi IpUYMHU BO MpexkaTa MoXe fa Aojae
no motpeba o MEepUOAUYHM HMCKIyYyBama WU BKIyUyBama Ha OfICIHA
BOJIOBU U TpaHcopMaTopu. [lo m3MeHn BO KOH(UrypanyujaTa Ha MpesKaTa
MOKe Ja JIojie W MO HeKoja xaBapwja (medeKT) Ha HEKO] EJIEMEHT Off
cucteMoT. [lo wucmajor (WMCKIydyBameTO) HA TOBPEICHUOT €JEMEHT
CHCTEMOT MPOAOJIKYBa a paboTu M 6e3 HEro U3BECEeH BPEMEHCKHU MEPHUof
(momeka TOj He ce TONpaBM WM 3aMEHW CO HOB) BO TaKaHAPEUYEHHOT
Xasapucku pexcum Ha paboitia.

3a ga ce oApXKyBa OTCTANyBakbETO HA HAMOHOT Kaj MOTPOIIYBAYMUTE Off
HEroBaTa HOMUHAJIHA BPEJHOCT BO ONPENIEJICHN IPaHMIM, TOTPEOHO € f1a ce
BPIIIU pezyaayuja Ha HAilOHOW 80 PA3HU IOYKU 00 Mpexailia.

Perynanujata Ha HamoHOT NpeTCTaByBa KOMUAEKC HA MEPKU, CO KOHU CE
OrpaHMyyBaaT OTCTallyBamaTa Ha HANOHOT Kaj IOTPOILIYBAYATE BO
NO3BOJIEHU T'PAHMIIH.



3.2. BPCKA MEI'Y HANIOHUTE U TEKOBUTE
HA PEAKTUBHUTE MOKHOCTHU BO EEC

U R X U,
I > B 0,

Cnuka 3.1. R-X enemenT (Boa uiu Tpancgopmarop)

—1

Bo cnydajor kora Hu3 eleMeHT off MpexaTta (Boj, TpaHcdopMaTop H JIp.)

WM OBEKE €JIEMEHTH, YMHILITO SKBUBAJIICHTHH MapameTpu ce R u X (ciuka

3.1) Teue MOKHOCT S; = P+ jO,, IpUOIIKHUOT U3pa3 3a 3arydaTta Ha HATOH,

KaKo IITO 3HaeMe, M3HeCyBa:

PR+ 0y X
U,

KapakTepucTuyHO 3a €JIEMEHTHTE BO BUCOKOHAMTOHCKHUTE MPEXKHU € TOA IITO

omHOCOT X/R >> 1. Toa 3Haum feka Bp3 3arybaTa Ha HanoH AU BO MpPEXUTE
BO HajrojieMa Mepa BiiMjaaT TEKOBUTE Ha peaKTUBHUTE MOKHOCTH.

X>R = O X >>P2‘R
U, U,

AU =u)| - |U,| = AU, = (3.1)

Jakaydyok. I'maBHa mpuumHa 3a Bapujampujara
HAa HAMOHOT BO BHCOKOHAMOHCKHTE MpeKH
Ce PeaKTHBHUTE MOKHOCTH

Heka npeTnoCTaBuUME C€ra JAC€Ka HAIIOHOT U; Ha NO4YETOKOT Ha HCKOj
CJICMCHT O] MpeXKaTa € KOHCTAHTCH U HEKa 61/1116 HOTpCﬁHO HanoHoT U, Kaj
NOTPOUIYBAYOT [ia I'O APKUME Ha KOHCTAHTHA BPEIHOCT.

U U,

1
R X
— 5 0,

—>
|l —

U  =const

—1

! :

Toa 3Haum fieka 3ary6ata Ha HanoH AU Ke Tpe6a 1a Oujie KOHCTaHTHa, T.€:

PR+ Q- X

U,=const; U, = const. ==> AU = = const.

n
Bo TakBHOT ciyyaj, Ipu NpeHeCyBalkheTO Ha [ajicHa aKTUBHA MOKHOCT P; Ke
COOMIBETCTBYBA TOYHO OINpEJieJieHa PeaKTUBHA MOKHOCT, KOja Tpeba fia ce
IpeHecyBa 3a 1a Oujie UCIIOJHET ycnoBOT U, = const. Taa MOKHOCT Ke Oupe:
_U,-AU-P-R P, -R

0, % K - e (3.2)




AKO noTpouryBayoT 0apa peakTHBHAa MOKHOCT IOrojieMa WM IaK Iomaja
OJ1 Baka yTBpfieHaTa Ke Ouje NoTpeOHO, Ha BEIITAYKM HAYUH, CO IIOMOII Ha
KOHfieH3aTopcka 6atepuja (KB), cuaxpoH komnens3atop (SK) unu peaktop
la ce IOCTUTHE IPEHEeCyBaHaTa peaKTHBHA MOKHOCT ja Oujie €HAaKBa Ha
6apanara of1 ycrnoBor (3.2).

Bo TakBu ycnoBu, Ha nmpuMep, ako NMpeHecyBaHaTa aKTUBHA MOKHOCT P, ce
U3MEHH Ha BpegHOcTa P, TOorail COOABETHaTa MpeHeCyBaHa peaKTHBHA
MOKHOCT (0, Ke Tpeba f1a modue HoBa BpepHocT (5. [IpuToa, Baxku OTHOCOT:

R
0, -0, == (K —Pz)'}- 3.3)

T.C.

R
AQ = ——-AP.
Q X

Opn nocnegHUOT M3pa3 3akjydyBaMe JieKa 3TrOJIEMyBambeTO Ha IIpEeHecy-
BaHAaTa aKTUBHA MOKHOCT 0apa COOABETHO HaMajlyBam€ Ha IpeHecyBaHaTa
peakTuBHa MOKHOCT — M oOpaTHO. Taa mpomMeHa € NpoHopLMOHAjIHA Ha
OHOCOT R/X kO] € oouyHo Man. Ha Toj HauwH, npu Bapujallud HAa ONTOBA-
pyBameTO, HAMOHOT BO HEKOja TOYKA Off MpexkaTa To peryimpame co
MHjeKTHpalke Ha PEeakKTHBHA MOKHOCT (CO TpaBWJICH 3HAK) BO WCTaTa Taa
TOYKA.

IIpumep.

da mocmaTpaMe peskuM Ha pabGora Ha efeH 110 kV Bojg (R= 6,424 Q,
X=19,552Q, B = 145 uS; I = 50 km), kako Ha ciaukara. Bogor HamojyBa
MOTPOLIyBa4 €O MOKHOCT $ = (P2+j(0,) = (40+715) MVA npm Hanon U, =
109,98 =110 kV. Hanonot Bo HamojHaTa Touyka € mputoa U; = 115 kV un

COOIBETHO Ha TOa, 3arydaTa Ha HallOH BO NPEHOCHHOT BO M3HecyBa AU =
115-110=5kV.

1 2
R=6,424 Q; X=19,552Q; =145 domMw] P,=40 MW
” % Al/Fe 240/40; 1 = 50 km 15 MV“{_@:] 5 Mvar
U=115kV AU=5kV U,=110kV

[TpecmeTknTe moKaxkyBaaT AeKa JIOKOJKY MOKHOCTA Ha MOTPOLIYBAYOT CE
srosiemu 3a 50%, ¥ BO HOBUOT peXuM u3HecyBa S»=(60+j22,5) MVA, Toraiu
IpU HEM3MEHET HANOH Ha mo4yeTokKoT U; = 115 kV, HanmoHOT Ha KpajoT of
BOJIOT Ke majiHe Ha BpepHocra U,= 107,034 kV.

1 2
] R=64240; X=19552; B=1451S  60MW | P,=60 MW
> AV |
[ AlFe 240/40; /=50 km SMvar [0 0 =22 5 Mvar

U=115kV AU=7,966 kV U,=107,034 kV

AKO cakame TO] Ja OCTaHe M TNOHATaMy WCT W Jja ja 3aJp>XKu crapara
Bpennoct U, = 110 kV, Toram Ke mMopa fila ce MHjeKTHpa AONOJHUTETHA



peakTuBHA MOKHOCT BO ja3elnoT 2 (Ha NpuMep cO MOMONII Ha CHHXPOH
KoMmneHsaTop). Crnopep npecMeTKUTE, Taa H3HECYBA:

Osk= 15,9 Mvar,

Taka IITO MpeHecyBaHaTa peakKTUBHA MOKHOCT Ke ce HaMaJlid Ha BPeHOCTA:
05 = 6,6 Mvar,

IITO € BO OJTHOC Ha cTapaTa BPEHOCT MPOMEHa Off;

AQ =6,6—15 =—-8,4 Mvar.

BO OIHOC Ha cTapaTa BpegHocT 3a AQ = 6,6 — 15 = —8,4 Mvar.

1 2
R=6,424 O; X=19,552.Q; B=145 1S 6o MW | P,=60 MW
’ % Al/Fe 240/40; 1= 50 km 6,6 Mvar _52:22,5 Mvar
U=115kV AU=5kV Uy=110kV )t O =15,9 Mvar

AKO mpoOIEeMOT cakaMe fa TO pelMMe YIOPOCTEHO, CO MOMOII Ha
penanujara (3.3), Toramr Ke mobueme:

R 6,424
AQ~ —— AP = —— -(60—-40)= —6,6 Mvar.~— 8,4 Mvar.

X 19,552
HITO MpeTCTaByBa NMpaKTHUYeH HAaYMH 3a Op30 HoOuMBame Ha pelleHne Ha
npo0seMOT co npudaTinBa TOYHOCT.

o g 0O



3.3. PEI'YJALIIMJA HA HAITIOHOT CO UBMEHA
HA HATIOHUTE KAJ N3BOPUTE

Bo momanute Mpeku (Kako Ha TpuMep Ha CII. 3.2) KOW ce HalojyBaaT off
caMO e€fjHa €JIEKTpUYHa LEHTpaja peryianyjata Ha HallOHOT HAjYecTo ce
BpIIM CO M3MEHA HAa HAllOHOT Kaj CAMHUTE CUHXPOHM reHeparopu. Ilpuroa,
KOra ONTOBapyBame€TO Ha MpexkaTa pacTe, ce 3rojeMyBa HAlOHOT Ha
COOMPHMIIMTE BO LIEeHTpanaTa — 1 0OpaTHO.

MeHyBambeTO Ha HAMOHOT BO EJEKTPUYHHUTE LEHTPAJIM C€ BpIIUA IO
OJIHAIIpE]] COCTaBEH, OMHOCHO 3afafieH 2pa¢hux Ha HAUlOHOUL, KO] ja JaBa
3aBHCHOCTA Mel'y HAallOHOT Kaj eJIeKTPUYHATa IeHTpaJia M ONTOBAPYBAKHETO.
OBoj rpaduk ce cocraByBa Taka IITO OTCTallyBalkbaTa Ha HAIOHOT Kaj
NOTPOIITyBAaUMTE HEMa Ja TW HaJAMHUHYBaaT oOfHamnpen AcUHUPAHUTE
rpaHUI.

O S SN Mpexa
- 6 kV, 10kV

TS

Ciuka 3.2. lllema Ha MecHa MpeKa

n.n

MOKHOTO NOKadyBamke Ha HAMIOHOT HAa IEHEPATOPCKUTE COOMPHULM s
(cmuka 3.2) ce ofpenmyBa cropej HAalOHOT HAa EJICKTPUYHHU HajOJIWCKUATE
noTpollyBaun "a" Kou ce HaofaaT BO HemocpegHaTa OJu3nHa Ha TpadocTta-
Hunure TS 10/0,4 kV/kV. I[IpuemMHunuTe Bo THE TOYKHU ceKorai paboTaT co
MMOBHCOK HANOH BO OJHOC Ha OCTAaHATUTE €JEeKTpUYHU npueMHunu. Of
Apyra cTpaHa, FpaHMIaTa HA JONYLITEHOTO HaMalyBame HAa HAIOHOT Kaj
coOupHHUIMTE "s" ce ofipeflyBa CIOPEN HAIOHOT Ha MOTpouryBayuTe "b" Kon

ce IPUKJIYYEHHU Ha KPajoT Off HUCKOHanmoHckaTa NN Mpexa.

Bo wmpexure Ha mnomanuTe TpaJoOBM U IOMAJUTE HHAYCTPUCKU IPET-
npyjaTja Kako M BO MECHUTE MPEXKM HANOJyBaHM AUPEKTHO Of €JHa
€JIEKTpUYHa ILeHTpajla, OOMYHO € MOXKHO Ja ce 00e30e[u HallOHUTE Kaj
NOTPOILIYBAaYUTE J1a Ce ip>KaT BO NpHU(aTInBU FPaHULY CaMO CO perynanyja
Ha HallOHOT Ha U3BOPOT Ha €JIEKTPUYHA EHEPTH]a.

MefyToa, BO pa3BUEHHTE PETHOHAIHM MpPEXKHM € HEBO3MOXHO fa ce
NOCTUTHE 33 JOBOJIUTEJIHA peryjanyja Ha HANOHWTE Ha MOTPOIIyBavyuTe
caMO cO W3MEHa Ha HAllOHUTE Kaj CHHXPOHUTE reHepaTopu. Bo BakBuTe
MpEeXH IOCTOjaT PAa3HOBUAHM IMOTPOIIYBAauYM CO Pa3IMYHM AWjarpaMu Ha
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ONTOBapyBamke a, OCBEH TOAa, 3arybaTa Ha HAMOH BO TAaKBUTE MPEXHU BO
Pa3IMYHU TOYKM € Pa3jIMyHa U Ce pa3uKyBa BO rojieMa Mepa UTH.

lope kaxkaHOTO Ke TO TNOjacHMME Ha IIeMaTta of ciaukaTta 3.3 Kkoja
NpPUKaKyBa fIeJ Of] €/lHa perMOHAIHA MpeXa.

G@I!iggi: 110 kV \FGTZSFT

Sy 10/110 110/35

D+

T4

T3
0,4 kV 10 kV 35kV
B DS HOD+

0,4/10 10/35

Cnuka 3.3. lllema Ha pernoHajina Mpexa

I'enepaTopure G HamojyBaaT MECHO ONTOBapyBamwe Sy U MOTPOIIYBAYX Ha
€JIEH TOoJIeM peruoH. [len of nmpueMHUIUTE HA MECHOTO ONTOBAapyBame pa-
60TH AMPEKTHO HA T€HEPATOPCKU HATIOH (TOJIEMH aCHHXPOHHU MOTOPH U JIp.)
U 3ary0arTa Ha HallOH 10 HUB MOXKeE f1a u3HecyBa 3 + 5%. MerfyToa, 3arybarta
Ha HalOH [0 HAJOJJAJIEYECHHUTE NOTPOLIyBauyd, A0 KOM €JEKTpHYHATa
eHepryja jgoara mociie HEKOJKYy TpaHcOpMaldHh, MOXKE fa W3HECyBa WU
noseke of 30%. CiomeHaraTa 3ary0a Ha HallOH 3HA4d [ieKa IIpU IPOMEHA
Ha onroBapyBameTo BO Mpexara of 0 po 100% wHTEpBaloT Ha
OTCTAIlyBaKkE€TO HAa HANOHOT Ka] HAjOaJICUYCHUTE MOTPOIIYBAYM MOXKE Ja
n3HecyBsa Haj 30%, ITO € coceMa HEJONYUITEHO.

AKO 3eMeMe NpefBHU/ IeKa HAllOHOT Ha F€HEPATOPCKUTE COOMPHUIIM MOXKE
ma ce perynupa Bo omncerot U, £ 5%-U,, T.e. BO HHTEPBAJIOT:

0,95-U, <U <1,05-U,

M aKo 3eMeMe JleKa MUHUMaJIHaTa MOKHOCT M3HecyBa 1/3 of MakcuMasHaTa
MOKHOCT Ha ONTOBapyBalke Ha MpesKarTa, TOrall JIECHO MOXeMe ja ce
yBepuMe JieKa MpH HajofilaiedeHuTe MOTPOIIyBayM, IUPUHATA HA UHTEP-
BaJIOT BO KOj K& Bapupa HamoHOT (yBaXKyBajKH ja W peryialujata Ha HaTllOH
Ha TeHepaTopuTe) Ke u3Hecysa (2/3)-30 — 5 = 15%.

Tonky romemMu pacnoHM Ha OTCTalyBamkeTO HA HANOHOT Kaj TMOT-
polllyBauuTe € BOONIITO HenpudaTianB. Toa 3Hauu ieka BO BAKBUTE Cydau
3a OJJP>KYBaWkE€TO Ha HAMOHOT OJIMCKY 0 HEroBaTa HOMUHAJIHA BPEIHOCT Ke
Oupie MOTPEeOHO fa ce mpe3eMaT [ONOJHUTEIHM MEpPKHM KOou Ke Owmpjar
pasriieflyBaHu MofoIHA. Perynanujata Ha HAMOHOT TNPU EJIEKTPUIHUTE
nentpanu Bo ronemute EEC mpercraByBa, 3HauM, camMO UOMOWHO, a HE
OCHOBHO CpEJICTBO 3a peryJanuja Ha Hannonute Bo EEC.
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34. PEI'YJAIINWJA HA HAITIOH CO USMEHA
HA KOEOUIIUEHTOT HA TPAHC®OPMAIINJA
KAJ EHEPTETCKUTE TPAHCOPOPMATOPHA

BucokoHanoHCcKUTE HAMOTKM Kaj CUTE [BOHAMOTHM TpaHC(OpMaTOpu u
CpPEJTHOHAIIOHCKUTE HAaMOTKM Kaj TPMHAMOTHHUTE TpaHcopMaTOpH, MOKPa]
OCHOBHUOT OTLEII, MAAT ¥ AOIOJHUTEIIHU — PETYNAUOHU OTLEIIN.

W,=W,
))))))WM)))
=

1T

HoMmuHaIHIOT TpeHOCeH OMHOC, OTHOCHO HOMHHAJIHUOT KOE(UWIMEeHT Ha
TpaHcdopmanyja k,, OiroBapa Ha HOMUHAJTHUOT OTIIETI.

Co KopucTeme Ha IONOJHUTETHATE OTIENH! Ce MEHYyBa U KOe(PHUIMEHTOT Ha
TpaHcopmanyja k:

[04
k=(+—)-k,, 3.4
( 100) 0 (3.4)

Kasie mTo (%) e HamoH (u3pa3eH BO % O HOMUHAHHUOT) Ha 000ailiHUOIL
oluuyell.
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MeHyBameTO Ha KOe(PUIMEHTOT Ha TpaHchopmalyja MOXKE fia ce BPILM Ha
[IBa HAYMHA:

a) Bo Oe3HamoHCKa cocTojba (Kora TpaHC(OPMATOPOT € MCKIYYeH Off
MpexaTa) — OBOj HAUMH Ha peryjaluja ce HapekyBa "pezyaauyuja 6o
Oesnationcka coctiojoa" (RBS);

6) mox ToBap (Kora TpaHcOpMaTOpPOT € ONTOBapeH), T.e. CTaHyBa 300p
3a "pezyaauuja iioo wiosap" (RPT).

HN3menata Ha Koe(UUUMEHTOT Ha TpaHchopmanuja BO Oe3HAMOHCKA
cocroj0a NMpakTHUYHO U HE MNpeTcTaByBa peryjanuja, OUfejKu 3a cekoja
W3MEHAa HAa HAlOHOT BO NOTOHOT OM OMJI0 NOTPEOHO HUCKIy4dyBame Ha
TpaHC(OPMATOPOT Off TIOTOH U TIOfiecyBamhe (HaropyBame) Ha MPEHOCHUOT
OJIHOC, IITO € cocemMa HenpudaTianBo. 3aToa BAKBUOT HAUMH Ha peryiainuja
ce KOPHUCTH Kaj HmomaiuTe TpaHchOpMaTOPU CO HOMHMHAJEH HAloOH Ha
BucokoHamnoHckaTa (VN) Hamotka 10 kV, 20 kV u 35 kV. Boo6uueHo e Kaj
HUB peryianyjaTa fa ce BpLIM BO ONCETOT 5% OKOJy HOMHMHAJIHUOT
Koe(UIMEHT Ha TpaHcdopMalyja, co creneH Ha peryinammja 2,5%. Toa
3Ha4M JieKa BakBHUTe TpaHcgopmaTopu Ha VN HaMOTKa MMaaT BKYIIHO 5
OTLIENN: €[I€H OCHOBEH M ueTupu peryiaaguoHn +2.5% u £5%. Ilpuroa
IpOMEHaTa Ha MPEHOCHUOT OJTHOC CE€ BPIIM CE30HCKHU — €JHAIl BO HEKOJIKY
MecCeld.

RBS ce npuMeHyBa Kaj AUCTpUOYyTUBHUTE TpaHCPOPMATOPH
SN/SN u SN/NN co noManu MOKHOCTH U TOA PETKO, T.€. CE30HCKH.

HaroayBameTo Ha IPEHOCHUOT OJHOC OBJE CE BPIIM OTKAKO TpaHC(hOpMa-
TOPOT K€ ce MCKIIY4H Off MpexaTa. 10j ce n30upa Taka IITO OTCTAIlyBaAHETO
Ha CpejHaTa BPEIHOCT Ha CEKYHAAPHUOT HaNoH U,y 0 OapaHaTa BPEIHOCT
U,, ke Oupe muHumanHo. Ce pa3bupa Aeka BapujalluuTe Ha HamoHOT U,
OKOJly HerosaTa cpefHa BpegHoOCT Upg, NPENU3BUKAHU Off M3MEHATa Ha
HanoHOT U] Ha IpUMapHaTa CTpaHa U Off U3MEHUTE HA ONTOBAPYBAKETO HA
TpaHCc(OpMaTOPOT, CO TOA HEMA A CE EIMMUHUPAAaT.

JIOKONIKY IaK W3MEHaTa Ha IPEHOCHUOT OJHOC Ha TPaHCc(OpMaTOpPOT
MOXKEME JIa ja BpIIMME U NOJ] TOBap, TOTrall BO CEKO] MOMEHT K& MOXeMe fia
n3bupame KoedUIMEHT Ha TpaHchopMmanyuja (Toa ce BpIIKA OOUYHO
aBTOMATCKM) TaKa IITO HAOHOT HAa CEKyHAapHaTa CTpaHa o Ap>XKHMe Ha
KOHCTaHTHA BPENHOCT WM IIAaK IO yIpaByBaMe IO OfHAIpe] 3ajajfcHa
[MporpamMa, He3aBUCHO OJf TOJIEMUHATA HA ONTOBAPYBAKETO M HAIIOHCKUTE
NPWJIMKKA Ha NMpUMapHaTa CTpaHa. 3apajid Toa BO TpaHchopMaTopoT (Haj-
YecTo BO HETOBOTO SBE3MIMIITE) Ce BrpajyBa CIENMjajHa MPEKJIONKa CO
IIOMOIII Ha KOja € MOXHO Jla c€é MEHyBa OpOjOT Ha HAaBUBKHTE Of] IpUMap-
HaTa HaMOTKa M Kora TpaHcgopMaTopoT € onrtosapeH. [IpumHuunor Ha
paboTa Ha peryjangyoHaTa IPeKJIoNKa Kaj OBHe TpaHC(OpMaTOpH € NMpHuKa-
’KaH Ha ciukarta 3.4. Camure TpaHc(OpMaTOpHU, CHAOEHU CO TaKBa IPEK-
JIOTNKA ce HapeKyBaaT pezyaayUoHL UPAHCHOPMAiopU.
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Cnnka 3.4. [Ipunnun Ha padoTa HA pery/1anMoHaTa NPeKJIoNnKa

Onmnceror Ha perynanmja Kaj peryjaldoHUTE TpaHcOpMaTOpH H3HECYBa
0o6myHO *15%, Makap IITO MOHEKOraml ce oau Ha momain (+10%) wim mak,
1o norpeba, u Ha noroyieM (+20%) omcer. Kako mTo ce riema oy caukara
3.4, perynanmjaTa ce BpIIA BO CTENEHH, T.€. HAIOHOT HAa CEKyHJapHaTa
CcTpaHa off TpaHc(OPMATOPOT C€ MEHYBA BO CKOKOBU. BooOMYaeH CKOK BO
efieH creneH (T.H. "yekop Ha perymammjarta") e 1,5% u 1,78%, makap mro
nMa TpaHcgopMaTopu co yekop of 1% u 2%. Iloronemu ckokoBu of £2%
Ou faBasie MpeMHOry rpyba peryjanyja Ha HANOHOT, JOfieKa YEeKOPOT
noMail o 1% 3HaunMTEeTHO OM ja YCIOXHWI W IOCKalW peryjanuoHaTa
MPEKJIONKA.

Tpancopmaropure cHaOpeHu co npeksonka 3a RPT ce 3HaumTenHo
IOCKanu Off UCTUTE TaKBU TpaHcopMaTopu HO Oe3 MoxHOcTH 3a RPT.
bupejkn nenata Ha peryjanpdoHaTa MPEKJIONKA € JOCTa BHUCOKA M MaJKy
3aBHCU OJI MOKHOCTa Ha TpaHC(pOpMaTOpOT, HEPALMOHATHO € CHTE TpPaHC-
dopmaTopu fia ce u3BeayBaaT co MOXHOCT 3a RPT. 3aToa camo noronemure
TpaHcOpMaTOpH CO HOMHUHAJIEH HaloH Ha HamoTkarta VN Hapg 35 kV ce
MU3BEyBaaT KaKo peryjlaluoHH.

RPT ce npumeHnyBa kaj norojgemute Tpancpopmaropu VN/SN
CO MOKHOCT S, >20 MV A u TOoa nepMaHEHTHO, PEKY LEIHNOT JIEH.

TpunamoTHUTE TpaHcopMaTOpH cO HOMUHAJIEH HanmoH Ha VN HamoTKka 110
kV mnm 220 kV HajuecTto Ha VN cTpaHa mmaat npekiaonka 3a RPT, nogeka
Ha SN cTpaHa UMaar npekiionka 3a RBS.

Perynanujata Ha IPEHOCHHOT OAHOC € OOMYHO aBTOMATCKa. 3a peryia-
TOPOT ja paboTU CTaOWIHO, T.e. 32 [la HemMa rojeM Opoj HemoTpeOHU
cpaboTyBama Ha peryjaluoHaTa MpekKJIonka, TOo] He Tpeba fga pearupa Ha
MaluTe W Op3M Bapyjalui Ha HAMlOHOT BO MpeXaTa KOM ce 4Yecra M’
HOpPMaJlHa I0jaBa. 3a Taa Iejl, OOMYHO HEroraTa 30Ha Ha HEYYBCTBUTEI-
HOCT I10 HAallOH MU3HECYBA HEIIITO MOBEKE Off TOJIOBMHA YEKOp Ha peryJanyja.
Taka ce o00e30emyBa peryjaaTopoT [a [aje HUMIYJC 3a W3MEHa Ha
KOoe(UIMEHTOT Ha TpaHcopmalyja camMo TOraul Kora HallOHOT Ha CEKYH-
mapHata crtpaHa e (1Mo egeKTHBHA BPETHOCT) MOOJUCKY IO COCETHHOT
CTETIEH Ha peryJaluyja.

ITokpaj Toa, 3a ma ce u30erHe pearupambeTo Ha KPATKOBPEMEHHTE
KoJieO0aka Ha HANOHOT IITO C€ CJAy4yyBaaT MpPH PpPa3HU peryjapHU
BKJIy4yBamka M UCKIIyUyBaka Ha MOTPOIIYBAYUATE BO MpeXkaTa, ce€ BOBEYBa
U BPEMEHCKO 3aTerame Ha JIejcTBOTO Ha peryjaaTopor. OOGUYHO Toa M3He-
cyBa 10 — 15 cexyHau, HO, IO MOTPeOA, COMJIACHO CO JOKATHUTE yCIOBH, TOA
MOXE Ja M3HecyBa W HEKOJKYy MuHyTu. Ha TOj HauMH peryiammoHaTa
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IPEKJIONKa Ce 3allITUTyBa Of MPErojieMruoT Opoj HEMOTPEeOHM ONepaluu U
Of] IPEIBPEMEHOTO UCTPOIIYBAE HA HEj3MHUOT KOHTAKTEH CUCTEM.

t v

Cnuka. PaGora Ha npekjonkara Kaj peryjanuosen Tpancgopmarop

Ha ja pa3riegame cera paboTara Ha €[leH JBOHAMOTEH TpaHcgopMaTop 6e3
MoxHOCT 32 RPT u na BuguMe Kako ce n30uMpa HEFOBHOT MPEHOCEH OJHOC.
BakBuor TpancgopmaTop Ke paGoTH CO MCT MPEHOCEH OJHOC (HEeM3MeHeTa
MOJIOK0a Ha MPEKJIONKaTa) KakKo BO PEKMMOT Ha MaKCHMAlIHO Taka W BO
PEXXMMOT Ha MUHMMAJIHO ONITOBAPYBAE, M TOA 3 MOAOJT BPEMEHCKH NEPH-
oy (Ha mpuMep 3a BpeMe Off ef[Ha rOfulliHa ce30Ha). [Topanm Toa, HAMOHOT
U, Ha ceKyHjapHaTa cTpaHa Ke Bapupa BO TEKOT Ha ICHOT OKOJy cBOjaTa
cpenHa BpegHOCT U,y MefyToa, 3a NMOTPOIIYBAYMTE € HAjIOrOJHO aKo
IpeKJoNKaTa ja MOCTaBUME BO TaKBa MOJOXKOa IITO Ke Ouje MCHOJIHET
ycnoBoT Usg= Us,, T.€. HAIOHOT Ha CeKyHjapHara crpaHa U, jga Bapupa
okoily OapaHata (moxemyBaHaTa) BpegHOCcT Uy, Bo Toj cnyuaj,
OTCTalyBamwaTa Ha HAllOHOT Off BpegHocTa Uy, BO PEKMMOT Ha MUHUMAITHO
U MAaKCHMAJTHO ONTOBApPyBame Ke OmpaT MelyceOHO €HaKBHU a, OCBEH TOa,
MOTPOIIyBauNTE K€ padoTaT HAjIOJITO BpEME CO HAMOH OJIM30K [0 OHOJ IITO
CMe cakalie Jla TO MOCTUrHeMe. 3aToa KOe(UIMEHTOT Ha TpaHchopmanuja
ro uszbWpame TPrHyBajKW OJf YCJIOBOT HAMOHOT Kaj MOTPOILIYBAYUTE B0
PeXcUMOIL Ha cpeOHO Ollillosapysarse na ouae eqHaKoB Ha 6apannoT Uy,

A

u@)

5%
—2.5%
0%

+5%

Cnuka. I360p Ha HajcooaBeTeH oTuen Kaj Tpancgopmarop co RPT

Hanonor U,; BO peXHMOT Ha CpEHO ONTOBapyBame Tpeba fa ce
IIpecMeTyBa COTJIACHO CO YCIOBHTE Ha HallOjyBame Ha MOTPOLIYBAYUTE Off
nocMaTpaHuoT TpaHcdopmaTop (Tpadocrtanuna). Ha mpumep, ako mot-
POILIYBAauUTE c€ NPUKIYyYEHN HENOCPEAHO Ha COOMPHULMTE HA CEKYHAApOT,
Torau Ke Ouje MOXEJIHO BO PEXUMOT Ha CPEJHO ONTOBAapyBamke HUBHUOT
HaIlOH jja Ouje €HAaKOB Ha HOMUHAJIHMOT HAIOH Ha HNOTpOIIyBauuTe. AKO
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nak HOTPOIIyBAauUTE ce OffajJeyeHu of TpaHcopmaTOpcKaTa CTaHHUIA,
Toram kKe Ouje NOTpPeOHO HAMOHOT Ha COOMPHUIMTE HAa CEKYHAapHaTa
CTpaHa f1a Gujje MOBHUCOK Off HOMUHATHAOT 33 HEKOJIKY MPOLEHTH (OOMIHO
3a 3 —5% TOBUCOK) CO e jla ce KOMIleH3Wpa 3arybaTa Ha HAllOH BO
HallOjHaTa Mpexa.

[TonoxOara Ha perynaguoHaTa NPEKJIONKa, OJHOCHO PEeryJlaluOHUOT
oTuen kKaj Tpancopmatopure co RBS ce m30upa Ha cle[HUOT HAYMH.
Hajranpep ce Bpumm npecMeTyBawe Ha HallOHOT U] Ha IpUMapHaTa CTpaHa
ofi TpaHcOpPMATOPOT, peniaBajku ja HanmojHaTa VN mpexa. [Toroa, 3Haejkn
ru napameTpute Ry u X7 Ha TpancopmaTopoT (cBemenn Ha VN cTpaHa) u
3HaejKku Tro ONTOBapyBawmweTO Ha TpaHchopmaTtopoT Sr=Pr+j0r, ja
ompenenyBamMe  (MpUOIMKHO, CO 3aHeMapyBamke Ha  TONpevyHaTa
KOMIIOHEHTa Ha MajoT Ha HamoH) BpegHocTa U5 Ha HAMOHOT Ha CEKYyH-
llapHaTa cTpaHa (CBefieHa KOH puMap):

Pr-Rr+0r - Xy .
U,

[Iputoa, mpecmeTyBamwe Ha HAMOHOT U5 BpIIMME JBa MATH:
" 33 peXXUMOT Ha MUHUMAJTHO,
" 33 peXXUMOT Ha MaKCHMAaJTHO ONITOBApPYBAaKE.

! !
AKO Taka [OOMEHUTE BPEJHOCTH M O3HAYUME CO Uj(in) M Uy » TOTAIT

BO PEXUMOT Ha CPeJHO ONTOBAapyBamke HAIIOHOT HAa CEKyHJapHAaTa CTpaHa
(ce pa3zbupa cBefieH KOH puMap) Ke oujpe:

Ué (min) + Ué (max)
> .

3a jga mocTUrHeMe HAMOHOT HAa CEKYHAApOT BO TAaKBHOT PEXHUM ja Oupe
eHaKoB Ha OapaHaTa BpegHoOCT Up,, KOE(PUIMEHTOT Ha TpaHcopmalyja
Tpeba fa oupe:

UZ(sr) = (3.6)

k= Ué(sr) '

° =, 3.7

()

OTkora cMe ja omnpepaenause BpegHOCTa k, Ha KOE(PUIUUEHTOT Ha
TpaHcopmanmja, on u3pasor (3.4) JecHO Ke ro ompefeauMe U GapaHUOT
peryiagoHeH OTUEN '

k
= —2-11-100. 3.8
p (3.8)

n

a,

bapanuor koeduuueHT k, MOXe MOHEKOrall fa Ouje W moMall Ojf HOMU-
HAJTHUOT MPEHOCEH OJIHOC, T.€. k, < k,, ONl Kajie ciiefyBa fieka 3a rojieMrHaTa
0, MOXKeE Jla ce 00Ne M HeraTBHA BPEHOCT, IITO 3aBUCH OJf YCIOBUTE BO
mpeskaTa. Cera, 3HaejKu ja BpeHOCTa Ha ¢, , F'O OINpefielyBaMe U OTUEMOT
Ha KOj Ke Oujie ocTaBeHa MPEKJIONKaTa, a Toa € OHOj KOj € HajOJUCKY J10
npecMeTaHaTa BpEIHOCT «,. lloToa ce mpecMeTyBaaT BHCTUHCKHUTE

BpEOHOCTH HaA HAIOHOT Ha CCEKYHJAAapHaTa CTpaHa BO [IBAaTa KapaKTe-
PUCTUYIHU PCKHUMA, I[O6I/ICHI/I CO Taka I/136paHI/IOT PEryjJaiuoOHCH OTLCIL:
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U _ Ué(max) . Us . = Ué(min) )
2(max) k ’ 2(min) k

JIoKONKy Baka NTpecMeTaHUTEe EKCTPEeMHHM BPEAHOCTHM Ha HamoHoT U,
U3JIeryBaaT Off OJHAINpe]] YTBPJICHUTE IPAHUIM, OMHOCHO HE T UCIOJTHYBaaT
TEeXHUYKHUTE Oapama, Toram Toa Ke 3HauM JieKa TpaHcopMaTopoT Tpeda
na Oupe cHaOaeH co npekionka 3a RPT, wim nak Ke O6ujge motpebHO ja ce
nmpe3eMar APYTH JOMOJHUTETHH MEPKU BO MpexkaTta (Ha mp. KOMIIeH3aluja
Ha peaKkTHBHaTa MOKHOCT CO MOMOII Ha CHHXPOH KOMIIEH3aTOp WIH
KOHJICH3aTOPCKH OaTepum) co KoM Ke ce HaMaJlaT BapHjalluiTe Ha HAIOHOT
U OJIECHU peryJalujaTa.

3Hauw, mocTankara, ojieJieHa BO IOBEKE YEKOPH Ce CIIe/IHATA!
1. Ilpecmerka na npuiukute B0 BH Mmpexa (Uimax) B Ui(min));

2. IIpecmeTKa Ha cBeieHUTe BpeaHocTH Ha U, , 3a pexxumure
Ha MaKCHMAJIHO 1 MHHHMAJIHO ONITOBapyBame:

PT(max) 'RT +QT(max) 'XT X

K

Ué(max) ~ Ul(max) - U]( |
max

PT(min) ’ RT + QT(min) : XT
Ul(min)

U é(min) ~U I(min) —

3. [IpecmeTKa Ha cpeHATa BPeJHOCT HA HANOHOT U':

Ué(max) + Ué(min)

Ué(sr) = 7
4. IlpecmeTKka Ha IOTPEOHNOT Koe(uMeHT Ha Tpancdopmanmja k
k() _ Ué(sr) )

U,

o
S. IIpecmeTKka Ha HAjIIOBOJIHA MO3UIIja HA MPEKJIONKATA Ol

a, = k—o—l -100.
k

(]
n

6. Hej3uno 3a0KpyKyBame HA HAjOJINCKATA MOCTOjHA BPETHOCT

a=-5,0% a=-2,5% a=0% a=+2,5% a=+5,0%
| |
I I I I

H Ce ycBojyBa HajOIICcKaTa
cTaHAapAHa BpefHocT a=-2,5% 7

@,=-3,13%

. a
ITpecmeTka Ha KOeUIMEHTOT Ha TpaHchopmanuja k :(1 +ﬁ} -k,
8. IIpoBepka Ha HAllOHCKUTE NPUJINKU Ha CEKYHAAPOT:
Ué(max) . Ué(min)
Uz(max) = T > U 2(min) — T
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IIpumep 3.1. IlorpeOGHO € ga ce uM30epe peryjJanuoHUOT oTuen Ha VN
HaMOTKa Ofi TpaHC(OpMaTOPOT 3a CHUKYyBawme Ha HanmoHOT 35/0,4 kV co
MoKHOCT 630 kVA Taka mTO cpefHaTa BPEJHOCT HAa HAMOHOT Ha NN
cooupHunm pa oupe U,,=0,39 kV, a orcranyBawkaTa Ha HAOHOT BO
PEeXMMOT Ha MaKCHUMAJIHO ¥ MHUHHMMAJIHO ONTOBAapyBamk€ OKOJY CpelHaTa
BPEIHOCT Jla OMaT NPUOIUKHO eTHAKBH.

Bo pexumMOoT Ha MakCMMajJHO ONTOBAPYBalke MNOTPOILIYBAYUTE 3€Maar
MOKHOCT Ppax=520 kW 1 Onax =390 kVAr u HanmoHotr Ha VN coOMpHULU
usHecyBa Ujmax)=33,3 kV. Bo pexXuMOT Ha MHMHMMAaIHO OITOBAapyBaH-€
MOKHOCTa Ha NOTPOIIYyBauuTe U3HecyBa Ppin =220 kW u Onin =180 kVAr, a
HaoHOT Ha VN coOupHum usHecyBa Ujmin) =35,2 kV.

AKTHUBHaTa U peakTUBHATa OTHOPHOCT Ha TPaHC(POPMATOPOT, CBEJICHU Ha
VN crpaHa, uzHecyBaar Ry=23,5 Qu Xr=123,5 Q.

Pewenue:

Hajnanpen Ke ru oapenuMe BpeHOCTHTE Uj (max) B Uj (min) HAa CBEJEHATA
BPEIHOCT Ha HAmoOHOT Ha NN COOMPHUIM BO PEeXMM Ha MaKCHUMAaJHOTO

MHUHUMAJIHOTO OIITOBAPYBAKLC, HpI/I6JII/I}KHO, CO 3aHCMApyBamkEC Ha MOIPCU-
HaTa KOMIIOHCHTA Ha 3ary6aTa Ha HaIIOH:

' P * RT + Q * XT
U 2(max) = U1 (max) ~ max max
Un
Uy = 33,3 0,52~23,5;50,39'123,5 =316 kV
U 2(min) = U J(min) ~ min min ;.
Un
0,22-23,5+0,18-123,5
Uminy = 35,2 == — —=34,4kV
35
s pesdim U,/U,,=35/0,4 kV/kV min pexn U,,/U,,=35/0,4 kV/kV
Ui =333 KV ) U, =352 KV ’ 2

(max) 520 kW 1(max) I 220 kW
P =520 kKW — — Py g 220 kW — -
2(max 390 kvar 2(max) 180 kvar

Omay300kVar g _G3010vA  31,6kV Oymay=180kVar g _G301va 344KV

CpenHaTa Bpe[THOCT Ha CBEJIEHHOT CEKYH/JapeH HAIloOH Ke Oufe:

Uiy + U
Ué(sr) _ 2(min) 2(max) _ 33,0 kV. =33,0kV.
2

[ToTpe6GHMOT KOEUIMEHT Ha TpaHchopManyja k,, ciopen u3paszor (3.7), ke
oupe:

U!
k, :&:i:84’7 ’
U, 0,39
NofileKa HOMAHATHUOT KOe(UIIMEHT Ha TpaHcopMalyja Ke u3HecyBa:
k,= 35 87,5.
0,4

5
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Cornacno Ha u3pa3or (3.8) morpeGHaTa BPeTHOCT Ha PEeryallMOHUOT OTIET
W3HECyBa:

a. = k—°—1 100 = 84’7—1 100=-3% .
° |k 8

b

n

bupejkn kaj Tpancopmaropute co RBS uekopot Ha peryianuja u3HecyBa
2,5% a perynanMoHHOT ofmcer € £5%, COrjacHO ciauKaTa, Ha pacrojiarambe
HU cTojaT 5 MoxkHM onuuu. Hajomucky no 6apaHaTa BpeJHOCT 3a o =—3% e
OTILENOT LITO OfrOBapa Ha no3unujara o = —2,5%.

a=—5,0% oa=-2,5% a=0% oa=+2,5% a=+5,0%
1 I } 1 1 |
| - | | |
a;==3%

Cnopep Toa, BO KOHKPETHHOB cilydaj Ke m3bepeme a=-2,5%. Toa 3Haun
neka OpojoT Ha HaBMBKM Ha VN HamMOTKa K€ IO HamajuMe BO OJJHOC Ha
HOMUHAJHUOT 3a 2,5%, Taka ITO KOe(UIMEHTOT Ha TpaHchopmaluja Ha
TpaHcOpMaTOPOT Ke U3HEeCyBa:

k=t 142 | =32 (1223 20,975k = 85,3125,
100) 0,4 " 100

Bo T0j cny4aj, BUCTUHCKUTE BPEIHOCTH HA HAMOHOT Kaj NN coOupHunu Ke
M3HECyBaar:

— BO PC2KHM Ha MAaKCUMAJIHO OIITOBApyBalhC:

U =U'2(max) _ 31,6
2(max) k 85,3125

=0,371kV;

— BO PC2KUM Ha MUHUMAJTHO OIITOBapyBameC:

U '2(min) 34,4

k 85,3125
— CpC€IHa BpCAHOCT:
Ul
Uz(sr) = 2r) = 33, 0 = 0,387 kV .
k 85,3125

AKo cmeTaMme Jeka e npudaTtauBo HanmoHOT U, ga Bapupa OKoJy OapaHaTa
BpenHocT U,= 0,39 kV HajmHOry 3a +5%, T.e. BO uHTepBaior oj 0,95
0,39=0,371 kV po 1,05-:0,39=0,410 kV, Toram 3akiiyyyBame JeKa
noouenuTe BpeHOCTH 38 Usmax) U Usminy BO PA3ILIIENYBAaHUOT Cilydaj ce
HaofaaTt BO JONMYIITEHUOT UHTEPBAJ.

Kaj TpunamoTHuTe TpaHcdopmaTopu co RBS, mpeknonka 3a mpoMeHa Ha
OpojoT Ha HaBMBKHM nlocTou U Kaj VN HamoTKa 1 Kaj SN HamoTKa. bpojoT Ha
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HaBuUBKM Ha NN HamoTka (Tepumep) He ce MeHyBa. J[lOKOJKY BO
TpaHcopMaTOpcKaTa CTAaHUIA 3a CHIXKYBAlk€ Ha HAMOHOT MOCTOM €JeH
BAKOB TpaHc(opMaTop, Toraul rnojoxoarta Ha npekyonkure npu VN 1 npu
SN HaMOTKM ce U30upa Ha CJIECAHUOT HAauuH.

CnmyHO Kako W Kaj JABOHAMOTHHUTE TpaHcOpPMATOpHU, HajHANpen ce
CIIpOBeAyBaaT €JEKTPUYHH MPECMETKN CO KOM Ce YTBPAYyBaaT BPETHOCTHUTE
U3 (min) © U3 (max) H2 HATOHOT Ha NN coOupHUIM (CBEIEHN KOH MPUMap) BO

PEXKUMOT HA MUHUMATTHOTO U MAaKCUMAJTHOTO OIITOBAapyBamkeE, CO LCI Aa CC
IMpecMETa HETOBAaTa CpEiHa BPCAHOCT:

Cnuka 3.5. Tpunamoren Tpancgopmarop co RBS

U3’(min) + U3’(max)
> .

IToroa, 3Haejku ja OGapaHaTa BpegHOCT Uj, Ha HAalOHOT KOja cakaMe fia ja
nocturieMe Ha NN COOMpPHMIIM MPU CPEAHOTO ONTOBAPYBaHE, 'O ONpeEfie-
JyBame 0apaHUOT Koe(UIMEHT Ha TpaHcdopmanmja k3, Mef'y mpuMapHaTa

n TCpUHucpHaTa HAaMOTKa
!
U3(sr)

kis, = )
130 U3

U3(sr) =

(0]

ITonatamy ja ompegenyBaMe nonoxoOara o), Ha Ipekjaonkata Ha VN
HaMOTKa Koja OfiroBapa Ha IPEHOCHUOT OJHOC kj3¢:

—[ f130 _1].100
13n

lo

Kaje mTo ki3, MpeTcTaByBa HOMHHANIEH MpeHoceH ogHoc Mefy VN m SN
HaMOTKA U TOj OAIrOBapa Ha OCHOBHUOT oTtuen Ha VN HamoTka (o= 0).

Cera ogOupame peryjlaifuoOHEH OTLen «; Ha VN HaMOTKa KOj € HajOJuCKy
10 BpEAHOCTA ], Ha Baka n30paHUOT OTLEN My OAroBapa IpeHOCEH OJHOC
VN/SN ki3

o
ks = [ 1421 | s
13 ( 100) 13n

M CO TOA € 3aBpIIEeH U300pOT Ha HAJCOOJBETHUOT OTLEeN Npu VN HaMOTKa.
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CanyHO Ha Toa, 32 M300POT HA HAjCOOBETHUOT OTIEN o, Kaj CeKyHJapHaTa
SN HaMOTKa HajHaIpejl ce ONpefenyBaaT BPeIHOCTUTE U (min) B U (max) HA
HanmoHOT Ha SN coOupHHIM (CBEIeH KOH TpUMap) 3a pPEeXUMHUTE Ha
MUHHMaJTHOTO W MaKCHMMAaJIHOTO ONToBapyBame. IloToa ce oapenyBa
HerosaTa cpefHa BpegHOCT Uj (sr)= (U5 minyT U5 max))/2 KOja ofiroBapa Ha
PEXMMOT Ha CpeJHO ONTOBapyBame, O Kajie ce JoOMBa MOTPEOHUOT
koecunueHT Ha Tpanchopmanrja VIN/SN:
)

ki», = .
120 U2

o

bupejkr 1 VN n SN HaMOTKHM UMaaT peryJanuoHd OTIENH, a MPeKIIoNKaTa
Ha VN HaMOTKa € BeKe IoCTaBeHa Ha II0JIoXKO0a ¢, Ke UMaMe:

14 a, /100
_ 1+ /100 3.9
20 =1 0 7100 120 (3.9)
o]l Kayie moobuBaMe:
Uyy= kﬂ.[uﬂ)—l 100, (3.10)
T

a MoToa ro u3bupame HajOIUCKUOT CTaHAAPAEH OTUEN o) Ha SN HaMOTKa,
Ha KOjIITO My ofiroBapa KoeguuueHT Ha Tpancgopmanmja VN/SN ki;:

1+, /100
1 ks, - (3.11)

2 vy /100

Bo TOj cnyuaj BucTMHCKUTE BpegHOCTM Ha HamoHuTe Ha SN u NN
COOMPHULIMA BO PEKMMOT Ha MAaKCUMATHOTO ONTOBApPYBamke Ke OnparT:

Uz(min) _ U é(min) : Uz(max) _ U é(max) ,
k12 k12

U é(min) Ué(ma )
Usming = — > —.

ks e ki3

JIOoKONKy Baka NpecMeTaHUuTe BpPEeJHOCTH Ha HanoHute U, u Us BO ABaTa
KapaKTEpUCTAYHU PEXMMH Ha paboTa HE TM 3al0BOJIyBaaT OJHAINpPEN
IIOCTaBEeHUTE Oapama BO IOIJIE]] HA OTCTAIlyBakbETO Ha HANOHOT, K& Oupe

NOTPEOHO BO MOCMarpaHaTa TpaHc(hopMaTOpCKa CTAaHMIA [la Ce MHCTalupa
TpUHAMOTEH TpaHcopmaTop co RPT.
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IIpumep 3.2. Bo epgna perumonanHa TpaHcopmatopcka cranuma TS 3a
CHIXXYBalk€ Ha HANOHOT WHCTAJUpaH € TPUHAMOTEH TpaHchopMaTop
110/38,5/6,6 kV co moknoct 10 MVA. Co enekTpuyHa NpecMeTKa ce
OJIpEeJICHN HAIOHUTE Ha CEKyHJapHaTa U TepUUEpHaTa CTPaHa, BO PEXUMOT
Ha MaKCHMAJTHO I MUHUMAIIHO ONITOBapyBamwe, CBeieHN Ha VN cTpaHa:

U; (max) = 93,3kV, U3 (max) = 96,4 kV;

U (min) = 103,6 kV, U3 (min) = 102,5 kV.

Hamarkara Ha VN crpana uma perynanuoHa mnpeknonka 3a RPT co 18
perynanuonu oruenu (£9x1,78%). SN mHamoTka 35 kV mma npekionka 3a
RBS co 4 perynammonn otuenu (+2x2,5%). [TorpebHO € ma ce ompenu co
KOW pEeryJallMOHM OTLENM Ha NpUMapHaTa M CEKyHJapHaTa HAaMOTKa Ke
Tpeba nma paboTu TpaHcOPMATOPOT 3a fAa IOCTUTHEME HAIIOHUTE Ha
CEeKyHJlapHaTa M TEpUUEpHATa CTpaHa ia N3HeCyBaar:

— BO PEXUM Ha MaKCHMAJIHO ONTOBapyBame: Uzomax) = 37,0 kV, Usg(max)
=6,3kV;

— BO PEXUM Ha MUHUMAJTHO onToBapyBame: Uzomin) = 36,0 KV,  Uso(min)
=6,0 kV.

Pewenue:

Hajnanpen Ke ru ogpeaumMe KoeUIUEHTUTE HA TpaHChOPMaLHja Ki3o(max) U
k130(min) €O KOMIITO TPaHC(OPMATOPOT Tpeba fa pabOTH BO PEXMMOT Ha
MaKCAMAJIHO ¥ MHHUMAQJIHO ONTOBapyBame, a IOToa Ke TM ofdepeme
HAjCOOBETHUTE OTUENH &|o(max) X Xlo(min) HA MPEKJIONKATa Ha VN HaMOTKa:

Ué(max) _ 96,4

k = =15,3,
130(max) U30(max) 6, 3
Usiming 1025
k13o(min) = ) - =17,1.
U30(min) 69 0

CoonBeTHO Ha HUB K€ NMaMe:

k
Aogmax) = {%—1}.100 — (ﬁ - 1)-100 - -8.2%
13n 9

1 HajOTUCKHUOT OTILEM:
al(max) = 5 . (_1, 78) = _8, 9% .

[TonaTtamy ke nmame:

k .
o(miny = {%—1}-100 = (112; —1]-100 =+2,5%,
13n

a’l(mm) = l . 1, 78 = 1, 78% .

Co Baka yCBOCHHUTE NO3MIMK HA peryanyoHaTa MPeKIIONKa 32 BUCTUHCKUATE
BPEHOCTHY Ha HAIOHOT Ha TEPUHUEPOT Ke JodueMe:

22



Uf;(max) 96, 4

Us(max) = = =6,33kV,
1 S e [1+ _8’9)16,7
100 " 100
Ui
Us(min) = Sl = 11 (7)2’ > =6,02 kV.
1+al(min) s (1+ ’ j.16,7
100 " 100

Mozkeme fja 3akiIy4nMe JeKa 3a BaKa YCBOCHUTE BPEJHOCTH HA f(max) U &
I(min) OTCTaNyBamaTa Ha HamOHOT U3 o OapaHUTE BPEJHOCTH CE MHOTY
Manu (momanu oy 5% ).

Cera Hu ocraHyBa yIITE fa ja OfpEAMME IOJOXKO0aTa Ha perylanuoHaTa
npeksonka of SN HaMOTKa @, Taka IITO K€ NOCTAUTHEME HAmoHOT Ha 35 kV
coOMpHMIIM a Bapupa Bo uHTepBasnoT 36 < U, < 37 kV. Ce pa3bupa, Tyka
cranyBa 300p 3a RBS opHOCHO, @) Ke OcTaHe WCT M 3a PEXUMOT Ha
MAaKCHUMAJIHO ¥ 32 PEXMMOT Ha MAHMMAJIHO ONITOBAPYBaKE:!

AKoO perynanuoHara IpekJonka of SN HaMOTKa Ce IIOCTaBU HAa OCHOBHUOT
otren (o = 0), Toram KoeguueHToT Ha Tpancdopmanmja VN/SN Ke Gupe:

i :1+051(max)/100_k :1_8’9/100:261
12(max) 1+a2(max)/100 12n 1 > VL,
1+ &y (i /100 1+1,78/100
K1 2(min) =@ k2 :f=2,91~

1+ Gygminy /100

Bo Baxsu ycnosu (o = 0) HanoHuTe Usmax) ¥ Uzmin) Ha 35 kV coGup-
HUIY BO JIBaTa KapaKTEPUCTUYHU peKuMa Ou Ouse:

Uy = Lm0 933450y
2(max) klz(max) 2’ 61 5 s
U
U2(min) =2 103.6 =35,8kV,
klZ(min) 2’91

IITO 3HA4M JIeKa HAMMOHOT Ha SN cTpaHa Ke Bapupa Bo uHTepBanor 35,7 < U,
< 35,8 kV okony cpegHaTa BpeIHOCT:

Uy = w =35,75kV .

Bpennocra Uyi)=35,75 kV 3a ap=0 € momasna oy 6apaHaTa cpejHa BPEIHOCT
UZo(sr)
sy = 05350355

3a 0,75 kV, ogHocHO 3a 2,05%. 3a fa ja KOMIIeH3UpaMe OBaa pas3iinkKa, Ke
Tpeba fa ro 3rojieMuMe OpOjOT Ha HaBUBKHATE Ha SN HamoTka 3a 2,05%,
IITO 3HAYM JieKa HajIorofiHo Ke Ouje fa ro uzdepeme NPBUOT perylaiu-
OHEH oTLen o = 2,5%. Bo T0j ciyyaj 6u nobusne:
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1+ gy /100 1-8,9/100

k = =————2,86=2,54
RO T @, /100" 142,5/100
93,3 )
= Upimax) = X" 36,73 kV;
ko = i /100 141,78/100 , o o
12(min) 1+ a, /100 12n ]+2,5/1OO ’ ’
= Unmy = 220 _ 36,48 kv,
2,84
U min +U max 4
UZ(ST‘) = 2(min) 2 ) = 36, 8+36’ 73 = 3696 kV.

2

3Haun, ako u30epeMe peryjaloHEeH OTIeN Ha CeKYHJapHaTa CcTpaHa
o =+2,5%, Ke poomeme HanmoHOT U, BO [laJIcHUTE YCIOBM Ha paboTa fa
Bapupa BO MHOTY TECeH UHTEpBaJl OKOJY CpeflHaTa BPEIHOCT
Us(sry= 36,6 kV, 1ITO BO rojieMa MepKa OfroBapa Ha OJHAIpE] IOCTaBEHUTE
Oapama.

Ha kpajor Ke HamoMmeHeMe [eka BO NPECMETKUTE € MPETIOCTaBEHO
pEeXKUMUTE HAa MAaKCUMAJIHO ¥ MUHUMAJIHO ONTOBAapyBamk€ BPEMEHCKH Jla ce
coBmaraar u 3a fiBete Mpexu, 6 kV u 35 kV, mro cekoram He Mopa fja oupie
Taka. IMeHo, qujarpamMuTe Ha ONTOBAapyBalke Ha €HATa U Jipyrata Mpexa
MOHEKOTalll MOXaT fa OuWfgaT BPEMEHCKM "HW3MECTEeHH", a TOoa BO rojiema
MepKa 3aBUCH Of] KApaKTEPOT Ha MPUKIYYEHUTE NOTPOIITYBAUU BO CEKOja Off
HWB.

O g o

Perynanmonute TpaHcopMaTOpu HpeTcTaByBaaT OCHOBHO CpEACTBO 3a
perynanyja Ha HanoHOoT Bo EEC. MHory uecro Tue mnpeTcraByBaaT H
€IMHCTBEHO €KOHOMCKH OIPaBJaHO CPEJICTBO 3a peryJanyja Ha HAalOHHUTE
HE CaMO BO PETMOHAJIHUTE TYKY U BO MECHUTE MPEKHU.

Taka, Ha puMep, KApaKTEPUCTUYHO 32 MECHUTE MPEXKM € TOa LITO T'OJIEM
IPOLEHT Off BOJAOBUTE Ce KaOEJICKM WJIM NAaK HA[3€MHHU CO PENAaTHBHO Mall
npecek. Bo TakBuTe Mpexu 3ary0aTa Ha HAIOH IPETEXHO CE JOJXKU Ha
TEYEHETO HAa AKTHBHUTE, a HE Ha pEaKTUBHUTE MOKHOCTH. OCBEH TOa,
MECHHUTE MPEXKH YeCTONATH HAIOjyBaaT KOMyHAaTHO—OUTOB TOBap (TpajicKu
W CEJICKU IUCTPUOYTUBHU MPE3KHM) CO BUCOK (paKTOP HAa MOKHOCT cos¢@> 0,95.
Bo oBue ciyyam koMmmeH3anujaTa Ha peakTHBHATa MOKHOCT Ke mMma ciab
e(eKT Bp3 NO00PYyBakETO HA HAIIOHCKUTE MPUJIMKY BO MpeKaTa W HU €HO
MpeocTaHaTO CPENCTBO 3a peryjanuja, OCBEH PEryJalMoOHUTE TpaHcdop-
MaTOpH, He K& MOXe J1a T 3aJ0BOJIM OapamaTa BO MOIJIe]] Ha HAIOHUTE MPH
MIOTPOLIYBAYNTE.

Perynammonure TpaHcopMaTtopu ce mocTraByBaaT WU Kaj CEKOj MOTPO-
myBau (cn. 3.6), mam mak kaj rpymna notpomysaun (ci. 3.7). Bo npsuor
ciydaj craHyBa 300p 3a MmecHa pezyaauuja, AOfEKa BO BTOPHOT 3a
yeHUlpaaHa pezyaayiija Ha HallOHOT BO MpezKaTa.
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VN nre a

|

Cnmka 3.6. LlenTpanHa peryianuja Ha HAMOHOT BO MpeXKaTta

A

—1

VN nre a

Cimka 3.7. Mecna perynanuja Ha HAOHOT BO MpeXxara

ITocraByBameTO Ha €[]eH perylalioHeH TpaHcopMaTOp 3a HAllojyBakbeTO
Ha 1IeJ1 pETMOH ce HapeKyBa UeHIlpaseH CUciliesm 3a peryJlialyja Ha HaloHOT.
Kaj Hero perynanujata Ha HallOHOT ce BPIIX BO caMO €fHa Touka (coGup-
HUIA), HapeUeHa HAMOHCKM KOHTpoJupaHa Todyka. Toa e oOMYHO TaKBa
TOYKa 4YMj HAMOH BO HajrojlieMa Mepa ja ONUIIyBa WJIM KapaKTepusupa
HaAIMOHCKaTa cocToj0a BO ceTa HamojyBaHa Mpexa. [IpuToa perynanujaTta Ha
HAMOHOT € payHa, Off CTpaHa Ha JIeXKypPHHUOT MEePCOHAI, WJIN aBTOMATCKa.

LleHTpanHUOT cucTeM Ha peryiaiyja Ha HalOHOT € IMOEBTUH Of MeCHaTa
perymanuyja, 1na 3aToa ce IpUMEeHyBa CEeKoralll Kora € Toa MOXHO.

MefyToa, BO oOfipefileHM cillyyau, Kora Ha HNpuUMEep NOTPOUIYBaYUTE BO
MpexkaTa UMaaT pa3iInuyeH KapakKTep U COOABETHO HA TOA MMaaT pa3IMvHU
pexxumu Ha padoTa BO TEKOT Ha JICHOT M pa3/IMYyHM AMjarpaMu Ha ONTOBa-
pyBame, Toraul OOMYHO fioafa 10 MPEerojieMu OTCTanyBakba Ha HAallOHUTE BO
MpesKaTa Off ofHampes OapaHuTe (WX MO3BOJIEHUTE) BPENHOCTH. Bo TOj
Cllyyaj ce MOTpeOHM NOMOJHUTEIHU CPEACTBA U 3acaT co Kou Ke ce BpIIn
MoflaTHA peryianuja (Ha Mp. NpeKy MHjeKTUpame Ha peaKTUBHA MOKHOCT)
BO €]IHa WJIM [TIOBEKE TOYKHU Of] MpeKaTa.

JJOKOJIKY MaK HU CO JOMOJIHUTEIHUTE MEPKU HE MOXKAT fja Ce NMOCTUTHAT
3a[JOBOJIUTEJIHU PE3YJITAaTH, Toram Ke Oujie HEONXOHO /1a ceé NPEMUHE Ha
IPYTHOT CHUCTEM, a TOA € CUCTEMOT Ha MeCHa peryjanyja Ha HamoHOT (CII.
3.6). Kaj Hero cexkoj moTpouryBad ce HamojyBa INpEKy peryjJanuoHeH
TpaHcOpMaTOp W HAa TOj HaYMH HETOBHOT HAINlOH MOXKE [la Ce peryiaupa
HE3aBUCHO Of] paboTaTa Ha OCTAHATHTE MOTPOLIYBAaud U yCIOBHUTE BO VN
HallojHa Mpexa.
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3.5. PEI'YJIAIIMJA HA HAITOHUTE CO ITPEPACIIPE-
JEJBA HA PEAKTUBHUTE MOKHOCTHU BO EEC

Enen on HaumnuTe 3a perynamuja Ha Hanonute Bo EEC e u mpepac-
npepenbaTa Ha TEKOBHTE HA pPEaKTHUBHM MOKHOCTH, IITO C€ OCTBapyBa
IJIaBHO HA /IBA HAUMHA:

» CO MHjeKTHpame Ha peakTHBHA MOKHOCT BO OffieTHUTE (OOMYHO
MOTPOIIYBAUKHUTE) ja37U Off CHCTEMOT;

» co mpepacnpejenda Ha peakKTUBHUTE MOKHOCTH Ha M3BOpPUTE Ha
eHepruyja.

I[a ro pa3rjicgamMe Npe€HOCHUOT CUCTEM, TPUKAXKAH Ha CJIIMKaTa 3.8 a.

G T, T,

| — | :
O+COH oD 5,
G T, T, .
O+ @H—=——+CD

SK

0 X, R

~
<
S

S

Ol g=1

Cmmxa 3.9. Eqnoga3na 3aMencKka mema Ha NOCMaTPAaHUOT NPEHOCEH CHCTeM

AKoO co R, 1 X, TM O3HAauUMMe CyMapHaTa aKTHMBHA U PEaKTUBHA OTIOPHOCT
Ha IPEHOCHUOT CUCTEM, BKIIYUyBajKM ja TyKa M peakTaHIMjaTa Ha TeHepa-
TOpOT G, T.€.

R, =R+ Ry+R12;
Xe: Xd+ X111+ Xv+ X172,

Toram NpubJIUKHATa BPETHOCT HA 3arybaTa Ha HANoOH (CO 3aHEMapyBame
Ha TompevyHaTa KOMIIOHEHTAa Ha MAajoT HAa HAIOoH, IITO € BO MPUHIUIHUE-
HUTE aHAJIM3| IO3BOJICHO Jla ce HaMpaBH) Ke Ouje:

P, R+0,-X,

AU (3.12)

n

Kaj BUCOKOHANIOHCKUTE NPEHOCHU CUCTEMH OOUYHO € X, >> R, IOpajy IITO

KOMITIOHEHTaTa Qp-Xe/Un ol 3ary0aTa Ha HamNOH, KOja ce€ JMOJKU Ha
TEUYEHETO HA PEAKTUBHATA MOKHOCT, € MHOTY MOrojieMa Oj] KOMIIOHEHTaTa
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P,R,/U,. IIpakTUYHO MOXKE Jja ce Kaxe JeKa 3aryoure Ha HamoH BO VN
MpPEKHM C€ MOCIENLIA HA TEYEHETO HA PEAKTUBHIUTE MOKHOCTH.

Ha npumep, 3a umaycrpanmja Heka ro 3eMeMe HPEHOCHHOT CHCTEM Off
cnukarta 3.8.a. Heka ce no3HaTh napaMeTpUTE Ha €JIEMEHTHATE Off CUCTEMOT
SuG = Sut1 = Sit2= 50 MVA; x5= 120%; up1 = ugpy = 10% m HEKA IPEHOCHUOT
Bog co HoMmHalsieH HamoH 110 kV m momkmHa /=60 km e m3BedgeH co
cnpoBopuuiu Al/Fe 240/40 mm?/mm?. Bo Toj cnydaj 6u poduse:

R,=R71+Ry+R1»=0,75+7,5+0,75=9 Q;
X=X+t X1+ Xv+ X12=290 +24 + 24 + 24 =362 ),

ma 3a ogHocoT X./R, ke pgobueme BpemHocT X./R~= 362/9 = 40. Ako
MPETIOCTAaBUME [leKa aKTUBHOTO ONTOBapyBawme HU3HecyBa P,=40 MW,
TOTall 3a Pa3HU BPEAHOCTU Ha (DAKTOPOT HAa MOKHOCT COS ¢, K€ JOOneMe:

cos @, 0, X, /PR,
0,95 4760/360 = 13,2
0,90 7013/360 = 19,5
0,80 10860/360 = 30,0

OrTyka cam 1o ce0e ce HAMETHYBA 3aK/JIYy40KOT JIeKa:

CoO NPOMEHA HA NPEHECYBAHATA PEAKTUBHA MOKHOCT
Q WTO TEYE HU3 NMPEHOCHUOT CUCTEM KE MOXEME [A
JA MEHYBAME 3ATYBATA HA HANOH U HA TOJ HAYUH AOA
BIWJAEME BP3 HAMOHOT KAJ NOTPOWYBA4YOT, OOAHOCHO
AA BPWWUME PETYNALUWJA HA HANOHOT.

MeHyBambeTO Ha MpEeHecyBaHaTa peaKTUBHA MOKHOCT BO OBOj Ciyuaj ce
BpIIA CO TOMOII Ha CHUHXPOHMOT KOMIIEH3aTOp WM KOHJEH3aTopcKaTa
OaTepuja, MHCTAIMPAHU HA KPajoT, Kaj morpoirnyBador (ci. 3.8 6), T.e. co
WHjeKTHpalke Ha peakTWBHA MOKHOCT. M HaBHCTHMHA, aKO CHUHXPOHHUOT
KOMIIEH3aTOp pabOTH BO PEXKNM Ha HajiBo30y/ia, TOj Ke Mpou3BeyBa HeKoja
peakTUBHa MOKHOCT gk, MOpafM WITO JIeJ Of MOTPeOUTE Ha pPEeaKTUBHA
MOKHOCT Ha MOTPOIIYyBavyOT Ke& ce 3a7oBojIaT Ha JIMIE MECTO U HH3
NPEHOCHUOT CHCTEM K€ Tede MOKHOCTa S = Pyt j(Qp — Osk), TIOpajH MITO Ke
[0je O HaMallyBame Ha 3ary0aTa Ha HaIloOH:

Pp'Re—’_(Qp_QSK)'Xe
U .

n

AU = (3.13)
CooBeTHO Ha TOa, HAIOHOT Kaj MOTPOIIYBAYOT Ke& MOpacHe Off BpeAHOCTa

U, wHa HOBata BpemHoCcT U) Koja (Ipu HemsMeHeTa BO30Oyla Ha

reHepaTOpOT) MPUOIMKHO Ke N3HEeCyBa:

r_ QSK.Xe
Up = UP+U—. (314)

n
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HOKONKYy mak CHHXpOHMOT KommeH3atop SK paboTu BO pexuMoT Ha
noABo30ysa, Toramr TOj Ke 3eMa Off MpexKaTa OIpefielieHa peakTHUBHA
MOKHOCT sk, Opajy ITO 3ary6aTa Ha HAllOH BO MPEHOCHUOT CUCTEM Ke ce
3rOJIEMU U K€ U3HECYBa:

Pp ‘R, +(Qp +0sk) - X,

AU = : 3.15
U (3.15)

n

¥ COOMIBETHO Ha TOA, HAIIOHOT Kaj MOTPOILIYBA4YOT K€ J0oOKMe HOBA BPEIHOCT
" .
U, <Up:

X

u,h=U, - @ (3.16)
p p

U}’l

Op gocera pe4eHOTO MPOM3JIETYBA JieKa CO peryjalnujaTa Ha reHepupaHaTa
peakTuBHAa MOKHOCT (Osk Ha KOMIIEH3aTOpPOT (KOja ce BpIIW CO M3MEHa Ha
HeroBaTa BO30y[Ha CTpyja) 3arybaTa Ha HAllOH BO MPEHOCHUOT CHCTEM €
MOKHO € fla Cé MEHyBa BO IIMPOKM T'paHUIY, a CO CaMOTO TOAa U fia ce
peryaupa HanoHoT U, Kaj IIOTPOLIyBavoT.

BeymHocT, MHjeKTHpameTO Ha peakKTHBHA MOKHOCT BO INPHHIHMII MPETC-
TaByBa CPEJICTBO 3a Ipepacinpefeoa Ha peakTuBHUTE MOKHOCTH BO EEC.

Ha npumep, ako kaj SK of cucteMoT Ha ciaukara 3.8 10je 10 3roJeMyBame
Ha IPOM3BEyBaHaTa peaKTHBHA MOKHOCT 3a M3HOC (Jsk, TOraul Of YCIO-
BUTE 3a GallaHC HAa PEaKTUBHU MOKHOCTH (HOTpolryBaukaTa O, MPaKTUYHO
HeMa fla ce U3MeHU OMfejKN Taa UCKIYYMBO 3aBHUCH Of] MOTPOIIYBAYOT) Ke
MoOpa fia J0jfie ¥ 10 COOJJBETHO HaMallyBame€ Ha MPOU3BEICHATA PEaKTHUBHA
MOKHOCT Of] TeHepaTopoT G 3a U3HOC:

AQ =~ Osk

OTHOCHO K€ JI0Ji€ [0 mpepacnpenenda Ha TPOU3BEICHUTE PEAKTUBHU MOK-
HocTu. Ce pa3Oupa, Toa Ke Npein3BUKa U U3MEHA Ha TEKOBUTE HA PEaKTHB-
HU MOKHOCTH BO CHUCTEMOT, a CO CaMOTO TOa K€ JI0j€ W A0 M3MEHa Ha
HAMOHCKUTE NMPUIIUKHU HE caMO Kaj MOTPOIIYBAYOT TYKY BO LIETMOT CUCTEM.

Perynanujata Ha HamoHHWTE BO MpEXHWTE CO HM3MEHAa HAa TEKOBUTE Ha
pEaKkTUBHM MOKHOCTH MOXKE Jla Ceé OCTBapW M CO INPUMEHAa Ha KOHJIeH3a-
Topcku Oarepun. Ilo cBOETO H€jCTBO, KOHAEH3aTOPCKHUTE OaTepuu ce
€KBHMBAJICHTHU Ha CMHXPOH KOMIIEH3aTOp KOj paOOTH BO PEKMMOT Ha Hafl-
B0o30Oyna. Twe MoKaT camMo f1a Tpou3BeyBaaT, HO He W J1a Tpomar (arm-
copOupaar) peakKTUBHAa MOKHOCT. 3aToa peryJjanyja Ha HallOHOT CO MOMOIII
Ha KOHJIeH3aTopcKa OaTepuja MOXe fla ce BPIIM caMO BO €JHa HacOKa — BO
HacoKaTa Ha 3roJIeMyBam€ Ha HAallOHOT.

Cemak, W TOKpaj CIHOMEHATHOT HENOCTATOK (HEMAameTO MOXKHOCT 3a
KOHTHUHYHMpAaHa, TYKy CTEIEHecTa peryjannja, ITO € UCTOTaka OUTEH He-
TOCTAaTOK HAa KOHJEH3aTOPCKHUTE OaTepuu), MOpagll HUBHATA PEATHBHO
HUCKa II€Ha, €JHOCTAaBHOTO OJpPXKyBawke M pej APYrd IOrOfHOCTH, OaTe-
punTE BO JIEHEITHO BpeMe ce kopucrat Bo SN mpexu (6 kV, 10 kV, 20 kV n
35 kV) 1 Bo NN mpexu (220/380 V u 500 V) 1 KaKO IIOMOIITHO CPEJCTBO 3a
peryjanyja Ha HallOHOT, HO NPBEHCTBEHO KAaKO CPEACTBO 3a NMOJOOpyBame
Ha TEXHMYKO—EKOHOMCKHTE IIOKa3aTeln Ha padoTaTa Ha €JIEKTPOEHEp-
TeTCKUTE MpexXH (TonpaBka Ha (paKTOPOT Ha MOKHOCT).
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Perynanmja Ha Hamonute Bo EEC Moxe pga ce ocrBapy U CO
npepacnpefenda Ha MPOU3BEAYBAaHUTE PEAKTUBHU MOKHOCTH Mefy M3BOPU-
T€ BO CHUCTEMOT. MefyToa, nmpefi la TpeMrUHEME HAa OBOj HAYMH HA peryJia-
yja Ja ce BpaTUMe Ha MPUMEPOT Of CiI. 3.8, KOora NoTpoILIyBayoT € HaIojy-
BaH of] camo efieH n3Bop (enekTpana). Ha cnimkara 3.9 e mpukaskana ympoc-
TeHaTa €fAHo(a3Ha 3aMEHCKa IIeMa Ha IOCMaTPaHUOT CUCTEM, BO KoOja
reHepaTopoT G € MpeTCTaBeH co €.M.C E, 33 CHHXpOHAaTa peakTaHuuja X,.
Co orsieq Ha akToOT fieka € X, >> R, , Ke UMaMe:

Pp'Re << Qp 'Xe ,
U}’l Ul’l
1a NpuOJUKHO K& MOXKeME J1a MUIyBaMe:
P,-R,+0, -X X
E,~U,+—+— % erp+L, (3.17)
n Un
OJHOCHO
0, X
U,=E, - ”U— : (3.18)

0 9,

Cruka 3.10. U-Q kKapakTepucTHKa Ha OTPOIIYBay (MOTPOUTYBAYKH LEHTAp)

IlocnennaTta penamnuja ja maBa TakaHapedyeHata "U—Q" KapakTepuCTUKa
KOja IIPETCTaByBa 3aBMCHOCT Mely HamoHOT U, Kaj HNOTpOIIyBa4oT U
peakTUBHAaTa MOKHOCT (J, IITO ja MPOU3BENyBa CMHXPOHMOT reHepatop G.
Kako mrto e rpacuuku npukaxkano Ha ci. 3.10 (kpuBa "a"), Taa 3aBHCHOCT
€ IpuOJINKHO JIMHEapHA.

Bo paboTHara Touka "A" reHepaTopoT G IpoU3BeyBa PEAKTUBHA MOKHOCT
O, ¥ HAIOHOT IIpY MOTPOIIYBAa4Y0T u3HecyBa U,. AKO [j0jie 10 M3MEHA Ha
[IPEHECYBAaHATA peaKTUBHA MOKHOCT, Ha IPHUMEpP MOpPafU UHJEKTHpPAmE Ha
peakTuBHa MOKHOCT sk Kaj MOTPOIIYBayoT, Ke jojae A0 u3MeHa (T.e.
HaMaJTyBame) Ha MpOoW3BeJleHaTa peakKTUBHA MOKHOCT Ha F€HEpaTOpPOT Off

BpeiHoCTa (J), Ha BPEIHOCTA Q}a ~ Op— Osk-

Bo T0j cnyuaj Ha U-Q KapakTepucTrkarta Ke jooueMe HoBa pabOTHA TOYKa
"A'", Ha KOja, KaKo IITO Tyefilame, i OfiroBapa U COOJBETHA HOBA BPEJHOCT
Ha HamoHoT U :D > U, Toa 3Haum jexa BO HOBaTa €OCTOj0a JOLLIO O
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npepacnpejiesioa Ha peakTUBHUTE MOKHOCTH, IpH IITO, reHeparopor G
npou3BefyBa INoOMala peakTUBHA MOKHOCT, HO MOTPOIIYBAadyoOT MakK ja
nobusa GapaHaTa MOKHOCT O, HO NpPH JPYT, MOBUCOK HamoH U),. Ilpuroa

IpeTIoCcTaByBaMe jleKa 3a Ielio BpeMe reHepatopoT G paGoTH co KOHC-
TaHTHA Bo30yna (E, = const).

JHoxonKy nak Ha reHepaTopor G, KOJIITO OfjaBaj peakKTUBHA MOKHOCT (),
My ja 3roJieMuMe BO30y/IHaTa CTpyja, OGHOCHO BHATpEIIHaTa eMc £, Ha HOBa
BpepgHOCT E',=E,+ AE , Toram Ke gobueme gpyra U-(Q KapakTepUCTUKA
(xpuBa "b"), mpukaxaHa co ucnpekuHara auHuja Ha ci. 3.10. Ce pa3bupa
lieka TMOTPOIIyBAaYOT HE3aBHCHO Off Toa, K€ ja 3emMa U IOHaTaMmy ucTaTa
peakTHBHa MOKHOCT off MpexaTta (,, MefyToa, cera Ke Jojae Jo
3roJieMyBambe Ha HaloOHOT Kaj MOTPOIIYBAa4YOT (2 M BO JPYTHTE TOUYKH Of
cucTeMoT) of BpeHocTa U, Ha BpefHocTa U,+ AE (paGoTHa Touka "B").

He e Ha opgMeTr ma HanmoMeHeMme [ieKa IOKpaj BEKe CIIOMEHATHUTE 3aHEMa-
pyBama, BO JOcCera BpIICHUTE aHAJIU3W PEJOBHO TI'M 3aHEMapyBaBME H
3aryOuTe Ha peaKTHBHATa MOKHOCT BO CHCTEMOT AQ, LIITO ja yIpOCTyBa, HO
HE ja MeHyBa (pu3nUKaTa CIuKa Ha TPOOJIEMOT.

G T, T G
1 | V] V2 | 2 2
m | JIL I @_'_@
P -~
A, . b,

1 Ql Pp‘*']Qp 2 QZ

Cauka 3.11. IToTpomrysay HanojyBaH of ABa reHepaTopu

Bo peanHocra peTko Kora HamjyBaMe Ha CJIy4yajoT HOTpOIIyBay ja ce
Halojysa Off caMo efieH u3Bop. OOMYHO NMOTPOIIYBAYNUTE CE NMPUKITYYECHN HA
3aegHrukaTa mpexa ofg EEC u Ha TOj HauuH ce CBp3aHM CO MOrojeM Opoj
n3BOpU. Bo TakBHOT ciyyaj mpoONEMOT € 3HAaTHO IOCIOXKEH M foOuBa
Apyro oobesnexje. 3a ympocTyBame, HHE Ke pasIyieflyBamMe cocToj0a Kora
norpouryBadyoT "P" ce HamojyBa of nBa u3Bopa Gy m G; (ci. 3.11), a n
MOHaTaMy Ke T'M IpaBUME HMCTHUTE YIPOCTyBaka M 3aHEMapyBamwa IITO T'H
npaBeBMe M pgocera. 3Hauu, Ke cMeTaMme Jieka mnorpomyBadoT "P" co
MOKHOCT S, = (P, +j0,) IPeKy ABE €KBUBAJIECHTHH peaKTaHIMU Xi, U X,
npuMa MOKHOCTH (P1+jQ1) u (P>+j(Q>) O ceKoj O] TeHEpaTOPUTE, MPHU LITO
BaxKM (CO 3aHEMapyBambe Ha 3aryouTe):

Cnuka 3.12. Ennoga3na 3ameHcka memMa Ha cuctemor of ¢i. 3.11
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P=P\+Py; Q=01T0.

AKo cera 3a cekoj off reHepaTopuTe I HaigpTame U-Q KapaKTepUCTUKUATE
Ha UCT fujarpaM, Ke ja pobueme cnmkara 3.13. Bupejkm mamonor U, e
3a€lHUYKN 32 [IBET€ KapaKTepUCTHKM, a IIOKpaj Toa Mopa faa Oupe
UCIIOJIHET YCJIOBOT 3a OallaHC Ha PEaKTHUBHU MOKHOCTH, T.€. Q1+ Or = 0, =
const., MPOM3JIETYBa JIeKa 3a JAJEHUOT CUCTEM BpefHocra U, Ha HAIOHOT
Kaj MOTPOIIYBavOT, KaKo U BpegHocTuTe O u 0> WITO KE TH IPOU3BEyBaaT
obaTa reHapaTopa, ce €JHO3HayHO omnpeaeineHn. HuB Moxeme pa ru
no6meme no rpauyuKM MaT, Kako IITO € TOA MpUKa>KaHo Ha ci. 3.13.

Heka cera ja 3romemume Bo30yfHaTa cTpyja Ha reHepatopoT Go.
CoonBeTHO Ha Toa Ke Jojae 0 3rojieMyBambe Ha HeroBaTa BHaTpEIIHA eMC
E» 3a m3HOC AE), T.€.

A

U

Eo2
Eol

0 0, 0 0,
Cnuka 3.13. U-Q kapakTepucTHKa Ha OTPOLIYBaY, HANIOjyBaH O] 1Ba M3BOpAa.

E’OZZ Eo2+ AE2~

3roneMyBameTO Ha BO30y/laTa Ha OBOj FeHepaTop Ke Npeu3BUKa I10jaBa Ha
JNOTMOJHUTEHA CTpyja Ha ypaMHOTEeXyBawe [,, Koja Ke Tedye Of
reHepatopoT Gy KOH reHepatopor Gj.
CornacHo NpUHIMIIOT Ha CyNeplo3ulinja, CTpyjaTa Ha YPaMHOTEXYBAKE [,
Ke ce ImpecMeTyBa CIope] peslanyjarTa:

I AE, AE,

=ur .

(Zle+ZZe) J(X1€+X26)

= _jlur

U CO OrJie[l Ha OJHOCOT R, << X, IMa PEYMCH YHUCTO MHJYKTUBEH KapaKTep.
3Haum, crpyjata [, npu reHepaTtopoT G, Ke ce U3MEHU IO 3roJIEMYBAKHETO
Ha Bo30ypaTa u Ke fjo0ue HoBa BpeqHOCT [’ :

I[2=0L+1y=hL—jl,
mojeka kaj reaepaTopot G, Ke nmame:
In=0L-L,=1"=1+jl
CoriacHo Ha Toa Ke modueMme:
§y=3-Uy-(U')*= V3-Uy (L= j1,)* =N3-Uy - L* + jN3-Uy 1,
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niun:
S =Syt jN3 -Urly= 82+ jAQur ,
T.C.
0, =02+ AQy,. (3.19)

Ha cnuyen HaumH Ke qoOueme ieka peaKTUBHaTa MOKHOCT Kaj TeHEPATOPOT
G| Ke ce u3MeHM " Ke Jo0ue HoBa BPEIHOCT:

o = Ql_ AQur . (3.20)

On oBfe MOXe fa 3aKJIydynMe AeKa co M3MeHa Ha Bo30yjara Kaj eieH Off
CUHXpPOHMTE TeHepaTopH joafa Ho mpepacnpependa Ha IMpou3BefyBaHATa
peakTHBHAa MOKHOCT, HO TMpUTOa OWIAHCOT HAa MOKHOCTH BO CHCTEMOT
OCTaHyBa HEW3MEHET, T.e.

O+ =0+0=0,. (3.21)

3Hauy, ako Mpou3BeyBaHaTa peakKTHMBHA MOKHOCT Kaj €JHUOT FeHepaTop
ce 3rojieMu 3a m3HOC AQ, 3a HMCT M3HOC (ce pa3bupa MPUOIUXKHO) Ke ce
HaMaJli peakKTUBHATa MOKHOCT INTO ja TPOUW3BEAyBa JNPYrHOT (IPyruTe)
reHepatop(n).

3rosieMyBambeTO Ha Bo30yfara kaj reHepaTopoT G, Ha U-Q pujarpaMor Ke
3Ha4YM 3rojieMyBame Ha e.M.C E;y Ha BpefHocT E',, , T.e. TpPaHCIATOPHO
[IOMECTYBakE€ Ha KapakTepucrukara "2" Harope, Kako IITO € TOa
puKaXaHo Ha ci. 3.14.a.

Co u3menaTa Ha Bo30yjaTa Kaj reHepaTopoT G, UCTOBpPEMEHO foafa M Jio
3roJieMyBal€ Ha OfijJaBaHaTa peakTUBHA MOKHOCT (J> Ha BPEJIHOCT:

0; =+ AQ

U 1O HaMallyBame Ha MOKHOCTa (0] Ha HOBaTa BpefHocT Q) = 01 — AQ.

Cnuka 3.14. [Ipomena Ha pacnpenendoara Ha peaKTHBHH MOKHOCTH
1 IPOMEHA HA HATIOHHUTE BO CHCTEMOT €O H3MeHa HAa BO30y/AHATa CTpYja
Kaj CHHXPOHHTE FeHepaTopHu.

Kako mro Mmoxe fa ce Buu of cnukara 3.14 a, BO HOBUOT PexXXuM Ha padoTa
loafa U 0 3roJIEMyBamke Ha HAIIOHOT Kaj NOTPOILIYBAa4OT Of BpegHocra U,
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Ha HOBara BpefHocT U, > U, Cn4HO, TOKOIKY AOJAEIIC O 3roJieMyBambe
Ha Bo30yzaTa Kaj reHepaTopoT Gj, Ke ce fjo0uenie HOB peXXuM BO KOJIITO
Ke IMaBMe HOBHU BPETHOCTH Ha MOKHOCTHTE W HanoOHOT (ci1. 3.14 6):

{':Q1+AQ; Q":QZ_AQ; U};>Up.

3akayyonyuTe KOM TYKYIITO I'M M3BEJOBME MOXAT fa Cé BOOMILITAT U Ha
IPOM3BOJIEH CUCTEM CO MOBEKEe TeHepaTopu M moTpoinyBayd. Mi3MeHaTa Ha
BO30yiaTa Kaj OMIIO KOj Ofi U3BOPUTE K€ MpeNM3BHKA Ipepacnpefesidoa Ha
IPOU3BEYBAHUTE PEAKTUBHUA MOKHOCTH Mely u3BopuTe. Toa Ke goBsefe 1o
U3MEeHa Ha TEKOBUTE Ha PEaKTUBHUTE MOKHOCTHM BO CHCTEMOT M Kako
nocjeauia Ha Toa Ke ce jo0ue HoBa pacrpefenda Ha HallOHU BO CUCTEMOT.
IIputoa 3ronemyBameTO Ha BO30yzmaTa Ke JIoBefe 0 NOKadyBame, AOAeKa
ak HaMallyBalkbeTO Ha BOo30yjaaTa Ke Mpein3BUKa CHUXKYBAamkEe Ha HAIIOHUTE
BO CUCTEMOT.

Ha ce BpaTuMe MOBTOPHO Ha pas3rjeflyBaHUOT cucTeM of cimkara 3.11. Ja
pasriegyBamMe CHTyalujaTa Kora nopaju 3rojeMyBameTO Ha Bo30yjaaTa of
reHepatopoT G; [fouuio [0 Ipepacnpeaenda Ha MOPOU3BEJYBAHUTE
PEakTHBHA MOKHOCTHU M IO NOKa4yBakbe Ha HaoOHOT U, Ha BpeaHocTa U),.

JIOKONKY cakame HaloHOT U), MOBTOPHO fja IO BpaTHMe Ha NpBOGHTHATA

BpenHoct U,, Ke Oupe moTpeOHO Bo30OypmaTa Ha reHepatopoT G fma ja
HaMalluMe TaKa IITO HeroBaTa KapakTepuctnka U—-Q Ke MpeMHHE BO HOBa
nojoxoa "1'", Kako MITO € Toa MpUKaXkaHO Ha ciaukarta 3.15. 3Hauwm,
NOKOJIKYy cakaMe [a W3BpLIMMe Ipepacnpefienida Ha TeHEpUpaHUTE
PEaKTHBHM MOKHOCTH Mefy Te€HepaTOpHTE NpU HEM3MEHET ToBap (O, H
HEM3MEHET HAIOH Kaj nmotpomyBadot U,, NoTpeOHO Ke Oujie 1a ce U3BPIIN
COOJIBETHA M3MEHA Ha BO30yjaTa Kaj obaitia TeHepaTopa, HO BO CHpOIUUBHU
Hacoku. JlOKONKy BpmmMe wu3MeHa (peryjanyja) camMo Kaj eTHHOT
TeHEPaTop, TOram 3aJ0JKUTETHO Ke IOjIe A0 U3MEHA Ha HAIOHOT U,

0 0,0 90O O

Ciuka 3.15. Perynanuja Ha HanmoHOT BO IBOMALINHCKHA CHCTEM
€O mpepacnpefendoa Ha NPON3BeeHNTe PEAKTHBHA MOKHOCTH.
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Jla ro pasrnemamMe cera ciy4yajoT KOra BO CHUCTEMOT, BO KOJIITO TeHepa-
TopuTe paBane MokHoctH QO U O (O1+ (»=0,) U HANOHOT Kaj
NOTPOILIYBAaYOT MMajl BpefHOCT U,, MOLIIO A0 UCKIy4YyBamke Ha MOTPOIIY-
BayvoT (S, = P, + jO, = 0). Bo T0j ciyyaj, Kako IITO ce riiefia Off cImKaTa

3.16, Ke mojme o mopacTt Ha HanoHoT U, Ha BpepnHocra U 1’0 0e3 HMKaKOB

3aaT BO BO30yHUTE KPYroBHM Ha reHepaTopute. I BO BAKBUOT PeKUM Ke
Ouje NoCcTUrHaT O0AIaHCOT Ha PEaKTUBHUTE MOKHOCTH:

O+0,=0,=0,
T.C.

0, =-0.

Cnmka 3.16. I3Mena Ha HANOHOT NPH NOTPOIIYBAYOT
BO CJIy4aj HA HETOBO MCKIIy4dyBame.

Bo 0B0oj pexum resepatopoT G;, KOJIITO UMa MOrojeMa BHATpEIIHA eMC
Ey, mpou3BeyBa peakKTuBHA MOKHOCT ()5 W ja UCIpaka KOH Te€HepaTopoT
G| co momaisia BHaTpellIHa eMc E.

Bo peannute EEC ogHOCHTE HE ce Taka €HOCTAaBHU KaKo IITO TOA U3riefa
Ha npB noriaen. [Ipen cé, U-Q KapakTEepUCTUKUTE HE CE cOCEMa NpaBH, a
OCBEH Toa BO CEKOj MOTPOIIYyBaYKM ja3eJl CTPMHUMHATA Ha KapakTe-
puctukata U—Q e pa3iauyHa, IITO 3aBUCH KaKO Off KOH(urypanujata Taka u
Ofl CTpyKTypaTa Ha cuCTEMOT. OCBEH TOa, TEKOBUTE Ha aKTUBHUTE MOK-
HOCTU MMaaT ONpEfieJIEHO BIUjaHUuEe BP3 HAIOHCKUTE MPUIUKHU BO CUCTEMOT
(mrro gocera Gerre 3aHeMapyBaHO) UTH. Bo ommmT ciyyaj, Moxke /1a ce Kaxke
neka HanmoHOT U BO HEKOj ja3esa Off CUCTEMOT 3aBUCU KaKO OJf aKTUBHaTa
TaKa U O peaKTUBHAaTa MOKHOCT BO TOj ja3edl, T.e.

U=o®(P,0).
AKO BO HEKO] ja3es aKTUBHaTa MOKHOCT P ce u3MeHM 3a u3Hoc dP, a
peakTuBHaTa MOKHOCT () ce u3MeHHU 3a u3Hoc dQ, Toram u HanmoHoT U BO

HUCTHOT TOj ja3en Ke ce U3MeHM 3a Hekoja BpegHocT dU. Ilpurtoa 3a
OeCcKOHEeYHO Manu npupact Ha d P u dQ, Baxu:
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ouU ouU
dU=——dP+—-d 3.22
3P 20 0, (3.22)

WJIM, CO OTJIe]] Ha OTHOCHUTE:
ou op 1lu ou 8Q
0P oU 8Q oUu

goonBaMme:

dpP do
" oP/oU 8Q/ oU -

(3.23)

Op mociegHUOT W3pa3 3akilydyBame JieKa M3MeHaTa Ha HAlOHOT BO
HEKO] ja3es He 3aBHCH CaMO Off U3MEHUTE HAa ONTOBAPYBAKETO TYKY M Of
roaemMuHuTeoP/0U u 0Q/0U, Kou MaK Off CBOja CTpaHa BO HajrojieMa mepa
3aBHCAaT Off MapaMeTpuTe W KOHQUrypanujatTa Ha Mmpexkara. Taka, Ha
IpuMep, 3a cllydaj Ha BOJ CO mapameTpu R U X, ONTOBAapeH Ha KpajoT co
MOKHOCT §=P +jQ U cO NO3HAT HAllOH Ha MOYETOKOT U], 3a HAllOHOT Ha
HETOBHOT Kpaj U Baxku (TIPUGIHKHO):

}(Ulzconst.) R X 2| P
I — ] I 0
U] Z=R+jX U
U~ U, - (P-R+ Q0-X)
U
OHOCHO:

U-(U-U)-P-R-0-X=0,
o]l Kasie moouBaMe
op _U-2U U,-2U, U

oUu R R R (3.24)
Q0 _U-U U,

- = _Ku.
oUu X X

Opn mocnegHUTE U3pa3u MOXEME Ja 3aKIIyuyuMe JeKa roieMunuTe oP/oU
u 0Q/0U ce, co oraep Ha penanujata Uy = U= U, , cekoral HeraTuBHu. Toa
3HAuM JIeKa Ha TMO3UTUBHUTE MPUPACTU HA ONTOBAPYBAHETO BO MOCMAT-
PaHUOT ja3es COOJBETCTBYBA HETATHBEH NMPUPACT HA HAIOHOT U BO UCTHOT
TOj jased. [Iputoa, co oraen Ha BOOOMYEHUOT OJHOC X >> R, noOuBame feka

ﬂ&Q/&U\ << |ep/aU].
Koedunuenror Ky =-00Q/0U, nepmaupan co (3.24) Bo EEC uma MHOTry
MOTOJIEMO 3HAYE€HE€ OTKOJKY rojemuHata OP/OU. Hero moxeme pga ro
nobreMe WM CO E€JEeKTPUUYHU MPECMETKH WM JUPEKTHO, CO MEPEHE BO
caMmaTa Mpexka OJHOCHO Ha MpeKeH aHaiu3aTop. Bo mocnegHnoT ciay4daj Toj
ce ompefieslyBa CO HHjeKTHpalke Ha peakKTMBHAa MOKHOCT BO MpesKaTa
(MoOfienoT) BO TOCMATpPaHUOT ja3ed. AKO WHjeKTHpaHAaTa peaKTHBHA
MOKHOCT AQ Tipeiu3BUKa U3MEHa Ha HAlOHOT BO UCTUOT ja3e 3a u3Hoc AU,
Toraill Ke oune:
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_ AQ

AU

On nocneguuoT u3pas (3.24) 3aknydyBame jleka KoeuIueHToT Ky 3aBUCH
OJ peakTaHIMjaTa Ha BOAOT X. 3a moroJjiemMa peakTannuja X KoeuIueHToT
Ky ke 6upge moman u obpatHo. ITocnmegHOTO MOKe fa ce BOOMIITH W Ha
clly4yaj Kora mocMaTpaHaTa TOYKa € CBp3aHa cO TOBeKe ja3iaum BO efgHa
cnoxkeHa wmpexa. IlITo e OpojoT Ha BOJOBUTE W APYTUTE EJIEMEHTHU
NOBP3aHM CO TOYKaTa MOrojeM, momana Ke Oujile eKBUBaJIeHTHATa peak-
TaHIUja X, BO TOCMaTPAHUOT ja3ell U morojieM Ke 6upie KoeuiuueHToT Ky,
a Toa 3HAYM JIeKa HAMMOHOT BO MIOCMaTpaHaTa TOYKa € MOMAJKY 3aBHCEH Off
OINTOBAPYBAKETO — U OOPATHO.

U

ITocrou penammja momery koeduuueHTOT Ky M cTpyjaTta Ig3, OFHOCHO
MOKHOCTa Sj3 Ha TpudaszHa Kyca BpcKa 3a ceKoj jazena Bo Mpexarta. FiMeHo,
BO cJly4daj Ha npas3eH of] Ha cucrteMot npu U = U,, cTpyjaTa I3 Ha Tpudas3Ha
Kyca BpCKa 3aBHCH Off €KBHBAaJEHTHaTa (BJle3HaTa) peakTaHuuja X, BO
IIOCMaTPaHUOT ja3ell, T.e.

I U’!f _ Un .
k3 Xe \/§ ) Xe J
U2

(3.25)
Sz = \/g'Un Ay =

e

AXo ce Bpatume cera Ha u3pa3sor (3.24) u craume U = U = U,, (pa3eH of),
Ke mjooueMe:

KU: n n: I’l,

wiu, co oref Ha (3.25), moouBame:

K, = % =3-1;. (3.26)

Penanujata (3.26) Baxkum BO ONINT CiIy4aj, 3a CEKOj ja3esl Off MpexKara,
HE3aBUCHO O] Hej3MHaTa KoHdwurypanuja. Ha Toj HauwH, mo3HaBajKu TH
cTpyute (MOKHOCTUTE) Ha Tpua3Ha Kyca BpCKa BO TOCAMHUTE ja3id Off
CHCTEMOT, JIECHO MOXeMe fla TH mpecMeTaMme KoeuiueHTuTe Ky 3a cexoj
O]l HUB U Ha TOj HAUMH Jia JoOMeMe KOprcHa nH(opMaliija 3a 3aBUCHOCTA Ha
HAIMOHUTE OJl UHj€KTUPAHUTE PEaKTUBHU MOKHOCTH 3a CEKOj ja3es OffIeTHO.
Nmeno, op camara peduHMnMja Ha KoeduuueHTOT Ky ciefyBa JAeka
KapakTepuctukata U—-Q BO CEKOj ja3es mpeTcraByBa (MPUOJMKHO) TpaBa
JTUHMja cO KOe(PUIMEeHT Ha HAKJIOH tga = Ky, KaKo IITO € Toa MPUKaKaHO
Ha ciukara 3.17.
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0° >
Ciuka 3.17. U-Q kapakTepHuCTHKA HA ja3ell BO NPONU3BOJIHO CJI0KEH CHCTEM

Taka Ha mpumep, ako cTpyjaTa Ij3 Ha TpudaszHa Kyca Bpcka BO HEKOj jazeln

of Mpexara m3HecyBa 5 kA, Torami, co orsen Ha (3.26), mpuGmmKHO Ke
nMame:

Ky =315 = 8,66 MVAI/KV .

Toa ornpunuka OM 3Hadeno fAeKa MOKOJIKY, HAa INPUMEP, PEaAKTUBHOTO
ONTOBapyBawke BO MOCMATPAHUOT ja3en ce 3rojemu 3a AQ = 8,66 MVAr,
TOraul HallOHOT BO MCTHOT ja3ell Ke nmagHe 3a AU = 1 kV u o6patHo. Wnu
nak, JOKOJIKY cakaMeé HallOHOT BO pa3rJielyBaHUOT ja3ell ia ro oKadyuMe 3a
AU =5 kV, Ke Oupie noTpeOGHO BO HETO Jja UHjeKTUpaMe peakTUBHA MOKHOCT
Q. co BpegHOCT 5-8,66 = 43,3 MVAr.

IIpumep. Bo emna TS 110/10 kV/kV ce uHCTanmupaHu JBa WAECHTUYHY,
napajieJHO Bp3aHH, TpaHcopMaTopa, Off KOWIITO EJHHUOT CIy>XH Kako
pe3epBa M € HOPMAJHO MCKJIY4YeH Off MOrOHOT. BO mocMaTpaHMOT pexxum,
3Hauyu, paboOTH caMO efieH TpaHCOpMaToOp U MPUTOA TOj € ONTOBAPEH CO
MOKHOCT S = (P>1j(0») = (52+j18) MVA nipu Hanon U, = 10,2 kV. [1o3nara e
MOKHOCTa Ha Tpuda3Ha Kyca Bpcka 3a cooupHunure 1: Si3 =2500 MVA.
a) [la ce mpecmeraar KoeduIUEHTHTE ky; W ki, 3a BUCOKOHANOHCKATa
(mpumapnaTa) cobupHmua "1" W cpegHOHamOHCKaTa (CeKyHapHaTa)
cobupHuna "2" u na ce onpenesat U-Q K-KuTe 3a 00eTe COOUPHHUIIN.

6) [la ce mpoleHn KOJIKaBu Ke OugaT HOBUTE BPEIHOCTH Ha HanmoHute U, u
U, ako fojie A0 Wcmajg Ha €eH Off M3BOJUTE IITO CE HamojyBaaT Of
cooupHuuuTe "2" CO WMITO CyMapHaTa MOKHOCT Ha ONTOBapyBawme Ha
TpaHcOPMATOPOT ce HaMalW Ha BpefHocTa S = (Prtj(s) = (32+10)
MVA.

B) Konkapu Ke Oupat koepunueHTHTE ki M kyp aKO Ce BKIIYYM U BTOPUOT
TpaHcgopMaTop.
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Iooaitioyu 3a wpanchopmaitiopoili: 110kV VN Mpexa

Uin/Up, =110/10,5 kV/KV;

$,=63 MVA;

;. %=12%; TS 110/10
0%=0,2%

APc,, =750 kW;

APr~165 kW. —

Pewenue:

Hajuanpen Ke ru nmpecMeTaMe nmapaMeTpuTe Ha TpaHcoOpMaTopoT Ry u Xr,
ceenern Ha BH crpana (3naum U, = U;, = 110 kV):

U 10 4760
U2n ’
U;? 110
Ry = APCW-F =0,75- e 2,2865 Q);
w,% U?> 12 110
Pt == = 23,0476

T 100 S, 100 63
X; =+Z7 — RF =22,934Q; (X,;/R; =10,03).

a) Cayuaj Koza padoiuu camo eden wpancgopmaiiop

Tpruaysajku op mo3HaTuoT HanoH U, = 10,2 kV, OIHOCHO HeroBaTa cBeJeHa
BpeHOCT KOH npumap Uj =k, -U,=106,857 kV , 3a mocMaTpaHHOT peKuM

JIECHO MOKEMe jja ro mpecMeTaMe HanoHOT U; Ha MpUMapHaTa CTpaHa, T.e.
Ha BH coGupnuna "1":

U, =U,-¢/*=106,857 kV;
U,=U,+ bRy +*Q2'XT +J-P2‘XT _*QZ'RT = 111,892 /%67 kv

U, U,
3arybuTe Ha MOKHOCT BO TpaHcopmanyjaTa Ke Oujar:
ip %o 0,25
AP;,=0,165MW; AQp, = .S, = 63 = 0,1575 Mvar;
100 100
2, 2
AP, = APy, + le;zQ2 Ry = 0,771MW;

2
2 2
AQ; = AQp, + P2U+—!2Q2-XT = 6,239 Mvar.
2

3Haun, MOKHOCTa S; co Koja cobupHunata "1" ro HamojyBa TpaHcgop-
matopot T Ke Oupe:

S,=S,+ AS; = (52+ j18)+(0,771+ j6,239)= (52,771+ j24,239) MVA.
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Cera moxeMe fia mpecMeTaMe eKBUBalleHTHaTa peakTaHuyuja Ha BH Mpexa
Xges ¥ Hej3MHATA cBefleHa (KOH CeKyHAIap) BpeqHoCT X ggs:

u, _110° Xpps __ 4,84
S,y 2500 Kk 10,4762°

Xgps = =4,84Q; Xjpg= =0,0441.
ExBuBaneHnTHata peakTaHiuja X,,Ha CeKyHgapHaTa cobupHuma "2",
CBEJICHA KOH npumap Ke oupe:

Xior = Xpps+ Xp =4,84+22,934 = 27,774 Q,
NI0fIeKa Hej3uHaTa NPUPOAHA BPETHOCT Xoe:

X, = X 1 k2= 27,774/10,4762% = 0.2531 Q.

Cnopepn Toa, KoeunueHTOT ky;;=00/0U 3a nmpumapHaTta (BH) coGup-
Huna "1" Ke oupe:

nopeka k;,=00Q/0U 3a cexkynpapnata (BH) co6upruna "2" ke 6upe:
kyy=Us, ! Xpy =10,5/0,2531 = 41,4915 KA .

ITonatamy, TpruyBajku Off ONIITAaTa pejalyja 3a paBEeHKAa Ha MpaBa HU3
TOYKa CO MO3HAT KOe(UIMEHT Ha mpaBenoT k; = —1/ky;, 3a U—Q kapakre-
puctukara Ha jazenot "1" Ke goOueme:

U-U =k (Q-0).
Bo KOHKpETHHOT pexXuM Ke UMame:
U, =111,892 kV; O, = 24,239 Mvar,

Co 3aMeHa Ha BpefHOCTHTE 3a ki, U; 1 Q) BO ONIITHOT U3pa3, NOCIe HETO-
2
BOTO cpefiyBame ce joduBa ciaegqHata U—-Q KapakTepucTuka 3a jasenor "1":

U=-0,044-0+112,959 kV.

Ha cocema npeHTHYEeH HAUMH ce OoCTalyBa U IpH onpefienyBambeTo Ha U-Q
KapakTepuctukata 3a jazemor "2". Ilpuroa ce poOuBa crnepHaTa
KapaKTepUCTHUKA:

U=-0,0241-0+10,634 kV.

0) Cayuaj koza ooaza 0o upomena (namanysarbe) Ha WoOBAPOW

Co mpomeHaTa Ha MOKHOCTa Ha ONTOBAPYBAaWkETO K& ce NMPOMEHAT U CHUTE
HamoHW BO Mpexarta. CmeTajKku JeKa BapujalyjaTa Ha HAMOHOT BO €HA
MpesKa IMopajyd IpoMeHaTa Ha aKTHBHUTE MOKHOCTH € 3aHeMmapiuBa BO
cnopefnda co OHaa Koja ce 1oOuBa Mpy MPOMEHN Ha PEaKTUBHUTE MOKHOCTH,
Bp3 OCHOBA Ha IOCJIENHUTE penanuu, fooueHn 3a U-Q KapaKTEpUCTUKUTE
3ajaznute "1"u "2", ce moObuBa CIeHOTO.

Bo HOBHMOT peXuMm peakTHUBHaTa MOKHOCT Ha ja3elloT 2, COIJIacHO IOrope
U3HeceHoTo, Ke 6unge O, = 10 Mvar (HamanyBambe Ha ONTOBapyBameTO 3a
AP, =20 MW u AQ, = 8 Mvar). CinyHO, ONTOBapyBameTo Ha jazenoT "1"
UCTO Taka Ke ce HaManu (MpuONMKHO) 3a McTaTa MOKHOCT AQ; = 8 Myvar.
(Benume "mpuGmikHO" OMjEjKM MpUTOA HE € 3€MEHO NPEeABHj] HamayBa-
HBETO Ha 3aryOMTe Ha peakTHBHAa MOKHOCT BO TpaHcdopMmanujaTta. MHaKy

39



TOYHUTE TPECMETKN TOKa)KyBaaT JieKa BO HOBHOT PEXUM peaKTUBHATA
MOKHOCT Bo jazenor "1" uznecyBa Q) = 12,415 Mvar).

HamanyBameTo Ha peakTHBHOTO ONTOBApyBamE€ Ha MOTPOIIYBAYOT MOXKE
lla ce TpeThpa KaKO NO3UTHUBHA WHjEKIMja Ha pEeakKTHMBHA MOKHOCT Off 8
Mvar, Taka mTO Of camaTa Aedununuja 3a KoeuuueHTure kyy 1 kyp, 3a
npupactute AU; u AU, Ha HAalIOHUATE BO OBME JIBA ja3Jia ClelyBa:

AU, = A8 0,352 kV (wmm 0,35%) u
ky, 22,727

AU, = AG 8 0,193kV (wmm 1,93%).
ky, 41,4915

Cnopep Toa, HOBUTE BpelHOCTH Ha Hanonurte U, u U, Ke Oupar:

Uy =111,892 +0,352= 112,244 kV;

U,=10,2+0,193=10,393 kV.
HMHuaky mMoxe fma ce mokaxe JieKa Cnopefi 'er3akTHUTe" mnpecMeTKH, 0e3
OUJI0 KaKBU 3aHEMApPYBakha, TOYHUTE BPEJHOCTU HA HATIOHUTE CE:

U =112,439kVn

U, =10,441 kV.
I'mepame neka pas3iukKuTe MTO MOCTOjaT ce cocemMa Manu. Toa ce JOoIXKu Ha
¢akTOoT WTO "WHjeKuHWjaTa" Ha peakTUBHA MOKHOCT AQ; €O KOjalToO €
npecMeTaHa NpuONMXKHaTa MPOMEHa Ha HamoHOT AU; e mnomana of
BUCTHMHCKATa WHjeKIMja cO KojamrTo Oum Tpebano fa ce paboTu 3apaau
(hakTOT WITO BO HOBHOT PEXUM Ce HaAMaJIeHW U 3aryONTe Ha peakTUBHA
MOKHOCT BO TpaHcopMmaTOpoT. MIHaKy TOUYHUTE MPECMETKU MOKaxKyBaaT
lleKa BO HOBUTE YCIOBU MOKHOCTa () Ha TpaHcopMaTOpoT Ke bujie:

0; = 12,415 Mvar,

HITO BO OJTHOC HA BPEHOCTA OJf CTAPHOT PEXUM Qi crppo = 24,239 Muvar,
npeTcTaByBa BCYIIHOCT UHjenuja o AQ; = 24,239-12,415 = 11,824 Mvar.

6) Cayuaj koza obaiua wpancgopmauiopa padoiuaiu 60 uapaneaa

ExBuBaneHnTHaTa peakrtannmja Ha BH Mpeska Xzgs HeMa Ja ce M3MeHH CO
BKJIyUyBalk€ Ha BTOPUOT TpaHCOTMATOp, T.e. W TIOHATAMy, HEj3WHATA
BpPEMHOCT Xzgs M Hej3WHATa cBefieHa (KOH CeKyHmap) BpegHoCT X'pps Ke
OCTaHAT UCTH:

U; 110

n

Si; 2500

Xpps 484
k2 10,4762

Xggs = =4,84Q; Xjpg= 0,0441.
Ho exBuBanmeHTHaTa peakTaHuuja X, Ha CeKyHAgapHaTa coOupHuma "2",
CBEJIEHA KOH NpHUMap cera Ke ce Hamaju 1 Ke Oupie:
Xy = Xgps+ X7 /2 =4,84+11,467 =16,307 O,
NIOfIEKa Hej3uHaTa NPUPOAHA BPETHOCT Xoei:
Xy 16,307

Xy = 28k = = 0,1486 Q.
2T 10,47622
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Cnopen Toa, KoepuuueHTOT k= 0Q/0U 3a mpumapnata (BH) cobup-
Huna "1" Ke Oupie ¥ MoHaTaMy UCTHOT, T.€.:

ki =U,, Xggg =110/4,84 = 22,727 kA,

nofeka KoeuIueHToT k;,=00Q/0U 3a cekyHaapnara (BH) coGupauna
"2" cera ke oupe:

ki, =U,, | X5 =10,5/0,1486 = 70,668 kA .

bupejkn co BKIYy4yBameTO HAa BTOPUOT TpaHC(OPMATOp BO IOTOHOT
BPEJHOCTA HA OBOj KOE(PUIMEHT CE 3rOJIEMHU, CIEAM 3aKIYIOKOT JIeKa CO TOa

BapHMjaMUTEe HA HANOHOT IpH coOMpHUUuUTE "2" mopaju IPOMEHHTE Ha
TOBApOT cera Ke OujgaT moMaim.
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Ce pa30upa fieKa UHJeKTUPAkETO HA PEaKTUBHA MOKHOCT BO MPEAMETHUOT
jazes Ke mpeau3BHKa W3BECHO MOKAYyBalkhe HA HAIOHUTE M BO OCTAHATUTE
jaznu of Mpexara. Toa Ke 3aBUCH Off MapaMETPUTE Ha E€JIEMEHTUTE Ha
MpexaTa W Off HUBHara MefyceOHa IOBp3aHOCT. AHajnm3aTa Ha Toa
B/IjaHUE HE BOAW KOH pELIaBamkeTO Ha TOj MpoOleM €O IMOMOII Ha
MaTpuIlaTa Ha UMIEaHIuK (MM OBJIe PEaKTaHIMK) Ha HE3aBUCHUTE ja3Jiu,
KOja ce HapeKkyBa M KpaTKOCIOjHAa MaTpulla U KoOja c€ KOPHUCTU Mery
APYTrOTO M 3a pelIaBalkbeTO Ha TEKOBUTE HA MOKHOCTH, KaKO M 32 pelllaBame
Ha cTpyuTe Ha Kycu Bpcku Bo EEC.

le Zl2 ZIS Zln
ZZI ZZZ ZZ3 ZZn
Z _ . .
_an Zn2 Zn3 e Znn _

Uy = const

Cnuka 3.18. ExsuBanentna mema na EEC
3a J00MBambe HA MaTpuNaTa Z

Marpunara Z ja fobuBame off meMaTa Ha camata Mpexka. CInYHO Kako u
Kaj aHAJIM3WUTE Ha KyCUTE BPCKH, HajHANPEJl 'M 3aHEMapyBaMe aKTHBHHUTE
OTIIOPHOCTH Ha OfJICJIHATE eleMeHTH. CUTe NMONPEeYHN I'PaHKHu ce ucdpiraat
on memara. IloTpomyBauuTe HCTO Taka Ce€ HCHOYyIITaaT KakKo MW Kaj
aHAJIM3UTE HA CTPyUTE Ha Kych Bpcku. E.M.c Ha CMHXpOHHWTE reHepaTOpu
HaKycoO TIW crhojyBaMme (IpeMocTyBaMe) W Ha TOj HAYMH ja JoOMBame
KpaTKOCIOeHaTa Mpexka BO Koja (purypupaat caMo peaKTaHIUATE HA HE|3U-
HuTe eseMeHTH. COOMpHUIMTE Off MpesKaTa, YUJIITO HAIIOH CE PEryjaupa BO
MOrOHOT M €€ OfIp>KyBa Ha KOHCTAHTHA BPEAHOCT Ha OMJIO KaKOB Ha4WH, C€
TpeTUpaaT Kako COOMPHUIM HANOjyBaHU Of] MUficaJieH HAIIOHCKM FeHepaTop
(WeaTHIOT HATIOHCKM T€HEpaTOp MMa BHATpEITHA PeaKTaHIMja eJHaKBa Ha
HyJia), TTa 3aTOoa HUB T'M CIIOjyBaMe HaKyco, T.e. TH "3a3eMjyBame". TakBa
coOupHuLa BO memara off ci. 3.18 e cooupaunara "A". He e Ha ogmeT ja ce
MOTCeTUME J[ieKa MHMjarOHAJTHUTE EJEMEHTH Off OBaa Mmarpuua Z;=jX;
(i=1,2,...,n) ce Bue3HUTe (EKBUBAJCHTHUTE) pEaKTaHIWU HA KYCO
Bp3aHaTa Mpexka ofi ciaukara 3.18.
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AKO BO ja3esoT i HHjeKTHpaMe peaKTHuBHAa MOKHOCT AQ; =3 -U,; - I;, Torami,
KaKo ILITO 3HaeMe, HallOHOT BO MCTHOT ja3esl Ke MopacHe 3a BpeHOCTa:

AU; = \/g'Xii‘Ii = L AQ;,
Ui
WJTA IPUOJIAXKHO:
AU, = )5” “AQ; . (3.27)

n

HcroBpemeHo, of camara feduHUIMja HA MaTpHIaTa HA UMIEAAHIUKA Z
cieqyBa ieka (co 3aHeMapyBame Ha aKTUBHUTE OTIMOPHOCTH) HAMTOHUTE BO
OCTaHATHUTE ja3JIM UCTO TaKa Ke MOpacHAT 3a OmpefiesieHa BPEIHOCT Koja ce
o6uBa co moMoI Ha u3pas3or (3.28):

Yi v
AUy = 1A j=12, (3.28)

1

3Hauy, BO OMNIUT Clly4aj, IpU MHjeKTUpame Ha peakTUBHA MOKHOCT (; BO

ja3esoT i HAaMOHOT BO CEKOj jazen j (j = 1, n) og MpeskaTa MpUOIMKHO Ke
HopacHe 3a BPEJHOCTA:

i
AU; =AQ;-—; j=1,2,..,n. (3.29)
Un
JIOKOJIKYy BO CEKOj Off ja3jauTe BpIINME WHJEKTHPAKHE HA pPEaKTHUBHA
MOKHOCT, TOraiml, CHOpEJ NPUHLIMIIOT Ha CyNeprno3ulyja, U3MEeHaTa Ha
HanmoHOT U; BO MPOW3BOJIEH ja3es i Of MpexkaTra Ke ce NMpecMeTyBa CO
OMOIII Ha U3Pa30T:

X. X. X X.
AU, =L AQ +—2.AQ, + ... + = .AQ, , + . A 3.30
s O U, 0, U (O U, 0, (3.30)
ninn
n Xij
AU; =Y AQ; - s i=1,2,...n. (3.31)
1 U

3a momanuTe Mpekn MatpurnaTta Z = jX MOXKe J1a ce mpecMeTa M pavHo, cO
NpUMEeHa Ha pa3HH TpaHC(UTypali U eKBUBAJIICHTUpamba Ha KyCOBp3aHaTa
MpeXka cocTaBeHa cropej Mopaenaotr of ciaukara 3.18. Meryroa, Kaj
MOTOJIEMUTE U MOCITOXKEHN MPEXKH eIUHCTBEH MPAaKTUUCH U MOXKEH HaUMH 3a
HEJ3UHOTO NOOMBamk€ € NpHMEHaTa Ha CIELUjajJlHU MaTpUYHU METOAU H
ynoTrpebaTa Ha IUTUTAITHA CMETAauYK1 MaIlIWHU.
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3.6. INTPUMEPU

IMpumep 3.3. Ha ciukara [1.3.3.1 e npukaxkana 110 kV mpexka koja ce
HamojyBa oOf] HamojHaTa Touka "A". Moxe fa ce cMeTa ieka HallOHOT BO
IIOTOHOT Kaj OBaa TOYKa Ce APKM Ha KOHCTAaHTHA BPETHOCT.

1
S
Q¥
A T, B 2
- 30 km
U = const P,
0
)
2
Cmuka I1.3.3.1

Cure BOgOBM UMaaT WHCT IMPeceK M UCTU MapamMeTrpu z = (r +jx)
=(0,123+;0,40)QQ/km. Tpancopmaropor T ru mma ciegHUTE HOMHUHAIHU
nogatonu: 150 MVA; 220/110 kV/kViu, = 12,5%;Z1 = (0,33 +j10)Q (cBeieHn
Ha 110 kV crpana).

Ja ce mpecMeraaT BpegHOCTHUTEe Ha KoeduuueHture Ky u Kpp 3a
notpouryBaukute jaznu "1" um "2". KonkaBu Ke OupaT oBue KoeUIMEHTH
NOKOJIKY TpaHcopMaTopoT T MMa MOXHOCT 3a peryjanuja Hnoj ToBap

(RPT) Taka IITO HAamOHOT BO TOoYKaTa "B" ce ofp:KyBa BO IOTOHOT Ha
KOHCTaHTHA BPEJHOCT.

Pemenue:

200 1
A 10Q p
120
16 Q3
- 2

Bo ciyuajor kora TpancopmaTopoT T padotu 6e3 moxHocT 3a RPT, of
nieMaTa Ha KpaTKOCIIOeHaTa Mpeka foOuBame:

X, =20]/(20416) + 10 = 21,667 Q = K, = Jo =10 __ 5 5o Myar
X, 21,667 kv

X, =16]/(124+20) + 10 = 20,667 Q = K,, = 2o =110 _ 5 55 Mvar
X, 20,667 kv
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Bo BTOpmMOT cnyyaj, Kora co MOMOII Ha peryjanuoHarta npekionka (RPT)
ce BpIIU OJpXKyBake Ha HAIOHOT Up Ha KOHCTaHTHA BPEIHOCT, K& Jo0ueEMe:

X, = 20[/(20+16) = 11,667 Q = K, = 2o =110 __ g 43 Mvar
X, 11,667 kV

X, = 16[/(12420) = 10,667 Q = K, = Zo = 110 5 Mvar
X, 10,667 kV

On mpumepoT INpousiieryBa jeKa BO BTOPUOT cillydaj, Kora TpaHcgop-
MaTopoT T € W3BelleH KaKO peryiaiioHeH, CTPMHUHATa HAa KapaKTepuc-
tukute "U-Q" BO moTpollyBaukuTe jazaum "1" u "2" Ke Oujge 3HAYMTEIHO
noMajia, a TOa 3HauyM JeKa HANOHUTE BO HMB 3HAYUTEIHO IMOMAJKY Ke
Bapupaar opaju U3MEeHNTE Ha ONTOBapyBawbaTa BO Mpexara.

IIpumep 3.4. Pernonanna TpancopmaTopcka cranuna (TS) 3a CHIKyBarbe
Ha HAMlOHOT ce HamnojyBa npeky 110 kV panekyBoj o HamojHaTa Touyka "A".
Bo TS ce uHCcTanupaHu gBa UEHTUYHU TpaHcpopMaTopu of 1o 31,5 MVA,
co npeHoceH ogHoc 110+4x2,5% /11 kV/kV, 3a KOu ITO I'M 3HaeMe CIef-
HUTE mofaTony (KoM ce OJHecyBaaT Ha efieH Tpancopmatop): 31,5 kV; u;=

8%; APcu,= 180 kW; Ry= 22 Q; Xt = 30,73 Q (cBegenu Ha VN cTpaHa).
BopoT V ru nma cieHuTe mapameTpu:
z=r+jx=0,123+;0,40 Q/km; / = 50 km; Zy = Ry + Xy = 6,25 + ;20 Q.
MoKHOCTa Ha IOTPOIIYBAaYOT HaMojyBaH ofi TS ce MeHyBa U U3HECYyBa:
— BO PEXHMM Ha MaKCHMaJHO ONTOBAapyBambe:
Pax=40 MW 5 Opax= 20 Mvar;

— BO PEeXWM Ha MUHUMAJTHO ONITOBAPBAhE:
Pnin=20 MW ;  Onin=12,5 Mvar.

1 2
A T

P i
| v p.]Qp
—

D
AVFe 24040, 50km  —D)—
T
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Hanonor BO HamojHata Touka "A" MCTO Taka ce MEHyBa M BO jBaTa
KapaKTEpUCTUYHU PEKKUMa Ha pad0OTa HeroBaTa BPEIHOCT U3HECYBaA:

Unmag=110kV,  Unmin=113 kV.

3a pga ce mnopmoOpaT HANMOHCKUTE NPWIWKM Kaj MNOTPOIIYyBauvyoOT, C€
npefBUlyBa WHCTAJIUpame Ha KOHAeH3aTopcka Garepmwja (KB) mpm 10 kV
cobupHunm off TS, co MOXKHOCT 3a perynanyja.

Ha ce n3bepe Koe(UUUEHTOT Ha TpaHcopmalyja k Ha TpaHC(OPMATOPUTE
U Jla ce Ofipeau HajMasaTa BpeIHOCT Ha MHCTanupaHaTa MOKHOCT QOkxp Ha KB
3a Ja IOCTUTHEME, BO PEXMMOT Ha MAaKCUMAJHOTO ¥ MMHUMAJIHOTO
onToBapyBame, HanoHOT Ha 10 kV cobupnunu ga usHecyBa: Uyomax) = 10,5
kV, Uso(min)= 10,0 kV.

Pewenue:

BpefHocTa Ha HANOHOT Kaj IOTPOLIYBAdOT, cBefleHa Ha VN cTpaHa, BO

aBaTa KapaKTepHCTHqHH pe>KI/IMa Ke I/I3HeCYBa:

Pmax 'Re +Qmax 'Xe
U

n

Pmin 'Re;Qmin 'Xe =113 -5,36=107,64 kV .

n

U max) = U agmax) — =110 -9,1=100,9 kV,

U é(min) =U A(min) —

[Tpuroa nmame:

Re=Ry+Rr/2=625+11Q; X,=Xy+X1/2=20+1536Q.
KoHnpen3zaTopure MoXKaT camMoO Ja TeHepupaaT peaKTHBHA MOKHOCT H
perynanyja Ha HamoHOT co noMoll Ha KB Moxe jja ce Bpuu caMO BO €fIHa
Hacoka. 3aToa, BO peKMM Ha MUHMMAJIHO ONTOBapyBame Ke Oupie NoTpeOHO
KB Ha NN cobupuunm of TS ga ce mckiaydyBa of paboTa, a BO peXXuM Ha
MaKCHMAJIHO ONTOBapyBame Tpeda ja OupaT BKJIYUYEHH CHUTE CTENEHU Off
OatepujaTa. 3apagu Toa KoeUIMEHTOT HAa TpaHcopMalnuja k Ha obarta
TpaHcopmaTopa Ke ro u3depeMe Taka, ITO HAmOHOT Uyminy Kaj 10 kV
COOMpHHUILIA BO PEXMUMOT Ha MUHUMAJHO OINTOBapyBamke Ke ja paolue
Oapanata BPETHOCT Uso(miny=10 kV.

3a pa 6uge MOCTUTHAT YCIOBOT Upminy = Uzo(min), KOCUIUEHTOT HA TPAHC-

dopmanmja Ke Tpeba 1a u3HecyBa:

~ Udminy 107,64
UZo(min) 1090

k

[}

=10,764.

Ha oBaa BpegHOocT Ha KOe(UIMEHTOT Ha TpaHcopMmalyja 4 OfroBapa
TIONOJIHATENIEH OTLEN '

o :[%_1].100:(10’764 —1)-100:7,64%.

10/11

n

HajOnuckaTta BpegHOCT Ha JOJATHUOT OTLEN IITO MOXE fla Ce MOCTUTHE
u3HecyBa: a=3x2,5=7,5%. Hea i1 ogroBapa KoeduuueHT Ha TpaHCcPOp-
Marwyja k:
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k=k,-1+a/100)=10-(1+7,5/100)=10,75.
Bo T0j cny4aj, 3a Baka n30paHUOT PEHOCEH OJHOC, Ke Jo0neMe:
Uz(min) = U3 (min)/k = 107,64/10,75 = 10,01 kV,
Un(max) = U3 (max)/k = 100,9/10,75 = 9,39 kV.
JIOKOJIKYy BO pPEKMMOT Ha MaKCHMMaJIHO OTNITOBApyBamke cakame jia moobueme
HaOH  U(max) = Uzo(max) = 10,5 kV, moTpeOHO Ke Oupe [a HHjEeKTHpame

OflpefieHa peakTMBHA MOKHOCT AQ, cO WITO Ke ce Jo0ue MOoKadyBame Ha
HAIIOHOT 3a M3HOC:

AU=10,5-9,39=1,11kV.

[TpubnuxHaTa BpeIHOCT HAa NOTpeOHaTa peaKTUBHA MOKHOCT Ke Ouje:
AQ = AU-Upo(maxy X, = 1,11-10,5/0,2923 = 40 Mvar,

Kane: X =X,/k*=35,36/10,752=0,2923 Q.

3Haum, ako co Qkp ja 0O3HaUMME HOMUHAJIHATAa MOKHOCT Ha KOHJEH3a-
Topckata Gatepuja (KB) (a Toa e peakTMBHaTa MOKHOCT IITO KOHJCH3a-
Topckata Oarepwja ja mpousBemyBa npu U= U,), Torami, co OrJel Ha
U3pa3or:
U.
AQ =g - U2 =

n

Ke ja jobueme nmoTpeObHaTa MOKHOCT:

2 2
Oxp =AQ- ll]]” =40-(—110j =36,2 Mvar.

20

3

Cnopep Toa, nHCTanupaHata MOKHOCT Ha KB TpeOa ma u3HecyBa HajMalKy
36,2 Mvar u BO peXXMMOT Ha MaKCHMaJHO ONTOBapyBame OaTepujaTa Ke
Tpeba 1a mpousseaysa 40 Mvar 3a 1a ce 3a/10BOJIaT IOCTAaBEHUTE Oapama BO
NOrJie]] Ha HallOHOT Kaj MOTPOIIyBayvoT.

Bo T0j cinyuaj, ounejku € AQ > Omax, Ipu 10 kV coOupHunm Ke ce jaBH
"BHIIIOK"' Ha peakTUBHA MOKHOCT off 40 —20 =20 Mvar. OBaa peakTHBHa
MOKHOCT K€ Teue Ojf MOTPOIIyBaYOT ClipeMa HalojHaTa Touyka "A" U Ke
NpeAu3BUKa 3rOJIEMyBamke Ha 3aryOuTe Ha MOKHOCT W €Hepruja BO
npeHocoT. BakBara mojaBa ce HapeKkyBa ipexomiieH3ayuja M, KakKo IITO
MOKEME J1a 3aKJy4YuMe, Taa ja BJIOLIyBa €KOHOMUYHOCTA BO NOTOHOT H
BAKBMOT HAYMH Ha peryjanyja Ha HAMOHOT, BO CJy4YajoB, Cé IOKaxKyBa
HeeKOHOMHMYeH. [lopagu Toa BO MpexXuTe ce BpIIM camMo [ellyMHa
KOMIIEH3allija, T.e. IMOINpaBKa Ha (PAKTOPOT HAa MOKHOCT Ha BpPENHOCT
Onucka A0 eguHUUA. AKO Ha INpUMEpP, BO CIIy4yajoB, YCBOMME IIEJIOCHA
KOMIIeH3alija Ha TOBapoT, T.e. AQ = Omax = 20 Mvar (cos @ = 1), Torai 6u
nodusne nexka HanoHOT Ha 10 kV coOupHUIM BO peXUMOT HAa MaKCUMAJIHO
onroBapyBame Ke u3HecyBa Ujmax) = 9,98 kV, T.e. 3a 0,52 kV, ofHOCHO 3a
npUONIMKHO 5% NMOMaJKy Ofi BpeIHOCTA IITO cakaMe fia ja fooueme. [lokomy
CO Baka MOCTUTHATaTa BPEJHOCT Ha HAIIOHOT HE CME 3a/I0BOJIHM, K& OuaaT
noTpeOHM M AOAaTHU 3acdaT WM MaK NpPUMEHAa Ha JPYrd CpefcTBa 3a
perynanyja Ha HallOHOT.
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AKO Ha IpuMmep, BO CJy4dajoB, HAallOHOT BO HaloOjHaTa Touyka "A" ce
ofip>kyBa Ha KOHCTaHTHa BpegHOCT Up=113 kV, He3aBUCHO Off ONTOBapy-
BakeTO (Ha TpUMep, CO MpUMEHA Ha peryJalioHeH TpaHcopMaTop),
TOraml 3a UCTHOT KoedUIMEeHT Ha TpaHcdopmanuja k= 10,75 kaj TpaHc-
dopmaropure T Ke qobueme (6e3 MHjeKTUpabhe Ha peaKTUBHA MOKHOCT CO
nomo Ha KB):

Un(max) = 9,74 kV,  Up(min)= 10,01 kV.

JlecHo Moxe [@a ce mNOKaxe Jeka BO BaKBUOT ClIy4aj, YCIOBOT
Us(max) = U2o= 10,5 kV Ke TO mocTuraeMe co MHjeKTupame Ha camo 30 Mvar
(Oxg =27,2 Mvar), HO TOoa TOBTOPHO OW JIOBEJO IO TPEKOMIICH3aIHja.
MefyTtoa, ako ce OJIydAME Ha IEeJOCHA KOMIIHEe3alHdja Ha TOBapoT
(AQ = Omax=20 Mvar, T.e. cosp=1), Ke gobueMe jeKa BO PEXKUMOT Ha
MaKCHUMaJIHO OINTOBapyBawke HaAmoHOT Ha 10 kV coOupHunu Ke wuma
BPeAHOCT Uy(max) = 10,31 kV, mTo e mEOrYy O65mcky o 6apanure 10,5 kV.

IIpumep 3.5. [lanena e 35 kV Haji3eMHa Mpeska KOja HalojyBa Ba NOTPOIIIY-
Baya. Bo pexuMoT Ha MaKCUMAIJIHO ONITOBAapyBamkE MOTPOILIYBAUUTE 3eMaaT
OJ1 MpexKaTa MOKHOCTH:

ﬁlmax = (795 +J3:63) MVA:

Somax= (5 +)3,75) MVA,

NOfIeKa BO PEXXUMOT Ha MUHAMAITHO ONTOBApyBamke€ MOKHOCTUTE HITO THE
Iy 3emMaar ce 3a 3 matu noManu. Bogosure Vi u V, uMaaT UCTH TOIKUHA
ly=10,=10 km n ucr npecex Al/Fe 95/15 mm?mm?, ¥ COOJBETHO Ha TOA
MMaaT UCTH MOJOJIKHU MapameTpu: z = (r +jx) = (0,315 + j0,35) Q/km. Hamno-
HOT BO HamojHaTa Toyka "A" ce [pXu Ha KOHCTAaHTHAa BPEIHOCT
Ua =const. =36,75 kV, He3aBUCHO O] ONTOBapyBakBETO BO MpEXKAaTa.
ITo3natu ce m mapamerpure Ha TpaHcopmaropute Ty u T, mpeky kou ce
HarojyBaaT o0aTa MoTpolIyBaya:

T1: 10 MVA; 38,542%2,5%/11 kV/KV; ur=7,5%; APcu=92kW;
Rr1=1,364 Q; Xr1=11Q (cBenenu Ha VN cTpaHa);

T2: 7,5 MVA; 38,5+2%x2,5%/11 kV/kV; wu,=7,5%; APc,~=75kW;
R =1976 Q; Xrp=14,69 Q (cBenenu Ha VN cTpaHa).

A Vi B V2 C

—1

Ob6ara TpaHcopmaTopa Ha NMpUMapHaTa HaMOTKa MMaaT MPEKJIoNKa 3a

IpOMEHAa Ha MPEHOCHUOT OJHOC BO OE€3HANOHCKa cocToj0a CO YETHpH
perynanuonu oruenu: +2,5% u +5%.
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ITorpeOHO € fa ce oppenat KoeUIUUEHTUTE HA TpaHchopmanuja Aty
U k1, Ha obata TpaHcopmaTopa Taka IITO OTCTAalyBawkhaTa Ha HATIOHOT BO
PEXXKMMUTE HAa MAaKCUMAJHO M MUHUMAJIHO ONTOBAPYBAMKE OKOJIy CpEefHaTa
BpPETHOCT Ja OwmpaT NpUONMKHO €[IHAaKBU, a CpefgHaTa BpPENHOCT Ha
HaNOHUTE Kaj NOTpoIIyBauuTe jia u3necyna U, = Uyo = U, = 10 kV.

Pewmenue:

3aryOuTe Ha HalOH BO NOEAMHUTE €JIEMEHTH BO PEXKUMOT Ha MAaKCUMAJIHO
ONTOBapyBamwe NPUOJIMKHO K€ U3HECYBaaT:

(Pl(max) + PZ(max)) r+ (Ql(max) + QZ(max)) X

AU AB(max) = U -, =1,863kV;
AUscomg = Pmax) " ; Dr(max) " ¥ L, = 0,825 kV;

AU ) = B max) ‘RTl;'Ql(max) Xy _L434KV:

AUy = —2280 'RTZZQZ(M) A1 gse kv,

n

Co orzneg Ha Hampejg pedvyeHOTO Ke pAoOumeMe JAeKka BO PEXUMOT Ha
MUHUMAJTHO ONITOBApYBamk€ OBUE 3aryOM Ha HANoOH Ke OupaT 3a MpuOIMKHO
3 maTy IoMasu.

Cnopep Toa, BO peXMMOT Ha MaKCHUMAaJIHO ONTOBapyBame HATIOHUTE Kaj
ONIJICJIHUTE COOMPHUIIM K€ TH JOOHjaT CIEIHUTE BPEAHOCTH:

UB(max) = 34,887 kV; UC(max) = 34,062 kV;
Ul (max) = 33:454 KV; Ul = 32,206 kV.

CnmyHO Ha TOa, BO PEXMMOT Ha HAa MHHHMAJITHO ONTOBapyBame Ke ja
nobueMe cieHaTa HalloHCKa cocToj0a:

U(min) = 36,129 kV;
Uc(min) = 35,854 kV;
U (min) = 35,651 kV;
U’ (min) = 35,235 kV.

Cnope;[ TOa UMaMc:

v U + Ul
U =— " 234,55 kV

. Usinaer + Unioni
Uz(sr) _ 2(max) . 2(min) _ 33,72 KV .

3a fa ce mocTurHat 0apaHUTE YCIOBU:
Uisy= U1o=10kV n
Uz(sr) = UZO = 10 kV,
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kKoeunueHTuTe Ha TpaHchopmanuja Ke Tpeba Ja I'M MMaaT CIEIHUTE
BPEIHOCTH:

Uy 34

ey =— SEAER =3,455;
U. 10
o

k2o =260 2—33’ 72 =3,372,
U, 0

[}

OJ] Kajie IITO foOuBaMe:

o, =[@—1j-100=—1,28%;

len

s, =[/‘TA—1J-1OO=—3,66%.

T2n
YcBojyBame: a1 = ap =—-2,5%
= k11 =k =(1-2,5/100)-3,5 = 3,4125,
O]l Kajie mTo JoOonBame:
Uimin) = 10,447kV;  Uj(max) = 9,803 kV; Ui sy = 10,125 kV;
Up(miny = 10,325kV;  Upmax) = 9,438 kV; Ussry = 9,88 kV.

IIpumep 3.6. [la ce ogpenn maTpunata Ha peakTaHuuu Z = jX Ha KpaTKoO-
CIojHaTa MpeKa 3a CUCTEeMOT NpHuKaxkaH Ha cnukata. [lapamerpute Ha
NOEAHUTE €JIEMEHTU Off MpexaTa ce JajeHu Ha cnukata. Cute BOJOBH
UMaaT UCT MPEeceK M UCTa peaKkTaHIMja Mo eguHuIa JomkuHa x = 0,4 Q/km.

Pewenue:

A l U =const

50



3ameHckaTa IIéMa Ha MpeXara cO IIOMOII Ha Koja IITO Ke T
npecMeTaMe eJIeMEHTUTE Ha MaTpullaTa Ha UMIeAaHIny (peakTanuun) Z e
NpHUKakaHa Ha CJIe[iHaTa CIIMKa:

EnementuTe Ha MarpuiaTa Ha peakTaHUMU X; T OApEAyBaMe Off
NpuKaskaHaTa IlleMa Ha KPaTKOCIOjHAaTa MpesKa CO MOMOII Ha CIETHHUTE
u3pasu:

X=X

BJIE3HO.I *

i=12,...

X+ X. - X y
X; =2 ff2 BICHOT . i =1,2,... j=1,2,... (j #i).

Kajie MTO CO Xppesno,; © O3HAUEHA BIIE3HATa peakTaHIUja BO ja3enoT i
(MepeHa BO OJHOC Ha 3eMja, T.€. BO OIHOC Ha pe(epEHTHUOT ja3ell, BO OBOj
caydaj Toukata "A"). Co Xgpesuo; € O3HAUEHA BJIE€3HATa peakTaHIHUja BO
OJTHOC Ha ja3JIuTe [ 1 j.

Taka, Ha mpuMep, BIe3HaTa UMIeaHIja X,
Ha cJefiHaTa 1mema:

| Ke ja fodueMe co NoMoII

JIC3HO.

Cnopen Toa Ke gooueme:

Bie3no.l —

X, =X = 50+24| (16+20+20) = 66,8 Q

BJIE3HO.1
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3a npecMmeTyBame Ha Bie3HaTa uMiefgannmja nomery jaznure 1 v 2 X, 012
Ke ce MOCIyKuMe CO ClIefJHATa [IeMa:

Cnopep Toa Ke fodueme:
Xonesno.12= X1 + (X1 + X) || (X34 Xy) + X72= 120 Q.

Ha T0j HaunH ru fo6uBamMe cuTe eleMeHTH Ha MaTpunaTa Z = jX, Kako
IITO CIIEMN:

X1 =Xr + X1 T (X + X3+ Xy) = 66,8 €

Xpp =X + X TT (X1 + X3+ Xy) = 62,8 €

Xa3= Xp3+ (X + X3) TT (X + Xg) = 119,8 Q.
Xenesno.12= X711 + (X1 + X0) IT (X3 + Xy) + X1o= 120 Q;
Xpnesno.13 = X11 ¥ X3 IT(X] + Xo + Xy) + X13= 165 Q;
Xenesno.23 = X2 + Xy IT (X1 + X + X3) + X13= 165 Q.

Bonpujaronanaure ejieMeHTH X;; Ha OapaHaTa MaTpwulia, CIOpe] Toa,
Ke oujar:

Xlz — X11+X222_XBJ'IC3HO.12 _ 66,8+6§,8_120 _ 4,8 Q
Xy + X533 —X, 2 119,81
X23 — 222 + 332 BIE3H0.23 6 ,8+ 29,8 65 _ 8,8 9

Koneuno, maTtpunara Z ke o6uye:

X, X X 66,8 4.8 10,8
Xy Xy Xi 10,8 8,8 119,8
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IIpumep 3.7. Ce pasrnepyBa mpexara of npumepot 3.5. Bo pexumor Ha
MaKCHMaJHO ONTOBAapyBakh€ HAMOHHUTE Kaj MOTPOIIYBAUYUTE H3HECyBaaT
Ul(max) = 9,803 kV 1 Up(max) = 9,438 kV. Co nen ga ce momnpaBaT HallOHCKHUTE
NPUJIMKA BO OBO] pEXMM Ha paboTa, ce NpeABHAyBa HWHCTAJIUPAKE HA
KOHJIEH3aTOPCKM OaTepum Kaj obOara morpoumryBaya. IlorpeOGHO € pma ce
onpenat BpegHoctute AQ; nu AQ, Ha peaKTUBHUTE MOKHOCTH IITO Ke Tpeba
la ce MHjeKTupaaT Ha cooupHunute "1" m "2" Taka MITO HUBHUTE HATIOHU
BO PEXXMMOT HAa MaKCHMaJHO ONTOBAPYBAKE Jla CE€ MOKAa4yaT HAa BPEIHOCTA:
Ulo(max): U2o(max): U,= 10 kV.

Pemenue:

OBoj mpobneM Ke Tro pemmMme cO TIOMOII Ha MaTpulaTra Ha
peakTaHIMK HAa He3aBUCHM ja3nu Z. 3a Taa 1ed Ke ja popMupaMe HajHANpeN
KpaTKOCIIOJHaTa MpexXa Ha peakTaHIMH, Off Kaje IITO K& I'M Ofpeaume
€JIEMEHTUTE Ha MaTpunara Z:

X11= Xgn1= X1 = 14,5
X20= Xpn 2= Xt Xo+ X1 = 21,69 Q;
Xen10= X711+ Xo+ X170 = 29,19 QO;
Xi12= (X1t X2 — Xi1.12)/2 =3,5Q
7 :j[m,s 3,5 } Q.

3,5 21,69

ITocTom cnepnaTa penanuja Mefy mopactoT Ha HanoH AU, BO ja3elnor i
U MH]€KTUPAHUTE PEAKTUBHU MOKHOCTH BO MOEUHUTE ja3JIA Off MpexKarTa:

no o AQ, A A A
AU =Y X, QJ:XH- Q1+Xi2~ Q2+---+Xm«%; i=1,2,...n.

] =1 j 1 U2 n

Bo HammoT cinydaj nMame n =2 HE3aBUCHM jas3jia, IIa CIOpe] Toa Ke
MaMe 1 IBE€ PaBEHKH CO JIB€ HEMO3HATU MHjeKTUpaHu MOKHOCTH AQ| 1 AQy:

A A
AU1:X11'_Q1+X12' Q2§
U U,
U, U,

nin
A[l (‘(11/[1) (‘Klz/lz) % AQI
AUZ le /Ul (XZZ /UZ) AQZ
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bupejkn peakranuuure Xj;, IITO I'M IPECMETaBME, CE CBEJCHU Ha
35kV crpana, Ke Oujie NOTpeOHO M HANOHUTE, KAKO M IPHUPACTUTE Ha
HamoHUTE, 1a TH cBeieMe Ha 35 kV crpana. Bo T0j cnyyaj Ke nobueme:

AU = kr1[Unomax) = Ulmax)] = 3,4125:[10 = 9,803] = 0,67 kV;
AUy = kro [Uso(max) — Unmax)] = 3,4125:[10 — 9,438] = 1,92 kV;
Ut = kr1-Ulogmax) = 34,125 KV,
Us = k- Unogmax) = 34125 KV,

ITorpeOuuTe peakTuBHM MOKHOCTH AQ; u AQ, cera Ke ru pgodueme
pelaBajKu ro CHCTEMOT PABEHKH:
14,5 3,5

AU, =0,67 = AO, + A0, ;

! 34,125 o 34,125 )
3,5 21,69

AU, =1,92=—2" . AQ, + =222 AQ, ;

2 34,125 o 34,125 %

nin

AQ,| _[0,42491 0,102567" [0,67
AQ, | 10,10256 0,63560| | 1,92

AQ, 2,44883 0,39515 y 0,67 0,882 0,9 M
AQ, 0,39515 1,63707 1,92 2,878 2,9
SHH‘II/I, PCUHICHUCTO I'J1aCH:

AQ1 = 0,9 Mvar,
AQy = 2,9 Mvar.
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KoMeHTap BO BPCKa O NpBaTa ceMHHAPCKA 3a1a4a

Cemunapcka 3agauya Op. 1. Ha cnukara 1 e npukaxkana egna 110 kV mpexa.
Cute BOJOBH C€ CO UCTH MOJNOJKHU mapameTpu z = (r+jx)=(0,13+j0,40) Q/km a
HUBHHUTE JOJDKMHH C€ JaJleHHM Ha camara ciuka. MOKHOCTHTE Ha INOTpOIIyBa-
yute, u3pazeHu B0 MVA, ce ucTo Taka npuKakaHu Ha camara ciivka. Bo mocmar-
PaHHMOT PEKUM C€ MO3HATH HAIIOHUTE BO Mpexkara:

U,=115kV = const.
U =103,6kVu
U, =106 kV.

Ja ce npecmera konkaBu ke 6unar Hanonute Uy u U, TOKOJKY ce U3BPUIH
IIEJIOCHA TMONpaBKka Ha (aKTOPOT Ha MOKHOCT Ha MOTPOIIYBauyUTe Taka LITO BO
HOBHUTE yCJIOBU THE€ MMaaT BPEIHOCTH cos@; = cos¢gy = 1. Jla ce mpecmeraat

koepuruenTure Ky u Kyp Ha Haru6oT Ha U—Q KapakTepUCTUKUTE 32 ja3nuTe Op.
I u2.

- 60 km - S
N,
_|T6]5+j35)
U,=115kV E I mva
const ¥ 5 (454]30)
MVA
_>—2

[lenymHo pelueHue

Bo HammoT cinyyaj umame n =2 ja3nia BO KOU CE BPIIM WHjEKTUPABE Ha
peakTuBHA MOKHOCT. Toa ce jasnure Op. 1 m Op. 2. 3aToa HajHampen Tpeda aa ce
npecMeTa MaTpHiiaTa Ha peakTaHuud X Ha KycBp3aHata Mpexa. Hejse ke ja
no0ueMe co MOMOII Ha ClielHaTa [ieMa, Ha HaYWH KaKo IITO € TOa HAaIPaBEeHO BO
TPETXOHUTE IPUMEPH.

A 24 Q |

-

2

OTxkora ke TU npecMeTame eneMeHTuTe X1, X2, Xo1 U X, ja hopmupame
Marpumara X.
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[Toroa ro ¢opmupame NOTPEeOHHOT CHCTEM O] [IBE PABEHKH CO [BE
Heno3HaTu. [IpuToa ce MO3HATH WHjEKIMUTE HAa PEKTHBHUTE MOKHOCTH BO
jazmute 1 u 2:

AQy 1 AQ,.
Hemo3uatu ce MMPOMCHUTC HA HAIIOHUTC BO HCTUTC THUC ja?)ﬂﬂ 0 KOHu I,(e

nojne nopaau uHjekuuute AUy u AU,.

Wnjexuuure AQ| n AQ, ke ce 1o0ujaT oA MOCTaBEeHUOT yCJIOB BO 3ajadara

(GakTOpOT Ha MOKHOCT Kaj o0ara moTpomryBava fa ce srojemu Ha 1. Ox Tyka
clenyBa Jieka ke oumie:

AQl = Q1 =35 Mvaru
AQ2 = Q2 =30 Mvar.

[Tomery Hemo3HaTuTe TpoMeHH Ha HamoHuTe AU; m AU, W TNO3HATHTE
uHjexn AQ| u AQ, OCTOjaT CISTHUTE PEalnu:

2

U, U,
AU, = X, '_AQI + Xy '—AQZ )
U, U,

nim

{AUI}: {(Xn/vo (Xlz/UaHAQI}
AUZ XZl /Ul (X22 /U2) AQZ

[TpeoctanyBa ymTe aa ce W3BpIIM MaTPUUYHOTO MHOXKEH-€ U Jla ce jaobue
OGapaHMOT pe3yJTar.
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KOMeHTap BO BpPCKa CO BTOpaTa CeMHMHApPCKa 3aga4ia

Cemunapcka 3agauya Op. 2. Ha cnukara 2 e npukaxan nen on enen EEC,
COCTaBEH O] IpeHoceH Boa V u perynanuoneH tpancopmarop T. Hamonort Bo
HarojHaTa ToYka A ce oJpXyBa Ha KoHcTaHTHa BpeaHoct Us=115 kV=const. Ha
CEKyHAapoT of TpaHC(hHOPMAaTOPOT € MPUKIYyUEH MOTPOIIyBay YK€ IITO ONTOBAPY-
Bame S ce MEHyBa BO TEKOT Ha JICHOT BO TPaHHIIUTE:

011 Smax = 36 MV A; cos ¢ = 0,95, BO pe’)KUMOT Ha MaKCUMAJIHO OTNITOBAPYBAE;
10 Smin = 20 MV A; cos ¢ = 0,90, BO pe:XKUMOT Ha MUHUMAJTHOTO ONITOBAPYBAE.

Co KakOB TPEHOCEH OIHOC kmax K€ pabotu Tpanchopmatopor T BO
PEKUMOT Ha MaKCHMAJHOTO OITOBAapPYBakE aKO aBTOMATCKHOT pEryjaTrop Ha
HamoHOT (APH) wmma 3amaya fma ro oApKyBa HAlOHOT HAa CEKyHAapOT Ha
BpenHocTa Us o = 10 kV. Koja ke Ouzae mo3unmjata Ha peryjiannoHaTa mpeKiIonKa
Olmax Ha TPaHC(HOPMATOPOT BO TOj CIIy4aj.

Konky Tpeba na m3HecyBa MPEHOCHHUOT OJHOC HAa TPaHCPOPMATOPOT Kk U
Mo3uIMjaTa Ha peryJialldOHaTa MPEeKJIONKa o, 32 HAamoHOT Us mpH MOTPOIIY-
Ba4yHTe JIa Bapupa BO TEKOT Ha JCHOT OKOJIy cpemHata BpeaHocT Uso = 10 kV
nokonky APH e wuckimyueH u TpaHchopMmMaTopoT Mopa ga paboTH cO Taka
YTBPACHUOT KOHCTAHTEH MPEHOCEH OJHOC MpEeKy HenuoT JeH. Bo koj mHTepBai
(Usmax — Usmin) k€ c€ MEHYBa HAIMOHOT MpH coOupHUnuTe 6p 3 Bo T0j ciy4aj. Koj
ke oune MHTEPBAIOT (U'smax — U'smin) @KO TpU COOMPHHUIIUTE 3 C€ WMHCTaIUpa
peryimpaHa KOHJIEH3aTOpcKa OarepHja Koja Iejo BpeMe Ke BpIIM IMOMpaBKa Ha
(GakTOpOT Ha MOKHOCT Ha OTPOLIYBAavOT Ha BpeaHocTa cos @ = 0,97.

Hanomena: Ilpu pewasare na osaa 3a0aya modxce 0a ce sanemapam nonpey-
HUMmMe 2PaHKU 60 3aMEHCKUMe WemMu Ha eleMeHmume Kako u nonpeyHama KOMno-
Henma Ha 3a2ybama Ha HANoH.

Ilooamouu 3a enemenmume Ha cucmemom:
Tpanchopmarop T: (110£15x1,0%)/10,5 kV/kV; 40 MVA; uy =12%; X1/Rr =10.
Bon V: z=(0,13+70,40) Q/km; /=50 km.

v 2 T 3
I —>
50 km ! 38 | S

40 MVA =

I
>

U=115kV

—

[enymHo pelieHue
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15. REGULACIJA NAPONA U DISTRIBUTIVNIM
MREZAMA

Sa aspekta regulacije u elektroenergetskim sistemima se javljaju dva
osnovna zadatka:
- regulacija frekvencije i aktivnih snaga,
- regulacija napona 1 reaktivnih snaga.

Regulacija frekvencije i aktivnih snaga je sistemskog karaktera i
realizuje se delovanjem odgovarajuéih turbinskih regulatora u elektranama. Za
razliku od regulacije frekvencije regulacija napona moZe biti i1 sistemskog 1
lokalnog karaktera. Sto se tiée sistemskog karaktera, regulacija napona se moze
vrsiti delovanjem na pobudu (pomocéu regulatora pobude) sinhronih generatora u
elektanama. Medutim, regulacija napona se moze vrsiti i lokalno, instaliranjem
odgovarajucih uredaja koji utiCu na tokove reaktivnih snaga u mrezama. Naime,
posto su naponi u ¢vorovima mreze 1 tokovi reaktivnih snaga u ncposrednoj
korelaciji, to se na naponske prilike moZe uticati svim onim uredajima koji su
pomenuti kod kompenzacije reaktivne snage. Ovo, ujedno ukazuje i1 da se
kompenzacijom reaktivne snage vrsi i odgovarajuca regulacija napona.

Porcd navedenog, regulacija napona moze da se vr§i 1 promenom
prenosnog odnosa transformatora. Pri tome se razlikuju dve vrste
transformatora:

- transformatori  kod kojih sc  vrSi promena  prenosnog  odnosa u
beznaponskom stanju,
- transformatori kod kojih se regulacija vr$i pod opterecenjem.

Predmet razmatranja u ovoj glavi bi¢e upravo ove dve vrste

transformatora 1 njithov uticaj na naponske prilike.

15.1. STATICKE NAPONSKE KARAKTERISTIKE
POTROSNIE

Svaki prijemnik elektriéne energije projektovan je da radi pri
nominalnom naponu, kao i da normalno funkcioniSe pri odstupanju napona od
nominalnog u odredenim dozvoljenim granicama. Pri promeni napona mozc
do¢i do promene vrednosti pojedinih veli€ina elektriénih uredaja, npr.
temperature u elektrotermickim uredajima, svetlosnog fluksa elektriénih izvora
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360 Regulacija napona u distributivnim mreZzama

svetlosti, korisne snage na vratilu clektromotora itd. Istovremeno sa promenom
vrednosti  karakteristi¢nih izlaznith veli¢ina promena napona uslovljava i
promenu potrebne snage clektricnog prijemnika. Zbog toga je, prc analize
regulacije napona potrebno razmotriti staticke naponske karakteristike
potro3nje.

Na sl.15.1 prikazane su staticke karakteristike potros$nje u funkciji
napona. Ove karaktctistike se mogu aproksimirati nelinearnim funkcijama

oblika:

k
| U "
Ph:Pp(U—} ’ (15.1)
U\
0, =Q;(Z) : (15.2)

gde je:
P7, O, -aktivna, odnosno reaktivna snaga koja odgovara naponu U,,,

Kpus Ko gy - kocficijenti osetljivosti aktivne i reaktivne snage po naponu.

Pp/Pp ) /
Q,/Q,

————

|
l
|
|
1 G
1 > U,
S1.15.1 Staticke naponske karakteristike potrosnje

Koeficijenti osetljivosti aktivne i reaktivne snage po naponu pokazuju
kolika je procentualna promena snage za procenat promene napona. Ova
konstatacija se jasno vidi iz relacija (15.3) i (15.4) koje se dobijaju
diferenciranjem izraza za snage po naponu:

dp /dU AP, /P
Pl el S 2 (153)
" P /U AU/U
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Distributivne i industrijske mreze 361

dQ,/dU AQ,/
= 2 _80,70, (15.4)
“ Q, /U  AU/U

Ako u potroSackom ¢&voru postoji vise kategorija prijemnika &ije su
pojedinacne snage (Pp,-, Op)) 1 koceficjenti osetljivosti (kpyi» ki) POZNati, mogu
se izraunati sumarni koeficijenti osetljivosti aktivne i reaktivne snage po
naponu pomoc¢u sledecih relacija:

1 n

K, =?kam-1’p,- : (15.5)
P i=1 )
1 n

kqu :_quuiQpi > (15.6)

Qp i=1

gde je n broj kategorija prijemnika, a P, i 0, sumarna aktivna i reaktivna snaga
potrosnje.

Pored analiti¢kih izraza datih relacijama (15.1) i (15.2) &esto se vrsi
aproksimacija statiCkih naponskih karakteristika i polinomima. Najde$ée sc
koriste polinomi drugog reda oblika:

2
0 U U
P, =P, —ap~bp+ap(a-]+bp(?) ’ (157)

o o

2
o U U
Qﬁ%*%‘%”{g‘)*b{;}—) ’ (13.8)

o

gde su koeficijenti a,, bp, ag, b, konstantni. Smatra se da aproksimacija
polinomima videg reda ne doprinosi mnogo taénijem modelovanju potro3nje, jer
se ve¢ pri odredivanju statickih  naponskih  karakteristika (kako
cksperimentalnim, tako i ra¢unskim putem) ¢ini odredena greska.

Ponekad se za male promene napona koriste i linearne karakteristike.
One se mogu dobiti aproksimacijom karakteristika prikazanih na sl.15.1, ili
lincarizacijom dobijenih nelinearnih analiti¢kih izraza. Tako se razvojem izraza
(15.1) 1 (15.2) u Taylorov red oko vrednosti napona U, i zanemarivanjem svih

1zvoda osim prvog dobijaju linearne zavisnosti:

P, =P +a(U-U,) , (15.9)

0,=00+BU-U,) , (15.10)
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362 Regulacija napona u distributivnim mreZama

gde je a=k,P'/U, i B=k,Q,/U,. U slutaju karakteristika datih
relacijama (15.7) i1 (15.8) koeficijenti o i  su: a:(ap+2bp)/U0 i
B=1(a, +2b,)/U,.

15.2. STETA POTROSACA USLED ODSTUPANJA NAPONA

Osnovni kriterijum koji se namee za potrebe regulacije napona je
njegovo odrzavanje unutar zadatih granica. U prenosnim mreZama gornja
granica napona prevashodno je odredena zahtevima za ocuvanje izolacije
opreme, a donja zahtevima stabilnosti prenosa elektri¢ne energije. 1z ovoga sledi
da su u prenosnim mrezama prili€no jasni kriterijumi za odredivanje granica u
kojima trcba da se nalazi vrednost napona.

Medutim, kod distributivnih mreza ovi kriterijumi nisu tako jasni. Ipak,
moZe sc re¢i da je kriterijum o€uvanja izolacije prisutan i kod distributivnih
mreZa, kada je u pitanju gornja granica promenc napona. Kada je u pitanju
donja granica, oc¢igledno je da se kriterijjum stabilnosti koji je prisutan u
prenosnim mreZama ne moze generalisati i na distributivne mreze. Ali, isuvi$e
niski naponi u distributivnim mreZzama dovode do elektri¢ne energije veoma
loSeg kvaliteta, §to sc¢ manifestuje lo§im performansama rada prijemnika
clektri¢ne cnergije.

PogorSanje kvaliteta rada elektri¢nih prijemnika usled sniZenja napona
moze se nov¢ano ckvivalentirati kao odredena S$teta. Ali, kao Steta se moze
tretirati i poviSenje napona koje je znatno iznad nominalnog, s obzirom da tada
dolazi do smanjenja veka trajanja elektri¢nih uredaja.

Steta koju potro$ati trpe usled odstupanja napona moZe se, za
konstantnu isporuc¢enu elektri¢nu energiju, u okolini uobi¢ajenih radnih napona
prikazati parabolom. Ova karakteristika prikazana je na sl.15.2.

Steta

w = consl.

u [%]

S1.15.2 Steta kod potrosaca usled odstupanja napona
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Na sl.15.2 sa u, je obeleZen referentni napon, pri kome sc ima nuita
Steta. Zavisnost Stete od odstupanja napona, prikazana na sl.15.2, matematicki sc
moze iskazati relacijom:

W

S=clu—u YW . (15.11)

U ovoj relaciji sa W je oznaCena ista koli¢ina energije kod potrosala, koja sc
realizuje sa razliitim naponima, dok je sa u obeleZena procentualna vrednost
radnog napona. Konstanta ¢ u ovoj relaciji predstavlja konstantu Stete i moze se
posmatrati kao karakteristika potrosaca.

S obzirom da se odstupanja napona iskazuju u procentima, a energija u
kWh, to je proizvod kvadrata odstupanja napona i energije u relaciji (15.11)
dimenziono (%)’kWh. Imajuéi ovo u vidu, za konstantu ¢ se moze reéi da
predstavlja cenu za svaki (%) kWh.

Na osnovu dosada3njeg izlaganja moze se za Stetu, koju trpe potroSaci
usled odstupanja napona, u opStem sluéaju pisati:

T
S=cflu-u)dw | (15.12)
0

gde je dW energija za elementarno vreme dt, dok je T ukupno vreme za koje sc
posmatra Steta.

Posto se naponi u distributivnoj mreZi mogu regulisati, to se moze vrsiti
i kontrola 3tete usled odstupanja napona. Pri tome se kao zadatak javlja
odredivanje referentnog napona na odredenom mestu distributivne mreze. Pod
referentnim naponom na odredenom mestu distributivne mreZe podrazumeva se
napon ¢ijom se realizacijom minimizira Steta, koju bi trpeli svi elementarni
potrosaéi, koji sc¢ direktno ili indirektno snabdcvaju clektriénom cnergijom sa
tog mesta, usled odstupanja napona od nominalne vrednosti.

Regulacija napona, koju treba vrsiti, da bi se na odredenom mestu
distributivne mreZe realizovao referentni napon moZe se posmatrati sa dva
aspekta:

- kao problem planiranja razvoja,
- kao eksploatacioni problem.

Kod prvog aspekta kao zadatak se nameccée izgradnja takvih
distributivnih mreZa, kod kojih se tokom njihove eksploatacije regulacijom
napona mogu uvek ostvariti naponi unutar utvrdenih granica. Drugi aspckt sc
bazira na izboru radnog stanja izgradenih regulacionih resursa, tako da sc
clektri€na energija isporuCuje potrosaima sa naponima unutar, unapred
odredenih, granica.
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364 Regulacija napona u distributivinim mreZama

15.3. TRANSFORMATORI SA REGULACIJOM NAPONA
U BEZNAPONSKOM STANJU

Kod ovih transformatora se promena odnosa transformacije moze vr$iti
iskljuéivo u beznaponskom stanju, i to uglavnom ru€no. Iz ovoga je jasno da sc
tc promene vr$c vecoma retko, tj. jednom do dva puta godiSnje pri sezonskim
promenama opterecehja.

Pored odnosa transformacije, kod ovih transformatora se analizira i
njihova naponska podrska, koja se obi¢no izrazava u procentima. Naponska
podrska se defini§e u procentima nominalnog napona niZenaponske mreZe
pomocu relacije:

UR)-U

)= "2 100 | 15.13
plk) o (15.13)

gde je:
M . . 5 ~
U,, - nominalni napon niZenaponske mreZe,
0 s
U, (k) - napon nizenaponske strane transformatora u praznom hodu, kada
jc na njegovoj strani viSeg napona na k-ti otcep (izvod), doveden
nominalni napon odgovarajuce mreze.

. M . . o “ .
Ako je U}, nominalni napon vi§enaponske mreZe, onda je napca na

nizcnaponskoj strani transformatora u praznom hodu U f (k):

0 U
U,lk)=—"— | (15.14
(k) =7 15.14)

gdc je m, z(k) odnos t%ansfnnnacijc koji odgovara polozZajn k-tog regulacionog
otcepa.

Zamenem (15.14) u (15.13) za naponsku pediila tranzformatera debija
se sledeca relacija:

(k)= U e (15.15)
m‘z(k) U o

Ako se nna u vide da je odnos taastormacije :f/;«e:“.(.l‘: J.2a k-t oteep na
vi§enapousko) sirasi:

IAREN A
m,, (k)= l~ﬂ:~~~(@ (1516,

b
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gde je:
U! - vrednost nominalnog napona na viSenaponskoj strani transformatora,
U "Tz - vrednost nominalnog napona na niZenaponskoj strani transformatora,
U’ (k) -razlika vrednosti modula napona izmedu k-tog 1 nominalnog
regulacionog otcepa transformatora u praznom hodu,
onda se za naponsku podrsku p(k) dobija:
pb)=| oo

k)= : ~1{100 . 15.17
U, +U (k) U, -

Ako se umesto prenosnog odnosa mu(k) posmatra njegova

normalizovana vrednost m(k), pri ¢emu se nominalne vrednosti napona mreza
uzimaju za bazne, tj.:

m, (k)
mk)=—"1— 15.18
(k) T (15.18)
za naponsku podrsku se dobija i sledeca relacija:
plk)= L 1}100 . (15.19)
m(k) |

Ova relacija omoguéava da se, kada je za odredeno stanje u mrczi odredena
potrebna naponska podrSka p(k), odredi i potreban odnos transformacije

m(k).

15.4. TRANSFORMATORI SA REGULACIJOM NAPONA
POD OPTERECENJEM

15.4.1. ZAMENSKA SEMA TRANSFORMATORA |

Osnovni zadatak ovih transformatora je da vrSe regulaciju napona i
tokova reaktivnih snaga u prenosnim i distributivnim mrezama. Ta regulacija se
vi pod optereéenjem promenom broja zavojaka viSenaponskog namotaja. Ona
je diskontinualna i relativno spora, a sprovodi se korak po korak uz pomo¢
automatskih regulatora napona. Vremena reagovanja regulatora obicno sc kreéu
od 15+120 s. Time se izbegava da transformator reagujc na brze oscilatorne
promenc napona.

64



366 Regulacija napona u distributivnim mrezama

Transformator sa regulacijom napona pod opterec¢enjem, koji se naziva i
regulacioni transformator, moZe se posmatrati kao redna veza transformatora sa
fiksnim, nominalnim odnosom transformacije i idealnog autotransformatora koji
predstavlja regulacioni deo namotaja viSeg napona. Imaju¢i ovo u vidu
regulacioni transformator se moZe predstaviti ckvivalentnom Semom
prikazanom na sl.15.3.

Simboli na sl1.15.3 oznadavaju:
n:1 - nominalni odnos transformacije regulacionog transformatora,
a:1 - odnos transformacije idealnog autotransformatora,
Zj(a), Z; - impedansc primara i sekundara respektivno (Z;(a) je nclincarna
funkcija od a).

Z\(a)

a:l

i
]

\

S1.15.3 Ekvivalentna Sema regulacionog transformatora

Uz realnu pretpostavku da je regulacioni opseg simetri¢an, to se
nenominalni odnos transformacije u bilo kojem poloZaju regulatora ke [0,4k;] u

relativnim jedinicama moze prikazati kao:

_1+kAa
1

a

’ k':1129 cer kT ) (1520)

gde je Aa napon regulacionog odcepa u r.j., a k- grani¢ni regulacioni izvod.

Prebacivanjem impedanse primara na sekundarnu stranu i predstavom
svih veli¢ina na sl.15.3 u relativnim jedinicama dolazi se do ekvivalentne Scme
rcgulacionog transformatora prikazane na sl.15.4.a. Ako se impedansa
sekundara prebaci na primarnu stranu dolazi se do ekvivalentne 3cme
rcgulacionog transformatora prikazane na sl.15.4.b.
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a:l

S1.15.4 Konacéna ekvivalentna Sema regulacionog transformatora posle
uvodenja relativnih jedinica kada su sve impedanse prebacene na:
a) sekundarnu, b) primarnu stranu regulacionog transformatora

Ekvivalentne $eme regulacionog transformatora, prikazane na slikama
15.3 i 15.4, mogu se koristiti kod formiranja zamenske Seme mreZe za potrcbe
odredenih analiza.

15.4.2. REGULACIJA NAPONA DISTRIBUTIVNIH MREZA

Regulacija napona u distributivnim mreZama, pomocu regulacionog
transformatora zasniva se na principu kompenzacije pada napona jedinstvenog
voda. Ovaj princip se sadrzi u ideji da se potroSalu prikljuepom u odredenom
&voru mreze obezbedi konstantan napon, nezavisno od promene opterecenja, ali
i nezavisno od promene stanja na visokonaponskim sabirnicama transformatora.
Ovakva kontrola, odnosno regulacija naziva se kompaundovana regulacija
napona.

Nadin odredivanja zakona regulacije napona moze se¢ jednostavno
sagledati polazeéi od slike 15.5, na kojoj je prikazano napajanje potroSaca
impedanse Z , preko regulacionog transformatora u TS VN/SN i radijalnog
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368 Regulacija napona u distributivnim mrezama

voda impedansc Z, = R+ j X, . Na ovoj slici sa MU jec obeleZzen memi uredaj

preko kojeg sc obezbeduju podaci neophodni za rad automatskog rcgulatora
napona ARN. Odredivanje zakona regulacije napona bazira se na analizi dva
karakteristi¢na radna stanja:

- rezim maksimalnog optereéenja,

- rcZzim minimalnog opterecenja.

TS VN/SN U U

g
J=
%x

ARN

S1.15.5 Model distributivne mreze za analizu zakona regulacije napona

U reZzimu maksimalnog opterecenja napon na srednjenaponskoj strani
transformatora je:

Qilmax zg.pnxax +Zv —1~ma.r ’ (1521)
dok je za minimalno optereéenje
_U_.Zmin :mein +Zvlmin ’ (15.22)
gde je:
U pmar? U patin " fazori napona na mestu priljudenja potro$aca u reZimu
maksimalnog, odnosno minimalnog optereéenja,
Louer L,y -fazori  struja voda u reZimu maksimalnog, odnosno
minimalnog
optereéenja.

Cilj regulacije je da napon kod potroSada ima istu vrednost i u reZimu
maksimalnog i u reZimu minimalnog opterecenja. Ako se ova, zadata vrednost

napona obeleZi sa U, onda prethodne dve relacije dobijaju oblik:

(15.23)

=U_+Z,1. . (15.24)
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Kod ovih relacija je uzeto da je fazor napona U ,, u faznoj osi. Ako sc

mn

fazni pomeraji izmedu ovog napona i struja I, i [, . obelezesa @, i @

min

respektivno, onda se relacije (15.23) i (15.24), uz zanemarenje popredne
komponente pada napona svode na sledeci oblik:

UZmax = Upz +1max (Rv cos (pmax + Xv Sin (pmax) ’ (1524)

U2min = Upz +Imin (Rv cos q)min + Xv Sin (pmin ) ’ (1525)

Ove relacije omogucavaju da se na osnovu poznatih jadina struja u
reZimu maksimalnog i minimalnog optereéenja, za zadatu vrednost napona kod
potroSaa izraunaju moduli napona na sabirnicama 'srednjeg napona u
TS VN/SN, koje treba realizovati. Moduli napona i struja na sabirnicama
srednjeg napona u ova dva rezima odreduju dve radne tacke, koje prakti¢no
definiSu zakon regulacije napona. Ove dve radne tatke prikazane su u
koordinatnom U-I sistemu na sl.15.6. Ocigledno je da ¢e u bilo kom drugom
radnom stanju odgovarajuca radna tacka biti negde izmedu ove dve. Kada su
odredene ove dve taCke vrSi se izbor karakteristike regulacije. Na sl.15.6
prikazane su dve karakteristike: linearna (obeleZena brojem 1) i nelinearna (2).
Koncepcijom automatskog regulatora napona omogucéava se promena nagiba
prave (1) ili zakrivljenosti krive (2), kao i njihovo translatorno pomeranje.

Uk
L s | MAX
|
|
|
|
f
|
)
|
Umin _____ {
| | 1
I {
I min I max

S1.15.6 Karakteristike regulacije za dve vrste
regulatora: linearna (1) i nelinearna (2)

Na osnovu ovog izlaganja moze se reci da je izbor zakona regulacije u
jednostavnoj radijalnoj mreZi reSen onog trenutka kada su odredene tatke MIN 1
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MAX. Mcdutim, kod razgranate, sloZene distributivne mreZe nema jedinstvenog
voda, kao ni jedinstvenog potro$aca kod koga treba odrzavati napon na zadatu
vrednost. Tada se izbor zakona regulacije automatskog regulatora napona kod
transformatora sa regulacijom pod opterecenjem, kao i izbor naponskih podrski
kod transformatora sa regulacijom u beznaponskom stanju vrsi tako da vrednosti
napona u svim ¢vorovima mreZe, u rezimima maksimalnog i minimalnog
optereéenja, ne izadu izvan unapred odredenih (propisanih) granica.

U nekim sluéajevima sloZena distributivna mreZza se moZec zameniti
ekvivalentnim jedinstvenim vodom. Pri tome je potrebno odrediti parametre

ckvivalentnog voda R, i X, kao i modul napona na kraju tog voda U ,, koji
trcba odrzati u rezimu maksimalnog i minimalnog opterecenja. Parametri
ckvivalentnog voda odreduju se ako se u relacijama (15.24) 1 (15.25) umesto
R, X, iU pz Stavi R,X,1U »e Tespektivno, ¢ime se dobija:

Uspae =U o +1 0 (R, cOS @, + X, 5inQ,,.) (15.26)

2 max

U

2 min

= Upe + Imin (Re cos q)min + Xe Sil’l (P,,,,-,. ) . (1527)

Ako se napon U, tretira kao parametar, onda se uz uslov

cos@, . #cosQ,. ,zaparametre ekvivalentnog voda dobija:
Imin Sin (‘pmin
UZmin - Upe - (U2max Y pe }—W
R =— mo * Vmar (15.28)
Sin .
[min cos q)min —COS (pmax . (p'”"'
sin (Pmax
) Imin cos (pmin
U2min - Upe - (U2max —Upc 7——;;;(‘)—
X, = max mar (15.29)

cos (pmin

Imin sin (pmin —Sin (pmax

Iz relacija (15.28) i (15.29) ocigledno je da postoji sloboda u izboru
zadatog napona U , . Izbor ovog napona moZe se posmatrati kao optimizacioni
problem. Medutim, sloboda u njegovom izboru dozvoljava da se on odredi na
jedan vrlo prakti¢an nacin. Naime, ako se pretpostavi da se faktori snage na
sabirnicama srednjeg napona veoma malo menjaju sa promenom optcreéenja

moZc se, za odredivanje napona U,, koristiti pretpostavka
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cosQ,,,, =cos@, . .U tom slucaju relacije (15.28) i (15.29) nemaju smisla, jer

imenilac postaje jednak nuli. Ipak, iz relacija (15.26) i (15.27), pod ovom
pretpostavkom, za napon U ,, se dobija:

v, I _-U, I
) —_ min max max min . 1 5 .30
pe I~ ( )

min

Za ovako izabran napon U, jednaline (15.26) i (15.27) postaju
linearno zavisne. To znali da se, za izabrani napon U, (odrcden pomocu
relacije (15.30)), zadajuéi po Zelji vrednost jednog od parametara R, ili X, iz
jedne od relacija (15.26) ili (15.27) izracunava vrednost drigog parametra. Kada
su odredeni parametri ekvivalentnog voda (R, i X,) i napon U ,, koji treba

odrZavati na kraju tog voda, odredivanje zakona regulacije je identi¢no kao i u
slu¢aju jednostavne radijalne mreze.

15.4.3. EFIKASNOST REGULACIJE NAPONA POMOCU
REGULACIONOG TRANSFORMATORA

Zanimljivo je razmotriti uticaj regulacionog transformatora i na prilike u
prenosnoj mreZzi. Po$to je u prenosnim mrezama reaktansa voda znatno veca od
rezistanse to dominantan uticaj na padove napona imaju tokovi reaktivnih snaga.
Zbog toga se pri kvalitativnoj analizi uticaja promene odnosa transformacije
regulacionog transformatora na naponske prilike u sistemu mogu zanemariti
tokovi aktivnih snaga.

Ako se ima u vidu ekvivalentna Sema regulacionog transformatora
prikazana na sl.15.4.b, 1 izraz za reaktivnu snagu potrodnje (15.2) mozZe se za
U,=1r]. pisati:

0, =0,Uy" . (15.31)
Kada se ima u vidu da je U,/U,=a, kao i da su kod idealnog

transformatora snage invarijantne to sc za jacinu strujc fla primarnoj strani
transformatora dobija:

ke 1k
I, =0.a™*U, ) (15.32)

lg

Ova relacija predstavlja karakteristiku  optere¢enja  posmatranu  sa
visokonaponske strane idealnog transformatora. Na sl.15.7 prikazane su ovc
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karaktcristike za a=1, a=0,95 1 a=0,9 pri ¢emu je za koeficijent osctljivosti
rcaktivne snage po naponu uzeta vrednost k ,=2.

Odrzavanjem napona na sekundaru na odredenu vrednost to se i
rcaktivna snaga potro$nje odrzava na odredenu vrednost. Odavde sledi da je
zavisnost napona od struje hiperboli¢na, §to je na sl.15.7 prikazano hiperbolom
b za 0,=0,5. Moguce radne taCke, za konstantnu vrednost reaktivnc snage,

nalaze sc u prcsekil karakteristika opterecenja i ove hiperbole, i obeleZene su na
slici.

Prave ¢’ 1 ¢” predstavljaju karakteristiku sistema. Zavisnost napona na
krajevima idealnog transformatora od struje opterecenja, koju predstavljaju ove
prave, dobija se kad se uzmu u obzir svi padovi napona na impedansama ispred
idealnog transformatora u zamenskoj Semi (ukljudujuéi i impedansu

transformatora azZ7(a))./

Kada iz odredenih razloga dode do smanjenja napona na krajevima
transformatora regulator napona ce teziti da odrzi propisani napon na sekundaru
smanjenjem nenominalnog odnosa transformacije a. To znali da dolazi do
pomecranja radnc tacke po hiperboli b i prelaska iz jednog radnog stanja u drugo.
Sa sl.15.7 sc vidi da smanjenje odnosa transformacije dovodi do poveéanja
jatine struje /,,. Povecana jadina struje izaziva dodatne padove napona, 3to

znaci da ¢e se ravnoteZno stanje uspostaviti pri nizoj vrednosti napona U, nego

u slu¢aju da nema regulatora napona. Ukoliko bi se naponske prilike u sistemu i
dalje pogorsavale doslo bi do uzastopnog delovanja regulatora napona i prelaska
na rad na donjoj grani¢noj vrednosti regulacionog dela, posle ¢ega se radna
tatka pomera duz karakteristike opterecenja koja odgovara mlmmaanJ

vrednosti nenommalnog odnosa transformacije a,,,;,,.

1.3
1.2
1.1
1.0

09

Ul(r. j-)

08

0.7

06 |- E

05 4 1 e L n 1 " 1 " 1 " 1 M L s 1 s L "
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.8C

@)

SL.15.7 Pomeranje radne tacke pri promeni odnosa transformacije regulacionog
transformatora uz odrZavanje konstantne snage potrosnje
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Treba istaéi da je sa aspekta pada napona veoma nepovoljan slucaj kada

je k,,=0, odnosno kada je u pitanju potro$nja konstantne snage. U tom slucaju

svako smanjenje napona dovodi do znatnih povecanja jaCine struje, §to u
krajnjoj meri uslovljava dodatne padove napona. Kada je k>0 ova povecanja
-jatine struje su manja nego za k=0, Sto znaci da su 1 manji dodatni padovi
napona pa samim tim i povoljnije naponske prilike.

Na osnovu prethodne kvalitativne analize, kao zadatak se namece
odredivanje uslova kada je efikasna regulacija napona pomoc¢u regulacionih
transformatora. Imajuci u vidu sliku 15.5 i zamensku Semu transformatora na
sl.15.4.a za napon kod potrosaca se dobija:

u =Yn Z, (15.33)

' a 2 2
R X
\/(——’;’—+RT +RV+RP) +(~a—’;‘—+ X,+XV+XPJ

gde je:
U,, - napon jake mreZe (na koju je prikljucen regulacioni transformator),
R, , X, - otpornost i reaktansa jake mreZe,

R,, X, - otpornost i reaktansa potroSaca.

Stavljajuéi da je:
Rekv:RT+Rv+Rp 1 Xekv=XT+XV+XP ’ (15.34)
relacija (15.33) postaje:

U, = U2y . (15.35)

’ R ’ X ’
02(—%'—+RT+RV+RPJ +a2(—a‘2~’—+XT+X‘,+Xp)

a

Da bi se videlo kako promena prenosnog odnosa uti¢e na napon kod
potroSaca posmatrae se potkorena veliCina: '

R 2 X 2
K:a’[—"zi+RT+RV+RP] +a2[——2“—+XT+X‘,+Xp) . (15.39)

a a

Diferenciranjem po a ove, potkorene veli€ine dobija se:
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1 72
K _2%4 2472, (15.36)
da a

gde jc Z,%,=Rf,+Xf, i Z? =1‘23,n,-$-X2

cky ekv *

K
1z jedna¢ine —— = 0 dobija se:
‘da
Zy=a'Z,, . (15.37)

Ako jec Z,, >a’Z,, sledi da je 2£< 0, $to zna&i da smanjivanje
da

prenosnog odnosa dovodi do porasta potkorene veliéine K, odnosno do
smanjivanja napona kod potro§aca. Da bi, u ovom slucaju, doslo do povecanja
napona, odnosno njegovog odrzanja na zadatu vrednost potrebno jc povcéati
prenosni odnos transformatora, §to je u suprotnosti sa uobicajenim pristupom
kod regulacije, koji sc ogleda u smanjivanju prenosnog odnosa. Mcdutim, ovaj
slucaj je izuzctno redak u praksi i prakti¢no se moZe javiti u slucajevima kada
regulatori pobude kod sinhronih generatora dostignu svoj graniéni poloZaj.

Na osnovu ovog moZe se konstatovati da je regulacija napona pomocu
rcgulacionih transformatora cfikasna kada je impedansa napojne mreZe razli¢ita
od sumarnc impcdanse transformatora, radijalnog voda 1 potrosaca, tj.

Z.#a*Z, Kadaje Z,, <a’Z _ regulacija napona se vr§i smanjivanjem
M chy J M ekv g 1) p \ 3|
prenosnog odnosa a, dok u retkim sluajevima kada je Z, >a’Z, za

poboljSanje naponskih prilika trcba vrSiti poveéanje prenosnog odnosa
transformatora.
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Chapter

Long-Duration Voltage Variations

Utilities generally try to maintain the service voltage supplied
to an end user within =5 percent of nominal. Under emergency
conditions, for short periods, ANSI Standard C84.1 permits the
utilization voltage to be in the range +6 percent to —13 percent
of the nominal voltage. Some sensitive loads have more strin-
gent voltage limits for proper operation and, of course, equip-
ment generally operates more efficiently at near-nominal
voltage. This chapter addresses the fundamental problems be-
hind voltage regulation and the general types of devices avail-
able to correct the problem.

6.1 Principles of Regulating the Voltage

The root cause of most voltage regulation problems is that there
is too much impedance in the power system to properly supply
the load (Fig. 6.1). Therefore, the voltage drops too low under
heavy load. Conversely, when the source voltage is boosted to
overcome the impedance, there can be an overvoltage condition
when the load drops too low. The corrective measures usually
involve either compensating for the impedance, Z, or compen-
sating for the voltage drop, IR + jIX, caused by the impedance.
The options for improving the voltage regulation are

1. Add voltage regulators, which boosts the apparent V.

2. Add shunt capacitors to reduce the current, I, and shift it to
be more in phase with the voltage.
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Z= R+ jX

l IR

Vi~

[ LOAD >
. -ﬁ V2 wx
1 V2

Figure 6.1 Voltage drop across the system impedance is the
root cause of voltage regulation problems.

3. Add series capacitors to cancel the inductive impedance drop
(IX).
4. Reconductor lines to a larger size to reduce the impedance, Z.

5. Change the service transformer to a larger size to reduce im-
pedance, Z.

6. Add static var compensators, which serve the same purpose
as capacitors for rapidly changing loads.

6.2 Devices for Voltage Regulation

There are a variety of voltage regulation devices in use on utili-
ty and industrial power systems. We typically divide these de-
vices into three major classes:

1. Tap-changing transformers
2. Isolation devices with separate voltage regulators
3. Impedance compensation devices, such as capacitors

There are both mechanical and electronic tap-changing trans-
formers. Most of the tap-changing transformer designs are auto-
transformers, although there are also numerous applications of
two- and three-winding transformers with tap changers. The
mechanical devices are for the slower-changing loads while the
electronic ones can respond very quickly to voltage changes.

Isolation devices include UPS systems, ferroresonant (con-
stant voltage) transformers, M-G sets, and the like. These are
devices that essentially isolate the load from the power source
by performing some sort of energy conversion. Therefore, the
load side of the device can be separately regulated and can
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maintain constant voltage regardless of what is occurring at
the power supply. The downside of using such devices is that
they introduce more losses and may also cause harmonics prob-
lems on the power supply system.

Shunt capacitors help maintain the voltage by reducing the
current in the lines. Also, by overcompensating inductive cir-
cuits, a voltage rise can be achieved. To maintain a more con-
stant voltage, the capacitors can be switched in conjunction
with the load, sometimes in small incremental steps to follow
the load more closely. If the objective is simply to maintain the
voltage at a higher value to avoid an undervoltage condition,
the capacitors are often fixed (not switched).

Series capacitors are relatively rare, but are useful for some
impulse loads like rock crushers and tire testers.! Many poten-
tial users shy away from them because of the extra care in en-
gineering required for the series capacitor installation to
function properly. However, they are very effective in certain
system conditions, primarily with rapidly changing large loads
that are causing excessive flicker.

The series capacitors compensate for most of the inductance
in the system leading up to the load. If the system is highly in-
ductive, this represents a significant reduction in the imped-
ance. If the system is not highly inductive, but has a high
proportion of resistance, series capacitors will not be very effec-
tive. This is typical of many industrial systems that have long
lengths of cable between the transformer and the load. Recon-
ductoring or changing the transformer must be done to achieve
a significant reduction in the impedance.

Another approach to flicker-causing loads is to apply static
var compensators. These can react within a few cycles to main-
tain a fairly constant voltage by controlling the reactive power
production. Such devices are commonly used on arc furnaces
and other randomly varying loads where the system is weak
and the resulting flicker is affecting nearby customers.

6.2.1 Utility step-voltage regulators

The typical utility tap-changing regulator can regulate from —10
to +10 percent of the incoming line voltage in 32 steps of % per-
cent. There are some variations, but the majority are of this
type. Distribution substation transformers commonly have
three-phase load tap changers (LTCs) while regulators in-
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Figure 6.2 Schematic diagram of one type of utility volt-
age regulator commonly applied on distribution lines.

stalled out on the feeders are typically single-phase. Line regu-
lators may be installed in banks of two or three; it is not un-
common to have open-delta banks on three-phase feeders with
light to moderate load for purposes of economy.

Figure 6.2 shows a schematic of a utility step voltage regula-
tor. Although the concept of a tap-changing autotransformer is
simple, a utility voltage regulator is a fairly complicated piece
of apparatus designed to achieve a long life and high reliability
of the tap-changing mechanism.

Utility voltage regulators are relatively slow. The time delay
for when the voltage goes out of band is at least 15 s and is
commonly 30 or 45 s. Thus, it is not suitable where voltages
may vary in matters of cycles or seconds. Their main applica-
tion is boosting voltage on long feeders. The voltage band typi-
cally ranges from 1.5 to 3.0 V on a 120-V base. The control can
be set to maintain voltage at some point downline from the
feeder by using the line drop compensator. This results in a
more level average voltage response and helps prevent over-
voltages for customers near the regulator.

6.2.2 Ferroresonant transformers

On the end-user side, ferroresonant transformers are not only
useful in protecting equipment from voltage sags, but they can
also be used to attain very good voltage regulation (*1 percent
output). Figure 6.3 shows the steady-state input/output charac-
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Figure 6.3 Ferroresonant transformer steady-state characteristics.

teristics of a 120-VA ferroresonant transformer with a 15-VA
load. As the input voltage is reduced down to 30 V, the output
voltage stays constant. If the input voltage is reduced further,
the output voltage begins to collapse. In addition, as the input
voltage is reduced, the current drawn by the ferroresonant
transformer increases substantially from 0.4 to 2 A. However,
ferroresonant transformers tend to be lossy and inefficient.

6.2.3 Electronic tap-switching regulator

An electronic tap-switching regulator (Fig. 6.4) can also be used
to regulate voltage. They are more efficient than ferroresonant
transformers, and use silicon-controlled rectifiers (SCRs) or tri-
acs to quickly change taps, and hence voltage. Tap-switching

LINE IN
TRIACS || SENSING
AND
CONTROL
LOAD
AUTOTRANSFORMER

Figure 6.4 Electronic tap-switching regulator.
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regulators have a very fast response time of a half-cycle, and
are popular for medium-power applications.

6.2.4 Maanetic synthesizers

Magnetic synthesizers, although intended for short-duration
voltage sags (see Chap. 3), can also be used for steady-state
voltage regulation. One manufacturer, for example, states that
for input voltages of =40 percent, the output voltage will re-
main within 5 percent at full load.

6.2.5 On-line UPS systems

On-line UPS systems intended for protection against sags and
brief interruptions can also be used for voltage regulation provid-
ed the source voltage stays sufficiently high to keep the batteries
charged. This is a common solution for small, critical computer or
electronic control loads in an industrial environment that has
large, fluctuating loads causing the voltage to vary.

6.2.6 Motor-generator sets

Motor-generator sets (Fiig. 6.5) are also used for voltage regula-
tion. They completely decouple the load from the electric power
system, shielding the load from transients. Voltage regulation is
provided by the generator control. The major drawback of M-G
sets is their response time to large load changes. Motor-genera-
tor sets can take several seconds to bring the voltage back up to
the required level, making this device too slow for voltage regu-

FLYWHEEL FOR
MECHANICAL
ENERGY STORAGE
INDUCTION OR / —— GENERATOR
SYNCHRONOUS MOTOR
1 [
T T — 1

Figure 6.5 Motor-generator set.
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lation of certain loads, especially rapidly varying loads. Motor-
generator sets can also be used to provide ride through from
input voltage variations, especially voltage sags, by storing en-
ergy in a flywheel.

6.2.7 Static var compensators

Static var compensators can be applied either to utility systems
or to industrial systems. They help regulate the voltage by re-
sponding very quickly to supply or consume reactive power.
This acts with the system impedance to either raise or lower
the voltage on a cycle-by-cycle basis.

There are two main types of static var compensator in com-
mon usage, as shown in Fig. 6.6. The thyristor-controlled reac-
tor (TCR) scheme is probably the most common. It employs a
fixed-capacitor bank to provide leading reactive power and a
thyristor-controlled inductance that is gated on in various
amounts to cancel all or part of the effect of the capacitance.
The capacitors are frequently configured as filters to clean up
the harmonic distortion caused by the thyristors.

The thyristor-switched capacitor operates by switching mul-
tiple steps of capacitors quickly to match the load requirements
as closely as possible. This is a more coarse regulation than a
TCR, but is often adequate. The capacitors are generally gated
fully on so there are no harmonics in the currents. The switch-
ing point is controlled so that there are no switching transients.

TTT TTTU

LOAD LOAD

THYRISTOR-SWITCHED REACTOR THYNISTOR-SWITCHED CAPACITOR

Figure 6.6 Common static var compensator configuration.
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Figure 6.7 Typical utility 32-step voltage regulator. (Courtesy of Cooper Power Systems.)

6.3 Utility Voltage Regulator Application

Figure 6.7 shows a photograph of a typical 32-step voltage regula-
tor used by U.S. utilities. This is a single-phase device that is fre-
quently pole-mounted, either one to a single pole or three on a
platform between two poles. They may be connected in wye-
grounded, leading delta, lagging delta, or open delta. The controls
are integral to the device and each phase is controlled separately.

Volumes could be written on the application of regulators, but
we will restrict our discussion here to a few topics particularly
relevant to power quality: use of the line drop compensator for
leveling voltage profiles and load reJectlon with respect to the
application of regulators in series.

6.3.1 Line drop compensator

Regulators are very effective in alleviating low-voltage condi-
tions on distribution feeders when the load has outgrown the ca-
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pability of the feeder at peak load conditions. Because it is time-
consuming to determine the correct settings for line drop com-
pensation, the R and X settings are often set to zero and the
voltage regulation set point is set near the maximum allowable
(125 or 126 V on a 120-V base). This results in the feeder volt-
age being near the maximum most of time because the load is at
peak for only a small percentage of the hours each year. This is
satisfactory in most respects except that

1. Transformers operate higher on their saturation curve, pro-
ducing more harmonic currents (and losses), contributing
more to the harmonic distortion on the feeder, which can be
particularly troublesome at low loads.

2. Customers may experience more frequent replacement of in-
candescent lamps.

The purpose of the line drop compensator is to level out the
voltage profile so that it provides the necessary voltage boost at
peak load yet keeps the voltage closer to nominal at lower
loads. This is illustrated in Fig. 6.8. To simplify the discussion,
we’ve assumed there is no LTC in the substation and the only
regulator of concern is a feeder regulator at the substation. In
part a, no compensation is used and the voltage setting is 5
percent high, or 126 V on 120-V systems. Since there is some
bandwidth on the control, the voltage may actually go higher
than this. In part b, the voltage setting is 120 V (100 percent)
with the line drop compensator set some distance out on the
feeder as shown. At peak load the voltage at the regulator rises
to 105 percent, which is necessary to keep the end of the feeder
at the proper voltage. However, at low load, the feeder voltage
profile is closer to 100 percent voltage.

There are numerous practices for determining line drop com-
pensator settings. Manufacturers provide computer programs
for computing the settings provided the CT and PT ratios are
known. These vary with regulator sizes and must be specifical-
ly known before the proper setting can be computed. Of course,
this also requires the user to model the feeders on a computer
program, for which the data may not be readily available. Man-
ufacturer’s guide books also have simple formulas and rules-of-
thumb for determining settings.

The line drop compensator settings are called R and X for the
resistive and reactive portions of the compensator, respectively.
However, the units are volts on a 120-V base instead of ohms.
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Figure 6.8 The effect of line drop compensation on the voltage profile.

To convert from actual line impedance in ohms to the R and X
settings, the basic formula is

(6.1)

. . CT rati
(R + -}X)setting = (R +JX)ohms( PTr:a::;g)

where the CT is specified by the line current rating and the PT
ratio is the nominal line-neutral voltage divided by 120 V.

These R and X values are used directly for wye-connected
regulators. For delta-connected regulators, these values must
be modified to account for the 30-degree phase shift in the volt-
age with respect to the line current. For a leading delta connec-
tion, multiply by 1/—-30 degrees, for a lagging delta, multiply
by 14+30 degrees.

Some utilities have developed average standard settings that
they have found to be effective. Many determine the R and X
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settings experimentally by sending a line technician to the low-
voltage point on the feeder while another adjusts the R and X
settings. Ideally, this should be done at the peak load so that a
voltage setting and line drop setting may be found that is suc-
cessful in meeting this condition. It will, in all likelihood, meet
the lower load conditions satisfactorily, although downline
switched capacitor banks may fool the control somewhat when
they switch to a different state. Therefore, the voltage profile
should be monitored at one or two key locations for a few days
to make certain the setting is adequate.

Obviously, this process takes time and it is often not conve-
nient to send a crew to check a regulator setting when the peak
load occurs. Often, at this time, the crews are busy with more
urgent matters such as changing out overloaded transformers
to get customers back in service. There is a definite benefit to
the power quality if the regulator is set properly, so some effort
should be made. Fortunately, manufacturers are now supplying
controls with telecommunications capability so that the set-
tings can be adjusted more conveniently from a control center.

Many manufacturers also offer sophisticated controls with a
choice of load following algorithms. In the case of power quality
complaints with the voltage going out of band or too many tap
changes, consult the user’s manual and experiment with other
algorithms to achieve a smoother regulation.

6.3.2 Regulators in series

In sparsely populated areas it is not uncommon to find two or
more regulator banks in series on extremely long lines feeding
remote loads. Two notable applications are service to irrigation
and mining loads where lines extend for miles with only an oc-
casional load. These applications require special considerations
to avoid power quality problems.

One important consideration for coordinating the regulators
in series is properly setting the initial time delay. The regulator
nearest the substation is set with the shortest time delay, typi-
cally 15 or 30 s. Regulators further downline are set with time
delay of 15 s longer. This minimizes tap changing on the down-
line regulators, keeping the voltage variations to a minimum,
and extending contact life.

Perhaps the greatest power quality problem in this situation
is load rejection. The sudden loss of load, which can happen
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Figure 6.9 Illustration of overvoltage resulting from load re-
jection on regulators in series.

after a fault, will result in greatly excessive voltages because
the regulator boosting will be cumulative (Fig. 6.9). Overvolt-
ages of 20 percent or more can occur. Transformer saturation
and remaining load will help hold the voltage down, but it will
still exceed normal limits by a considerable margin.

To minimize damage to loads, regulators employ a “rapid
runback” control scheme that bypasses the normal time delay
and runs the regulators back down as quickly as possible. This
is typically 2 to 4 s per tap change. '

6.4 Capacitors for Voltage Regulation

Capacitors may be used for voltage regulation on the power
system in either the shunt or series configuration.

6.4.1 Shunt capacitors

As shown in Fig. 6.10a, the presence of a shunt capacitor at the
end of a feeder results in a gradual change in voltage along the
feeder. Ideally, the percent voltage rise at the capacitor

100 - (Vwi cap Vno ca )
%AV = heap P (6.2)
Vwith cap

would be zero at no load, and rise to maximum at full load.
However with shunt capacitors, percent voltage rise is essen-
tially independent of load. Therefore, automatic switching is
often employed in order to deliver the desired regulation at
high loads, but prevent excessive voltage at low loads. This
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Figure 6.10 Feeder voltage rise due to shunt (a) and series (b) capacitors.

practice may result in transient overvoltages inside customer
facilities, as described in Chap. 4.

Application of shunt capacitors may also result in a variety of
harmonic problems (see Chap. 5).

6.4.2 Series capacitors

Unlike the shunt capacitor, a capacitor connected in series with
the feeder results in a voltage rise at the end of the feeder that
varies directly with load current. Voltage rise is zero at no load,
and maximum at full load. Thus, series capacitors do not need
to be switched in response to changes in load. Moreover, a se-
ries capacitor requires far smaller kilovolt and kvar ratings
than a shunt capacitor delivering equivalent regulation.

However, series capacitors have several disadvantages. First,
they cannot provide reactive compensation for feeder loads, and
so do not significantly reduce system losses. Series capacitors
can only release additional system capacity if it is limited by
excessive feeder voltage drop. Shunt capacitors, on the other
hand, are also effective when system capacity is limited by high
feeder current.

Second, series capacitors cannot tolerate fault current. This
would result in a catastrophic overvoltage, and must be pre-
vented by bypassing the capacitor through an automatic switch.
An arrester must also be connected across the capacitor to di-
vert current until the switch closes.

There are several other concerns that must be evaluated in a
series capacitor application. These include resonance and/or
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hunting with synchronous and induction motors, and ferroreso-
nance with transformers. Because of these concerns, the appli-
cation of series capacitors on distribution systems is very
limited. One area where they have proved to be advantageous
is where feeder reactance must be minimized to reduce flicker.

6.5 End-User Capacitor Application

The application of power factor correction capacitors is general-
ly motivated by economics to eliminate utility power factor
penalties, but there are reasons from the perspective of power
quality as well. The reasons that an end user might decide to
apply power factor correction capacitors are

n To reduce the electric utility bill

s To reduce I?’R losses and, therefore, heating in lines and
transformers

= To increase the voltage at the load, increasing production
and/or the efficiency of the operation

» To reduce current in the lines and transformers, allowing ad-
ditional load to be served without building new circuits

There can be power quality problems as the result of adding ca-
pacitors. The most common are harmonics problems. While
power factor correction capacitors are not harmonic sources,
they can interact with the system to accentuate the harmonics
that are already there (see Chap. 5). There are also switching
transient side effects such as magnification of utility capacitor
switching transients (see Chap. 4).

6.5.1 Location for power factor
correction capacitors

The benefits realized by installing power factor correction ca-
pacitors include the reduction of reactive power flow on the sys-
tem. Therefore, for best results, power factor correction should
be located as close to the load as possible. However, this may
not be the most economical solution or even the best engineer-
ing solution, due to the interaction of harmonics and capacitors.

Often capacitors are installed with large induction motors
(C3 in Fig. 6.11). This allows the capacitor and motor to be
switched as a unit. Large plants with extensive distribution
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systems often install capacitors at the primary voltage bus (C1)
when utility billing encourages power factor correction. Many
times however, power factor correction and harmonic distortion
reduction must be accomplished with the same capacitors.
Location of larger harmonic filters on the distribution bus (C2)
provides the required compensation and a low-impedance path
for harmonic currents to flow, keeping the harmonic currents
off the utility system.

The disadvantage of placing capacitors only at the utilization
or distribution bus is that there is no reduction of current and
line losses within the plant. Loss and current reduction is
achieved when the capacitors are distributed throughout the
system. Some industrial end users install capacitors at the
motor control centers, which is often more economical than
putting the capacitors on each motor. The capacitors’ controls
can be tied in with the motor controls so that the capacitors are
switched when needed.

6.5.2 Voltage rise

The voltage rise from placing capacitors on an inductive circuit
is a two-edged sword from the power quality standpoint. If the
voltage is low, then the capacitors provide an increase to bring
the voltage back into tolerable limits. However, if the capaci-
tors are left energized when the load is turned off, the voltage
can rise too high, resulting in a sustained overvoltage.
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The voltage rise realized with the installation of capacitors is
approximated from

kvar, X Z,_ (%)

ToAV = kVA,_ (6.3)
where %AV = percent voltage rise
kvarcalp = capacitor bank rating
kVA, = step-down transformer rating
Z . = step-down transformer impedance, %

This formula assumes that the transformer is the bulk of the
total impedance of the power system up to the point at which
the capacitor is applied.

As mentioned above, one power guality problem that arises is
that the voltage rises too high when the capacitors remain en-
ergized at low load levels. One common symptom of this is loud
humming in the supply transformer and, in some cases, over-
heating due to overexcitation of the core. Another symptom is
the loss of excessive numbers of incandescent light bulbs coinci-
dent with the installation of a capacitor bank. Thus, this for-
mula should be applied to investigate whether it is feasible to
leave the capacitors energized. If not, some control strategy
must be devised to switch the capacitors off at light loads.

6.5.3 Reduction in power system losses

Since losses are inversely proportional to the power factor
squared (PF?), the reduction in power system losses is estimat-
ed from

% loss o 100 ( P rgina )2 6.4)
© power 108S % —_— .
PFcorrected
PForiginal 2
% loss reduction = 100 [1 — (——) ] (6.5)
PFcorrected

where % loss reduction = percent reduction in losses
PF = original power factor (pu)

original
corrected — COTTECted power factor (pu)

This formula basically applies to a single capacitor on a radial
feed. However, it is also approximately correct if the capacitors
are well distributed throughout the plant so that each major
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branch circuit experiences approximately the same percentage
loss improvement.

Keep in mind that this formula gives the percent reduction
possible over the present losses upline from the capacitors.
There is no reduction in losses in the lines and transformers
between the capacitor and the load.

6.5.4 Reduction in line current

The percent line current reduction can be approximated from

cos 0

before )} (66)

%Al = 100 (1 —
cos O,
where %Al = percent current reduction
0, erore = POWer factor angle before correction

0,4, — POWer factor angle after correction

Again, this applies only to currents upline from the capacitor.

6.5.5 Displacement power factor vs.
true power factor

The traditional concepts of selecting power factor correction are
based on the assumption that loads on the system have linear
voltage-current characteristics and that harmonic distortion
can be ignored. With these assumptions, the power factor is
equal to the displacement power factor (DPF). DPF is calculat-
ed using the traditional power factor triangle method (Fig.
6.12) and is often written:

kW _
DPF————kVA coso (6.7)

where kW and kVA are the fundamental frequency quantities
only.

Harmonic distortion in the voltage and current caused by
nonlinear loads on the system changes the way power factor

{apparent power)

kvar
{reactive  Figure 6.12 Displacement power
power) factor triangle.

kW {active power)
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must be calculated. True power factor (TPF) is defined as the
ratio of real power to the total volt-amperes in the circuit:

kW P
kKVA  V_ XI__

As before, the power factor is defined as the ratio of kW to kVA,
but in this case, the kVA includes harmonic distortion volt-am-
peres. The total kVA (apparent power) is determined by multi-
plying the true rms voltage by the true rms current. It can be
significantly higher than the fundamental frequency kVA. The
active power, P, is generally increased only marginally by the
distortion.

TPF is the true measure of the efficiency with which the real
power is being used. In the trivial case of no distortion, it de-
faults to the DPF. Capacitors basically compensate only for the
fundamental frequency reactive power (vars) and cannot com-
pletely correct the true power factor to unity when there are
harmonics present. In fact, capacitors can make true power fac-
tor worse by creating resonance conditions which magnify the
harmonic distortion. On typical power systems, the I term in
the above equation is generally the one most affected by har-
monic distortion although the V___term may also be increased.

Assuming the voltage THD is zero, the maximum to which
you can correct the true power factor can be approximated by

TPF = (6-8)

current

1

(THD in pu). DPF is still very important to most industrial cus-
tomers because utility billing for power factor penalties is gen-
erally based on it. Most revenue metering schemes currently
account only for the DPF. However, this could change because
modern electronic meters certainly have the capability to com-
pute the TPF, which will be considerably lower for some types
of industrial loads.

6.5.6 Selecting the amount of
capacitance

For reference for those wishing to apply capacitors to correct
the power factor, the kvar rating of capacitance required to cor-
rect a load to a desired power factor is given by
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kvar = kW(tand_. — tand

new )

[ 1 [ 1
= |ppz ~ 1-— PF2 1 (6.10)
orig new

orig

where kvar = required compensation in kvar

kW = real power in kW

¢, = Original power factor phase angle
.. = desired power factor phase angle
.= original power factor

PFonj = desired power factor

ne

ne

Table 6.1 summarizes the above equation in tabular form.
After selecting estimated capacitor sizes, two power quality

checks should be done:

1.

Determine the no-load voltage rise to make sure that the
voltage will not rise above 110 percent when the load is min-
imum. If it does, you will have to switch some of the capaci-
tors off or apply fewer capacitors.

. Determine the impact of the capacitors on harmonics (see

Chap. 5).

If harmonics prove to be a problem, typical options are:

1.

Change the amount of capacitors, if possible. Avoid certain
switching combinations. This is generally the least expen-
sive solution.

. Convert some of the capacitors to one or more filters, usually

placed at the main bus.

. Employ an adaptive control to monitor the harmonic distor-

tion and switch the capacitors to avoid resonance. This might
be appropriate for large industrial loads where numerous
switched capacitors are coming on and off line randomly.

6.6 Regulating Utility Voltage with
Dispersed Sources

It is becoming more popular for distribution planners to consid-
er dispersed generation and storage devices to postpone invest-
ments in substations and transmission lines until the load has
grown to a sufficient size to warrant the investment. This con-
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cept is particularly useful when there are a relatively few num-
ber of hours each year when the load approaches the system ca-
pacity limits. The devices are installed in sizes ranging from
500 kW to 10 MW, and many of them are transportable so that
they can be reused at a future date in other locations.

For the present, most of the installations have been considered
for the utility distribution substations. This offers load relief for
the 'substation and transmission facilities, but contributes little
else to the quality of power for the distribution feeder. Many dis-
tribution engineers are now considering the consequences of
moving the devices out onto the feeder to gain additional loss re-
duction, improved reliability, and voltage regulation. While this
option may be too expensive to consider for voltage regulation
alone, it is a useful consequence of dispersed sources being justi-
fied on the basis of deferment of capital expansion.

One potential use of dispersed sources for voltage regulation
is related to reliability considerations (Fig. 6.13). Utilities usual-
ly have line switches installed so that portions of the distribu-
tion feeder can be served from different feeders or substations
during emergencies. If the fault occurs at the time of peak load,
it may be impossible to pick up any more load from other feed-
ers in the normal manner. However, a generator located close to
the switch tie point can potentially provide enough power to
support the additional load at a satisfactory voltage.

One advantage of using a generator to regulate the voltage is
that its controls generally respond faster and more smoothly
than discrete tap-changing devices like regulators and LTCs.

The controls of dispersed sources must be carefully coordinat-
ed with existing line regulators and substation LTCs. With con-
ventional regulators, reverse power flow can sometimes fool the

®_§ —O Generator

< Tie Switch

Sy
17 \
FAULT

Figure 6.13 Using a generator to support restoration of service to the un-
faulted portion of a feeder.
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regulators into moving the tap changer in the wrong direction.
Also, it is possible for the generator to cause regulators to
change taps constantly, causing early failure of the tap-changing
mechanism. Fortunately, some regulator manufacturers have
anticipated these problems and now provide sophisticated micro-
computer-based regulator controls that are able to compensate.

To exploit dispersed sources for voltage regulation, the op-
tions are limited to the types of sources with steady, controllable
outputs such as gas engines and battery storage. Randomly
varying sources such as wind turbines and photovoltaic cells are
unsatisfactory for this role and often must be placed on a rela-
tively stiff part of the system or have special regulation to com-
pensate for their output variations.

6.7 Reference

1. L. Morgan and S. Ihara, “Distribution Feeder Modification to Service Both
Sensitive Loads and Large Drives,” in 1991 IEEE PES Transmission and
Distribution Conference Record, Dallas, September 1991, pp. 686—690.
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Voltage Sags and Interruptions

Voltage sags and interruptions are generally related power
quality problems, so we will deal with them together to avoid
repetition.

A voltage sag is a short-duration (typically 0.5 to 30 cycles) re-
duction in rms voltage caused by faults on the power system and
the starting of large loads, such as motors. Momentary interrup-
tions (typically no more than 2 to 5 s) cause a complete loss of
voltage and are a common result of the actions taken by utilities
to clear transient faults on their systems. Sustained interruptions
of longer than 1 min are generally due to permanent faults.

In recent years, utilities have been faced with rising numbers
of complaints about the quality of power due to sags and inter-
ruptions. There are a number of reasons for this, with the most
important being customers with more sensitive loads in all sec-
tors (residential, commercial, and industrial). The influx of digi-
tal computers and other types of electronic controls is at the
heart of the problem. Computer controls tend to lose their mem-
ory and the processes that are being controlled also tend to be
more complex, taking much more time to restart. Industries are
relying more on automated equipment to achieve maximum pro-
ductivity to remain competitive. Thus, an interruption has more
impact than with loads common just a few years ago.

3.1 Sources of Sags and interruptions

Voltage sags and interruptions are generally caused by faults
(short circuits) on the utility system.? Consider a customer

39
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Tronsmission
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Figure 3.1 An example of an
¥ 4 electric utility power system
Fuse with single-line-to-ground faults
(SLGF's) resulting in voltage
sags to the customer.
(Customer) SLGF

that is supplied from the feeder protected by breaker 1 on the
diagram shown in Fig. 3.1. If there is a fault on this feeder,
the customer will experience a voltage sag during the fault
followed by an interruption when the breaker opens to clear
the fault. If the fault is temporary in nature, a reclosing oper-
ation on the breaker should be successful and the interrup-
tion will only be temporary. It will usually require about five
or six cycles for the breaker to operate, during which time a
voltage sag occurs. The breaker will remain open for a mini-
mum of 20 cycles up to 2 to 5 s depending on utility reclosing
practices. Sensitive equipment will almost surely trip during
this interruption.

A much more common event would be a fault on one of the
other feeders from the substation or a fault somewhere on the
transmission system (see fault locations shown in Fig. 3.1). In
any of these cases, the customer will experience a voltage sag
during the period that the fault is actually on the system. As
soon as breakers open to clear the fault, normal voltage will
be restored to the customer.

Figures 3.2 and 3.3 show an interesting utility fault event
recorded for an Electric Power Research Institute research proj-
ect’” by BMI (Basic Measuring Instruments) 8010 PQNode™ in-
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Phase B Voitage April 29, 1994 at 22:14:20 PQNode Local
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Figure 3.2 Voltage sag due to short circuit fault on a parallel
electric utility feeder.
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Figure 3.3 A short circuit fault event with two fast-trip opera-
tions of the utility line recloser.

struments* at two locations in the power system. The top chart
in each of the figures is the rms voltage variation with time and
the bottom chart is the first 175 ms of the actual waveform.
Figure 3.2 shows the characteristic measured at a customer lo-
cation on an unfaulted part of the feeder. Figure 3.3 shows the

*PQNode is a trademark of Basic Measuring Instruments, Santa Clara,
Calif.
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momentary interruption (actually two separate interruptions)
observed downline from the fault. The interrupting device in
this case was a line recloser that was able to interrupt the fault
very quickly in about 2.5 cycles. This device can have a variety
of settings. In this case, it had the common setting of two fast
operations and two delayed operations. Figure 3.2 shows the
brief sag for the first fast operation only. There was an identical
sag for the second operation. While this is a very brief sag that
is virtually unnoticeable by observing lighting blinks, many in-
dustrial processes would have shut down because the voltage
sagged to 65 percent during this time.

Figure 3.3 clearly shows the voltage sag prior to fault clearing
and the subsequent two fast recloser operations. The reclose
time (the time the recloser was open) was a little more than 2 s,
a very common time for a utility line recloser. Apparently, the
fault—perhaps a tree branch—was not cleared completely by
the first operation, necessitating a second operation. The system
was restored after the second operation.

Figure 3.4 shows recent typical U.S. utility voltage sag
data.!® The bar chart represents the average number of events
per 30-day month in which the voltage sags to the indicated
range. The solid line curve represents the cumulative probabili-
ty that a given event is less that the voltage shown. Actual in-
terruptions of power are represented by the zero voltage bar.
According to the data, approximately 10 percent of the total
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Figure 3.4 Typical U.S. electric utility sag incidence rate data for 9-month
period. (Courtesy of Electric Power Research Institute, RP 3098-1.)'°
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events yielding a voltage of less than 90 percent are interrup-
tions. The remainder are voltage sags of various depths caused
by faults elsewhere on the system. The median sag voltage is
75 percent. While these were preliminary data, they do give a
general idea about the sag and interruption frequency.

3.2 Area of Vuinerability

The concept of an “area of vulnerability” has been developed to
help evaluate the likelihood of being subjected to voltage sags
lower than a critical value.5¢ Figure 3.5 shows an area of vul-
nerability diagram for an industrial customer supplied from a
transmission system bus. The expected voltage sag performance
is developed by performing short circuit simulations to deter-
mine the plant voltage as a function of fault location throughout
the power system. Total circuit miles of line exposure that can
affect the plant (area of vulnerability) are determined for a par-
ticular voltage sag level. The figure shows that the area of vul-
nerability is dependent on the sensitivity of the equipment.
Contactors that drop out at 50 percent voltage will have a rela-
tively small area of vulnerability while adjustable-speed drives
(ASDs) that drop out at 90 percent voltage may be sensitive to
faults over a much wider range of the transmission system.
Historical fault performance (expressed in the number of
faults per year per 100 mi of line) can then be used to estimate

Area of Vuinerability
for Sensitive Loads

Area of Vulnerability .
for Motor Contractors

Miles

iy

Figure 3.5 Tllustration of a transmission system area of vulnerability.
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Figure 3.6 Estimated voltage sag performance at customer site
as a function of faulted line voltage and voltage sag level.

the number of sags per year that can be expected below that
magnitude. Finally, a chart such as the one in Fig. 3.6 can be
constructed breaking down the expected voltage sags by magni-
tude (voltage level of faulted line) and cause. This information
can be used directly by the end user to determine the need for
power conditioning equipment at sensitive loads in the plant.

The same analysis may be performed for the distribution sys-
tem.

3.3 Fundamental Principles of Protection

Several things can be done by the utility, end user, and equip-
ment manufacturer to reduce the number and severity of volt-
age sags and to reduce the sensitivity of equipment to voltage
sags. Figure 3.7 illustrates voltage sag solution alternatives
and their relative costs.

As this chart indicates, it is generally less costly to tackle the
problem at its lowest level, close to the load. As we entertain
solutions at higher levels of available power, the solutions gen-
erally become more costly. The least-cost solution is often for
the end user to specify to the supplier that the machine be able
to ride through sags of a designated duration. Many suppliers
can provide the necessary capability if it is specified at the time
quotations are requested. At the next higher level, it may be
possible to apply an uninterruptible power supply (UPS) sys-
tem or some other type of power conditioning to the machine
control. This is applicable when the machines themselves can
withstand the sag or interruption, but the controls would auto-
matically shut them down.
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Figure 3.7 Approaches for voltage sag ride-through.

At level 3 in the figure, some sort of backup power supply with
the capability to support the load for a brief period is required.
Level 4 represents alterations to the utility power system to sig-
nificantly reduce the number of sags and interruptions.

3.4 End-User Issues

To ride through disruptions of this variety, the load will need
some kind of system that can react within about one-half cycle
and provide near-normal power for a few seconds until the volt-
age is fully restored. This requires either a source of stored en-
ergy at the site or an alternate source of energy. These devices
must either be capable of being switched very quickly or be al-
ways on-line.

Normally, because of economic constraints, protection is ap-
plied to only the most critical loads in a plant. Frequently, the
critical load can be resolved to a few electronic controllers or
computers, and commonly available UPS systems can be em-
ployed to handle the problem. However, much recent work has
been going into supplying the whole plant for the time of the dis-
ruption. This has resulted in the development of high-energy
storage devices, such as the Superconducting Storage Device
(SSD)™ * and fast transfer switches that can switch to an alter-
nate feeder within a few milliseconds. The SSD can ride through

*Trademark of Superconductivity, Inc., Madison, Wis.
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interruptions of at least 2 s. Direct current loads such as tele-
phone systems require very large UPS systems so that they can
remain powered until standby generation can be started.

Ferroresonant transformers, UPS systems, and magnetic syn-
thesizers are some of the power conditioning devices which can
protect against voltage sags and interruptions. The two basic
types of UPSs are on-line and standby. These devices can be used
for long-duration outages up to 15 min in duration. The hybrid
UPS, a variation of the standby UPS, can also be used for long-
duration outages. Motor-generator sets and rotary UPSs are also
being employed for long-duration interruptions. The SSD can be
used for short-duration interruptions of 2 s or less.

3.4.1 Ferroresonant transformers

Ferroresonant transformers, also called constant-voltage trans-
formers (CVTs), can handle most voltage sag conditions. CVTs
are especially attractive for constant, low-power loads. Variable
loads, especially with high inrush currents, present more of a
problem for CVTs because of the tuned circuit on the output.
Ferroresonant transformers are basically 1:1 transformers
which are excited high on their saturation curves, thereby pro-
viding an output voltage which is not significantly affected by
input voltage variations. A typical ferroresonant circuit is
shown in Fig. 3.8. Figure 3.9 shows the voltage sag ride-
through improvement of a process controller fed from a 120-VA
ferroresonant transformer.

Figure 3.9 shows the marked improvement of the process
controller to ride through voltage sags. The process controller
can now ride through a voltage sag down to 30 percent of nomi-

WP E— wC
LINE IN

PRIMARY COMPENSATING

WINDING WINDING
—_— —~ CAPACITOR
WN WS

NEUTRALIZING SECONDARY LOAD
WINDING WINDING

Figure 3.8 Ferroresonant constant-voltage transformer.
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Figure 3.9 Voltage sag improvement with ferroresonant transformer.

nal with a 120-VA ferroresonant transformer, as opposed to 82
percent without one. Notice how the ride-through capability is
held constant at a certain level. The reason for this is the small
power requirement of the process controller, only 15 VA.

Ferroresonant transformers should be sized about four times
greater than the load. Figure 3.10 shows the allowable voltage
sag as a percentage of nominal voltage versus ferroresonant
transformer loading, as specified by one manufacturer.

At 25 percent of loading, the allowable voltage sag is 30 percent
of nominal, which means that the CVT will output over 90 per-
cent normal voltage as long as the input voltage is above 30 per-
cent. This is important since the plant voltage rarely falls below
30 percent of nominal during voltage sag conditions. As the load-

. ——

Input Volage Minimum %
2 8 &8 8 8

10

0

25 50 75 100
Percent Loading of Ferroresonant Transformer

Figure 3.10 Voltage sag versus ferroresonant transformer loading.
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ing is increased, the corresponding ride-through capability is re-
duced, and when the ferroresonant transformer is overloaded
(e.g., 150 percent loading), the voltage will collapse to zero.

3.4.2 Magnetic synthesizers

Magnetic synthesizers are generally used for larger loads. The
loads must be several kilovoltamperes (kVA) to make these
units cost effective. They are used for large computers and
other electronic equipment that is voltage sensitive.

The magnetic synthesizer is an electromagnetic device which
takes incoming power and regenerates a clean, three-phase ac
output waveform, regardless of input power quality. A block di-
agram of the process is shown in Fig. 3.11.

Energy transfer and line isolation is accomplished through
the use of nonlinear chokes. This eliminates problems such as
line noise. The ac output waveforms are built by combining dis-
tinct voltage pulses from saturated transformers. The waveform
energy is stored in the saturated transformers and capacitors as
current and voltage. This energy storage enables the output of a
clean waveform with little harmonic distortion. Finally, three-
phase power is supplied through a zigzag transformer. Figure
3.12 shows a magnetic synthesizer’s voltage sag ride-through
capability as compared to the CBEMA curve, as specified by one
manufacturer.*

3.4.3 On-line UPS

Figure 3.13 shows a typical configuration of an on-line UPS. In
this design, the load is always fed through the UPS. The incom-
ing ac power is rectified into dc power, which charges a bank of
batteries. This dc power is then inverted back into ac power to
feed the load. If the incoming ac power fails, the inverter is fed

*Liebert Corporation, Columbus, Ohio.

3-Phase Energy Transfer and Waveform Synthesis and [___ 3-Phase
Input Line Isolation Inductive Energy Storage Output
Capacitive
Energy Storage

Figure 3.11 Block diagram of magnetic synthesizer.
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Figure 3.12 Magnetic synthesizer voltage sag ride-through capability.
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Figure 3.13 An on-line uninterruptible power supply (UPS).

from the batteries and continues to supply the load. In addition
to providing ride-through for power outages, an on-line UPS
provides very high isolation of the critical load from all power
line disturbances. However, an on-line UPS can be quite expen-
sive and lossy.

3.4.4 Standby UPS

A standby power supply (Fig. 3.14) is sometimes termed “off-
line UPS” since the normal line power is used to power the

NORMAL POWER LINE

UNE %-{Cm- INVERTER | 1.1 _ _oaD
AUTOMATIC
TRANSFER
TCH
BATTERY W
BANK

Figure 3.14 A standby UPS.
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equipment until a disturbance is detected and a switch trans-
fers the load to the battery-backed inverter. The transfer time
from the normal source to the battery-backed inverter is impor-
tant. The CBEMA curve shows that 8 ms is the lower limit on
voltage sag ride-through for power-conscious manufacturers.
Therefore a transfer time of 4 ms would ensure continuity of
operation for the critical load. A standby power supply typically
does not provide any transient protection or voltage regulation
as does an on-line UPS. ,

UPS specifications include kVA capacity, dynamic and static
voltage regulation, harmonic distortion of the input current and
output voltage, surge protection, and noise attenuation. The
specifications should indicate, or the supplier should furnish,
the test conditions under which the specifications are valid.

3.4.5 Hybrid UPS

Similar in design to the stand-by UPS, the hybrid UPS (Fig.
3.15) utilizes a voltage regulator on the UPS output to provide
regulation to the load and momentary ride-through when the
transfer from normal to UPS supply is made.

3.4.6 Motor-generator sets

Motor-generator (M-G) sets come in a wide variety of sizes and
configurations. One type of M-G set uses an electric motor-dri-
ven synchronous generator that can produce a constant 60-Hz
frequency, regardless of the speed of the machine. It is able to
supply a constant output by continually changing the polarity
of the rotor’s field poles. Thus, each revolution can have a dif-
ferent number of poles than the last one. Constant output is
maintained as long as the rotor is spinning at speeds between
3150 and 3600 rpm. Flywheel inertia allows the generator rotor

Normal Power Line

Ferroresonant | LOAD
Transformer

LINE Battery
Charger

Inverter

Battery
Charger

Figure 3.15 Hybrid UPS.
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to keep rotating at speeds above 3150 rpm once power shuts
off. The rotor weight generates enough inertia to keep it spin-
ning fast enough to produce 60 Hz for 15 s under full load.

3.4.7 Superconducting magnetic
energy storage device (SMES)

An SMES utilizes a superconducting magnet (Fig. 3.16) to store
energy in the same way a UPS uses batteries to store energy.212
SMES designs in the 1 to 5 MdJ range are called micro-SMESs
to distinguish them from large power sizes. The main advantage
of the micro-SMES is the greatly reduced physical space needed
for the magnet as compared to batteries. Fewer electrical con-
nections are involved with a micro-SMES compared to a UPS,
so the reliability should be greater and the maintenance re-
quirements less. Initial micro-SMES designs are currently
being tested in several locations with favorable results.

3.4.8 End-user equipment
specifications

Another way end users can combat voltage sag problems is
through their equipment procurement specifications. This es-
sentially means keeping problem equipment out of their plant,
or at least identifying ahead of time power conditioning require-
ments. Several ideas, outlined below, could easily be incorporat-
ed into any company’s equipment procurement specifications to
help alleviate problems associated with voltage sags.

1. Equipment manufacturers should have voltage sag ride-
through capability curves (similar to the ones shown above),
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available to their customers so that an initial evaluation of the
equipment can be performed. Customers should begin to de-
mand these types of curves to properly evaluate equipment.

2. The company procuring new equipment should establish a
procedure that rates the importance of the equipment. If the
equipment is critical in nature, it will be necessary to make sure
adequate ride-through capability is included when the equip-
ment is purchased. If the equipment is not important or does not
cause major disruptions in manufacturing or jeopardize plant
and personnel safety, voltage sag protection may not be justified.

3. Since the relative probability of experiencing a voltage sag
to 70 percent or less of nominal is much less than experiencing
a sag to 90 percent or less of nominal, it makes sense that if an
upper limit is chosen for a ride-through capability specification,
it should be somewhere in the 70 to 75 percent range. A more
ideal value would be around 50 percent.

3.5 Motor-Starting Sags

Motors have the undesirable effect of drawing several times
their full load current while starting. By flowing through sys-
tem impedances, this large current will cause a voltage sag
which may dim lights, cause contactors to drop out, and disrupt
sensitive equipment. The situation is made worse by an ex-
tremely poor starting displacement factor—usually in the
range of 15 to 30 percent.

The time required for the motor to accelerate to rated speed
increases with the magnitude of the sag, and an excessive sag
may prevent the motor from starting successfully. Motor-starting
sags can persist for many seconds, as illustrated in Fig. 3.17.

3.5.1 Motor-starting methods

Energizing the motor in a single step (full-voltage starting) pro-
vides low cost and allows the most rapid acceleration. It is the
preferred method unless the resulting voltage sag or mechani-
cal stress is excessive.

Autotransformer starters have two autotransformers connect-
ed in open delta. Taps provide a motor voltage of 80, 65, or 50
percent of system voltage during startup. Line current and
starting torque vary with the square of the voltage applied to
the motor, so the 50 percent tap will deliver only 25 percent of
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Figure 3.17 Typical motor-starting voltage sag.

the full-voltage starting current and torque. The lowest tap
which will supply the required starting torque is selected.

Resistance and reactance starters initially insert an imped-
ance in series with the motor. After a time delay, this imped-
ance is shorted out. Starting resistors may be shorted out over
several steps; starting reactors are shorted out in a single step.
Line current and starting torque vary directly with the voltage
applied to the motor, so for a given starting voltage, these
starters draw more current from the line than with autotrans-
former starters, but provide higher starting torque. Reactors
are typically provided with 50, 45, and 37.5 percent taps.

Part-winding starters are attractive for use with dual-rated
motors (220/440 V or 230/460 V). The stator of a dual-rated
motor consists of two windings connected in parallel at the
lower voltage rating, or in series at the higher voltage rating.
When operated with a part-winding starter at the lower voltage
rating, only one winding is energized initially, limiting starting
current and starting torque to 50 percent of the values seen
when both windings are energized simultaneously.

Delta-wye starters connect the stator in wye for starting,
then after a time delay, reconnect the windings in delta. The
wye connecting reduces the starting voltage to 57 percent of the
system line-line voltage; starting current and starting torque
are reduced to 33 percent of their values for full-voltage start.
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Figure 3.18 Typical motor vs. transformer size for full-voltage starting sags of
90 percent.

3.5.2 Estimating the sag severity
during full-voltage starting

As shown in Fig. 3.18, starting an induction motor results in a
steep dip in voltage, followed by a gradual recovery. If full-volt-
age starting is used, the sag voltage, in per unit of nominal sys-
tem voltage is

V(pu) - kVA,,
V_. (pu) =
min kVA, ¢ + kVA_,

where V(pu) = actual system voltage, in per unit of nominal

kVA, ;. = motor locked rotor kVA
kVA, = system short circuit kVA at the motor

Figure 3.18 illustrates the results of this computation for sag to
90 percent of nominal voltage, using typical system impedances
and motor characteristics.

If the result is above the minimum allowable steady-state
voltage for the affected equipment, then the full-voltage start-
ing is acceptable. If not, then the sag magnitude vs. duration
characteristic must be compared to the voltage tolerance enve-
lope of the affected equipment. The required calculations are
fairly complicated, and best left to a motor-starting or general
transient analysis computer program. The following data will
be required for the simulation:

» Parameter values for the standard induction motor equivalent
circuit—R, (positive sequence resistance), X, (positive se-
quence reactance), R, (negative sequence resistance), X, (neg-
ative sequence reactance), and X, (magnetizing reactance)
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» Number of motor poles and rated rpm (or slip)
s WK? (inertia constant) values for the motor and the motor load
a Torque versus speed characteristic for the motor load

3.6 Utility System Fault-Clearing Issues

Utilities derive important benefits from activities that prevent
faults. These activities not only result in improved customer sat-
isfaction, but prevent costly damage to power system equipment.

Utilities have two basic options to continue to reduce the
number and severity of faults on their system:

1. Prevent faults
2. Modify fault-clearing practices

Fault prevention activities include tree trimming, adding line
arresters, insulator washing, and adding animal guards. Insu-
lation on utility lines cannot be expected to withstand all light-
ning strokes. However, any line that shows a high susceptibility
to lightning-induced faults should be investigated. On trans-
mission lines, shielding can be analyzed for its effectiveness in
reducing direct lightning strokes. Tower-footing resistance is an
important factor in backflashovers from static wire to a phase
wire. If the tower-footing resistance is high, the surge energy
from a lightning stroke will not be absorbed by the ground as
quickly. On distribution feeders, shielding may also be an op-
tion as is placing arresters along the line frequently. Of course,
one of the main problems with distribution feeders is that
storms blow tree limbs into the lines. In areas where the vege-
tation grows guickly, it is a formidable task to keep trees prop-
erly trimmed.

Improved fault-clearing practices may include adding line re-
closers, eliminating fast tripping, adding loop schemes, and
modifying feeder design. These practices may reduce the num-
ber and/or duration of momentary interruptions and voltage
sags, but utility faults can never be eliminated completely.

3.6.1 Overcurrent coordination
principles

It is important to understand the operation of the utility system
during fault conditions. There are certain physical limitations to
interrupting the fault current and restoring power. This places
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certain minimum requirements on loads that are expected to
survive such events without disruption. Some things can also be
done better on the utility system to improve the power quality
than on the load side. Therefore, we will address the issues rele-
vant to utility fault clearing with both the end user (or load
equipment designer) and the utility engineer in mind.

We will address two fundamental types of faults on power
systems:

1. Transient (temporary) faults. These are faults due to such
things as overhead line flashovers that result in no perma-
nent damage to the system insulation. Power can be re-
stored as soon as the fault arc is extinguished. Automatic
switchgear can do this within a few seconds. Some transient
faults are self-clearing.

2. Permanent faults. These are faults due to physical damage
to some element of the insulation system that requires inter-
vention by a line crew to repair. The impact on the end user
1s an outage that lasts from several minutes to a few hours.

3.6.2 Relaying practices

The chief objective of utility fault-clearing practices, besides per-

sonnel safety, is the limitation of the damage to the distribution

system. Therefore, the detection of faults and the clearing of the

fault current must be done with the maximum possible speed

without resulting in false operations for normal transient events.
The two greatest concerns for damage are typically:

1. Arcing damage to conductors and bushings

2. Through-fault damage to substation transformers, where the
windings become displaced by excessive forces, resulting in
a major failure

3.6.3 Fuses

The most basic overcurrent protective element on the system is
a fuse. Fuses are relatively inexpensive and maintenance-free.
For those reasons, they are generally used in large numbers on
most utility distribution systems to protect individual trans-
formers and feeder branches (sometimes called laterals or lat-
eral branches). Figure 3.19 shows a typical overhead line fused
cutout. Their fundamental purpose is to operate on permanent
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Figure 3.19 Typical fused
cutout used on electric utility
systems. (Photograph courtesy
of Cooper Power Systems.)

faults and isolate (sectionalize) the faulted section from the
sound portion of the feeder. They are positioned so that the
smallest practical section of the feeder is disturbed.

Fuses detect overcurrent by melting the fuse element, which
generally is a metal such as tin or silver. This initiates some
sort of arcing action that leads to the interruption of the cur-
rent. Because it is based on a piece of metal that must accumu-
late heat until it reaches its melting temperature, it takes a
fuse different amounts of time to operate at different levels of
fault current. The time decreases as the current level increases,
giving a fuse its distinctive inverse time-current characteristic
(TCC), like that shown in Fig. 3.20. To achieve full-range coor-
dination with fuses, all other overcurrent protective devices in
the distribution system must adopt this same basic shape.

3.6.4 Reclosing

Because most faults on overhead lines are transient, the power
can be successfully restored within several cycles after the cur-
rent 1s interrupted. Thus, most automatic circuit breakers are
designed to reclose three or four times, if needed, in rapid suc-
cession. The multiple operations are designed to permit various
sectionalizing schemes to operate and to give some more persis-
tent transient faults a second chance to clear. There are special
circuit breakers for utility distribution systems called, appro-
priately, reclosers, that were designed to perform the reclosing
function particularly well. The majority of faults are cleared on
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Figure 3.20 The inverse time-current characteristic of a fuse that dictates the
shape of the characteristic of all other devices for series overcurrent coordination.

the first operation. Figure 3.21 shows a typical single-phase re-
closer and Fig. 3.22 shows a three-phase version.

Reclosing is quite prevalent in North American utility systems.
Utilities in regions of low lightning incidence may reclose only
once because they assume that the majority of their faults will be
permanent. In lightning-prone regions, it is common to attempt
to clear the fault as many as four times. Figure 3.23 illustrates
the two most common sequences in use on four-shot reclosers:

1. One fast operation, three delayed
2. Two fast, two delayed

See Sec. 3.6.5 below for a more detailed explanation of fast and
delayed operations.

It is generally fruitless to automatically reclose in distribu-
tion systems that are predominantly underground distribution
(UD) cable unless there is a significant portion that is overhead
and exposed to trees or lightning.
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Figure 3.21 Typical single-
phase line recloser. (Photograph
courtesy of Cooper Power
Systems.)

3.6.5 Fuse saving

Ideally, utility engineers would like to avoid blowing a fuse
needlessly on transient faults because a line crew must be dis-
patched to change it. Line reclosers were designed specifically to
help save fuses. Substation circuit breakers can use instanta-
neous ground relaying to accomplish the same thing. The basic
idea is to have the mechanical circuit-interrupting device oper-
ate very quickly on the first operation so that it clears before
any fuses downline from it have a chance to melt. When the de-
vice closes back in, power is fully restored in the majority of the
cases and no human intervention is required. The only inconve-
nience to the customer is a slight blink. This is called the fast
operation of the device, or the instantaneous trip.

If the fault is still there when the recloser or bregker recles-
es, there are two options:
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Figure 3.22 Typical three-phase line recloser.
(Photograph courtesy of Cooper Power Systems.)
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Figure 3.23 The most common reclosing sequences for line reclosers and
substation breakers in use in the United States.
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1. Switch to a slow, or delayed, tripping characteristic. This
is frequently the only option for substation circuit breakers;
they operate only once on the instantaneous trip. This philoso-
phy assumes that the fault is now permanent and switching to
a delayed operation will give a downline fuse time to operate
and clear the fault by isolating the faulted section.

2. Try a second fast operation. This philosophy is used
where experience has shown a significant percentage of tran-
sient faults need two chances to clear while saving the fuses.
Some line constructions and voltage levels have a greater like-
lihood that a lightning-induced arc may reignite and need a
second chance to clear. Also, a certain percentage of tree faults
will burn free if given a second shot.

3.6.6 Reliability

The term reliability in the utility context usually refers to the
amount of time end users are totally without power for an ex-
tended period of time (i.e., a sustained interruption). Definitions
of what constitutes a sustained interruption vary among utili-
ties in the range of 1 to 5 min. This is what many utilities refer
to as an “outage.” Current power quality standards efforts are
leaning toward calling any interruption of power for longer than
1 min a sustained interruption (see Chap. 2). In any case, relia-
bility is affected by the permanent faults on the system that
must be repaired before service can be restored.

Of course, many industrial end users have a different view of
what constitutes reliability, because even transient faults can
knock their processes off-line and require several hours to get
back into production. There is a movement to extend the tradi-
tional reliability indices to include momentary interruptions as
well.

The traditional reliability indices for utility distribution sys-
tems are defined as follows:

SAIFI: System Average Interruption Frequency Index

(No. customers interrupted)(no. of interruptions)

SAIFT = Total no. customers

SAIDI: System Average Interruption Duration Index
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2(No. customers affected)(duration of outage)

SAIDI = Total no. customers

CAIFTI: Customer Average Interruption Frequency Index

Total no. customer interruptions
CAIFI =

No. customers affected

CAIDI: Customer Average Interruption Duration Index

Y Customer interruption durations
CAIDI =

Total no. customer interruptions

ASAI: Average System Availability Index

Customer hours service availability
ASAT =

Customer hours service demand

where customer hours service demand = 8760 for an entire
year.
Typical target values for these indices are

Index Target

SAIFI 1.0h
SAIDI 1.0-1.5h
CAIDI 1.0-1.5h
ASAL 0.99983

These are simply design targets and actual values can, of course,
vary significantly from this. Burke® reports the results of a sur-
vey in which the average SAIFI was 1.18, SAIDI was 76.93 min,
CAIDI was 76.93 min, and ASAI was 0.999375. We have experi-
ence with utilities for which the SAIFI is usually around 0.5 and
SAIDI is between 2.0 and 3.0 h. This means that the fault rate
was lower than typical, at least for the bulk of the customers,
but the time to repair the faults was longer. This could be com-
mon for feeders with mixed urban and rural sections. The faults
are more common in the rural sections, but fewer customers are
affected and it takes longer to find and repair faults.
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3.6.7 Impact of eliminating fuse saving

One of the more common ways of dealing with complaints
about momentary interruptions is to disable the fast-tripping,
or fuse-saving, feature of the substation breaker or recloser.
This avoids interrupting the entire feeder for a fault on a tap.
This has been a very effective way many utilities have found to
deal with complaints about the quality of the power. It simply
minimizes the number of people inconvenienced by any single
event. The penalty is that customers on the affected fused tap
will suffer a sustained interruption until the fuse can be re-
placed, even for a transient fault. There is also an additional
cost to the utility to make the trouble call, and it can have an
adverse impact on the reliability indices by which some utilities
are graded.

In a Utility Power Quality Practices survey conducted by
Cooper Power Systems for EPRI Project RP3098-1,7 40 percent
of the utilities responding indicated that they have responded
to customer complaints by removing fast tripping. 60 percent of
the investor-owned utilities (I0Us) responding indicated this
practice while only 30 percent of the public power utilities
(largely rural electric cooperatives) did. This may validate a
widely held belief that customer sensitivity to momentary in-
terruptions is much greater in urban areas than in rural areas.

This solution to power quality complaints does not sit well
with many utilities. They would prefer the optimal technical
and economical solution, which would make use of the fast-trip
capability of breakers and reclosers. This not only saves operat-
ing costs, but it also improves the reliability indices. Momentary
interruptions have traditionally not been reported in these in-
dices, but only the sustained interruptions. However, when we
consider the economic impact on both the end user and the utili-
ty (i.e., a value-based analysis), the utility costs can be swamp-
ed by the costs of industrial end users.!°

If the utility has been in the practice of fuse saving, there are
generally some additional costs to remove fast tripping. For ex-
ample, the fused cutouts along the main feed may have to be
changed for better coordination. In some cases, additional lat-
eral fuses will have to be added so that the main feeder is bet-
ter protected from faults on branches. Considering engineering
time, estimates for the cost of instituting this change range
from $20,000 to $40,000.
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Additional operating costs to change fuses that would not
have blown otherwise may be as high as $2000 per year.

While these costs may seem high, they can appear relatively
small if we compare them to the costs of an end user such as a
plastic bag manufacturer that can sell all the output of the
plant. A single breaker operation can cost $3000 to $10,000 in
lost production and extra labor charges. Thus, it is economical
in the global, or value-based, sense to remove fast tripping if at
least three to five interruptions (momentary and sustained
combined) are eliminated each year.

The impact on the reliability indices is highly dependent on
the structure of the feeder and what other sectionalizing is
done. The impact can be negligible if the critical industrial load
is close to the substation and the rest of the feeder can be iso-
lated with a line recloser that does employ fast tripping. The
farther out the feeder one goes with no fuse saving, the greater
the impact on the reliability indices. Therefore, it is advanta-
geous to limit the area of vulnerability to as small an area as
possible and to feed sensitive customers with a high economic
value of service as close to substations as possible. See the next
section for more details.

Removing fast tripping will not eliminate all events that
cause problems for industrial users. It will only eliminate most
of the momentary interruptions. However, removing fast trip-
ping will do nothing for voltage sags due to faults on the trans-
mission system, other feeders, or even on fused laterals. These
events can account for one-half to two-thirds of the events that
disrupt industrial processes. As a rule of thumb, removing fast
tripping will eliminate about one-third of the industrial process
disruptions in areas where lightning-induced faults are a prob-
lem. Of course, this figure depends on the types of processes
being served by the feeder.

A particular problem is when there are faults close to the sub-
station on other feeders, or even the same feeder, but on fused
taps. This causes a deep sag on all feeders connected to the bus.
Two approaches that have been proposed to deal with this are
(1) to install reactors on each line coming from the substation
bus to limit the maximum bus sag to about 60 percent!! and (2)
to install current-limiting fuses on all branch laterals near the
substation so that sags are very brief (see Sec. 3.6.12 below).

Residential end users may be quite vocal about the number
of interruptions they experience, but, in most cases, there is lit-

121



Voltage Sags and Interruptions 65

tle direct economic impact for a momentary interruption.
Perhaps the biggest nuisance is resetting the dozen or so digi-
tal clocks found in most households. In fact, there may be more
cases of adverse economic impact if fast tripping is eliminated.
For example, homes with sump pumps may suffer more cases
of flooded basements if they suffer sustained interruptions of
power because the lateral fuse blew due to a temporary fault
during a thunderstorm. Some utilities have taken another ap-
proach with the residential complaint problem by employing in-
stantaneous reclosing while retaining the fast tripping. By
getting the reclose interval down to 18 to 20 cycles, the momen-
tary interruption is so brief that the majority of digital clocks
seem to be able to ride through it. This would not be fast
enough to help with industrial loads, however.

3.6.8 Increased sectionalizing

The typical utility primary distribution feeder in the United
States is a radial feed from the substation breaker. In its sim-
plest form, it consists of a main three-phase feeder with fused
one- and three-phase taps as shown in Fig. 3.24.

The first step in sectionalizing the feeder further to improve
overall reliability is to add a line recloser as shown in Fig. 3.25. If
only reliability is of concern, one might place the recloser halfway
down the feeder or at the half-load point. For power quality con-
cerns, it might be better to locate the recloser closer to the substa-

Main feeder

Subs%talion // <
S v,

Fuse

\ P

1-phase and —
3-phase branches

Figure 3.24 Typical main line feeder construction with fused taps.
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Figure 3.25 Adding a line recloser to the main feeder as the first step
in sectionalizing.

tion, depending on the location of critical loads. One possible cri-
terion is to place it at the first point where the fault current has
dropped to where one can nearly always guarantee coordination
with the fuses on fast tripping. Another criterion would be to
place the recloser just downline from the bulk of the critical loads
that are likely to complain about momentary outages.

With this concept, fast tripping can be removed from the sub-
station breaker while only sacrificing fuse-saving on a small
portion of the feeder. As pointed out above, it is often difficult
to achieve fuse-saving near the substation anyway. A special ef-
fort is made to keep the first section of the main feeder free of
transient faults. This would include more frequent mainte-
nance such as tree trimming and insulator washing. Also, ex-
traordinary measures can be taken to prevent lightning flash-
over, e.g., shielding or the application of line arresters at least
every two or three spans.

The question of how much the reliability is compromised by
eliminating the fast tripping in often raised. We performed a
reliability analysis on a number of feeders to study this issue.
One feeder used in the study was a single main feeder concep-
tually like that shown in Fig. 3.24, except that the single-phase
laterals were uniformly spaced down the feeder. We used the
urban feeder described by Warren® as the prototype. We will
refer to this as Feeder 1. It is a uniform, 8-mi feeder with iden-
tical fused taps every 0.25 mi and a total of 6400 kVA load.
While this may not be a realistic feeder, it is a good feeder for
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TABLE 3.1 Reliability Indices Computed for
Feeder 1

Annual fuse

Case SATF1 SAIDI (h) operations
1 0.184 0.551 1.2
2 0.299 0.666 6.0
3 0.182 0.516 1.88

study so that the general trends of certain actions can be deter-
mined. We assumed values of 0.1 faults/year/mi on the main
feeder and 0.25 faults/year/mi on the fused taps, with 80 per-
cent of the faults being transient. A uniform repair time of 3 h
was assumed for permanent faults.

We first looked at the base case (Case 1 in Table 3.1), assuming
that the utility was employing fuse-saving and that 100 percent
of the fuses could be saved on transient faults. For Case 2, the
fast tripping of the substation breaker was disabled and it was
assumed that none of the tap fuses could be saved. Finally, for
Case 3, we placed a three-phase recloser 1 mi from the substation
and assumed that all fuses downline were saved. The resulting
SAIFI and SAIDI reliability indices are shown in Table 3.1.

Typical target values for both SAIFI and SAIDI (hours) in an
urban environment are 1.0. While none of these cases are par-
ticularly bad, it is apparent that removing fast tripping has a
very significant negative effect on the reliability indices (com-
pare Case 2 with Case 1). The SAIFI increases by about 60 per-
cent. This example is a very regular, well-sectionalized feeder
with a fuse on every tap, and a fuse blowing takes out less than
3 percent of the customers. For other feeder structures, the ef-
fect can be more pronounced (see below), but this serves to illus-
trate the point that the reliability can be expected to deteriorate
when fast tripping is eliminated. The SAIDI increases only
slightly. The largest change is in the number of fuse operations,
which increased by a factor of 5. Thus, the utility can expect
considerably more trouble calls during stormy weather.

If we subsequently add a line recloser as described for Case 3,
the reliability indices and number of fuse operations return to
almost the same values as the base case. In fact, the reliability
indices are slightly better because of the increased sectionaliz-
ing in the line, although there are more nuisance fuse blowings
in the first section than in Case 1. Thus, if we also place a line

124



68 Chapter Three

TABLE 3.2 Reliability Indices
for Feeder 2

Case SAIFI SAIDI (h)

1 0.43 1.28
2 151 2.37
3 0.47 1.29

recloser past the majority of the critical loads, eliminating fast
tripping at the substation will probably not have a significant
negative impact on overall reliability. Of course, this assumes
that the more critical loads are close to the substation.

We studied the same three cases for another feeder that we
will call Feeder 2. This feeder is, perhaps, more typical of mixed
urban and rural feeders in much of the United States. Space
does not allow a complete description of the topology. The main
difference from Feeder 1 is that the feeder structure is more
random and the sectionalizing was much more coarse with far
fewer lateral fuses. The fault rate was assumed to be the same
as Feeder 1. The SAIFI and SAIDI for the three cases for
Feeder 2 are shown in Table 3.2. The number of fuse blowings
was not computed.

For Feeder 2, many more customers are inconvenienced by
each fuse blowing. Thus, the SAIFI jumps by more than a fac-
tor of 3 when fast tripping is removed. This emphasizes the
need for good sectionalizing of the feeder to keep the impact on
reliability at a minimum. As with Feeder 1, the Case 3 reliabil-
ity indices return to nearly the same values as Case 1.

What about the power quality? Those customers in the first
section of line are going to see much improved power quality as
well as improved reliability. In our study of Feeder 1, the aver-
age number of interruptions, both momentary and sustained,
dropped from 15 per year to a little more than 1 per year. This
is a dramatic improvement! Unfortunately, the number of in-
terruptions for the remainder of the customers—downline from
the recloser—remain unchanged. What can be done about this?

The first temptation is to add another line recloser farther
down on the main feeder. The customers served from the portion
of the feeder between the reclosers will see an improvement. If
we place the second recloser 4 mi downline on our uniform 8-mi
feeder example, the average annual interruption rate drops to
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about 8.3. However, again, the customers at the end will see less
improvement on the number of interruptions.

One can continue placing additional line reclosers in series
on the main feeder and larger branch feeders to achieve even
greater sectionalizing while still retaining desirable practices
like fuse-saving. In this way, the portion of the feeder disturbed
by a fault decreases. This will generally improve the reliability
(with diminishing returns), but may not have much of an effect
on the perceived power quality.

The actions that have the most effect on the number of inter-
ruptions on the portion of the feeder that is downline from the
recloser are:

1. Reduce the fault rate by tree trimming, line arresters, ani-
mal guards, or other fault prevention techniques.

2. Provide more parallel branches into the service area.

3. Do not trip phases that are not involved in the fault (see Sec.
3.6.11 below).

There are at least two options for providing additional parallel
paths:

1. Build more conventional feeders from the substation.

2. Use more three-phase branches from the main feeder to
serve the load.

The first approach is fairly straightforward: simply build a new
feeder from the substation out. This could certainly improve the
reliability and power quality by simply reducing the number of
customers inconvenienced by each interruption, but this may not
be an economical alternative. It also may not achieve as great an
improvement in the interruption rate as some of the approaches
associated with the second option. Let’s investigate further the
second idea: using more three-phase branches off the main feed-
er, which has the potential of being less costly in most cases.
There are two concepts being put forward. The first involves
coming out a short distance from the substation and dividing
the feeder into two or three subfeeders. This could typically cut
the number of interruptions by almost one-half or two-thirds,
respectively, when compared to serving the same customers
with a single, long main feeder. The point at which this branch
occurs is a little beyond the point where it becomes practical to
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Figure 3.26 Reconfiguring a feeder with parallel subfeeders to reduce the aver-
age number of interruptions to all customers.
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Figure 3.27 Designing a feeder with multiple three-phase subfeeds off a high-
ly reliable main feeder.

save the vast majority of lateral fuses on temporary faults. A
three-phase recloser is placed in each branch near this point. It
would be wise to separate the reclosers by some distance of line
to reduce the chances of sympathetic tripping, where a recloser
on the unfaulted branch trips as a result of the transient cur-
rents related to the fault. Figure 3.26 depicts how this principle
might be put into practice on an existing feeder with minimal
rebuilding, assuming the existence of three-phase feeders of
sufficient conductor size in the locations indicated.

The second proposal, as depicted in Fig. 3.27, is to first build
a highly reliable main feeder that extends a significant dis-
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tance into the service area. Very few loads are actually served
directly off this main feeder. Instead, the loads are served off
three-phase branch feeders that are tapped off the main feeder
periodically. A three-phase line recloser is used at the head of
each branch feeder. Of course, there is no fast tripping at the
substation, so the main feeder remains as free of interruptions
as possible. Special efforts will be made to prevent faults on
this part of the feeder.

Essentially, the main feeder becomes an extension of the sub-
station bus that is permitted by design to have a few more
faults over its lifetime than the bus. And the branch feeders are
analogous to having separate feeds to each part of the service
area directly from the substation, but, hopefully, with less cost.

Whether either of these ideas is suitable for a particular util-
ity is dependent on many factors, including terrain, load densi-
ty, load distribution, and past construction practices. These
ideas are presented here simply as alternatives to consider for
achieving overall lower average interruption rates than is pos-
sible by stacking fault interrupters in series. Although these
practices may not become widespread, they may be very useful
for dealing with particularly difficult power quality complaint
problems stemming from excessive interruptions.

3.6.9 Midline or tap reclosers

Despite responding to complaints by removing fast tripping,
about 40 percent of the utilities surveyed indicated they were
interested in adding more line reclosers to improve customer’s
perception of power quality. This would accomplish greater sec-
tionalizing of the feeder and, perhaps, permit the use of fuse-
saving practices on the bulk of the feeder again. This practice is
very effective if the whole feeder is being interrupted for faults
that are largely constrained to a particular region.

By putting the recloser farther out on the feeder, it will at-
tempt to clear the fault first so that the number of customers
inconvenienced by a “blink” is reduced. If it is also necessary to
eliminate fast tripping on the substation breaker, only a small-
er portion of the feeder nearer the substation is threatened
with the possibility of having a fuse blow on a transient fault as
explained above. This is not much different than the normal
case because of the difficulty in preventing fuse blowing in the
high fault current regions near the substation anyway.
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A few utilities have actually done the opposite of this and re-
moved line reclosers in response to complaints about momen-
tary interruptions. Perhaps a section of the feeder ran through
heavily wooded areas causing frequent operations of the reclos-
er, or the device was responding to high ground currents due to
harmonics or load imbalance, causing false trips. Whatever the
reason, this is an unusual practice and is counter to the direc-
tion most utilities seem to be taking. The main question at this
point does not seem to be that more line reclosers are needed,
but how to go about applying them to achieve the dual goal of
increased power quality and reliability of service.

3.6.10 instantaneous reclosing

Instantaneous reclosing is the practice of reclosing within 20 to
30 cycles after interrupting the fault, generally only on the first
operation. The capability of breakers and reclosers to do this
has been around for several decades and some utilities use it as
standard practice, particularly on substation breakers. How-
ever, the practice is not universally accepted. Many utilities re-
close no faster than 2 s (the standard reclosing interval on a
hydraulic recloser) and some wait even longer.

After it was observed that many digital clocks can success-
fully ride through a 0.5-s interruption, some utilities began to
experiment with using instantaneous reclosing while retaining
the fast tripping to save fuses. One utility trying this on 12-kV
feeders has reported no significant increase in the number of
breaker and recloser operations and that the number of com-
plaints has diminished.!® Therefore, it is something that other
utilities that are not already using instantaneous tripping
might consider, with the caution that the same experience may
not be achieved at higher voltage levels and with certain line
designs.

Instantaneous reclosing has had a bad reputation in some
circles. One risk is that there will be insufficient time for the
arc products to disperse and the fault will not clear. Some utili-
ties have had this experience with particular voltage levels and
line constructions. When this happens, substation transformers
are subjected to repeated through-faults unnecessarily. This
could result in increased failures of the transformers. However,
if there is no indication that instantaneous reclosing is causing
increased breaker operations, it should be safe to use it.
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Another concern is that very high torques will be generated in
rotating machines upon reclosing. Some consultants in cogener-
ation are quite concerned with this because 20 to 30 cycles may
not be sufficient time to guarantee that the generator’s protec-
tive relaying will detect a problem on the utility side. They
would prefer to allow several seconds so that there is less
chance the utility will reclose into the cogeneration out of syn-
chronism. One way the utility can help prevent such an occur-
rence is to use a common recloser accessory that blocks
reclosing when there is voltage present on the load side.

3.6.11 Single-phase tripping

Most of the three-phase breakers and reclosers on the utility dis-
tribution system operate all three phases simultaneously. One
approach that has been suggested to minimize the exposure of
customers to momentary outages is to trip only the faulted phase
or phases. This would automatically reduce the exposure by two-
thirds for most faults. The main problem with this is that it is
possible to damage some three-phase loads if they are single-
phased for any length of time. Thus, it is generally considered
undesirable to use single-phase reclosers on three-phase branch-
es with significant three-phase loads. Of course, this is done
quite commonly when only one-phase loads are being served.

What is needed for three-phase loads is a three-phase break-
er, or recloser, that is capable of operating each phase indepen-
dently until it is determined that the fault is permanent. Then,
to prevent single-phasing of three-phase loads, the device must
lock out all three phases. A few such devices are available, but
they would have to be available in a wider range of ratings for
their application to become sufficiently widespread to have an
impact on overall power quality.

3.6.12 Current-limiting fuses

Current-limiting fuses are often used in electrical equipment
where the fault current is very high and an internal fault could
result in a catastrophic failure. Since they are more expensive
than conventional expulsion links, their application is general-
ly limited to locations where the fault current is in excess of
2000 to 3000 A. Figure 3.28 shows examples of current-limiting
fuses. There are various designs, but the basic configuration is
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Figure 3.28 Typical current-lim-
iting fuses used in electric utility
applications. (Photograph cour-
tesy of Cooper Power Systems.)

that of a thin ribbon element or wire wound around a form and
encased in sand. The element melts in many places simultane-
ously and, with the aid of the melting sand, very quickly builds
up a voltage drop that opposes the flow of current. The current
is forced to zero in about 0.25 cycle.

Current-limiting fuses have the beneficial side effect with re-
spect to power quality that the voltage sag resulting from the
fault is very brief. Figure 3.29 shows typical voltage and cur-
rent waveforms from a current-limiting fuse operation during a
single-line-to-ground fault. The voltage drops immediately due
to the fault, but shortly recovers and overshoots to 120.9 per-
cent as the peak arc voiltage develops to cut off current flow.
Note that the fault current waveform in the figure is clipped.
The voltage sag is so short that it is very unlikely that industri-
al processes will be adversely affected. Therefore, one proposed
practice is to install current-limiting fuses on each lateral
branch in the high fault current region near the substation to
reduce the number of sags that affect industrial processes.

When current-limiting fuses were first installed on utility
systems in great numbers, there was the fear that the peak arc
voltage transient, which exceeds system voltage, would cause
damage to arresters and to insulation in the system. This has
not proven to be a significant problem. The overvoltage is on
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the same order as capacitor-switching transient overvoltages,
which occur several times a day on most utility systems with-
out serious consequences.

3.6.13 Adaptive relaying

Adaptive relaying is the practice of changing the relaying char-
acteristics of the overcurrent protective device to suit the pres-
ent system conditions.

The most common thing that is currently being done with
adaptive relaying is the enabling and disabling of fast tripping
in response to weather conditions. This is generally done
through radio or hardwire link to the utility control center. It
could also be done with local devices that have the ability to de-
tect the presence of lightning or rain.

36.14 Ignoring third-harmonic currents

The levels of third-harmonic currents have been increasing
due to the increase in the numbers of computers and other
types of electronic loads on the system. The residual current
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(sum of the three phase currents) on many feeders contains
as much third harmonic as it does fundamental frequency. A
common case is to find each of the phase currents to be mod-
erately distorted with a THD of 7 to 8 percent, consisting pri-
marily of the third harmonic. The third-harmonic currents
sum directly in the neutral so that the third harmonic is 20 to
25 percent of the phase current, which is often as large, or
larger, than the fundamental frequency current in the neu-
tral. (See Sec. 5.6.)

Because the third-harmonic current is predominantly zero-
sequence, it affects the ground-fault relaying. There have been
a few incidents where there have been false trips and lockout
due to excessive harmonic currents in the ground-relaying cir-
cuit. At least one of the events we have investigated has been
correlated with capacitor switching where it is suspected that
the third-harmonic current was amplified somewhat due to res-
onance. There may be many more events that we have not
heard about and it is expected that the problem will only get
worse in the future.

The simplest solution is to raise the ground-fault pickup level
when operating procedures will allow. Unfortunately, this makes
fault detection less sensitive, which defeats the purpose of hav-
ing ground relaying, and some utilities are restrained by stan-
dards from raising the ground trip level. It has been observed
that if the third harmonic could be filtered out, it might be possi-
ble to set the ground relaying to be more sensitive. The third-
harmonic current is almost entirely a function of load and is not
a component of fault current. When a fault occurs, the current
seen by the relaying is predominantly sinusoidal. Therefore, it is
not necessary for the relaying to be able to monitor the third
harmonic for fault detection.

The first relays were electromagnetic devices that basically
responded to the effective (rms) value of the current. Thus, for
years, it has been common practice to design analog electronic
relays to duplicate that response and digital relays have also
generally included the significant lower harmonics. In retro-
spect, it would have been better if the third harmonic had been
ignored for ground relays.

There is still a valid reason for monitoring the third harmonic
in phase relaying because phase relaying is used to detect over-
load as well as faults. Overload evaluation is generally an rms
function.
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3.6.15 Utility fault prevention

One sure way to eliminate complaints about utility fault clear-
ing operations is to eliminate faults altogether. Of course, there
will always be some faults, but there are many things that can
be done to dramatically reduce the incidence of faults.

Overhead line maintenance

Tree trimming. This is one of the more effective methods of re-
ducing the number of faults on overhead lines. It is a necessity,
although some may complain about the environmental and aes-
thetic impact.

Insulator washing. Like tree trimming in wooded regions, insu-
lator washing is necessary in coastal and dusty regions.
Otherwise, there will be numerous insulator flashovers for
even a mild rain storm without lightning.

Shield wires. Shield wires for lightning are common for utility
transmission systems. They are generally not applied on distri-
bution feeders except where lines have an unusually high inci-
dence of lightning strikes. Some utilities construct their feeders
with the neutral on top, perhaps even extending the pole, to
provide shielding. No shielding is perfect.

Improving pole grounds. Several utilities have reported doing this
to improve the power quality with respect to faults. However, we
are not certain of all the reasons for doing this. Perhaps, it makes
the faults easier to detect. If shielding is employed, this will re-
duce the backflashover rate. If not, it would not seem that this
would provide any benefit with respect to lightning unless com-
bined with line arrester applications (see below).

Modified conductor spacing. Employing a different line spacing
can sometimes increase the withstand to flashover or the sus-
ceptibility to getting trees in the line.

Tree wire (insulated/covered conductor). In areas where tree trim-
ming is not practical, insulated or covered conductor can reduce
the likelihood of tree-induced faults.

UD cables. Fault prevention techniques in UD cables are gener-

ally related to preserving the insulation against voltage surges.
The insulation degrades significantly as it ages, requiring in-
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creasing efforts to keep the cable sound. This generally involves
arrester protection schemes to divert lightning surges coming
from the overhead system, although there are some efforts to re-
store insulation levels through injecting fluids into the cable.

Since nearly all cable faults are permanent, the power quali-
ty issue is more one of finding the fault location quickly so that
the cable can be manually sectionalized and repaired. Fault lo-
cation devices available for that purpose are addressed in the
next section below.

Line arresters. 'To prevent overhead line faults, one must either
raise the insulation level of the line, prevent lightning from
striking the line, or prevent the voltage from exceeding the in-
sulation level. The third idea is becoming more popular with
improving surge arrester designs. To accomplish this goal,
surge arresters are placed every two or three poles along the
feeder as well as on distribution transformers. Some utilities
place them on all three phases while other utilities place them
only on the phase most likely to be struck by lightning. To sup-
port some of the recent ideas about improving power quality, or
providing custom power with super-reliable main feeders, it
will be necessary to put arresters on every phase of every pole.
Presently, applying line arresters in addition to the normal
arrester at transformer locations is done only on line sections
with a history of numerous lightning-induced faults. However,
recently some utilities have claimed that line arresters are not
only more effective than shielding, but more economical.!?
Some sections of urban and suburban feeders will naturally
approach the goal of an arrester every two or three poles be-
cause the density of load requires the installation of a distribu-
tion transformer at least that frequently. Each transformer will
normally have a primary arrester in lightning-prone regions.

3.6.16 Fault locating

Finding faults quickly is an important aspect of reliability and
the quality of power.

Faulted circuit indicators. Finding cable faults is often a chal-
lenge. The cables are underground and it is generally impossible
to see the fault, although occasionally there will be a physical
display. To expedite locating the fault, many utilities use “faulted
circuit indicators,” or simply “fault indicators,” to locate the
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faulted section more quickly. These are devices that flip a target
indicator when the current exceeds a particular level. The idea is
to put one at each padmount transformer and the last one to
have flipped will be just before the faulted section.

There are two main schools of thought on the selection of rat-
ings of faulted circuit indicators. The more traditional school
says to choose a rating that is two to three times the maximum
expected load on the cable. This results in a fairly sensitive
fault detection capability.

The opposing school says that this is too sensitive and is the
reason that many fault indicators give false indication. False in-
dication delays the location of the fault and contributes to degrad-
ed reliability and power quality. The reason given for the false
indication is that the energy stored in the cable generates suffi-
cient current to trip the indicator when the fault occurs. Thus, a
few indicators downline from the fault may also show the fault.
The solution to this problem is to apply the indicator with a rat-
ing based on the maximum fault current available rather than
the maximum load current. This is based on the assumption that
most cable faults quickly develop into bolted faults. Therefore the
rating is selected allowing a margin of 10 to 20 percent.

Fault indicators must be reset before the next fault event.
Some must be reset manually, while others have one of a num-
ber of techniques for detecting, or assuming, the restoration of
power and resetting automatically. Some of the techniques in-
clude test point reset, low-voltage reset, current reset, electro-
static reset, and time reset.

Locating cable faults without fault indicators. Without fault indi-
cators, the utility must rely on more manual techniques for
finding the location of a fault. There are a large number of dif-
ferent types of fault-locating techniques and a detailed descrip-
tion of each is beyond the scope of this report. Some of the
general classes of methods are:

1. Thumping. This is a common practice with numerous
minor variations. The basic technique is to place a dec voltage
on the cable that is sufficient to cause the fault to be reestab-
lished and then try to detect by sight, sound, or feel the physi-
cal display from the fault. One common way to do this is with a
capacitor bank that can store enough energy to generate a suf-
ficiently loud noise. Those standing on the ground on top of the
fault can feel and hear the “thump” from the discharge. Some
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combine this with cable radar techniques to confirm estimates
of distance. Many are concerned with the potential damage to
the sound portion of the cable due to thumping techniques.

2. Cable radar and other pulse methods. These techniques
make use of traveling-wave theory to produce estimates of the
distance to the fault. The wave velocity on the cable is known,
Therefore, if an impulse is injected into the cable, the time for the
reflection to return will be proportional to the length of the cable
to the fault. An open circuit will reflect the voltage wave back
positively while a short circuit will reflect back negatively. The
impulse current will do the opposite. If the routing of the cable is
known, the fault location can be found simply by measuring
along the route. It can be confirmed and fine-tuned by thumping
the cable. On some systems, there are several taps off the cable.
The distance to the fault is only part of the story; one has to de-
termine which branch it is on. This can be a very difficult prob-
lem that is still a major obstacle to rapidly locating a cable fault.

3. Tone. A tone system injects a high-frequency signal on
the cable and the route of the cable can be followed by a special
receiver. This technique is sometimes used to trace cable routes
while energized, but is also useful for fault location because the
tone will disappear beyond the fault location.

4. Fault chasing with a fuse. The cable is manually section-
alized and then each section is reenergized until a fuse blows.
The faulted section is determined by process of elimination or
by observing the physical display from the fault. Because of the
element of danger and the possibility of damaging cable compo-
nents, some utilities strongly discourage this practice. Others
require the use of small current-limiting fuses, which minimize
the amount of energy permitted into the fault. This can be an
expensive and time-consuming procedure that some consider to
be the least effective of fault-locating methods; it is to be used
only when nothing else is available.
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