Komrjyrepcka aHanusa Ha npeouu npouecu Bo EEC

2. IIpeonnu nmpouecH BO eAHO(pA3ZHU KOJIA

IMpumep 2.1. Bo exna tpadocranuma Ha 110 kV cobupnmmm goara mo tpudasHa Kyca
Bpcka. Tpadocranunara e J0BOJIHO AAJEKy O/ F€HEPaTOpUTE BO CUCTEMOT Taka IITO MOXE Ja
Ce CMeTa JleKa €KBHBAJICHTHATa peaKTaHIMjaTa 32 JUPEKTEH CHCTEM HE Ce MEHyBa CO TEKOT
Ha BpeMeTo (HeMa pa3iuka momery CcyOpaH3MEHTEH, TpPAaH3UeHTEH M TpaeH IepHoN).
Bpennocta Ha cTpyjaTa Ha Kyca BpcKa BO TpajHHOT nepuoa u3Hecyna lxs = 10 kA u e mo3Hato
JieKa O/IHOCOT MoMer'y aKTHBHHOT OTIIOpP M peaKTaHIMjaTa BO CUCTeMOT u3HecyBa X/R = 3,5.
Jla ce Haupra oOJMKOT Ha CTpyjaTa Ha Kyca BpCKa 3a MPBUTE 5 MEPUOIU 3a CIydyauTe Kora
KycaTa BpCKa HacTaHyBa BO MOMEHT KOI'a BpE€JHOCTa HAa HAIIOHOT € €/IHAaKBa Ha

a) HyJa,

0) MOJIOBMHA 01 MAaKCUMaJTHaTa BPETHOCT Ha HATIOHOT,

B) MaKCHMajiHaTa BPEJHOCT Ha HAMOHOT,

3a cuTe Tpu ciydau Jia ce OJIpeId MakcHuMaliHaTa (yIapHaTa) BpEIHOCT Ha CTpyjara.

Pemrenue

Bpennocra Ha cTpyjara Ha TprudasHa Kyca Bpcka H3HECyBa

U
I3 =—2—, 2.1
K3 \/gx
07 KaJe ITO cleayBa
X = Uy = 110 =6,351 Q. (2.2)
Bz 3:10
Opn ycoBOT Ha 3a/1a4yara 3a aKTUBHATA OTIIOPHOCT HA CUCTEMOT JOOMUBaMe
Rziszl,SlS Q, (2.3)
JI0JICKa 32 MHIYKTUBHOCTA HA KAJIEMOT YHja IIITO PeaKTaHIM]ja U3HeCyBa X 1o0uBaMe
L=£=ﬂ=20,2 mH . (2.4)
o 1007

Mopenor Ha KOJOTO CHope] Koe ITO Ke ja CUMyJIMpame TojaBaTa Ha Kyca BpCKa €
Primer2 1.mdl u HeroBuoT usrnen e nanen cnukara 2.1. Konorto e cocraBeHo ox eqna RLC
rpadka of TunoT RL umm mro mapamerpu ce mpecmeranu co (2.3) u (2.4). Hamonckuor
reHepatop € co ¢pekBennuja ox 50 Hz, ¢asen aron emHakoB Ha Hyla M MaKCHUMAaJlHA
BpeaHOCT Ha HamoHOT eaHakBa Ha 110e3/sqrt(3)*sqrt(2). Co mocimegHUOT M3pa3 MPBO €

npecMeraH (ha3HHOT HATOH (IeNIeHke COo NE) ) 3Haejku neka muHUckuoT ¢ 110 kV (110e3), a

MOTOA € IIOMHOXKEHO €O +/2 3a Ja ce Jo0ue Heropara MakKCHMalTHa BPEIHOCT.

[IpekuHyBa4oT KOj INITO € BMETHAT BO KOJOTO ce Haora Bo Elements Bo
SimPowerSystems. Toj Bo 0BOj ciy4yaj Mopa Ja WMa ImapajieJieH OTIIOPHUK CO HETO 3aToa IITO
ce Haora BO cepHja co KajeM. BpemHocTa Ha TOj OTIOPHHK CE€ BHECYBa BO MoJieTo Snubber
resistance ¥ Taa OOMYHO € rojieMa BPETHOCT Koja mTo Tyka ¢ eqHakBa Ha 1 MQ. Co nBojHO
KIMKHYBamke Bp3 HEro ce J00MBa IUjaJIoTOT OJf CIWKaTa 2.2 Kaje IITO ce 3aJcHU
napaMeTpuTe Ha MpeKknHyBavoT. Kako mro ce raexa Ha cioukata onnujata Externer control of
switching times He € ceneKkThpaHa co MTO HU CE JaBa MOXKHOCT CaMH Jia 3a7a/IeMEe BPEMUba
BO KOM WITO MPEKHMHYBAadyoOT K€ ja NMpOMEHM cBojaTa cocrtojba. IlouerHara cocrojba Ha
MPEKWHYBAUYOT ce 3a7aBa Bo moJjieto Initial state (Bo oBoj citydaj Toa e 0, mITO 3HaYW JieKa TOj
€ MCKIy4eH) J0JeKa BPEMEHCKUTE MOMEHTH BO KOHW IITO TOj K€ ja MPOMEHHU cocToj0aTta ce
JIazeHu Bo moisieto Switching times kaje mTo ce 3amaBa BEKTOP CO BPEMEHCKH MOMEHTH BO
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cekyHau. Tyka e 3amageH BekTopoT [0] mITO 3HA4YM NeKa MPEKUHYBAdyOT CaMO €IHAIl Ke ja
IPOMEHHU CBojaTa cocTojoa u Toa Bo BpeMeTo t = 0 s. JlokonKy Ha mpumep cakaBMe TOj J1a ce
UCKITyYr BO MoMeHTOT t = 0,12 s Toram ke Tpebamie na ro 3amgaaeMe ciaeaHuoT BekTop [0
0.12]. 3a cayuajot mox 6) ro 3agaBame BekTopoT [0.02/12] 3aT0a mITO HATIOHOT ja MOCTUTHYBA
IOJIOBHHATA O CBOjaTa BpeaHocT Ha 1/12 ox mepumopara (arssin(0,5) = 30°, mro e 1/12 ox
360"), momeka 3a ciy4ajoT Mo B) ro 3amaBame BekTopoT [0.02/4] 3aToa mTO MAaKcHMaIHATA
BpPEHOCT Ha HAIIOHOT C€ IMOCTUTHYBA Ha 1/4 on mepuoara.

bunejku ce 6apa oOMMKOT Ha cTpyjara Aa ro jgobueme 3a MpBUTE 5 NEPUOIU 3a
KpajHOTO BpeMe Ha cumyJiarnujata BHecyBame 0.1 (5x0.02 s), a GapaHwoT pe3yiarar ro
NPUKaXyBaMe Ha OCIWJIOCKON M TO Tpakame BO paboTHHOT mpoctop Bo MATLAB Bo
IPOMEHJIMBATA Struja mpu mTo Kaj Save format e n3dpano Array.

—|  struja

To Warkspace

]

._m_rm‘l_._._l__i. >

F=1815L=20%Ye-3 merenje

j struja l
@ e preknuvac\iﬂ]
I l
— =

Crmuxka 2.1. Mopen 3a cuMmynanyja Ha TpudasHa Kyca Bpcka

) Block Parameters: prekinuvac EJ

Breaker [mask)] (k)

Implements a circuit breaker with internal resistance Raon. Ron is required by the
model and cannot be set to zero.

Scope

‘When the extemnal control mode is selected, a Simulink logical signal is used to
control the breaker operation. ‘when the signal becomes greater than zero the
breaker clozes instantaneously. ‘When it becomes zemo, the breaker opens at the
next current zero-crossing
Parameters

Breaker resistance Ron (D hm):

0.0

Initial state [ O for 'apen’, 1 for ‘closed' ]:

0

Snubber resistance Rs [Ohms):

1e6

Snubber capacitance Cs [F):

inf

Switching times (5]

[0

[[] Extemal contral of switching times

Measurements| Mone v

[ ok ][ Cancel ][ Help ][ Apply ]

Cruxka 2.2. [lapameTpu Ha OJIOKOT 32 MPEeKUHYBa4d
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Bo konata xou mTO COAPIKAT MPEKHHYBAYX MPETIOPAWINBO € J1a C€ KOPUCTH METOaTa
0d23t 3a pemaBame Ha MPEOJHUOT MpPOIEC. 3a TOoa Ja IO HAMpaBUME € MOTPEOHO O
npo3openoT Primer2 1.mdl ox menuto Simulation ma nz6epeme Configuration parameters co
mTo ja JoOuBame ciukara 2.3 kajae mro Bo noneto Solver u3dbupame ode23t. Bo cipotuBHO
BO KoMaHIHUOT mpocTop Bo MATLAB ke ja noGuemMe cieaHara mopaka:

Warning: You have required continuous-time simulation of a system containing
switches or nonlinear elements. The ode23t variable-step stiff solver is recommended in order
to get best accuracy and simulation performance. ...

Sakver options

Type: Yariable-step | Solver: ode23t (Mod. stiff/Trapezoidal] |+
Max step size: auto Relative tolerance; [1e-4

Min step size: auto Absalute tolerance: |auto

Iritial step size: auto

Zera crozzing control | Use local settings w

Solver rezet method: | Fast v

[] Autamatically handle data transfers betwesn tasks

Crmuka 2.3. V300p Ha MeTOJI 3a pelraBamke Ha MPEOTHUOT POIIEC

Pesynrarure ox cumynanmjara ce NMpUKaKaHW Ha ciukata 2.4, mojaeka OapaHUTE
MaKCHUMaJTHH BPEIHOCTH Ha CTpyjaTa MOKEME Ja T'M JI0OMeMe CO MHIyBame Ha HapemdaTa
max(abs(struja)) Bo komanaHUOT mpocTop Bo MATLAB co miro nobuame
a) 19,422 kA, 6) 18,470 kA, B) 14,636 kA.

&8 LLPL AHEE DA T g8 PrLr AR B AT

001 002 0o

Cnuka 2.4. O6nuiy Ha cTpyjaTa Ha Kyca BpcKa

O 0 O
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Ipumep 2.2. Bo emna Ttpadoctanuna Ha 35 kV ce BKIydyBa KOHACH3aTOpPCKa
Oarepuja co HOMUHAIHA MOKHOCT o7 18 MVA. BpenHocra Ha cTpyjara Ha Kyca BpCKa BO
TpadocTaHuiata u3Hecyna lks = 25 kA u e mo3HaTo JeKa OJJHOCOT MOMEry aKTHBHUOT OTTIOP
U peakTaHuyjaTa Bo cucreMoT u3HecyBa X/R = 1. Konnensaropckara Oatepuja ce BKIy4yyBa
CO TOMOII Ha MpeKuHyBadoT P; mpeky OTmopHMKOT R BO MOMEHTOT KOra HamoHOT BO
Tpadocranuata uma MakcuHanHa BpeaHoct. Ilo Bpeme on 0,1 s mpexunyBayor P, ce
3aTBOpa CO IUTO OTIOPHHUKOT CE€ MPEMOCTyBa M KOHJEH3aTopckara Oarepuja € JUPEKTHO
NpUKIy4YeHa Ha HamoH (ciuka 2.5). la ce oapenn OOJMKOT Ha cTpyjaTa W HAmoOHOT Ha
KOHJIEH3aTOPOT 3a npBuTe 10 nepuoau, Kako 1 HUIBHUTE MaKCUMAaJIHU BPEIHOCTH 3a CIIydyauTe
KOra OTIIOPHOCTA Ha OTIOPHUKOT M3HECYBa

a) 30 Q,

0) 0 Q.

35kV P,
-

R P,

T
Cnuka 2.5. [lpuknydyyBame Ha KOHJICH3ATOP MPEKY OTIOPHHUK
Pemenue
ExBuBanieHTHaTa peakTaHI[Mja Ha CUCTEMOT MPEKY KOj IIITO e HarojyBa TpadoCcTaHHIIaTa €
U 35
= =0,808 Q. (2.5)

n
Vs V32

JI0JIeKa 3a MHAYKTUBHOCTA Ha KaJeMOT YHja LITO peakTaHlKdja u3HecyBa X qo0uBame

X =

_ X088, 6 mH. (2.6)
© 1007
O,Z[ YCJIOBOT Ha 3aJiadaTa 3a aKTUBHATA OTIHHOPHOCT Ha CUCTCMOT I[O6I/IB3.M€
R=X =0,808 Q. (2.7)

HomunannaTta peakTHBHa MOKHOCT Ha KOHJIEH3aTOpCKaTa 0aTepuja MOKeMe Jia ja
mpecMEeTaMeC Ha CJICIHUOT HAYNH

2
Q=3aC UT;, =wCU2, (2.8)
O Kaac 1UITO ClicayBa
c=2 18 468 uF. 2.9)

W2 1007352

Mogenor Ha KOJIOTO CIOpe] KOe WITO K& T0o CHUMYJUpaMe BKIYYyBameTO Ha
KOHJIeH3aTopckara Oatepuja e Primer2 2.mdl u HeroBmoTr m3rien e naaeH Ha ciaukara 2.6.
[TapaMeTpuTe Ha MACUBHHUTE CIIEMEHTH BO KOJIOTO C€ MPETXOTHO JAJCHHU WM MPECMETaHH
JI0JIeKa HATIOHCKUOT reHepaTop € co ¢ppekBernrja ox 50 Hz, dazen aron egHakoB Ha Hyna
MaKCHMaJjHa BpEJHOCT Ha HAaMOHOT eAHakBa Ha 35e3/sqrt(3)*sqrt(2).
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Ilouetnara cocrojOa Ha nBaTa npekuHyBauu € 0, 7oJeKa BPEMEHCKUTE MOMEHTH BO
KOM IITO THE ke ja mpomeHart cocrojoata ce [0.02/4] 3a npexkunysauot P; u [0.02/4+0.1] 3a
MPEKUHYBa4YOT P;.

bunejku ce G6apa o0aMKOT Ha cTpyjara na ro gooueme 3a npsure 10 mepuoau 3a
KpajHOTO Bpeme Ha cumyianujata BHecyBame (0.2 (10x0.02 s), a GapaHHOT pe3yiTaTr ro
NpUKaXyBaMe Ha OCLWJIOCKON M T0 Ipakame BO paboTHHOT mpoctop Bo MATLAB Bo
MIPOMEHJIUBUTE struja ¥ napon mpH mTo Kaj Save format e uzdpano Array.

Bo oBoj ciyuaj OCHMIOKOCTOT MMa JBa Biesa. 3a Toa Ja IO NOCTUTHEME Ha

IPO30PENOT O/ OCIMJIOCKONOT KJIMKHyBaMe Ha WKOHATa (BTOpa OA JIEBO) CO INTO TO
noOuBamMe TIPO30PENOT O] ciMKaTa 2.7 kKaje mTo Bo nojero Number of axes BHecyBame 2.

— AT - _‘
R=0.808 L=26e3 mEfEﬂJ
struja
—p  ciruja
ToWorkspace
]
* —{]
38 kW —
I Scope
L rR=30 < P2 | .
B To'Warkspacel
|
| ]
n
bl | +
C=46.8e-6 —=|- YT
merenje
napon
l :
X L

Cmuka 2.6. Monen 3a cuMyJaiidja Ha BKIIyIyBambe Ha KOHIEH3aToOpcka OaTepuja

<) *Scope’ parameters E“El@
General | Diata histary | Tip: try right clicking on axes

Axes

MNumber of axes: 2 [] floating scope
Titne rande: |auta
Tick labels:  |bottorn axis only

Sarnpling

Decimation  » | [1

(o ] [comeet] [(reb | [ |

Crmuka 2.7. JlepuHupame MoBeke OCKH Ha €1IeH OCIIUIIOCKOT (TTOBEKE BIIC30BH)
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Crnydajot moa 0) MOKeMe Jla TO CUMYJIMpPaMe CO UCTOTO KOJIO Off clihkaTa 2.6 co Toa
IITO BO HEro 3a BPEIHOCTAa Ha OTHOPHHUKOT R Ke BHeceMe MHOTY Maljla BPEIHOCT KaKo Ha
npumep 30e-5.

Pesynrature on cumynanujata ce MpuKakaHu Ha ciukute 2.8 u 2.9, noxexa Oapanute
MaKCHUMaJTHH BPETHOCTH Ha CTpyjaTa MOKEME Ja T'M JI0OMeMe CO MUIyBame Ha HapemdaTa
max(abs(struja)) u max(abs(napon)) Bo komaHgHHOT mpoctop Bo MATLAB co mrTo
nobuBamMe

a) 814 Au 31,998 kV, 6) 3503 A u 51,689 kV.

Bo ciydajot mon a) ce 3abenexyBa yImTe €AeH MPEOoJICH MPOoIeC BO MOMEHTOT KOTa Ce
3aTBOpa MpekuHyBa4doT P, u Toa co gocta moronema (peKBeHIMja BO OJHOC Ha OCHOBHATA,
JI0JIeKa BO CIIy4ajoT 1oJ 0) BHCOKO(PPEKBEHTHHOT IMPEOACH MPOIEC € Ha CaMHOT IOYETOK
BEJHAIIl 110 BKIy4yBameTO Ha MpekuHyBadoT P;. DpekBeHIMjaTa co KOja MITO Ce OABHBA
MPEOTHUOT MPOLIEC H3HECYBA

! ! =456 Hz.

f = =
27JLC  27/2,6-1073-46,8-107°

) Scope g@‘g
GE OPP ABEE D @ % .

01z 014

002 004 0.08 0.03 0 12 014 016

Cruka 2.9. Ctpyja 1 HaIllOH Ha KOHJIEH3aTOPOT 3a ciy4ajoT 0) R =0 Q

34



Komrjyrepcka aHanusa Ha npeouu npouecu Bo EEC

MakcumanHara Bpe,Z[HOCT Ha HOMHUHAJHaTa CTPyja BO KOHJEH3aTOPOT N3HECYBa
18000
|n.max = -2 -2 =420 A,

\fu J3:35

J0ACKa MaKCHMMaJIHaTa BpeI[HOCT Ha HOMUHAJIHUOT HAIIOHOT HAa KOHACH3ATOPOT €

Un.max 293 g 577k

5V

Crnopen Toa BO CIy4dajoT MOJA a) MaKCMMaHAaTa BPEJAHOCT HA CTpyjaTa BO MPEOJHUOT
npoiiec € 1,94 naTu noroyiema o7 HOMHHAJIHATA, ]0/IeKa MAaKCUMAaJIHaTa BPETHOCT Ha HATIOHOT
e 12% noronema o HomuHanHata. Bo ciayuajot mox 0) MakcuManHaTa BpeJHOCT Ha CTpyjaTa
e 8,34 matu moroJyieMa o]l HOMUHAJIHATA, JIOJIEKAa MaKCUMaIHaTa BPEJHOCT Ha HAroHOT € §1%
1orojieMa o]l HOMHUHAJTHATA.

Enen on HaumHHMTe Aa ce wu30erHe TrojiemMara CTpyja TpH BKIyYyBamke Ha
KOHJIEH3aTOpcKkaTta Oarepuja Oe3 MpHMEHa Ha OTHOPHHK € Ja C€ M3BPIIM KOHTPOJIHPAHO
BKIIy4yBamke¢ Ha TPEKHHYBa4oT P; BO MOMEHTOT KOra HAIlOHOT Ha COOWPHHIIMTE BO
Tpadocranunara ¢ 0. 3a ga ro cumyinupaMe TaKBHOT HAYMH HA MYIITAaHkE BO BEKTOPOT CO
BPEMCHCKUTE MOMEHTH BO KOW MPEKUHYBAYOT P; ke ja ja mpomernu coctojbata BHecyBame [0]
OuJejKu BO TOj MOMEHT HAmoHOT uMa BpeaHocT 0. Pe3ynraToT on cumysanujata € mpuKaxaH
Ha cimkara 2.10 a MakCHMaTHUTE BPEAHOCTH HA CTpyjaTa M HAImOHOT u3HecyBaatr 760 A (3,2
naTH norojxema oa HomuHanHata) u 29,039 kV (2% noroneM o1 HOMMHATHHUOT).

) Scope

SB OPO K

Cruka 2.10. Ctpyja 1 HarmoH Ha KOHAEH3aTOPOT 3a CIIy4ajoT Kora TOj ce BKIy4dyBa 0e3 OTHOPHHUK BO
MOMEHT KOTa HaIllOHOT Ha COOMPHHULIUTE € Hya

O O O
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IMpumep 2.3. 3a ciywajoT a) om mpumepoT 2.2 1Ia ce€ MpecMeTa KOJIMYMHATAa Ha
0ci000/IeHa TOIUIMHA BO OTIIOPHUKOT R 3a Bpeme Ha MyIITameTo Ha KOHJEH3aTopcKara
Oatepuja. [loToa ga ce ompeau HAMPEYHUOT TMPECEK W JNOJDKMHATA HA MPOBOIHUKOT O] KOj
mro Tpeba Aa ce HampaBu OapaHHOT OTIIOPHHUK Taka IITO TOj BO MPEOAHHUOT MPOIEC Ja ja
3rojieMH cBojata Temmeparypa 3a Hajmuory 100° C. OrmopHuKoT TpeGa fa ce HalpaBH O
HEpLOCYBAUKH YETHK CO CeNUdUIHHOT TOIIMHCKH KananuTet ¢ = 500 J/kg’C, crenuduuen
enextpiueH otop p = 0,72 pQm u rycrura g = 7900 kg/m’.

Pemrenue

Mopuenor Ha kos10TO € Primer2 3.mdl u HeroBuor usriien ¢ najaeH Ha ciaukarta 2.11. Bo
OBOj CJIy4aj IOJaJICH € YIITE €JICH SJIEMECHT 32 MEPCHE Ha CTpyjaTa BO CepHrja CO OTIIOPHUKOT

R, a moroa cnu4HO Kako BO mpuMepoT 1.4 mpecMeraH € WHTEerpajioT 3OJ.i2(t)dt. [IpBo

CUTHAJIOT Ha CTpyjaTa € KBaJpupaH, I0TOa € MHTErPUPaH U Ha KpajoT € moMHoxkeH co 30 co

MOMOII Ha OJIOKOT l Koj mTo ce Haora Bo Math Operations Bo Simulink (610k Gain).

— AT

R=0.808 L=26e-3 mere_nje ]
struja
P1 — struja
To'Waorkspace
| |
a

]
* — ]
35 kY —
I . Scope
] R=30 P2 +—— napon
B To'Workspacel
[ |
e
merenje
1 strujanl
) o uhl o BE— H
Gain  Integrator Fch gl 9 —af+ |
C = 46.8e-6 —a|-
I | = mMerenje
” napon
Scapel 1
u
- 1
SN | m— =
Display

Crnuxka 2.11. Mopen 3a ogpenyBame Ha 0ciio00/ieHaTa TOILUTHHA BO OTIIOPHUKOT R
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[To m3BpITyBamkeTO HA CUMYJIAalMjaTa Ha TUCILIC|OT ja JoOMBaMe KpajHaTa BPEIHOCT Ha
oc000/IeHaTa TOIIMHA BO OTHOPHUKOT Koja ImTo n3Hecysa 237,3 k.

JIOKOJIKYy Ha €IHO Telo My Ce 3rojeMu Temmeparypara 3a A@ cTemneHH, Toram
TOIUTMHATA KOja IITO BO HETO K& Ce aKyMyJIupa 3aBHCH OJ1 HeroBaTa Maca M u crienu(puaHnoT
TOTUTMHCKHY KalaluTeT C Ha CICTHUOT HAUHH

Q=m-c-Af, (2.10)
O] KaJIe IITO CleayBa
3
Q _2373-10° 4 u6 ke 2.11)

T c-AO 500-100
3Haejku ja ryCTHHATA Ha MaTepUjasIoT 3a MOTPEOHUOT BOJIYMEHT JoOHUBaMe

_M_%736 601107 m? (2.12)
g 7900

BonymeHoT Ha Jxumata oJ Koja INTO € HAampaBeH OTIOPHUKOT MOXXKEME Ja To
npecMeTame co MOMOIII Ha oJDKMHATa | i HanmpeyHnoT mpecek S

V=IS, (2.13)
a HETOBHUOT aKTUBEH OTIIOP €
I
R=p—. 2.14
P3 (2.14)
Co 3amena Ha (2.13) Bo (2.14) no6uBame
R= piz, (2.15)
S
CO IITO 32 MPECEKOT Ha JKUIIATa IMaMe
-6 4
S= ‘/ﬂ =\/0’72 1060110 34,1076 2 =3.8 mm?, (2.16)
R 30
[TorpeOHaTa nOKMHA HA JKUTIATA U3HECYBA
—4
S=!=%=158,2 m. (2.16)
S 38107
O 0 O

IIpumep 2.4. PasrienyBame eHepreTcku TpaHc(hOpMaTOp €O CIEJHHUTE MapaMeTpH
110/35 kV/kV, 31,5 MVA, ux = 12% u Pcuyn = 200 kW. Bo Momenror t = 35 ms Ha
CeKyHJlapHaTa CTpaHa Ha TpaHc(hOpMaTOpoT HacTaHyBa Tpu(aszHa Kyca BpCKa Koja IITO ce
uckiyayBa Bo MOMeHTOT t = 235 ms. Jla ce oapenu oOJMKOT HAa HAMOHOT CEKyHJapHaTa
CTpaHa Ha TpaHC(HOPMATOPOT MO HUCKIYydyBameTO Ha KycaTa Bpcka (BO aMepHKaHCKara
JUTEepaTypa TOj € TO3HAT IMOJ MMETO transient recovery voltage, a Bo aHIJIMCKaTa Kako
transient restriking voltage). [la ce cmera Jeka BKYMHHMOT KamaluTeT CIOpeMa 3eMja Ha
CeKyHJapHaTa HaMOTKa Ha TpaHchopMaTopoT u3zHecyBa 11 nF, a ekBuBaNeHTHAaTa OTIIOPHOCT
U MHAYKTUBHOCT Ha HanojHuoT EEC e 3anemapnuso mana (EEC co 6eckoneuna mokHocT). Jla
ce ofpean KOe(UIIMEHTOT Ha TPEHAIOH KOj MTO € Ae(UHUpPaH KaKo OJJHOC HA MAKCHUMAHAOT
HAIlOH BO IPEOIHUOT MPOLEC U MAKCUMAIHUOT HAIlOH BO HOPMaJIeH PabOTEH PEXUM.

Penrenne

MozenoT Ha KOJIOTO CIope]] KOe IITO K€ TO CUMYJIHpaMe HCITydyBameTo Ha Kyca BpCKa
Ha KpajoT o1 BogoT € Primer2 4.mdl u HeroBuor usriex e gajaeH Ha cnukata 2.13.
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Hamonckuot reneparop e co ¢pexsernuja o S0 Hz, ¢aszen aron eqHakoB Ha HyJa U
MaKCHMaJHa BPEIHOCT Ha HAMOHOT eaHakBa Ha 35e3/sqrt(3)*sqrt(2), momexa peanara RL
rpaHKa ja CUMYyJUpa €KBHUBAJEHTHAaTa OTHOPHOT U MHAYKTUBHOCT Ha TpaHCHOpPMATOPOT.
[TapameTrpute Ha R u L ce BHecenu co ciemnure uzpasu 0.2%(35/31.5)"2 (mro uzHecyBa
0,247 Q) n 0.12*3572/31.5/(100*p1) (o usnecysa 14,9 mH).

[Touetnata coctoj0a Ha mpekuHyBa4yoT P e 0, a BpeMEeHCKUTE MOMEHTH BO KOU LITO TOj
ke ja mpomeHu cocrtojbara ce [35e-3 235e-3]. IIpeknHyBa4oT BO 3aTBOpEHA MOJOXkKOa MMa
otnop ox 0,1 Q2.

OOMKOT Ha HANOHOT K€ TO MpHKaXeMe 10 BpeMeTo oA | s, a 6apaHuOT pe3ynraT ro
MpUKaXyBaMe Ha OCIMJIOCKON W TO Mpakame Bo paboTHHoT mpoctop Bo MATLAB Bo
IPOMEHJIMBHUTE hapon MpH WTo kaj Save format e u3dpano Array.

Pesynrature om cumynamujata ce mpukakaHu Ha ciaukute 2.14 w 2.15, momeka
OapaHara MakCHUMaJHU BPEIHOCT Ha HAMOHOT MOXEME Ja T Jo0HeMe CO MUIyBame Ha
HapenOara max(abs(napon)) Bo komanmHuOT mpoctop Bo MATLAB co mTo mobGuBame
69,37 kV.

KoedummeHToT Ha MpeHAIOH 32 OBOj CIIy4aj U3HECyBa

k= 69,37 =2,43.

232
V3
Kako mto moxe ga ce 3abenexu of ciukuTe 2.14 u 2.15 HaMOHOT MO UCKITYYyBambETO
Ha KycaTa BpCKa Ce€ COCTOM oJ1 HamoH co (pekBennrja o 50 Hz Bp3 koj € cymeprnoHupan
JpyT HaIllOH CO MHOTY MOBHUCOKa (ppekBeHnuja. Taa GppekBeHIMja U3HECYBa:

1 1
f= - —12,451 kHz.
27JLC  27/14,9-107311-107°

— AT

Fr
N
- |
. Scope
* 1 [ —| + o
Vg | 8| -
P Uz
a
[ |
P napon
'I' I T To Workspace
1 = = —

Cmuka 2.13. Mogen 3a cuMmyJiaiyja Ha HCKITydyBamke Ha Kyca BpCcka Ha CeKyHIapHa cTpaHa Ha
Tpanchopmarop
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) |Scope

FENEE R
4

BpCKa

Cmuka 2.15. KpuBa Ha HaIllOHOT Ha CEKyHIapHaTa cTpaHa Ha TpaHCc(hOopMaTopoT 3yMHUpaHa OKOITy
MOMEHT 235 ms

O 0 O

Ipumep 2.5. PazrnexyBame 400 kV Box co nomkuna 113,5 km koj mTo Ha KpajoT e
ONTOBapeH CO YHCTO akTWBHa MOKHOCT of 200 MW (cnuka 2.16). Bomot e co ciennute
HagookaKu mapamerpu: I = 0,03 Q/km, x = 0,34 Q/km u b = 3,26 uS/km. Hamonot Ha
cooupuunure 1 msznecyBa 400 kV, a BpemHocta Ha cTpyjara Ha Tpuda3Ha Kyca BpCKa BO
uctute cobupHuny m3HecyBa lx; = 16 kA u e mo3HaTo Jnexka OJHOCOT MOMEry aKTHBHHOT
OTIIOP U peaKTaHIjaTa Bo cucTeMOoT u3HecyBa X/R = 10. Bo momenToT t = 35 ms HacTaHyBa
TpuasHa Kyca BpcKa Ha KpajoT o BoxoT (mpekunyBauoT P, ce 3arBopa). KycaTa Bpcka ce
UCKJIy4YyBa CO IOMOII Ha MNPEeKHMHYBa4oT P; KOj IITO Tro HCKIy4dyBa MHOTPOLIYBauOT BO
mMomeHTOT t = 100 ms. Jla ce oapenu OOIMKOT HAa HAMOHOT HAa KPajoT Ha BOJOT IO
UCKJIy4YyBamheTo Ha KycaTa Bpcka. Jla ce oapean KOepUIIMEHTOT Ha MPEHANOH KOj IITO €
nedUHUPAH KaKo OJHOC Ha MAKCUMAIHHUOT HAMOH BO MPEOJHHOT MPOIEC U MAaKCHUMATHUOT
HaIlOH BO HOpMaJieH pabOTEH PEKUM.
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400 kV p
1 [=113,5 km |2 Kyca
I I BpCKa
P =200 MW P

Crnuxka 2.16. Kyca Bpcka Ha Kpaj oJ] BOJ
Pemenue

Mogenot Ha KOJIOTO CHOpe]] KOe LITO Ke F0 CUMYJIMpaMe UCIIydyBambeTo Ha Kyca BpcKa
Ha KpajoT o1 BogoT € Primer2 5.mdl u HeroBuoT usriex e gajaeH Ha cnukata 2.17.

Hanonckuot renepatop e co gpeksenuuja on 50 Hz, ¢aszen aron enHakoB Ha Hyna U
MaKCHMaHa BPEIHOCT Ha HamoHOT exHakBa Ha 400e3/sqrt(3)*sqrt(2), momeka pemnata RL
IpaHKa ja CUMyJIMpa €KBMBAJEHTHATa OTIIOPHOT M MHAYKTHUBHOCT Ha ja3enoT 1 BO KOj LITO €
npukiaydeH Bonor. Ilapamerpure Ha R m L ce BHeceHM cO CleIHHTE U3pa3u

400/sqrt(3)/16/(100%pi)/10 u 400/sqrt(3)/16/(100%pi).

—| - |m-

Enementot Wod ro cumynupa 400 kV Bog u Toj ce Haora BO
Elements ox SimPowerSystems (610k Pi Section Line). HeroBute HagoKHU mapamMeTpu ce
R, L u C oxn xou R e mageno Bo camara 3amaua, a L u C ru mpecMeTyBame cO CIEAHHUTE
uspazu 0.34/(100*pi) u 3.26e-6/(100*pi). OcBen Toa 3a BOAOT Tpeba Ja ce BHECE M HEroBaTa
nomxuna (113,5 km) u dpexsennujata (50 Hz).

[MotpomryBavoT e cumymnupan co Series RLC load koj mro ce Haora Bo Elements ox
SimPowerSystems. Herosute mapamerpu ce BHeCyBaaT BO AHMjaJIOTOT MPUKaXKaH Ha CIHKaTa
2.18. Bo Hero ce BHecyBaaT HoMHUHATHUOT HarmoH 400e3/sqrt(3), aktuBHaTa MOKHOCT 200e6/3
(momeneHo e co 3 3aroa MITO Tyka paboTume co eqHodas3Ha MpeTcTaBa Ha BOJOT), JOJAEKa
BPEIHOCTHTE 32 PEaKTUBHATAa MOKHOCT (MHIyKTHBHA M KalallUTHBHA) BO 0BOj ciry4aj ce 0.

ITouetnata cocroj6a Ha mnpekuHyBauor P; e 1, a Ha mnpekunyBauor P, e 0.
BpeMeHncknTe MOMEHTH BO KOW INTO THE Ke ja MpoMeHar coctojbata ce [35e-3] 3a
npekuHyBauot P, u [100e-3] 3a npekunyBauot P;. [IpekunyBauot P, Bo 3aTBOpeHa monoxo0a
uMa otrnop ox 1 Q.

OOMHMKOT Ha HAMOHOT K€ TO MpUKaxkeme A0 BpemeTo of 0,5 s, a 6apaHUOT pe3yJITar ro
NpUKaXyBaMe Ha OCLWJIOCKON M TO mpakame BO paboTHHOT mpoctop Bo MATLAB Bo
MIPOMEHJIMBUTE napon MpH mTo kaj Save format e n3dpano Array.

Pesynrature o cumynauujata ce npukakaHu Ha ciaukure 2.19 m 2.20, goxexa
OapaHaTa MaKCHMaJHU BpPEIHOCT Ha HAMOHOT MOXKEME Jla ru JobuemMe co MUINyBame Ha
HapenOaTa max(abs(napon)) Bo koMaHgHHOT mpoctop Bo MATLAB co mro nobuBame
643,3 kV.

KoeduuueHnToT Ha MpeHanoH 3a 0BOj cly4yaj U3HECyBa
O3 g
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P1
—M—fﬂm —a - " al—w
Vod
k3 = 16 kA |:|
Scope il
—a | + L
Vs - R
Fotrosuvac P7
Uz 200 M
(a]
I - napon I I
| |
1 I ToWorkspace L L

Cruka 2.17. Mojen 3a cuMyJanyja Ha HCKIyqyBamkbe Ha Kyca BpcKa Ha KpajoT O] €IeH BOJ

Parameters

Mominal valtage Yn [Vms):
400e3/sart(3]

Mominal frequency fr [Hz):
50

Active power P [W]:
200e6/3

Inductive reactive power QL (positive var).

0

Capacitive reactive power Oc [negative var)
0

[[] Set the initial capacitar valtage

Capacitar initial voltage (V]
0

[] Set the initial inductor curent

Inductor initial current [4]:
0

Measurements| None v

Cruxka 2.18. JIujanor 3a BHeCyBame apaMeTpy Ha IMOTPOITyBad mperctaBeH co peana RLC rpanka

Crmuka 2.19. HanoH Ha KpajoT Ha BOJOT IO UCKIYYyBamkETO HA KycaTa BPCcKa
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Crmuxka 2.20. KprBa Ha HaItoHOT Ha KpajoT Ha BOJOT 3yMHpaHa okoxry MmomeHT 100 ms
m 0 i

Ipumep 2.6. /la ce pemn mpumepoT 2.5 3a CIydyajoT Kora Ha KpajoT Ha BOJOT €
MIOCTaBEeH OJIBOJHUK Ha MPEHANOHU CO KOj IITO CE€ MOCTUTHYBA KOS(UIIMEHTOT Ha MPEHANOH
Ja u3Hecysa 1,3.

Pemenue

Mopenot Ha KOJI0TO 3a 0BOj ciy4aj € Primer2 6.mdl u HeroBHOT M3rien € najeH Ha
cnukara 2.21. Bo Hero ce e uneHTn4Ho Kako Bo Primer2 5.mdl camo mto Tyka nMa 1oganeHo
OJIBHOJTHHK Ha IIPEHAIlOH Ha KpajoT o BOJOT. Bo cepuja co 0BOJHUKOT € 1mocTaBeH OJIOK 3a
Mepeme Ha CTpyjaTa BO OJBOAHMKOT KOja HITO C€ MOKaKyBa Ha OCIIMIIOCKOI M c€ Tpaka BO
pabotauoT poctop B0 MATLAB Bo BekTOpOT struja.

struja [l
To Workspace 1 P1
Wod l
e
k3 =16 kA J_ > I:I
Odvadnik = — ™
R T Scope
—m |+ h
Vs —nl- Y[
Fotrosuvac / =)
Uz 200 ki
- a
- -
o] | napon I
o ]
1 | To Workspace €1 1

Crnwmka 2.21. Mojen 3a cuMyJanyja Ha HCKIy4qyBakbe Ha Kyca BpcKa Ha KpajoT O] €[IeH BOJ| INTHTEH OJT
MPEHAOHH CO MOMOII Ha OABOAHUK Ha MIPEHATIOHH

OnBoaHMKOT Ha TpeHanoHu ce Haora Bo Elements og SimPowerSystem (650 Surge
Arrester). Toj e HenMHEapeH OTHOPHHUK (METal-OKCHACH) KOj € HaMEHeT 3a 3allTUTa O
npeHanoHu. Bo ciydanTe kaje mro e norpeOHa morojemMa MOKHOCT Ha OJIBOJHUIIMTE THE CE
NOBp3yBaaT BO Mapajeja BO 3aeJHUYKO IopuenaHcko Kykumte. Henuneapnata U-I
KapaKTepUCTUKa HAa OJBOJHUKOT € MOJICJIMpaHa Kako KOMOWHamuja o 3 €KCIOHCHITH]aTH!
(byHKIMU 01 0OIUKOT
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SIS P 2.17)

U ref I ref

PedepenTHroT HamoH (HamMOHOT HA 3aIllITUTA) C€ JTOOMBA KOTa HU3 OJBOJAHHKOT TEUE
pedepentHara ctpyja (o6muno 500 wmmm 1000 A). Ha cnmkarta 2.22 e npukaxkana U-I
KapaKTEepHUCTHKA Ha OJIBOAHHUKOT IIPH LITO HA JieBaTa CTpaHa € JaJieHa BO JIMHeapeH pa3mep Ha
OCKHTE, a Ha JIeCHaTa CTpaHa BO JiorapuTamcku. [lapameTpuTe Ha OJIBOAHHKOT CE BHECYBaaT
MpeKy AMjaJIOTOT JaJIeH Ha cimkaTta 2.23 kaae mTo 3a pedepeHTHUOT HAMOH € BHECEHO
1.3*400e3/sqrt(3)*sqrt(2) momeka cuTe ocTaHATH MapaMETPHU CE€ 3€MEHU CIIOpe]] MOJaTOIUTE
nanenn Bo camuor MATLAB u xou ce omHecyBaaT caMO Ha €I€H THUIl OJBOJHHUIIM Ha
MIPEHATIOH.

vk
loglV Vief)
. &

ol . o2 . o3 =g

Vief | :
clo et
E I \‘ ol

ol I I lo :
: : g(LIref]
i ' e
nlef 1

n=MNumber of columns in parallel

Crmuxka 2.22. U-I kapakTeprcTKa Ha OJBOJHUK Ha IPEHANIOHH

Parameters

Protection valtage refl):
1.3#400e3 2qrt3)*2art2)

Mumber of columns:
2

Reference current per calumn [ref(4):
500

Segment 1 characteristics [ k1 alphal |
[.955 50]

Segment 2 characteristics [ k2 alpha2 |
[1.025]

Segment 3 characteristics [ k3 alphal |
[9915 1E.5]

Measurements| Mone v

Cruka 2.23. [lujasor 3a BHeCyBambe apaMeTpy Ha OJIBOJHHUK HA MPEHATIOHU

Pesynrature om cumynamujata ce mpuUKakaHW Ha chaukute 2.24 w 2.25, monmeka
OapaHara MakCHMaJHU BPEIHOCT Ha HAMOHOT MOXEME Ja T Jo0HeMe CO MUIlyBame Ha
Hapenbara max(abs(napon)) Bo komaHgHUOT mpoctop Bo MATLAB co mTo mgoOuBame
413,1 kV. On cnukure ce 3aberexxyBa JIeKa BO IPBUTE HEKOJIKY MOMEHTH I10 HCKITy4yBambETO
Ha KycaTa BpCKa, KOra HaloHOT € HajrojieM, OJJBOJHUKOT Ha MPEHANOHM MPOBEIyBa CO IITO
T'Yl eTMMUHUPA IPEBUCOKUTE HAIIOHU OJIBEAYBajKU CTpyja BO 3eMjara.

Koedummentor Ha npeHarnoH 3a 0BOj Ciiy4aj H3HeCyBa

_ﬁzh%.
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) Scope

I'\ f|;. foh
‘\ RIni ‘I'l |'H‘|
'lm H‘H
|' 13T b

g‘. ||‘ ” e

[
l”

0105

Cnuka 2.25. KpuBy Ha cTpyjaTa BO OJBOJHUKOT U HAITOHOT Ha KPajoT HAa BOAOT 3yMUPAHH OKOIY
MomeHTOoT 100 ms

O 0 O
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JomamHa 3aga4da op. 2. Bo Tabenara 2.1, 3a cexoj CTyA€HT, € JaJeH PEIHUOT Opoj Ha
3a/1ayara Koja mro Tpeda J1a ce penmm. 3ajaunTe ce AaIeHU BO MIPHIIOT.

Tabena 2.1.
bp. | Crynent 3agaua bp. | Ctynent 3agada
1 | Anunu EnBup 3.1 9 |Kapamayocku Jlparan | 4.2
2 | AnremoBa Cnarana 33 10 | JTackoB Anekcanaap 4.3
3 | Bacunescku bojan 34 11 | Mutposcku Jlapko 4.6
4 |Tenos Jlazap 3.7 12 | HakoB Kupo 4.7
5 |I'penaeB Mune 3.8 13 | CnacoBa Mapjana 4.8
6 |Jocudorcku CreBue| 3.9 14 | Crankos Iletpe 4.9
7 | KamueBa Mapuka 3.12 15 | TpenoB Metonu 4.10
8 | Kapagnaxos Camko 4.1 16 | IIBetkoBcku [Jumurap| 4.13

W3nanena na 19.3.2008, pok 3a npeaaBame 10 2.4.2008.

3.1 Viewed from the point of fault, a three-phase system can be repre-
sented by an ideal three-phase, 13.8 kV (rms) generator, with a series
impedance of (0.02 + j0.43) (}/phase. The system is solidly grounded.
A fault-to-ground occurs on one phase when the instantaneous vol-
tage is 3.5kV and declining. Calculate the approximate value of the
first and second peaks of the fault current.

Calculate approximately the maximum force/meter on the phase
and ground buses at a point where they run parallel, 20 cm apart.

3.2 .
A

~
nN
Y
H
]
=<

B o Fig. 3P.1.

Without formal analysis involving differential equations, determine the
voltage V. across the capacitor in Fig. 3P.1 when

a. A step of voltage, V, is applied at the terminals A and B from an
infinite bus

b. A ramp of current, I't, is injected from a current source into the
terminals A and B

3.3 Figure 3P.2 shows two capacitor banks, C, and C,, in a substation. C,
is energized, but C, is discharged. The three-phase, 60 Hz ratings of
the banks are: C,, 5 MVA; C,, 3MVA, on a 13.8kV base. The source
has a short circuit rating of 20 kA rms at 13.8 kV. The inductance of
the loop between C, and C,, represented by L, is 30 wH.
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()
&
[
I
O
L
f
0

Source

. Capacitor banks

Fig, 3P.2,

Calculate the peak transient voltage that will appear on C, and the
peak transient current that will flow in L,, if the switch S is closed at
the peak of the voltage cycle. Point out any assumptions you make.

3.4
L

Fig. 3p.3. =

Figure 3P.3 represents one phase of a three-phase, 69 kV circuit,

containing a source and a capacitor bank C, which is rated at

15 MVA/phase. L =60 pH.

Calculate:

a. The peak voltage that can be attained by C when the switch is
closed and C has an initial voltage of +40kV, recognizing that the
closing can take place at any point in the cycle

b. The time it will take for C to reach this voltage

¢. The peak current during the operation

d. The steady state rms current passing through the switch after the
transient has subsided (any practical circuit would contain some
damping)

S
3.5

o—-—@—@/\

Infinite AY\-
bus 1 Fault

Fig. 3P4. o M
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A line to ground fault occurs as indicated in Fig. 3P.4, close to the
sccondary terminals of a 230/34.5kV transformer. The transformer
has a three-phase rating of 100 MVA; it has 0.1 pu reactance on this
base.

Calculate:

a, The fault current

b. The time to peak of the transient recovery voltage when the circuit
breaker opens to interrupt the fault current. A value of 12.7 nk
can be assumed for the effective capacitance per phase of the
transformer secondary winding.

3.6
\ L:
/C YTV l
C == Cz‘-[ L,
Fig. 3P.5.

The capacitor C; in Fig. P3.5 is initially charged to V. (0); G, is
uncharged. Show that when the switch is closed, the voltage across C,
is of the form

Ve (1) = AV, (0){cos w,t — cos wyf}
Determine the constants A, w,, and w,.
I
3.7
L L, '
X, = 0.008 pu
230 k¥ : X, = 0.00015 pu
f‘? ) @ XC! = 3.2 pu,
rms
ClT CzT Xp = 4.2 pu
Fig. 3P.6. |'

The circuit in Fig. 3P.6 represents one phase of a three-phase
installation in which capacitors can be connected to, or removed
from, a 230 kV bus. The reactances are based on 250 MVA, three-
phase. 3

The switch S, has been closed for some timg. The switch §, is
closed when the supply voltage of this phase is 20° beyond its peak
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3.8

3.9

by
and C, is completely discharged. Compute the lowest voltage and the
highest voltage that the point P attains during the transient disturb-
ance that follows the closing of §,.

A 138 kV/13.8kV, 20 MVA, three-phase transformer has a reactance
of 10% and a resistance of 0.4%. Calculate to a reasonably closc
approximation the peak fault current in the low voltage winding,
under the worst conditions, if a three-phase fault occurs at the low
voltage terminals. For the purpose of the calculation the impedance
of the source can be considered negligible.

If the fault current is interrupted by a circuit breaker on the high
voltage side of the transformer, and if the capacitance per phase of
this winding is 5200 pF, determine the frequency of the transient
recovery voltage seen by the breaker.

Refer again to Problem 3.8. Let us now assume that the impedance of
the 138 kV source is not negligible and that it has the same X/R ratio
as the transformer itself. Let us further state that a symmetrical fault
on the 138 kV bus would develop a fault current of 18 kA rms.

Determine the frequency and relative magnitude of the transient
recovery voltage of the circuit breaker when it interrupts the fault
described in Problem 3.2.

Assume that the stray capacitance on the source side of the breaker
1s 12,000 pF.

L

3 l
c, :F+ Ve (0) S \ L¢

Fig. 3P.7.

The circuit shown in Fig. CLP.'I is designed for “'synthetically” testing
circuit breakers, i.e.. making a meaningful test on a breaker without a
power system or large test generator. The circuit breaker under test,
S,, is initially closed. The test starts by closing S, (this will probably
be some kind of triggered gap), which causes C,, which has been
previously charged, to discharge through S, and the reactor L. The
contacts of S, are opened soon after this current starts to flow. S, arcs
until current zero, at which time, if interruption occurs, the circuit
automatically applies a transient recovery voltage across S,.

It is required to test a breaker with a peak current of 15kA at
60 Hz, and then apply a TRV with a peak of 20kV at 900 Hz. What
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3.11

3.12

should be the values of C,, C,, and L, and to what initial voltage
should C, be charged?
Make a sketch showing:
a. The current through §,
b. The voltage on C, before and after current zero

¢. The TRV

If the X/R ratio of the transformer in Problem 3.5 is 12, calculate the
peak value of the fault current if the fault occurs when the voltage is
70° past its peak.

" C, = 100 uf; C, = 40 uF
2 L,=10mH; L,=20mH

3l
I
b~
[\
A

Fig. 3P.8.

C, and L, in Fig. 3P8 are oscillating; C, and P, are de-energized. The
switch is closed when V. =0 and I, =500 A. Calculate:

a. Peak voltage reached on C,

b. Peak current reached in L,

c. Frequency of the current in L,

d. Maximum voltage on C, prior to closing the switch
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4.1 A 13.8kV, 60 Hz, single phase transformer takes a current of 2.8 A
rms (assumed sinusoidal) at a power factor 0.15 when energized on no
load at its rated voltage. When disconnecting the transformer under
these conditions, a circuit breaker chops 2 A. Calculate the peak of
the voltage transient that ensues due to the chop. The effective

winding capacitance is 2.5 x 10" F.

4.2 l
O
Sl S? /
C = 32 4F
oL L = 120 mH
T R =920
L B g V.(0) = 40 KV
Fig. P4.1.

The switch S, in Fig. P4.1 is closed first, followed 5 ms later by the
closing of switch §,. Determine the current in each branch at the
instant S, closes. Determine the current in L at this time if S, and §,
are closed simultaneously.

4.3
N\

Fig. P4.2,

|

Derive operational solutions for the voltage across C and the current
through L, after the switches closed in Fig. P4.2.
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4.4 Section 4.5 of the text describes how resistors are sometimes used to
modify recovery voltages.

L
Y e o .

]

Fault
D) e

Fig. P4.3.

3

v.lm,:i’?__ kV ems C
V3

e

In the circuit shown in Fig. P4.3 a breaker with an opening resistor
is clearing a 28,000 A symmetrical fault. Its resistor is 800 €2, the bus
capacitance, C =4 x 107" F. What will be the peak TRV? If the
resistor is in the circuit for two cycles, how much energy will it

dissipate?
4.5
C2
T
S \ 1\
-——_o/o._._J_..._._H—_.._‘
R ¢ =2
oL C, = 0.38 4f
LA L = 800 uH
L R =59
Ve, (0) = 75 kv

Fig. P4.4.

After the switch is closed in Fig. P4.4, determine the following:
a. The maximum energy ever stored in L
b. The time before current flows in C,
. The voltage on C, when current starts to flow in C,
d. The highest voltage appearing across C,
Use the curves of Figs. 4.4, 4.6, and 4.7.
4.6 A 138kV substation is operating with a three-phase 90 MVAR
capacitor bank on the bus. A second identical bank (uncharged) is

connected in parallel with the first by closing a switch. The source
reactance is 2.8 () at 60 Hz; the inductance of the circuit between the

(¢
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two banks is 40 wH. What frequencies would you expect to sce in the
transient current that would flow in the switch?

If a resistor of 4.4 () was placed in series with the switch to reduce
the inrush current, what percent reduction would you expect in the first
pcak? It can be assumed that source and capacitor banks have groun-
ded neutrals. '

4.7 An 8 MVAR, three-phase, 13.8kV capacitor bank is to be switched

4.8

4.9

against a similar 20 MVAR bank, the 20 MVAR is already energized,
the SMVAR bank is initially uncharged. A resistor is used in the
connection to control the current and transient voltage. The induct-
ance of the loop between the two capacitor banks is 30 #H. What
value should the resistor have if

a. The peak current is not to exceed 10 kA

b. The peak voltage on either capacitor is not to exceed 10kV

regardless of the instant when the switching occurs?

69 kv 13.8 kv

Transformer

@~
Fig. P4.5. _ﬁ 5—'

Figure P4.5 shows a step-down transformer connecting a 69 kV and a
13.8kV bus. The transformer has 12% reactance and 1% resistance
on a 30MVA base. Its effective capacitance on the L.V. side is
11,000 pF. The impedance of the supply is negligible.

A fault on the L.V. bus is interrupted by opening the circuit breaker
(CB). What will be the peak TRV of the circuit breaker? How soon
after current interruption will it occur? Assume a symmetrical fault
current. Do not waste time solvag this problem formally. Use some

engineering judgment.

A load on a solidly grounded 13.8kV, three-phase bus takes 246 kW
at a lagging power factor of 0.6. The load can be conveniently
represented by a parallel combination of R and L. A capacitor bank,
which improves the power factor to 1.0, is connected in parallel with
the load. The load and power factor correcting capacitor are switched
together, as a unit.

Calculate the peak voltage appearing across the load after it has
been disconnected by opening the switch. It may be assumed that the

supply impedance is negligible.
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4.10

4.12

4.13

SN\ R
o o—AMN
C = 50 uf
L =4 mH
¢ == L R=as5q
V (0) = 20 kV
Fig. P4.6.

Calculate the peak current that will flow after the switch S is closed
in the above circuit, Compute the value of the current 2 ms after S is
closed. Take care to determine exactly when the rectifier becomes
active. What fraction of the original stored energy is dissipated in the
first 2 ms?

A 60 Hz, single phasg, 13.8kV transformer has a no-load current of
3.5/ —83° A rms. When it is disconnected from the system by opening
the circuit breaker, it is found that the transient voltage appearing
across the transformer following current interruption is exactly criti-
cally damped. What is the effective capacitance of the transformer?

For the purpose of this question the transformer can be treated as a
parallel RLC circuit in which the dissipation in the resistor represents
the no-load losses.

Select a shunt resistor for the circuit breaker in Problem 3.11 that
would reduce the magnitude of the TRV for the fault described by
40% .

A 7000 kVAR, 34.5kV, solidly grounded capacitor bank, uncharged,
is being connected to a similar bank of 10,000 kVAR which is already
energized. The inductances between the two banks is 40 uH. A 58
resistor is temporarily inserted in series with the switch to reduce the
inrush current, Determine the peak current with and without the
resistor, assuming that the closing can occur when the voltage is at its
peak. |

How much energy will the resistor have to dissipate during such an
operation?
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Ipumep 2.7. PaszrnenyBame 400 kV Boxm co momkumua ox 300 km w HamomxHU
napametrpu: I = 0,03 Q/km, X = 0,34 Q/km u b = 3,26 uS/km. Toj Ha cpenuHata e
KOMIICH3UpPAaH CO peJIeH KOHJICH3aTOp 4YHWja IMTO peakraHnuja wus3HecyBa 40% ox
peakTaHIjaTa Ha BoJ0T. KOHIEH3aTOPOT ce IITUTH OJ] IPEHAIOHH MPU KYyCH BPCKH Ha BOAOT
CO TIapaJIeTHO MOCTAaBEH OJBOJHMK Ha IMPEHANoHW Koj uMma pedepenteH HamoH ox 100 kV
(cmuka 2.26). BomoT Ha KpajoT € ONTOBAapeH CO YHCTO akTUBHA MokHocT onx 200 MW.
Hamonot Ha cobupuurute 1 m3necysa 400 kV, a BpenHocta Ha cTpyjata Ha TpudasHa Kyca
BpCcKa Ha HMCTUTE cOOMpHHMLM M3HecyBa lks = 16 kA m e mo3Haro aeka OZHOCOT MoMery
AaKTUBHHOT OTIOpP M peakTaHIHjaTta Bo cucteMoT m3HecyBa X/R = 10. Bo momenrot t = 100
ms HacTaHyBa TpudazHa Kyca BpCKa Ha KpajoT o BOAOT (mpekuHyBayoT P ce 3arBopa).
Kycara Bpcka ce nckirydyBa cO MOMOIII Ha UCTHOT MPEKHMHYBAa4OT BO MOMEHTOT t = 150 ms.
Ja ce oxpenu oOIMKOT Ha HANOHOT Ha PEIHUOT KOHAEH3AaTOp M CTpyjaTa BO OABOAHUKOT,
KaKo ¥ HUBHUTE MaKCUMAaJTHU BPEHOCTU HA HATIOHOT 32 CJICJAHUTE J[Ba Clly4yaja

a) PeIHUOT KOHJEH3aTOp € IITUTEH CO OJJBOJIHUK Ha MIPEHAINIOHH,

0) peaHMOT KOHAEH3aTOp € Oe3 3aIlTUTA.

400 kV 40%X,,

Kyca
llSOkm ” 150 km [i_?pcm

P =200 MW

Cruka 2.26. Kyca Bpcka Ha Kpaj 0 peIHO KOMIICH3UpaH BOJ

Pemenue

Mopgenor ¢ mameHn Bo Primer2 7a.mdl m Primer2 7b.mdl, a HeroBmor wm3rien e
npukakaH Ha cnmkata 2.27. IlapameTpure Ha CUTE €JIEMEHTH BO KOJIOTO C€ E€IHAKBU CO
COOJIBETHUTE MapaMeTpu o npuMepoT 2.5 u 2.6 U ce BHeCyBaaT HAa UCHTUYEH HAYMH.

Opn ycnoBOT BO 3aJa4ara 3a peakTaHIMjaTa Ha KOHICH3aTOPOT 100uBaMe

Xc =0,4-Xy =0,4-0,34-300 = 40,8 Q, (2.18)
OJ1 KaJ€ IITO 3a HCTOBHUOT KaIlallUTECT UMaMeE
cert -1 _58105F=78 uF. (2.19)

wXc  1007-40,8

OOnMKOT Ha HANOHOT HAa PEIHUOT KOHJEH3aTOp M CTpyjaTa BO OJHOBHHMKOT Ha
IPEHATOHH 3a CIIy4ajoT MOJ a) € MPUKaKaH Ha ciaukaTa 2.28a, JoJeKa HAallOHOT 3a CIIy4ajoT
noa 0) e mpukakad Ha ciaukara 2.280. MakCUMaHUTE BPEAHOCTH HA HANOHOT HA PEIHUOT
KOHJICH3aTOp U3HECYyBaat

2) Ucmax = 99,1 KV,
6) Ucmax = 380,6 kV

0J1 Kajie mTOo ce 3abeexyBa JIeKa BO CIy4ajoT 0e3 3alliTUTa Ha KOHACH3aTOPOT BO PEKUMOT
CO Kyca BpCKa Ha KpajoT Ha BOJOT HANOHOT HAa HErOBUTE KPAeBU IOCTUTA CKOpO 4 maTu
1orojiemMa BpIHOCT.
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|  napon

To Workspace

| I »[]
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Uody Last
Oscilaskop
i
|- =
Odvodnik lody
RV | S - S RSP Y e s (Y, (0
wod1 N Wod2
Ze Redna kopmenzacija 40% Kusa vrska
K3 =16 k& vot=0.1s
.
400 kv Potrosuvac
200 My
_I_ —I—
a)
|  napon
To Warkspace
| I ol
Uody Oscilaskop
— W[ e — [ = =
wod1 = Yod2
Ze Redna kopmenzacija 40% Kusa vrska
k3 =16 kA vot=0.15

"
@ 400 kv Potrosuvac
200 My

0)

Cruka 2.27. Mopen 3a cuMyJanyja Ha Kyca Bpcka Ha Kpaj o[l peIHO KOMIIEH3UPaH BOJ
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) Osciloskop

S8 LPRL AEE

4000 L
i}

Tirm

Cruka 2.28. O0nHK Ha HATIOHOT Ha PEIHUOT KOHJEH3aTOP MPH Kyca BPCcKa Ha KPajoT O] BOJOT

Ha npumepot on cinukara 2.27a ke nokaxeme Kako ce Kpeupa MoJICUCTEM BO PAMKUTE
Ha €IeH CHCTEM CO IITO IIemMara BO IJIaBHHOT CUCTeM Ou ce ympocTuia. Heka Bo momenor
Primer2 7a.mdl rm cemekrupame peAHHOT KOHIEH3apOT, OJBOJHUKOT Ha MPEHANOH H
OJIOKOBUTE 32 MEPEHE HAMOH U CTPYyja Taka IITO K€ TH MOKa)KeMe €JIeH 10 €JIeH CO TITYLIeIOT
a MCTOBPEMEHO ke ro apxume tactepoT Shift mputucHar. Iloroa KIMKHyBaMe Ha JECHHOT
TacTep OJ TAYIIEHOT U o7 MeHUTo u3bupame Create Subsystem Kako IITO Toa € MPHUKAKAHO
Ha cimkaTa 2.29. [1o u3BpIIyBameTo Ha OBaa orepalja BO TJIABHHOT CHUCTEM ja JoOMBamMe
cocTojbara mpukakana Ha ciukara 2.30.

—= Il

Oovodnik
L] L]
__-_| (_ [—

| | L}
Redna kopmenzacia 40%

Requirements 13

Format 3

Foreground Color ¥
Background Color

Cnuka 2.29. Kpeupamwe Ha NoAcUCTEM
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Cmuxa 2.30. Kpeupan noacucreM Bo paMKUTE Ha IJIaBHUOT CHCTEM

Ha cnukara 2.30 ce 3abenexyBa Jeka pPEAHHUOT KOHJIEH3apOT, OJBOJHUKOT Ha
IpeHarnoH U OJOKOBUTE 32 MEpPEH-E HAMOH U CTpyja Beke I'M HEMa M Ha HUBHO MECTO MOCTOU
€leH MPaBOAroJIHUK CcO 4 MPUKIY4YOLM W HEJacHO MOBp3aHU Bpcku 10 HUB. Co ABOJHO
KJIMKHYBam€ Bp3 TOj MPABOATOJIHUK BIIETyBaMe BO IOJACHUCTEMOT CO IITO HH CE€ OTBOpa HOB
nmpo3open; kako Ha ciukaTta 2.31a. Ha Hea 3abenexxyBaMe Jeka MMOCTOjaT JBa MPHUKITYUYOIH
o3HaueHu co Connl u Conn2 u aBa usne3un ozHaueHu co Outl u Out2. Co cenexTupame Ha
OBHE TEKCTOBHU U MUILYBaKkE MPEKY HUB MPUKIYUYOIUTE I'M 03HAUyBaMe CO + U —, a U3JIE3UTE
CO U M 1 KaKo HITO Toa € MpuKa)xxaHo Ha ciukara 2.310.

L A G
Uadwy Outt Uadw u
=l 2D - ——[ >
Odvadnik ladw e Odwodnik ladw :
et —— o ——
Eonit Redna kopmenzacija 40% SRl i Redna kopmenzacija 40%
a) 0)

Cruka 2.31. YpenyBame Ha BIC30BUTE U U3JIC3UTE O TIOJCUCTEMOT

Ilo nperMeHyBamETO HA MPUKIYUYOLIMTE HA MOJCUCTEMOT HETOMOT U3IJIE] BO PAMKHUTE
Ha TJIABHUOT CHUCTeM Ke Omjae kako Ha ciukara 2.32. Ha kpajoT ocraHyBa ymTe na TH
J0oTepaMe BpPCKUTE KOM IITO OJAT OJf HEr0 KOH OCTAHATHUOT el Of KOJOTO CO LITO IO
nobuBame m3rnenot on cimkarta 2.33. Ilokpaj Toa BO MOACHCTEMOT IO MMaMe€ BMETHATO U
OJIOKOT 3a 3alMIIyBalke Ha CUTHAJIOT Ha HAMOHOT BO paboTHHOT npoctop Bo MATLAB kaxo
TO TOoa € MpuKakaHo Ha ciukata 2.34. Co BakBara NpOMEHa TO J0OMBaMe€ MOJCIIOT
Primer2 7aa.mdl a HeroBuoT u3rien ke Oujae Kako Ha ciukara 2.35.

+ u
L: ) I
—

=
Subaystern '—v[

Cnuka 2.32. Hsrnen Ha MOACUCTEMOT I10 MPEUMCHYBALCTO HAa HCTOBUTE NPUKITYYOL

(I

Osciloskop

LA

= =

Redna komenza

=7 T
Wod1 Wod2

Cnuxka 2.33. HSFJ’IGI{ Ha NOACUCTEMOT IO IPCYPEAYBAKBLECTO HA BPCKUTEC CO OCTAHATHUOT ACI O
CUCTEMOT
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Uodv u
_._||||||_ (2
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* Redna kopmenzacija 40%

Crmuka 2.34. Ilornen Bo BHATPEITHOCTA HA IMTOACUCTEMOT CO TOaeH OJIOK 32 CHUMame Ha HAIIOHOT BO
pabotauoT npoctop B0 MATLAB

—..:I
—>

Osciloskop

Redna komenzacija

—VW—/W"--—HI C [ R w—
o1 Vo2
K
k3 = 15 KA, vgia_\gi :

__I_
@ A00 Ky PotrosLUvac
[ 200 kv
s L.

Crmuka 2.35. Mogen 3a cuMyJaiija Ha Kyca Bpcka Ha Kpaj o peaHO KOMITCH3UPaH BOJ CO KOPHCTCHE
Ha noacucreM (Redna kompenzacija)
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