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KJIFOUYEBBIE CJIOBA

3amuTa Tpanchopmaropa, TOKM 00paTHOM MOCIeI0BATEIbHOCTH, MOJICITHPOBAHUE.

1 BBEJIEHHUE

3a CBOIO IOYTH CTOJIETHIOIO UCTOPHIO MU hEepEeHITNAIBHBIA MTPHHIIAT 3aPEKOMEHI0BaN ce0s Kak
Ha/ICKHBII MHCTPYMEHT B BBISBICHHUH BHYTPEHHHUX NOBpexaeHui. JuddepennmansHas TokoBas
3allMTa TMPUMEHSETCS B KadyecTBE OCHOBHOW OBICTPOJACHCTBYIOIICH 3amUThl TpaHchopMaTopa Hu
MIpeIHa3Ha4YeHa JJIS €0 3allUThI OT BCEX BHYTPEHHUX 3aMbIKaHUM.

Ha coBpemMeHHOM »3Tare pasBUTUS MHUKPOIIPOLECCOPHBIM YCTPONCTBAM PEJICHHON 3aLUThI
yAajJoch TOBTOPUTh  TNPHUHIMIIBI, pPEaJU30BaHHbIE paHee Ha  JJIEKTPOMEXaHWYECKOH U
MHUKPOSJICKTPOHHOH 3JIEMEHTHBIX 0a3ax, B KOTOPBIX KaXIbld u3MeputenbHblii opran (MO)
OpeACTaBIsT  co0OM  (U3MUECKOe  YCTPOHCTBO € COOTBETCTBYIOIIMMH  Trabapurtamu. B
MUKPOIIPOLIECCOPHBIX YCTPOICcTBax peneitHoi 3amuthsl 1 aBToMaTku (P3A) MO peann3oBaHbl B BUE
NPOTPaMMHBIX (QYHKIIHIA, YTO pacUIMpsieT MpUMEHEHNEe MaTeMaTHIecKoro anmapara. Hampumep, ecnu
paHblIe IpoLeaAypa BbIIEICHUS TOKOB 0OpaTHOM MOCIENOBAaTEILHOCTH Obljla TPYJOEMKOH (C TOUKU
3peHrsl 3aJCWCTBOBAHUS JIOMOJHHUTENBHOTO OOOpyAOBaHMS B BuAe (UIbTpa TOKa 00paTHON
II0CJIEJ0BATENLHOCTH), TO B MUKPOIIPOLIECCOPHBIX YCTPOICTBAX ATOT HEAOCTATOK IIPEOIOJIEH.

B pabore [1] mpencraBieH croco® 3amuThl TpaHchOpMaTopa, OCHOBAHHBIN HAa MPUHIIHIIC
CpaBHEHHS TOKOB 0OpaTHOW MOCJIEA0BATEILHOCTH TI0 CTOPOHAM 3alHILAeMOro TpaHchopMaTopa.

Lenb paboThl 3aKITI0YaeTCs B HCCIIE0BaHUH TP QepeHIINATLHON 3alIuThl TpaHcopMaTopa 1o
TOKy oOpatHO# mociexoBarenbHocTd (J30I0) ¢ Toukn 3peHus aHaiaM3a OCHMIUIOTPAMM C peajibHbIX
00BEKTOB, MOJICITHPOBAHUS PEKUMOB M COIOCTAaBICHUS C Kiaccuueckod auddepeHunansHon
3ammToi Tpanchopmaropa (JI3T).

2 OCHOBHAS YACTH

B coBpemennbix nudposeix 3T ucnons3yercs nudpoBoe BHIpaBHUBAHUE TOKOB ILIEY, & TAKKE
KOMITGHCAIIUsI CXEMbl COEJIMHEHUs1 OOMOTOK TpaHchopmaropa. [Ilpu sToM B oOmem ciydae

mupdepenmansupie ok Gas Ly, Lyupp> Lyypc MAKPOIPOLECCOPHBIM yCTPOHCTBOM 3alllUThI

MOTYT OBITh BBIYUCIICHBI 110 (HOpMYyJIe
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31,; — yTpOCHHBIil TOK HyJIEBOH MOCIIEI0BATEILHOCTH CO CTOPOHBI i-0if 0OMOTKHY;
1 — 9UCINO TUIeder quddepeHnaTbHON 3aTUTh.
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HuddepeHnnanbHbIi TOK 00paTHON MOCIeT0BATEIFHOCTH MOXKET OBITh HalleH 1o hopMyIie

!201447 = Zl*zr (3)
i=1

Cy1ecTBOBaHHE OTHOCHTEIIFHO BBICOKOHM COCTABISIIONICH TOKa OOpaTHOM MOCIeA0BATEILHOCTH
camo 1o cebe SIBJISETCS 10Ka3aTeIbCTBOM HApYIIECHHUs B SHEPrOCUCTEME, M, BOBMOKHO, TOBPEKACHUS
B 3allIMIIaeMOM TpaHchopmarope.

PaccmoTpum HecmMMmeTpuuHble KopoTkue 3ambikanus (K3) Ha mpuMepe ABYyXOOMOTOYHOTO
TpaHcdopmaropa:

— IIPY BHEIIHEM KOPOTKOM 3aMbIKaHHH HCTOYHUK TOKOB OOpaTHOH MOCIEN0BATENLHOCTH OyaeT
HaXOAWTCS BHE 30HBI JU(PQPEPEeHIMAILHON 3ammThl. TakuM 00pa3oM, TOK OOpaTHOM
MOCJIeIOBAaTEIFHOCTH BTEKaeT B TpaHc(hopMaTop co cTopoHbl K3, U BEITEKAET ¢ IPyroi ero CTOPOHBI.
JuddepenunanbHplii TOK 0OpaTHOM MOCIENOBATEIBHOCTH OYyIeT CTpeMHUThCsi K Hymo. CormacHo

dopmyne (3), Toku ey /.,; OyayT umets casur das 180°;
— MpU BHYTPEHHEM KOPOTKOM 3aMBIKAaHMM HCTOYHHUK TOKOB OOpaTHOW IMOCIEI0BATENLHOCTH

Oyzer HaxonuTheA B 30He AuddepenunanbHoi 3amuThl. Tokn 00paTHON MOCIeN0BAaTENLHOCTH Oy Iy T
BBITEKaTh M3 TpaHcPopMaTopa ¢ 00eHX CTOPOH, YTO MPHUBOAUT K MOSBICHUIO AU((HEpEeHIHaTBHOTO
TOKa 0OpaTHOM 1OC/IeI0BaTeIbHOCTH. B naeanbHOM citydae TOKH 1ied /.,, OyxyT umeTb casur ¢as
0°.

Anroputm pabotsl 3011 onucanusiii B [1] cBoauTcst K TOMY, 4TO cpaOaThIBaHWE 3aIIHUTHI
MIPOUCXOANT IIPHU OJJHOBPEMEHHOM BBIITOJIHEHUH CIEAYIOIINX YCIOBUM:

— TPEBBIICHWE YCTaBKH YPOBHEH TOKOB OOpaTHOW TMOCIENOBATENLHOCTH IO CTOPOHAM
Tpanchopmaropa;

— pasHocTh (a3 BEKTOPOB TOKOB 00paTHON MOCiIeA0BaTeIbHOCTH MeHee 60 TpaaycoB.

Pexomenmyemas ycraBka [1] o ypoBHIO TOKa 0OpaTHOW IMOCIIENOBATEIHLHOCTH COCTaBIsIeT 4%
0T 6a3UCHOTO TOKA.

C uenpto mposepku anroputMma J30Il cmopenupoBan cuioBoit Tpancopmarop TAH-
63000/110 ¢ rpynmoii coenunennss ooMoTok Y/D-11, coenuHenne 0OMOTOK IpyIIl M3MEPHUTEIBHBIX
TpaHC(HOPMATOPOB TOKA — «3Be3/a» ¢ 00enx cropoH. TpaHchopmaTop mpencTaBiseTcss MaTpUlaMy
AKTHBHBIX CONMPOTHBICHUH Rr M MHIYKTUBHOCTEeH L7. B maHHOM NpUONIMKEHHH, TMOIpa3yMeBaeTCs,
YTO OTCYTCTBYET KakKasi-TMOO CBsI3b MEXIy OOMOTKaMH pa3iM4HbIX (a3, YTO PaBHO IPEICTABICHUIO
Tpex¢azHoro Tpancdopmaropa B Buae Ipynmsl oaHO(A3HBIX TpaHCHOPMATOPOB, MOITOMY MATPHIIBI
Ry n LyuMeror ciaemyrommuii BUI:
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Marpura Ry npencraiseT co00i qrUaroHalbHYI0 MaTPUILy aKTHBHBIX COTMPOTHUBICHHS (a3 k-if
00MOTKH. L7 — MaTpuiia COOCTBEHHBIX M B3aUMHBIX HHAYKTHBHOCTEH (a3 k-if 0OMOTKH.
DJeMeHTHl MaTPUI BBIYMCIICHBI C TOMOIIBIO MACTIOPTHBIX JAaHHBIX TpaHCPOpMaTopa.
CuctemMa ypaBHEHWH, ONMMCHIBAIOIINX TPaHCPOPMATOP, B MATPUYHOM BHUJAE 3alUCHIBACTCS
CIIeTyFOIIAM 00pa3oM:
U= (RT +JCULT)'L
BHemHue menu, MONKIIOYEHHBIE K  TpaHcopMaropy, pacCMaTpHBAlOTCS B BHIE
9KBUBAICHTHOTO McTouHKMKA DJ{C ¢ BHYTPEHHUM COIIPOTHBIICHUEM B BUJIEC SKBHBaJICHTHON HArpy3KH.
C y4JeToM BHENIHHX IIeTIel CUCTeMa ypaBHEHHH MTPHOOpETaeT BU/I;:
E=(R +joL)l;, 4)
RE = R@rww +S1RT’
LZ = L@Hem + SILT’
Is=S,1;,
npeoOpasyromue BEKTOp TOKOB M MaTpPHUIIBI

rne S, S, - MIEPEKITIOUCHHH,

MaTpPUIIBI

CONPOTUBJICHUI U HHTYKTUBHOCTEH;
I, —uckoMblil TpeoOpa30BaHHbIN BEKTOP TOKOB;
R sHeut
Ry, L, -
CYMMapHOH MOJIEIH.
CoBpemennble J[3T BBINONHAIOTCS C TOPMO3HOW XapaKTEPUCTHKON W IuddepeHunansHon
TOKOBOW OTCEYKOH, BBIIOJHEHHOW ©0€3 TOpMOXKEeHus. B TepMuUHamax OCHOBHBIX —3allWT

tparchopmaropo OO0 «UL] «bpecnep» cepun TOP 300 A3T 5XX peanuzoBaHa TOPMO3Has
XapaKTepUCTHKA, TPECTABICHHAs Ha pUC. 2.

sHew L — MaTpulibl OIMUCHIBAONINEC BHCITHUEC LCTIN;

OKBUBAJICHTHBIC MATpHUIblI AKTHUBHBIX COHpOTI/IBJ'IeHI/Iﬁ n I/IH,Z[yKTI/IBHOCTeI‘/II
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Puc. 2: Topmo3sHas xapakrepuctuka 13T

IIpu cpaBuenun anroputmoB 3T u A30I1 paccmaTprBaniuch ClIeIyIOMNE PEKUMBIL:
— mexnydasnoe K3 na BeiBonax HH ¢az B u C;
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— tpexdasznoe K3 Ha BerBomax HH.

BH HH
* A A~
=1 ; / \ f l*
PLEMIL \ J_L\ A/ - —

Puc. 1: Monems mexaydassoro K3 Ha BeIBozax TpaHchopmaTopa

Ornpeziensioch MaKCUMAaIbHOE 3HAUYEHUE Rjer, OM, IIPU KOTOPOM MPOUCXOAUIIO cpabaThIBaHUE
3QIIUTHL, a TAKKe KOAYGUINECHT YyBCTBUTEIBHOCTH 3aIUTHl K, IPH METAUTNYECKOM 3aMbIKaHHU (R,
=0).

[TpoBepka uyBcTBUTENbHOCTU 3T mpon3BoAnTCS rpaduyueckuM CIIocOOOM, OTHMCAaHHBIM B [6],
P MUHUMaJIbHOM BHyTpeHHeM Toke K3.

Koadpdumment uysctButensaoctu 3011 ompenensiercss o BEIpaKEHHTO

I
_ Kmin
K=
Cc.3.
rac ]Kn’]il’l — MHHHMAJIbHOC 3HAQYCHHEC TOKa O6paTHOI71 MoCJI€A0OBATCIIbHOCTH B MECTC YCTAaHOBKU

3aIlUTHI OpH pacueTHoM Buze K3;
I - — TOK Cpa6aTI>IBaHI/ISI 3alUThI.

Verasku [3T BIOpansl crnenytomue: L = 30%, Lo = 100%, Kigpwz = 50%, Ligpws = 250%,
RTopM3 = 70%, [/ILTO = 600%

VYcraska cpabareiBanus 3011 mo ypoBHIO Toka 00paTHOM MOCIEI0BATENFHOCTH ObLIa IPUHSTA
paBHoi1 4%, 1o pa3Hoctu das — 60°.

OkcnepuMenTsl pousBoaurch npu 100% 3arpyske Tpancopmaropa u yriie Harpy3Kd COSQ =
0.85. PesynbTatel npuBeieHb! B Ta0uie 1.

Mexaydaznoe K3 Tpexdaznoe K3
Kq Rfmax . OmMm Kq Rfmax, Om
J3T 19,62 144 16,22 71
J30I1 15,45 355 — —

Taba. 1: Pe3ynpTaTsl NpOBEPKU UYBCTBUTENBHOCTH

Pe3ynbraTel  EMOHCTPUPYIOT BBICOKYIO dyBcTBHUTENnbHOCTh J[30Il K mepexomHomy
COTIPOTHBIICHHIO IPH HECUMMETpUIHOM MexayPpasHom K3. OqHako npu cMMMeTpHYHBIX Tpex(a3HbIX
K3 B ycraHoBuBIIEMCS peXHME aJrOpUTM He cpadaThiBaeT, BBHAY NPHUHLIMIA CBOETO ACHUCTBHSL
Knaccuaeckas [I3T cpabateiBaeT npu obonx Bugax K3. O6a anroputma yaoBIETBOPSIOT TPEOOBAHUIO
1o uyBctBuTeabHOCTH [7] — K\, > 2,0.

Ha puc. 3 mnpeacraBneHa ocumiuiorpamMma BHyTpeHHero K3, a Takke pe3ynbraThl €€
00paboTKM — aMIDIUTYIsI TOKOB OOpaTHOW TmocieaoBaTelbHOCTH 1o cropoH BH w HH
TpaHchopMaropa M pa3HOCTh a3 Mexay HUMH. [lo Mepe HacTyIUIeHHS KOPOTKOT'O 3aMBIKaHHUS
aMIUTUTYIBl TOKOB OOpaTHOM IOCIIeZ0BaTEIbHOCTH BO3PACTalOT, pa3sHOCTb (a3 crpemutcs k 0°.
MoskHO caienath BBIBOA, YTO KOPOTKOE 3aMBbIKaHHe BHyTPEHHEE.



CoBpeMeHHble HanpaBneHUs pa3BUTUS CUCTEM perieHOM 3alUTbl U aBTOMaTUKN 3HEProcUcTemM
01 — 05 nroHa 2015 r., Coun

) AT s aaloanl aal o

\ | v
i OETn
| BV RS TR IV DIN DR

’ WY : "

OGO,

-

_300 300 400 500 600 700 800 900 _300 300 400 500 600 7(')0 800 900
a) Toxu a3 croporst BH, A 6) Toku ¢a3 croponst HH, A
1 {\ 1
0.8 Al 0.8 N
0.6 0.6 \ 2
0.4 0.4 \ /\
0.2 / UA 02 /
SOO 300 400 500 600 700 800 900 800 300 400 500 600 700 800 900
B) Toxk 12 croponsl BH, A (BTOp.) r) Tok 12 croponst HH, A (BTop.)
200
100
0 A

I Y

_rﬂﬂ-ﬂmJ V /]

-2
0?00 300 400 500 600 700 800 900

1) Pasznocts ¢a3 Toxos 12 BH u 12

Puc. 3: Ociuutorpamma BHyTpenHero K3 u ee 00paboTtka

BaxxHbIM PEXUMOM Uil NMPOBEPKH PabOTOCHOCOOHOCTH 3aIUUT TPaHC(HOPMATOPOB SIBISETCS
pexxum  Opocka HamarHmumBatomiero Toka (BHT). OcoGennoctsto BHT mnpu  BritoueHHn
TpaHcopMaTropa Ha XOJOCTOM XOX SBISETCS HalW4he TOKa TOJBKO B OOMOTKax C MHUTAromen
CTOPOHBI.

Ha puc. 4 npeacraBneHa ocuuwuiorpaMMa TOKOB cTopoHel BH mnpm  BrimtoueHuu
Tparcdopmaropa u BeeneHHbli Tok 12. Toku co ctoponst HH oTcyTcTBOBaNmM, MO3TOMY Ha pUCyHKE
HE IIPUBE/ICHBL.
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Puc. 4: Ocuuuiorpamma BHT u ee 06paboTtka

OcHoBHBIE 3aIIUTHI TpaHchopMaTopa AOJDKHBI OBITH OTCTpoeHbl OoT pexkuma BHT, xoropsrit
MOXKET CIPOBOIMPOBATh JIOXKHOE JnelicTBue 3ammThl. B coBpemenHsix J[3T pacmpoctpaneHa
OTCTpOWKA OT JIaHHOTO PEXUMa € TIOMOMIBIO OJIOKMPOBKH MO0 OTHOCUTEIHLHOMY COJICP)KaHHI0 BTOPOH
TapMOHHKH B TOKaX.

Beuay orcyrctBusi TokoB ctopoHsl HH Her ycmoBmit ansi cpabateiBanms 3011, takum
obOpa3om, He TpeOyercsi ONMONHHUTENbHAs OTCTpolka oT pexkumoB BHT mnpu BrimoueHnn
TpaHcopMaTopa Ha XOJIOCTOH XOJ.

3 3AKJ/IIOYEHHUE

HUccnenoanust nemoHctpupytot, urto I30I1 obnamaer m0CTaTOYHONW YYyBCTBUTEIHLHOCTBIO K
Mexy(ha3HeIM 3aMbIKaHUsIM Ha BbIBojiax HH monmkaromero tpancdopmaropa. HemanoBakHbIM
spnsiercst ¢akt Toro, uro J3OIl mo npuHnmmy neiictBusi orctpoeHa oT BHT, Bb3BaHHBIX
MOCTAaHOBKOM CHJIOBOTO TpaHC(hOpMAaTopa MoJ| HalpsHKeHUSI.

CrocoGHOCTh TPWHIMINA JTUKBHAUPOBATH KOPOTKUE 3aMBIKAHUS TOATBEPXKIIEHBI HMpHUMEpaMu
OCITIUITIOTPAaMM  peabHBIX TOBPEXKIEHUA © pe3yabratamMmu wmogmenupoBanusa. JI30I1 obOmamaer
MPEUMYIIECTBOM B YaCTU MPOCTOTHI 3aJ]aHHs YCTaBOK CpadaThIBAHUSI.

Opnako JI30OI1 HecmocoOHa momHOCTEO 3ameHuth JI3T, B TOM uYucie MO TpPUYHHE
HEYYBCTBUTEIIBHOCTH K CUMMETPHUYHBIM MOBPEXACHUASAM, HAIPUMED, IIPU BKIFOUECHUH 3a3E€MIISIOLIETO
pa3beIMHUTENS BRIKIIOYATEIS.
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Lenbto qanpHeWnX uccaenoBanui spisierca padora anroputMoB 3011 u 3T npu BUTKOBBIX

3aMBIKaHUSAX B CHIIOBOM TpaHc(popmarope.
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S.4-2. Distance Protection Performance Analysis

Abdelsalam Omar
General Electricity Company
Libya

Keywords—distance protection, magnetizing inrush, power swing, dynamic model of protection relays, simulation.

I. INTRODUCTION

RADITIONAL analysis of protection system performance involves  comparing phases (currents,
voltages ,impedances , etc ) against theoretical characteristics of the relay. In the case of a distance
protection, a complex R/X plane impedance characteristic is normally used for this purpose. This approach is
fairly simple and requires only knowledge of magnitude and phase of currents and voltages. In certain
situations when secondary waveforms are distorted by higher-order or sub-harmonics, however it is possible
to have an effect on the performance of the protection device.

The work presented herein is concerned with the impact of the transformer magnetizing inrush phenomena and
power swing on the performance of the impedance-based protection relay. The study demonstrates how the
relay 7SAS511 respond to the distorted waveforms and power system disturbed.

Dynamic Relay Modeling

An accurate dynamic model of the relay is essential for detailed study of distance relay response. The
methodology involves creation of the model based on available documentation [1]-[5], followed by an
extensive validation tests in which the performance of the model is compared against the data obtained
from actual devices numerical distance relay 7SAS511(20samples/cycle), relay model block diagram is
shown in fig.1, due to transient components as well as time delay caused by filter, the impedance’s calculated
by the relay algorithms do not converge directly to the fault distance even after data window occupies post
fault values. After a fault, resistance and reactance loci calculated by the method described in [1], progress
from an initial point to points corresponding to fault distance. As can be seen from algorithm, three
sequential samples of data [current and voltage] are required for calculation. Thus, the evaluation of R
relay model response during multiple fault which confirm
correct fault type classified and fault direction. Fig7 show the relay model response for fast power swing.

Samplez
. filker va,vb,ve
! anti-aliagin v il iaib.ic jo Differential Equation R.x
g Lrigital q
4’| lowipazs filter — cogine filte[}_ algorithm
-
Samples
ia,ib.ic jo
- Fault loop
Fault Selected

[lassification

Fig.1Distance Relay model block diagram
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Fig.2. Unfiltered secondary voltage
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Fig.3.Voltage waveform filtered by anti-aliasing LPF

Fig.4.the output of digital cosine filter and average filter

Fig.5.Impedance trajectories as seen by relay model for 0'and 90" fault inception angle
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Fig.6.Imedance locus during multiple faults
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Fig.7. Impedance trajectories during fast power swing

Magnetizing Inrush case study

Magnetizing inrush current occurs in power system when unloaded power transformers are energized.
The current during first few seconds is relatively high and is distorted due to the effects of transformer core
saturation. The case study was built using ATP/EMTP Program in order to simulate the inrush phenomena
under realistic conditions. The system configuration and network parameters used for simulation are
presented in fig.8. The worst case scenario was taken into account; i.e circuit breaker cb; was closed at
the zero voltage instant and residual flux in the core of transformers of negative nominal value (®y). The
current peak value obtained was 3827.3A.The simulation result is presented in fig.9.The simulated primary
currents and voltages were subsequently converted into secondary values by means of the specially
developed transducer models ( i.e., CT’s and VT’s based on [6]), secondary values of simulation results
filtered by anti- aliasing low pass filters and average filter as shown in fig.10.and fig.11 respectively. The
investigation was carried out in order to establish the impedance setting at which the relay starts “seeing”
the inrush current within zone3 reach. Fig.12. show the impedance trajectory as seen by relay model during
transformers inrush period. The impedance seen by relay model was within zone3 reach (22.4Q).
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System infeed:
526WVA
Line parameters:
Z4=0.08862+j0.4112 ohm/km
Zp= 0.27580+J0.5720 ohm'km
Transformers:
Sy = 300MVA; Uy Mgy =220V 8KV
W oog =19% : linrushMax = 5.151,
CT= ratio: 200/
WT's ratio:220ke/110v

Fig.8.System configuration and data of case study
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Fig.12. Impedance seen by distance relay model during
transformers inrush

C .Slow Power Swing Case Study

The work presented herein is focuses on the impact of changes in the direction of the power flow due
to the line switching. Such disturbance causes generators on the system to accelerate or decelerate to adapt
the new power flow conditions, which in turn leads to slow power swing. The study concerning the
impacts of slow power swing causes by sudden changes in power flow direction on performance of power
swing blocking element setting of distance relay. Collecting an event of actual case slow power swing
occurs in Libya East 220kv Network fig.13, the consequence of power swing, some GT’s losses stability
and trips by Generator and turbine protection. The swings were stay for a period of 2seconds. Oscillations
are characteristic for phase currents and voltages as well are presented typically in fig.14, a typical
impedance trajectories caused by sudden changes in power flow direction due to line switching shown
in fig.15, The result of slow power swing causes the impedances measured by a distance relay to move
away from normal load area into its power swing polygon [PPOL], starting characteristics polygon
[APOP] and a activates power swing blocking element to prevent relay tripping. The case study verified
the validity of the algorithms of relay model and approved the settings of power swing blocking element
of actual relay was satisfied.
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Fig.13.System Configuration

Fig.14.phase voltage and current at relay point during system slow power swing
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Fig.15. Impedance Trajectories during slow power swing as
seen by relay model

II. CONCLUSIONS

1-  Simulation tests have been performed to demonstrate the operation of actual relay algorithm.

2- The impedances trajectories after fault were depends on fault inception angle, digital filter type and relay
algorithm.

3- During transformers inrush phenomena the distance relays would see as a fault at zone3 reach, this
limit will vary with system configuration, transformers capacity and magnetizing inrush scenario.

4-  The relay model was successfully used to test power
swing blocking element of actual relay algorithm.

5- For particular case study, the operating characteristics of power swing blocking element was secure
correctly to detect big sudden changes in power system as well as oscillations, which appear during
emergent system operating condition.
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1 INTRODUCTION

Ensuring the correct setting and installation of FEthermnet networks wused for
communications-assisted protection, safety, and automation is critical. Reconfiguration algorithms
must detect internal network faults, enable hot-standby links, and redirect data flows, while remaining
secure against delaying or damaging Ethernet packets. The ability to use shared bandwidth and to
multipurpose Ethernet connections on microprocessor-based relays, controllers, and other digital
devices has simplified physical installations, while complicating device settings and configuration.
Many of these sensors, controllers, and communications network devices include better
commissioning features and standalone tools than those available with older, traditional, standalone
relays and devices. However, installation and commissioning remain complicated when the features
and tools are not used or understood.

Installation and settings errors continue to be widespread, implying a need for more rigorous
commissioning tests. IEC/TR 61850-90-4 network engineering guidelines [1] and other technical
references describe the need to perform specific and measurable performance tests of Ethernet
networks as part of each network design verification, then during factory acceptance tests, and finally
at site acceptance.

Even with greater commissioning effort, occasional communications problems develop over
time. These problems can best be resolved by analyzing application and communications performance
data stored within the digital devices. In the interest of reducing communications misoperations, this
technical paper shares practical lessons learned through experience with troubleshooting, diagnosing,
and correcting in-service Ethernet networks. These examples are important for all users and designers
of Ethernet communications to review because they represent mistakes that are easy to make, hard to
diagnose, and difficult to correct after the fact.

2 DIGITAL SIGNALING TRANSMISSION, TRANSFER, AND TRANSIT TIME
REQUIREMENTS

Digital signal transmission time describes the time between the detection of signal status change
of state in a publisher device, the subsequent publication of this signal in a digital message, and finally
the recognition of that change of state in the logic in the receiver device. The transfer time specified
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for an application is the time allowed for a signal or data exchange to travel through a communications
system. IEC 61850-5 describes transfer time, shown in Figure 1, as the time between the action of
communicating a value from the logic processing of one device to the logic processing within a second
device as part of an application [2]. Transfer time includes the transit time and the time it takes to
execute the communications-processing algorithm which encodes the message in the source physical
device (PD) and decodes the message in the destination PD. The transit time is the time it takes for the
message to travel through the communications network.
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Figure 1: Application, transmission, transfer, and transit time based on IEC 61850-5

IEC/TR 61850-90-4 network engineering guidelines clarify performance requirements and test
requirements. Of note, they simplify the discussion of transfer time requirements by documenting time
classes for different types of messages and their associated transfer times, as shown in Table 1. These
guidelines allow network engineers to accurately specify and design local-area networks (LANS) to
satisfy a transfer time class without needing to understand the underlying protection and automation
applications [1].

Transfer Time Class Transfer Time Application Example
TTO >1,000 ms Files, events, and log contents
TT1 1,000 ms Events and alarms
TT2 500 ms Operator commands
TT3 100 ms Slow automatic interactions
TT4 20 ms Fast automatic interactions
TTS 10 ms Releases and status changes
TT6 3 ms Trips and blockings

Table 1: IEC 61850 transfer time requirements [1]

The IEC/TR 61850-90-4 network engineering guidelines technical report defines latency of
communication as the delay between the instant that data are ready for transmission and the moment
they have been completely received at their destination(s) [1]. IEC 61850-5 describes the traffic
recommendations specific to IEC 61850 [2]. It does not identify the other necessary traffic on the
IEC 61850 Ethernet network for maintenance, telephony, video surveillance, and so on.

TTO through TT6 in Table 1 illustrate time classes that satisfy different types of applications
within a multipurpose communications network using protocols including those within the IEC 61850
standard. The IEC 61850 transfer time requirement for digital signals as part of a
communications-assisted protection scheme is identified as TT6 in Table 1. IEC 60834 requirements
for security, reliability, and dependability are met if the system meets the 3-millisecond transfer time
99.9999 percent of the time and has a delay no longer than 18 milliseconds for the remainder [3].
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Questions that must be answered by engineers and technicians during design and
commissioning include the following:

1. How do I verify that the Ethernet switches are configured properly for the signal message
parameters?

2. How do I validate the time duration between a power system event and a subsequent mitigation
reaction in a remote intelligent electronic device (IED)—representing the total signal
application time—via an Ethernet signal application?

3. How do I validate the transmission time duration between the detection of an event in one IED
and a subsequent mitigation reaction in a second IED?

4. How do I validate the transfer time duration between the publishing of a message in one IED
and subsequent message processing in a second IED?

5. How do I validate the transit time duration of message delivery between IEDs?

6. How do I verify the impact of failure and reconfiguration on a hot-standby Ethernet network
path for each of the previous questions?

7. Will the signal channel be affected if | expand the network?

8. How do I verify that all published Generic Object-Oriented Substation Event (GOOSE)
messages are getting to each destination?

For each of these questions, network, protection, and automation engineers often ask: How
would I know during the design phase? How would I know during a factory acceptance test? How
would I know during on-site commissioning? How would I know as part of ongoing monitoring [3]?
This paper promotes methods to test and diagnose the functionality and the performance of devices,
LANSs, and wide-area networks (WANSs) to satisfy the reliability of packet delivery and the speed with
which packets are delivered. Many other questions about the IEDs, protocols, and Ethernet message
configurations that are equally important to signaling are outside the scope of this paper. Signaling via
digital messages requires that specific engineering best practices be used during specification and
design. Best practices to deploy Ethernet LANs are discussed in detail in [3] and include fast and
efficient spanning tree algorithm processing in switches configured in a ladder topology.

Once these best practices are deployed in the design and construction of networks of IEDs to
perform mission-critical applications, it becomes very important to also design methods to test and
validate performance.

3 VERIFYING CORRECT LOCAL-AREA AND WIDE-AREA VIRTUAL LAN (VLAN)
CONFIGURATION

Before testing network performance, it is necessary to verify that the perimeter and backbone
ports are configured correctly. For normal operation and for every failure mode, each perimeter port
must demonstrate correct message ingress and egress. This test is performed via a network
configuration tester and monitor, as shown in Figure 2a. Best practice is to connect the monitor to the
second Ethernet port of the PD and configure the PD to pass through all traffic received on the first
port out of the second port. If the PD does not support this capability, disconnect the network cable
from the PD and plug in the monitor for the brief duration of the test. Every message configuration
combination of the media access code (MAC) address and VLAN is published into the network, and
the display shows which messages successfully egress each perimeter port [3]. This answers
Question 1 from Section 2. For example, when the network tester publishes 150 unique GOOSE signal
messages with VLANSs from 1 to 150 into the network, the network switch configuration is verified
via the network configuration monitor within seconds. The human-machine interface (HMI) on the
network configuration monitor illustrates that the network correctly segregates traffic and only permits
GOOSE signal messages that match the configuration of the in-service GOOSE and sampled value
messages to egress the network to the PD.

Validation of each specific GOOSE exchange is performed by adding an annunciation function
in the signal payload. This validation is performed by triggering annunciation at the subscriber to
visibly illustrate success. This annunciation element is triggered via a pushbutton on the publisher IED
and mapped to an LED or other display on the subscriber front panel. Witnessing the LED on the
subscriber change as a result of the pushbutton on the publisher gives immediate confirmation that the
signal exchange is configured correctly and that the network is configured to pass the message. This
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test will succeed even if unwanted traffic is present. The network configuration monitor is necessary to
confirm that no unwanted messages are allowed via the network configuration.
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Figure 2: Network configuration tester and monitor topologies (a) and test network (b)

4 VALIDATING ELAPSED APPLICATION TIME BETWEEN DETECTED EVENT AND
RESULTING MITIGATION ACTION

The total signal application time duration between a power system event and a subsequent
mitigation reaction performed by a remote IED (see Question 2) is measured using synchronized logic
IEDs (SLIs). These SLIs are attached to laboratory and in-service systems to simulate power system
actions and monitor IED reactions for test purposes. These SLIs have high-accuracy synchronization
to an IRIG-B time source, create high-accuracy digital Sequential Events Recorder (SER) reports, and
have time-synchronized logic processing. This time-synchronized logic makes time duration
calculations and absolute time stamping more accurate than in protection IEDs (PIEDs) synchronized
to the power system. The SLIs trigger logic precisely at the top of the second with 1-millisecond
accuracy and, when synchronized to the same time source, they start test activities at precisely the
same point in time regardless of geographic location [3].

Using synchronized logic, SLI1 in Figure 2b triggers a simulated power system contingency
change of state via a contact output wired to a contact input on PD1 precisely at the top of the second.
SLI2 starts a timer at the top of the second. After detecting a contact input, PD1 publishes GOOSE
messages with change-of-state data and sends them to PD2, which then closes an output contact as a
mitigation reaction. SLI2 detects the PD2 output as a contact input and stops the timer as the total
signal application time duration. SLI timers experience error from 0 to 1 millisecond due to a
2-millisecond operating cycle and precision starts. For verification, the SLI1 output contact is also
temporarily hardwired to SLI2, and the time duration between the two input contacts on SLI2 is
separately measured to confirm the accuracy of the top-of-the-second timer in SLI2. This means that
multiple SLIs can be distributed over any distance and create precise-time measurements via digital
messaging alone when synchronized to the same time source. The typical duration of mitigation
applications based on digital signal exchange and contact output action is measured to be less than
14 milliseconds, as seen in Table 2. This answers Question 2 in Section 2. Redundant GOOSE signal
messages are published at periods of 4, 8, and 16 milliseconds after the initial GOOSE message
resulting from the change of state. If the first published GOOSE signal message after the change of
state is not delivered successfully, the redundant publication 4 milliseconds later triggers the
mitigation output in less than 18 milliseconds. This burst of redundant signal messages ensures that the
transfer is executed within the required 20 milliseconds even if the LAN experiences a failure that
lasts 15 milliseconds. Methods to design and validate LANs to recover from failure within the
maximum duration of 15 milliseconds are accomplished by way of the ladder topology [3].

Application Time

Transfer Time (Digital Input to Digital Output)

Signaling Messages LAN Recovery Time

Ist (to) No failure <3 ms <14 ms
2nd (ty + 4 ms) <3 ms <@ ms <18 ms
3rd (to + 8 ms) <7 ms <12 ms <22 ms
4th (to + 16 ms) <15 ms <20 ms <30 ms

Table 2: Measured and calculated application time duration for a PIED with 2-millisecond operating cycle
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5 VALIDATING SIGNAL TRANSMISSION TIME AS PART OF AN APPLICATION

IED, SLI, and PD are abbreviations for computerized products that perform intelligent control
and monitoring. PIEDs are devices that track the power system and whose clocks are synchronized to
a time source, but their operating cycles are synchronized to the power system. Therefore, input
measurements and signals are detected, time-stamped, and recorded as SERs at some unknowable time
within the operating cycle. As a result, time-stamp accuracy varies from being exactly correct to being
nearly one full operating cycle late. The end result is that the time stamps of inputs are inaccurate by
0 to 1/2 of an operating cycle. For PIEDs operating every one-eighth power system cycle, input errors
vary from 0 to 1.04 millisecond for a 60 Hz system, and from 0 to 1.25 millisecond for a 50 Hz
system. For PIEDs operating every one-quarter power system cycle, input errors vary from 0 to
2.08 milliseconds for a 60 Hz system, and from 0 to 2.5 milliseconds for a 50 Hz system. The output
time-stamp error for both PIEDs is zero because the operating cycle processes the output and the
time-stamp function consecutively in the code. Unfortunately, because the starts of the operating
cycles in the source PIED and in the destination PIED are not perfectly synchronized, SER records
contain errors relative to absolute time as well as to each other. SLIs that are designed to correctly
compensate for the time duration of input measurements and to operate at a 2-millisecond cycle will
time-stamp the inputs accurately.

Transmission time duration, as shown in Figure l—where the PDs are actually PIEDs—is
calculated as the time difference between the time stamp in the SER for the contact input detection in
PD1 or SLI1 and the time stamp in the SER of the signal reception in PD2 or SLI2 in Figure 2b. When
an external trigger is synchronized to the top of the second, the error in the transmission time duration
based on the delta time stamp method includes a physical input time-stamp processing error on the
publisher and a digital message processing time-stamp error on the subscriber. The application time
test is performed via an additional application timer test element in the actual signal GOOSE message.
Using the actual signal GOOSE message provides vital performance information and acts as a
persistent confidence check. The application timer test element provokes an SER in the subscriber and
is used to trigger subscriber logic to publish a return GOOSE message that contains a second
application timer test element. IEEE refers to this as a ping-pong test, but it uses GOOSE messages
rather than a ping command. Ping time is the duration of one direction, and pong time is round-trip.

Although the method of using SER time stamps to calculate transmission time is useful and
relatively easy, the error introduced by the asynchronous processing cycles is statistically large
compared to the expected values. Therefore, with existing IEDs, it is possible to get an accurate
understanding of application times, but it is not possible to get a precise time duration calculation. The
time duration calculations within the PIEDs have enough accuracy to confirm when the applications
are working correctly and—more importantly—when they are not. Interestingly, error values are the
same for the test case where the transmission time duration is calculated by a timer in SLI2 and PD2.
SLI1 and PD1 are triggered by internal logic to publish a test GOOSE signal at the top of the second
each minute. As described in the SER test method, this is best done via an additional test element in
the actual signal GOOSE message. A timer is started at the top of the second of each minute in SLI2
and PD2 logic and is stopped upon receipt of the test GOOSE signal from SLI1 and PD1. This test
case can run permanently and act as a system self-test. These measured values are monitored, and if
the transmission time exceeds a threshold value, an alarm is sent to supervisory control and data
acquisition (SCADA) and displayed on the IED front panel, and an email is sent to a technician. This
is an automatic method to answer Question 3 in Section 2. This can only be confirmed in real-time and
in an ongoing fashion, as required by the network engineering guidelines via self-test mechanisms in
the IEDs [1].

For IEDs that are not capable of starting logic based on clock time, such as top-of-second, it is
necessary to use a variation of the IEEE ping-pong test to calculate, rather than measure transmission
time. In this test, an additional test element in the actual signal GOOSE message or a separate GOOSE
message is published, and a timer is started in SLI1 and PD1. SLI2 and PD2 are programmed to
immediately publish a pong test signal message of their own in reaction to receipt of a test signal from
SLI1 and PD1. Using this method, the round-trip transmission time is the result of the timer stopping
in SLI1 and PD1 when they receive the pong test signal from SLI2 and PD2. This round-trip time is
referred to as the pong transmission time, and the time divided in half is the ping transmission time,
which is an approximation of a single-direction signal transmission time. The ping-pong transmission
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time calculation is also done automatically in IEDs capable of top-of-second logic execution in order
to perform a real-time signal application self-test. For each of these tests, the change of state is
controlled automatically for repetitive testing of large numbers of samples or by a front-panel
pushbutton on an IED for in-service samples. This method is an automatic and constant way to
calculate an answer for Question 3 in Section 2.

6 VALIDATING SIGNAL TRANSFER TIME AS PART OF AN APPLICATION

Transfer time, as seen in Figure 1, is not directly measurable in IEDs because they do not
time-stamp the receipt of messages, but rather their logical reaction to the contents. Therefore, transfer
time is actually a calculated value equal to the transmission time minus the duration of the IED
processing cycle. This is done manually with the transmission time calculated using the SER method
or automatically in the logic of the IEDs performing the ping-pong test. This calculation answers
Question 4 in Section 2.

Keep in mind that when additional traffic is allowed on the perimeter ports, it also affects
processing in the IEDs.

7 VALIDATING SIGNAL TRANSIT TIME AS PART OF AN APPLICATION

Transit time, as seen in Figure 1, is not directly measurable in IEDs because IEDs do not
time-stamp when messages enter and leave the LAN. There are sophisticated and expensive test tools
that are used to measure transit time. However, with knowledge of Ethernet switching methods, transit
time can be easily calculated to answer Question 5 in Section 2 [3]. Be aware, however, that analyzer
tools based on nondeterministic operating systems, such as Microsoft® Windows”, capture data but the
time-stamp accuracy varies widely regardless of the apparent resolution, and the tools are not useful
for latency and duration measurements.

It is most important, however, to understand the change in transit time, if any, as a result of
LAN failure and recovery. Hundreds of thousands of failure scenarios have been tested that provide
enough data to answer Question 6 in Section 2 [3]. When using a ladder topology, the longest path that
a GOOSE message travels includes two perimeter cables at 100 Mbps, three switches, and two
backbone cables at 1 Gbps. Meanwhile, other Ethernet traffic is segregated so that it does not have an
effect. Transit time through a correctly operating ladder topology LAN is 30 microseconds. The time
to recover from failure modes varies from 1 millisecond to less than 15 milliseconds, depending on the
type and location of the failure. Therefore, transit time is calculated to vary from 30 microseconds to
15 milliseconds. However, if the LAN is based on any other design, such as a ring, transit time cannot
be calculated due to the influence of other Ethernet traffic, and it needs to be tested. Reconfiguration
of any other topology is much longer than 15 milliseconds for every type and location of failure.
To know the reconfiguration time, it is necessary to test each possible failure scenario after
installation. For non-ladder LAN topologies, on-site testing after each topology change is necessary to
answer Questions 6 and 7 in Section 2. However, the elegant design of the ladder topology creates an
answer for both questions that does not change as the network grows and changes.

8 VALIDATING CORRECT DELIVERY OF ALL GOOSE SIGNAL MESSAGES

The only accurate way to monitor the correct delivery of GOOSE signal messages is to keep
track at the receiver. The construction of the GOOSE message includes sequence numbers and state
numbers to communicate when data changes and to uniquely identify each consecutive message. Each
subscriber IED must monitor these parameters and record any abnormalities in signal message
delivery. Figure 3 illustrates subsets of internal IED diagnostic reports that provide information on the
subscription activity to a GOOSE signal application as well as an 87L application. These internal
diagnostics provide the answer to Question 8 in Section 2.



Actual Trends in Development of Power System Relay Protection and Automation
1-5 June 2015, Sochi (Russia)

@ (b) [B7L APPLICATION STATUS

High Lost Packet Count (v)
High Latency (y)

High Asymmetry (z)
Round-Trip Delay (ms) (aa)
Transmit Delay (ms) (bb)
Receive Delay (ms) (cc)
Asymmetry (ms) (dd)

Lost Packet Count 40s (ee)
Lost Packet Count 24hr  (ff)

Figure 3: Internal IED GOOSE reception diagnostics (a) and 87L packet exchange diagnostics reports (b)

9 TROUBLESHOOTING AN IN-SERVICE SYSTEM EXPERIENCING GOOSE
PROBLEMS

9.1 Understanding the Symptoms

While commissioning an upgrade to an in-service network, it was found that
wide-area-distributed communications-assisted remedial action schemes (RAS) were operating less
quickly than they had previously. These mission-critical applications were performed via GOOSE
messages traveling from a detection device to a mitigation device over fiber-optic channels among
substations hundreds of kilometers apart. The system upgrade included adding time-division
multiplexers at each substation plus an additional centralized RAS.

9.2 Diagnosing Traffic Among Mitigation Devices

During the network upgrade, the GOOSE reception diagnostics report (as shown in Figure 3)
immediately indicated that not all expected GOOSE messages were being received. This was made
evident from error codes, on time to live expired, and messages received out of sequence, which meant
some messages were not being received by the mitigation devices. At this point, it was necessary to
determine if the GOOSE messages were not being published by the source IED, not being delivered
by the network, or not being received by the destination IED. Because the source IED and destination
IED had not changed, and because communications had been normal previously, the new network was
investigated first. By using Wireshark®, it was quickly discovered that new and unexpected traffic
patterns existed at each substation. Previously unseen distributed RAS GOOSE messages from
neighboring stations were now visible in addition to new centralized RAS GOOSE messages from the
control center. Best engineering practices require that the last octet of the MAC address and the
VLAN identifier match and be unique from any other GOOSE message and that they be used to
prevent these messages from entering LANs and LAN segments where they do not belong. It was
determined that this additional traffic was interfering with the distributed RAS GOOSE messages.

The unwanted distributed RAS messages had been segregated from the substation networks
with the previous wide-area communications, but they were now being allowed on local network
segments where they did not belong. The unwanted centralized RAS messages had been newly added
to the system, but they were being incorrectly delivered to local network segments where they were
not needed.

Other centralized RAS messages were being correctly delivered to the local network segments,
as identified by their MAC addresses and VLAN identifiers. However, the timing and frequency of
these messages were unexpected.

9.3 Troubleshooting the Network to Identify Root Cause of Unexpected GOOSE Traffic

The Wireshark captures revealed that the previously designed VLAN segregation was no longer
working, which pointed to the new WAN multiplexers that were found to have incorrect settings for
VLAN management. Once corrected, all of the unexpected distributed RAS GOOSE messages were
correctly blocked, but the unneeded new centralized RAS GOOSE messages were still present on the
network. Careful examination of the messages using Wireshark illustrated that these centralized
GOOSE messages had been incorrectly configured to use the same VLAN tags as other system
GOOSE messages. This caused the WAN to deliver needed distributed RAS GOOSE messages and
unneeded centralized RAS GOOSE messages to a substation LAN because they each had the same
VLAN configuration. Once these centralized RAS GOOSE messages were corrected so that all
GOOSE messages in the system had unique VLANSs, messages were correctly segregated and only
delivered to the LANs where they were needed.
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Next, by reviewing Wireshark, it was observed that after the VLAN management was corrected,
new centralized RAS GOOSE messages were being correctly delivered to perform infrequent
low-speed analog set point changes. However, the messages had inadvertently been configured to be
sent in a very rapid burst after a set point was changed and to be repeated often. This was unnecessary
and actually saturated the WAN GOOSE links because the messages were so large. Once the
publication schedule was engineered to match the type of data being delivered, the WAN link
saturation was corrected.

Finally, a review of the bandwidth provisioning of the WAN GOOSE links revealed that the
links were too small to meet the speed criteria for GOOSE delivery. Bandwidth is often mistakenly
provisioned based on throughput when networks are designed for information technology (IT)
purposes. Throughput provisioning is typical and adequate for business information and often for slow
SCADA systems as well. However, the throughput provisioning method calculates bandwidth by
considering the total number of bits in all the messages that need to be delivered each second as bits
per second. Using this method, IT staff often incorrectly provision bandwidth to be only large enough
to pass the number of bits in a GOOSE message within a second, considering this as bits per second.
The flaw in this method is that it creates bandwidth that may take up to a full second when delivering a
GOOSE message. Operational technology (OT) methods instead calculate bandwidth based on the
required speed as the number of bits in the GOOSE message divided by the required transit time. The
required protective GOOSE transit time is typically 1 millisecond, which means that the bandwidth is
calculated by dividing the number of bits in a GOOSE message by 1 millisecond.

In this case, once it was correctly configured, the WAN time-division multiplexing system
correctly and quickly delivered all of the distributed and centralized RAS GOOSE messages in
addition to all of the other substation communications.

10 TROUBLESHOOTING GOOSE PROBLEMS DURING COMMISSIONING

10.1 Understanding the Symptoms

During commissioning of a substation system previously staged in the factory, the system began
experiencing GOOSE message quality failure. By definition, the message quality of GOOSE
subscriptions is set to failed if GOOSE messages are lost, late, corrupted, in test mode, or if the
configuration is changed. It was suspected that many types of Ethernet packets were being lost in the
network, but only the GOOSE packet loss was being detected. These losses were only being detected
by IEDs with correctly functioning message quality monitors and alarms that alerted the technicians.
The system had been tested in the factory with an Ethernet network configured by the application
design team. However, the customer had contracted a separate IT group to provide and configure the
substation Ethernet network. The application design OT engineers were asked to install and
commission the substation IEDs, controllers, and computers by using the IT-installed Ethernet
network. Because the IT Ethernet network providers did not fully understand IEC 61850 messaging,
IEEE 802.1p packet priority, or IEEE 802.1Q VLAN segregation, the network was incorrectly and
incompletely configured. The IT Ethernet network provider installed and tested Layer-3 addressing,
ping command message exchange, and spanning tree reconfiguration. However, the network was not
configured for the pre-engineered OT IEEE 802.1Q VLAN management. Ping command messages are
unique and not used in the substation systems, so testing with them is not useful and provides false
confidence of performance. The spanning tree reconfiguration needed to be tested using true GOOSE
messages to confirm failover times for protection speeds, which is also often misunderstood by
IT Ethernet designers. After the OT application engineers correctly configured the IEEE parameters
for priority and VLANS, the PIEDs still showed failed GOOSE message quality.

10.2 Diagnosing the Network

Similar to the process described in Section 9.2, GOOSE reports immediately indicated that not
all of the expected GOOSE messages were being received. Again, in this system it was necessary to
determine if the GOOSE messages were not being published by the source IED, not being delivered
by the network, or not being received by the destination IED. Because the source IED and destination
IED had not changed, and because communications had been normal during factory testing, the new
network was investigated first.
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10.3 Troubleshooting the Network

A typical GOOSE exchange publisher and subscriber pair of IEDs that were experiencing
failures were chosen. A test IED was also configured to subscribe to the same GOOSE messages being
published. The application subscriber IED was put into pass-through mode so that all traffic received
on the primary Ethernet port would pass through the second port, which was cabled to the test IED.
The test IED showed the same missing packet behavior. Next, the test [IED was directly connected to
the publisher relay and it was discovered that no GOOSE messages were reported missing.

The GOOSE packets passed through four consecutive Ethernet switches with Switch 1
connected to the publisher IED, Switch 4 connected to the subscriber IED, and two others located
between them. The test IED was moved and connected to the link between Switches 3 and 4, and the
GOOSE reception diagnostics report, shown in Figure 3, revealed dropped packets. This was repeated
for the links between Switches 2 and 3 and between Switches 1 and 2 with the same results. This
troubleshooting method revealed that the messages were being correctly published to a directly
connected subscriber IED, but some were being dropped if a single IT-provisioned Ethernet switch
was located between the two IEDs. Careful comparison of the switch port settings revealed that the
IT Ethernet designers had disabled auto-negotiation on the IED ports. Though the auto-negotiation
setting exists, it should never be used. Auto-negotiation not only checks for speed settings but also
duplex and crossover settings. Because auto-negotiation in the IT Ethernet was disabled, the IED was
unsuccessful in performing auto-negotiation to the switch, but it was successful when directly
connected to the test IED. Per clause 28 of the IEEE 802.3 standard, if auto-negotiation is not
performed or if it fails, the IED port defaults to half-duplex. A common performance issue on
10/100 Mb Ethernet links occurs when one port on the link operates at half-duplex while the other port
operates at full-duplex and packets are dropped due to the mismatch. Both sides of a link should have
auto-negotiation enabled to be compliant with IEEE 802.3u.

Once auto-negotiation was enabled on the Ethernet switches, the subscriber GOOSE reception
diagnostics report verified 100 percent GOOSE packet delivery.

11 CONCLUSION

Communications problems due to intermittent network saturation are tricky to find and difficult
to fix. Finding them requires an understanding of what is likely to be happening and the ability to
decide where to perform network analysis. An understanding of what causes these problems helps
ensure that all testing is performed and that all appropriate measures have been taken to prevent
problems caused by high-traffic events.

Simple tools, application and test IEDs, and very specific network test devices play an
important role in Ethernet network performance testing. IED features should be deployed for
acceptance testing and ongoing monitoring of application behavior. However, Ethernet network
reconfiguration testing requires new special-purpose test devices to verify configuration and
performance. These devices must be configurable to use enough resolution and accuracy to measure
true performance and automatically trigger link loss and bridge failure to collect statistically
meaningful results. Also, they must use appropriate technology to verify network behavior for the
specific signal message types, such as multicast GOOSE messages [3].
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BBEJEHHE

Opnnolt 3 HanboJee BaXHBIX COCTABISIONINX HAJEXXHOH paboThl cucteMbl P3A saBnsercs eé
KadecTBEHHAsT W IMOJHOIICHHAS TPOBEpPKa Ha BCEX JTamax OT pa3paboTKH A0 BHEIPCHUS, M Jaiee
MEPUOANYECKH BO BpeMsl pabOTHI.

Buner ucnertanmii YP3A — xBanudukanuoHHble, CepTU(UKAIMOHHBIE, aTTECTAIMOHHEIE,
MIpUEMO-CIaTOYHbIe, Tepuoaudeckue u Jp. [Ipouenypa mpoBepKH M TECTUPOBAHUS HA KaXKIOM W3
BUJIOB MCIIBITAHUN B Pa3IMYHON CTENEHH OTIMYAETCS JIPYT OT Apyra. MOXHO BBIACTUTH HECKOJIBKO
Pa3INYHBIX MOAXOIOB K TECTUPOBAHMIO — KaK «YEPHBIH SIMUK» M «Oelblil SIMHK», a Takke
TECTHPOBaHHE «CBEPXY-BHHU3» U «CHU3Y-BBepx». [lonpobHee 00 3ToMm pacckaszano B [1].

B mnacrosmiee Bpems Ha 3HeproodOwvekTax Poccuu mnpumensiercss Oonbliioe pazHooOpasue
ycrpoiictB P3A  oTeuecTBeHHBIX M 3apyOexHbIX mpousBoguTened. Jloyiss MHUKpompoLeccopHon
TEXHUKU pacTeT ¢ KaXIbIM rogoM. HeoOXxomanmocTh peneHOro mepcoHana B M3Y4E€HHH OOJBLIOTO
KOJINYECTBa JIOKyMeHTalun U oOydenne pabore ¢ MII TepMHHANaMu yBETMYUBACTCS, MOCKOIBKY
4acTO MPUXOAMUTCA paboTaTh C YCTPOMCTBaMM pa3HbIX Npou3BoauTeneil. HecMorpss Ha TO, uTO B
HacTosIIIee BpeMsi MHOTHE Npou3BoAuTeNHd Y P3A MMEIOT CBOM JHIEH3UPOBaHHbIE yIeOHBIE LIEHTPHI,
HE BCE IMOJIb30BATEIM HMMEIOT BO3MOXKHOCTh IPOWUTH oOyueHue paboTe BceMy O00OpPYIO0BaHUIO,
HaxXoJIeMycsl B OKCIUTyaTallud, TIO3TOMY OJHON W3 3aj1ad, KOTOPbIE MBI CTaBUM Tiepell coOou —
YIPOCTHTB NPOLECC TECTUPOBAHNSA, TIOBBICUB IIPH 3TOM €r0 KayeCTBO.

CIHOCOBbbI ABTOMATHU3ALIMU TECTUPOBAHUA

B nacrosimee Bpemst OoJbIIasi 4yacTh NMPOBEPOK MPOBOJUTCS B PYYHOM PEXHME, IO TEM Ke
METOJUKAM, YTO JAEUCTBOBAIIN NI SIEKTPOMEXAaHUUECKUX pelie U MaHendx. [laHHbI MOoAXoM, XOTA U
KaXXETCSl MPOCTBIM, 3HAUYUTENBHO YCIIOKHSETCS NpH NpoBepke mKadoB ¢ aByms win Oonee MII
TEpMHUHAJIAMH.

C 1enpl0 yMEHBIIEHU BPEMEHHU NPOBEPKH M MOBBIIIEHUS Ka4eCTBA MPOBEIEHUS UCIIBITAHUHN U
MEPUOANYECKOTO TECTUPOBAHUS B HACTOSIIEE BpeMs MPENIararoTcs CIEIyIOIIUe METOJbI
aBTOMAaTH3ALINH:

1. ABTomarmdeckas mpoBepKa ycTpoiicTsa mo opranam 3amuTsl (I, U, Z, P u 1.1.)
2. ABromarmdeckas NpoBepKa TEpMUHaIA

3. ABTOMarHueckas nmpoBepka mkada ¢ oJHIM U 6ojee TePMHHAIOM

4. ABTtomarnueckas mpoBepka cuctemsl P3A B rienom

Kaxnaplii u3 mpeanoXeHHBIX MOAXOJO0B MPEINCTaBIseT cOOOH OTAETBHOM CaMOCTOSATEIHLHOE
pemenne. Ecnu aBTOMaTH3amus MO MYHKTY 1 sBISETCS YHUBEpCAIbHOM ISl BCEX YCTPOWCTB, TO
pelIeHus MO IMYHKTaM 2-4 SBISIOTCS CaMOCTOSTENbHBIMHM, a B OOJIbIIEH 4YacTU YHUKAJIbHBIMU —
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mporpaMmMa aBTOMAaTH3WPOBAaHHOW MPOBEPKH ISl OJHOTO TepMUHAIA WM IIKada HE MOXKET OBITh
MpUMEHEHa JIJIsl IPOBEPKH YCTPOHCTBA APYTroro THUMa (0COOCHHO APYTOTo IMPOU3BOIUTEIS).

AOGCONIOTHO BCE MPOBEPOYHBIE YCTPOHCTBA W KOMIUIEKCHI MPEJOCTABISIOT BO3MOYKHOCTD
PY4YHOH TPOBEPKU. BONBIIMHCTBO M3 HHUX TaKXKe MpeIaraioT CPeiCcTBa aBTOMATUYECKON MPOBEPKHU
OTJIENPHBIX (PYHKIMOHAIHFHO 3aKOHYEHHBIX JJIEMEHTOB 3alllMTHI WJIM TPOCTHIX perne. Emre meHbIme
YCTPOMCTB UMEIOT BO3MOKHOCTh aBTOMATHYECKOM ITPOBEPKH BCET0 YCTPOUCTBA LIETUKOM.

['oBOps 0 HalieM MPEeaNnpPUsSTHN, MBI IPUMEHUIN B CBOUX YCTPONCTBAX HECKOIBKO MOJIXOJ0B K
aBTOMATHU3AIIMHU IPOIIECCa MTPOBEPKHU, OHU U3BECTHHI BCEM IOJI30BATEISIM HAIIIUX YCTPOUCTB.

IlepBbli MOAXOA — aBTOMATH3alMsl IMPOBEPKU YCTPOWCTB IO opraHaM. JlaHHbIM mnoaxon
MO3BOJISIET ABTOMAaTHYECKH IPOBEPUTH Pelie WM OTACIBHBIA OpraH MUKPOIIPOIIECCOPHOTO TEPMHHATA
¢ dhopmupoBanuem nporokoiia. OH ymoOeH npu pa3paboTkax ycTpoiictBa P3A u mpu TecTupoBaHUN
OTNIEPHO 10 OpraHaM. B Toaxoze WCHONB3yIOTCS THIIOBBIE METOABl W3MEPEHHS MapaMeTpOB.
HocromHCcTBa 3TOTO METOJa — TPOCTOTA W YHHUBEPCATBHOCTh. HemocTaTkum OYEBHUAHBI —
HEOOXOJUMOCTh OTIIEIBHOM MPOBEPKU AJIEMEHTOB 3allUThI, ()OPMUPOBAHUS EIMHOIO IPOTOKOJIA,
riyOOKHe IMO3HaHWs B paboTe MpoBepseMoro ycrpoiicrBa. UacTh HEIOCTATKOB MBI IOIBITAIUCH
YCTpaHUTh, TMPEMJIOKUB TIOJB30BATENSIM CAMHM COCTABHTH CIIEHAPHWA MPOBEPKH YCTPOMCTBAa U3
OTJENBHBIX CTAHAAPTHBIX MOMYJieH (porpamma «I eHepaTop TeCTOBY).

L} TeHepaTop TecToB @
®aitn  MMpaeka Momows

=8 7 neH
MHTZUPHEEe &S v + 3 X oW

‘ Haumenosanne | | -
M1 1crynens T3HMN Otkp
M 2 2cynens T3HM O || [IPOTOKON OPOBEPKM
¥ 3 3cryness T2HN Orip
a4 cTynexb T3HM Orkp 1.[0poBepka ToKOBOH SammTH 1 cTyneHe T3HII.
¥ 5 Tokoes Orceura Ormep
¥ 6 Pas ewaroee P Ok _
v 7 EnoF:cmpyrou.\ee M On(: 1.1.0poeepka NepPBOM CTYIIEHM.
Ma 1 o
Mo 2 :g:::ﬁ 0::; 1.1.1.0poBepka Toka cpabaTHnBanmsa
M 10 3 crynens 3 Orip
V¥ 11 Msmepenne penn BK Bu Owp || 3@maHHaA ycraska Icp = 1.000, &
.’Vm Wzmepenne epemn BK Er Ormkp
Tabmuua 1. PesyJIeTaTH OpoBepkmM ICp.
| Buo K3 ‘ Icp, A ‘ Iorp., % | OLUeHKa |
[2BC [ [ova] [ [0v3] [ Tovs] |
C:\Program Files (x86)\anHamnka\Radius\Temp\NewReleEx\NewReleEx.releEx

Pucynok 1- I'enepatop TecToB

Bropoit moaxon — aBTOMaTH3alMs MPOBEpPKH ycTpoiicTBa P3A, kak eAMHOTO MpOrpaMMHO-
alnapaTHOro Komiuiekca. JlaHHbIA NOAXOJ PEANM30BaH B Psii€ MOAYJEH, MOIYYUBLIMX Ha3BaHUE
«CTIEL.IPOTpaMMbl». B TaHHOM cily4ae mpoBeEpKa OCYIIECTBISETCS € MOAXOIOM K YCTPOHUCTBY, KaKk K
«4epHOMYy SAIWMKYy» [1]. DTO 3HA4YWUT, 4TO BXOJHBIMH IapaMeTpaMH MpPOTrpaMMBbl SBISIOTCA YCTaBKH
TEpMHUHANA, CXEMa MOAKIOYEHUSA. BBIXOIHBIM PE3yJbTaTOM SIBISIETCS TOTOBBIA MPOTOKOJ IIPOBEPKH
ycrpoiictBa. Ilociie cOOpku cxembl, MPOBEPKa MPOTEKAET C MUHUMAIBHBIM yYacTHEM I1OJIb30BaTEIs.
JocronHcTBO — moaxoga  —  MOJIHAsg — aBTOMAaTH3allMd — TECTUPOBAaHUS,  IPOBEpKa  ykKe
CKOH(UTYPHPOBAHHOTO TEPMHUHANA, EAUHBIN MPOTOKOJ MpoBepku. Ciadbie CTOPOHBI JAHHOTO TOXO/:

e Haiuyue OOJBIIOrO KOJNWYECTBA THUIOWCIONHEHUH TEPMHHAJIOB M WX IOCTOSHHAS
MOJIEpHH3AIHS TPEOYIOT MOCTOSHHOTO COBEPIIIEHCTBOBAHMS TPOTPAMMBI;

®  [I0XOJ HEMpHUEMIIEM AJISl CUCTEM C THUOKOH JIOTUKOM M3-32 OTPaHUYEHUSs], CBSI3aHHOTO C
HEBO3MOXHOCTBIO IIOJIyYUTh TEKYLIYIO JIOTHKY;

® I HEKOTOPhIX YCTPOHCTB HEOOXOIWMO MEHSATh HACTPOHWKH TEepMHHAla B XOIE
IIPOBEPKH, I03TOMY HE MCKIIIOUAETCS «IEJI0BEUECKUN (haKTop»;

e B KOHCYHOM cCHYeTe, TECTUPOBAHHE CBOJUTCS K TIpoBepke mmkada, a HE TONBKO
TepMuHana. B mkady moxer ObITh 1O 3-X TEpMHHAIOB, CIEAOBATEIHHO MPOTpaMM
nosryyaercs 3;

e TporpamMMmbl CO3JAIOTCS MOJ TUIIOBOE PEIIEHHE, HO €CIH IPOBEPSEMOE YCTPOHCTBO
OyZeT OT Hero OTINYAThCs, YTO OBIBACT JOBOJILHO YacTO, TO YacTh MPOBEPOK MPHUIETCS
IIPOBOJUTE BPYYHYIO.
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JlaHHBII MOAX0J] YCHEIIHO UCTIONB3YETCs TOIh30BATEIISIMU M XOPOIIIO 3apEKOMEHIOBAN celsl,
0 YeM CBHJETENHCTBYeT Oomnee yeM 10-meTHuit ombIT sKcIuTyaranni. OQHAKO, KaK BUAHO W3 BHIBOJIOB,
JAHHBIN TOJXO/1 HE HJICAJICH.

Tperuii MoAXOJ - aBTOMATH3AIUS TECTUPOBAHUS CAMHMHU TIPOM3BOJUTEIISIMU YCTPOiCTB P3A
C TIOMOINBIO CIIEIHaIbHOTO s3bIka mporpammupoBanuss PETOM-MACTEP. Dtor s3eik  (u
aHAJIOTUYHBIE €MY) TI03BOJISIET MCIOIB30BaTh BCE BO3MOXKHOCTH NPOBEPOYHOrO ycTporctBa. C ero
MOMOIIIBIO TIOJIH30BATEIh MOXET COCTABUTH CBOIO MPOrpaMMy MPOBEPKHU JJIs JTHO0TO MPOBEPSIEMOTO
ycTpoiictBa. Takke MPOU3BOAUTENh MOXET WHTETPUPOBATH MPOrpaMMy yIpaBiieHHus cBouM MII
TEPMHHAJIOM M CAeNaTh MPOBEPKY MAaKCHMAIBHO aBTOMATH3MPOBaHHOW. Cpeam pOCCHICKHIX
MIPOU3BOANTENEH €CTh MPUMEPHI yIAYHOTO OIbITa aBTOMATH3AINH 110 TaHHOMY TTOIXOIY

[IpeumymiecTBa AAaHHOTO MOAXOJA OYEBUAHBI — BO3MOXKHOCThH IOJHOW aBTOMATH3AIMU U
rHOKOCTh.  ENWHCTBEHHBIM  HENOCTaTKOM  SIBISIETCS  HEOOXOJUMOCTh  HAJNIWYHS  HAaBBIKOB
MPOrpaMMHUPOBAHUS Ha CIIEIHATBHBIX A3BIKAX.

B »toM TrOmy Hame MpeAnpusTHE MPEACTABISCT HOBBIM MOAXOJ K aBTOMAaTHU3AIUU
tectupoBanui. OH TpeacTaBisieT co0oi HEKOTOPYIO HAJCTPOHKY Haja KoMmaHaamu s3bika PETOM-
MACTEP, xoropasi mO3BOJSIET CO3/1aBaTh MPOTPAMMBI W CIICHAPHUH aBTOMATHYECKOW TPOBEpKH 0e3
3HAHUS CIEIUAIBHBIX S3BIKOB IMPOrpPaMMHUpPOBAaHUSA. B HACTOANMI MOMEHT A3TOT MPOIAYKT HOCHUT
Ha3zanue «TECT P3Ay». OH BkirodaeT B ceOs BCE MPEHMYIIECTBA TOXO0I0B H JIUIICH OOJIBIINHCTBA
HEJOCTATKOB.

Pucynok 2 — IIporpamma TECT-P3A

B mporpamme umeercst HA0Op TUIOBBIX CPEJICTB M CTAHJAPTHBIX MPOIEIYD JUIsl TECTHPOBAHUS
ycTpoiictB P3A, peanu3oBaHa cucTeMa KOHTPONA TOJYYEHHBIX PE3YJIbTAaTOB C BO3MOXHOCTBIO HX
IepecyeTa U CpaBHEHUS C 3afaHHbIMHM mapamerpamiu. [Iporpamma «TECT-P3A» npenHa3HaueHa B
MIEPBYIO OUepenb sl Tpou3BoauTeNeit ycrpoiicte P3A. E€ mpuMmeHeHne 03BOJINT aBTOMATH3UPOBATh
W, CIIeZIOBATENIbHO, YIIPOCTUTH MPOIIECC TECTUPOBAHUS MPU pa3pabOTKe M M3TOTOBJICHHH, a Iepenada
TOTOBOTO CIICHApHs TMOTPEOUTENIO IO3BOJUT H30€XKaTh BIHMSIHUS YeIOBEYECKOTO (akTopa Npu
npoBepke. O0ObeM, TOCIIEA0BATENBHOCTh ACHCTBHM, OpMa MPOTOKOJA MPOBEPKH — BCE 3TO OyaeT
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3aJI0KEHO pa3pabdO0TYMKOB, W O3TO YMEHBIIMT KOJMYECTBO pA3HOIJACHN C HaJlaJOYHBIMU |
OKCIUTYaTUPYIOIMMI OPTraHU3aLHsIMH TIPU TECTHPOBAHHH.

B nanHOW mporpamme Takke 3alI0)KEHbI BO3MOYKHOCTH YTCHHUS YCTABOK M HACTPOCK M3
NPOBEPSEMOr0 YCTPOWCTBA, a TakkKe ympapieHUus uM. OIHAKO sl MPUBS3KH K KOHKPETHOMY
HPOU3BOIUTEIIO HEOOXOIMMO U MX BMEIIATENbCTBO. Ha HAaCTOSIIMI MOMEHT O/IMH U3 OTEYECTBEHHBIX
IPOU3BOIUTENICH YK€ YCIEIIHO OpPraHW30Ball JAHHYIO CBSI3b M HCIOJNB3yeT €€ Ui MPOBEPKU
YCTPOHCTB COOCTBEHHOH pa3padOTKH.

HUCIIOJIB30BAHUE KOHTPOJIBHOI'O BBIXOJA W TIIPOBEPKA METOAOM
BBICTPEJIOB

CyIIeCTBYIOT yCTPOMCTBA, KOTOpPBIC TIPOBEPSIOTCS C HCIOJIB30BAaHHMEM KOHTPOJIbHBIX
BBIXOJIOB, T.€. PEAKIHs Ha BXOIHbBIC 3HAUCHHUS MIEPEapeCOBBIBAIOTCS HE HAa HA3HAYCHHBIN TUCKPETHBIH
BBIXO/], @ Ha, TaK HA3bIBAEMBIH, KOHTPOJIBHBIA. JTO 3HAUMTEIBHO YHPOIIACT CXEMY MOAKIIOYCHHS, a
TaKKe caMmy MPOBEPKY, MOCKOJIbKY MOKHO BBIBECTH Ha ITOT BBIXOJ] HE TOJBKO CHTHAJ cpabaThIBaHHsI
3aIMThI, HO M CUTHAJ MycKa 3ammThl. YTO Kacaercs IaHHOTO IOAXOJa — OH YCTpPauBaeT Kak
HPOU3BOIUTENS, TaK M IOJNB30BATENs, MOCKOIbKY CaM IMPOU3BOAUTENb TapaHTUPYET MPAaBHIBHYIO
paboTy yCTpOWCTBA B COOTBETCTBYIOILINX aTTECTAIIMOHHBIX OPTraHU3aIMAX 1 KOMHCCHSX.

[Tpu TakoMm moxxonae OOBIYHO HMCIIOJIB3YETCS MPOBEPKA BBICTPENIAMH, T.. HE MPOM3BOAUTCS
HOKMCK YCTaBKH C ONPEICICHHON 3aJaHHOI TOYHOCTHIO, a IPOBEPSIETCs, CpabaThIBACT 3aLIUTA UITH HET
IpH ONPEIENCHHBIX 33JaHHBIX MapamMeTpax. DTO 3HAYHUTEIBHO YCKOpseT Impolecc mpoBepkd. Ha
npUMepe JUCTAHIIMOHHOW 3aIlUThl MOKHO CKa3aTh, YTO HA KAKIOM YIJIE MPOBEPSETCS JHIIb 2 TOUYKU
(pucyHok 3), BMecto 10-20 mmu Gonee nMpu MOUCKE YCTaBKH € 3aJaHHOM TOYHOCTHIO (B 3aBHCUMOCTH
OT METOJIa TIONCKA).
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Pucynok 3 — mpoBepka JUCTaHIIMOHHOM 3alIUTHl METOAOM BBICTPEJIOB.

MeTto/ nmoucka yCTaBKH € 3aJJaHHOM TOYHOCTBIO U TECTHpOBaHME ycTporcTBa P3A, kak uepHbIi
SAIIKK, 1eJIecO00pa3HO MPOBOJUTH MPU aTTECTAMOHHBIX U CEPTH(OUKAMOHHBIX MCIBITAHUIX. A JJIs
MEPUOANYECKON TPOBEPKH JTOCTATOYHO KOHTPOJS AHAJOTOBBIX BXOJOB — BBIXOAOB, IPOBEPKH
ITOPUTMOB U YCTaBOK METO/IOM BBICTPEIIOB 10 KOHTPOJIBHOMY BBIXOJY.

CUYUTBIBAHUE YCTABOK U HACTPOEK.

Jl1s aBTOMaTHYeCKO# MPOBEPKH MPOCTHIX YCTporcTB P3A (pene Toka, pejie HampshKEHUs) HET
0OMIBIION HEOOXOAMMOCTH B 3HAHWU TOYHBIX yCTaBOK. HeoOXomuMmo IUIIE OrpaHWYHTh JUANa30H
TOWCKA CBEpPXY M CHH3Y, & Jlajiee MporpaMMa YK€ cama ONpPENeNIUT WX C 3aJaHHOW TOYHOCTBIO.



CoBpeMeHHble HanpaBlieHUs pa3BUTUA CUCTEM PerieMHOMN 3alinTbl U aBTOMATUKN IHEProcuUcTem
01 — 05 nroHa 2015 r., Coun

3Ha4YeHUs! YCTaBOK MOTYT OBITh MCIIOJB30BaHBI [l CPAaBHEHHUS TOIyYEHHBIX pe3ynbTaToB. [loapobHee
00 3TOM paccka3aHo B [2].

Korma peus uaer 06 aBTOMaTH3anyy MPOBEPKHU CIOKHBIX 3alllUT — 3HAHUE 3HAUYEHUH YCTaBOK
HeoOxomumo. [lpu  mpoBepke  CHOXKHBIX — 3allMT TakKe HyXHa W uHpopMamus o
BKIIFOUCHHBIX/BBIKITIOYCHHBIX ~(YHKOHUAX 3amuTel. Ha Hactosmuii MOMEHT y OOJBIIMHCTBA
npomsBoauteneli YP3A ects IO mis cBA3M CO CBOMM TEPMHHAIOM W OOJBITMHCTBO M3 HHUX
MIOJICP’KUBAIOT BHITPY3KY (aiiia ¢ ycTaBKaMH. DTO 3HAYUTEIBHO YIPOLIAET HACTPOUKY MPOrPaMMBbI
aBTOMaTH4YeCKOH mpoBepkd. OmHaKo pa3paboTUMKaM TaKWX MPOrpaMM HEOOXOIMMO HEMpPEpHIBHO
JlopabaThIBaTh WX, JOTOHSS U3MEHEHU B (paiilax ycTaBOK M MporpaMMmax mnpousoautens YP3A.

Hdns neneit yHnpukanuy Mbl cunTaeM HEOOXOAWMBIM TIPUBECTH JaHHBIE O HACTPOMKaxX H
yCcTaBKax TEPMUHAJIOB K ogHOMY ¢dopmary. [IpumepoM aHanorndHoit paboTel MOXKET CIYKHUTh (hopMat
3anmucH ocnmiuiorpamMM aBapuiHBIX coObITHE COMTRADE, X0TsS 10 HEro KaXIelii pa3paOdoTduK
PETHCTPAaTOPOB THCAN OCIHIUIOTpaMMBI B CBoeM Qopmare u paspabareiBall CBOI HpOTpaMMHBII
MPOAYKT JUIsl IPOCMOTpPA U aHAIIN3A.

Iupokoe pacrpocTpaHeHUE B HACTOSIIUN MOMEHT nosryuni ctanaapt MOK 61850. HecmoTtps
Ha TO, YTO OH HE PYCU(PUIMPOBAH, MOKHO CMEII0 CUUTATh, YTO OH MPHUHSAT Ha Tepputopuu Poccum —
MOYTH BCE MPOU3BOAUTENM PEATU30BAIN IMOAJECPKKY CTaHAAPTA B CBOMX YCTPOMCTBaX M YK€ €CTb
HECKOJIBKO 00BEKTOB paboTaloMMX M0 cTaHaapTy. B Hem mpenycMoTpeHs! ¢aiinsl HacTpoek MDY u
nonctanmu B 1ienoMm (*.icd m *.scd coorBeTcTBeHHO). MOXXHO TPHHATH WX 32 €IWHBIA (opMmar
XpaHEHUs JaHHBIX O HACTPOHMKaX W yCTaBKax W WCIIONB30BaTh WX IS HMMIIOPTAa B TPOTPAMMEI
TECTUPOBAHUA AJ1s1 POPMUPOBAHMUS CIICHAPUEB MPOBEPKH.
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B HaCTOﬂHIeI‘/'I CTaTbC MPHUBCACHBI OCHOBHBLIC CYIICCTBYIOIIMC METOABI ABTOMATHU3allUU
mnmpoucayp TCCTUpPOBAHUA U JaHbl PCKOMEHAAINN U TPEAJIOKCHHA 110 PAa3BUTHUIO 3TOIr'0 HAIlpPaBJICHHUA C
HeNbI0 obecriedeHns 0ojiee HaeKHOW, CTAOMIBHOM paboThl cructeMbl P3A.
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Abstract

IEC 61850 has become the Standard to be used in Modern Substations due to the multiple advantages that it
brings to the different stakeholders involved during substation lifecycle. There are many examples of
substations using IEC 61850 IEDs (mostly protection relays) and many papers from several manufacturers and
from different users at various locations have already discussed about the multiple advantages of using this
Standard. This paper will show the experience of Araz Energy using a Process Bus Solution in four 110 KV (as
retrofitted projects) Substations in Azerbaijan.

Araz Energy proposal to BEG (Baku Electric Grid that is locally called “Baki Elektrik Shabakasi/ BES”) was
based on the Hard Fiber Process Bus system made by General Electric-Multilin (as part of General Electric
Digital Energy). The use of the Process Bus System is key as it brings all the benefits of a Digital Substation and
regular SAS (some vendors call it “DCS” for Substation Automation) and implies changes in the way a
traditional substation is being designed, built, serviced and maintained. The experience described in this paper is
based on the feedback gained and lessons learned from all perspectives in practice from four different
substations where the same concept was applied. Since then the use of Digital Substations has become a
landmark in the way Substations should be designed, operated & maintained.

Process Bus Architecture:

Primary equipment has traditionally been connected to protection and control devices using copper wires This
traditional way of making the connections leads to a significant engineering effort, as thousands of different
cables needed to be routed, installed, commissioned and maintained.

Process Bus Standard, as described in IEC61850-9-2, helps reducing dramatically costs and engineering efforts
during installation and maintenance, resulting in less costs and enhanced security. Process Bus eliminates the
need for thousands of different copper cables for controls & analog signals and substitutes them with fewer fiber
optic ones (Plug & Play) . Figure 1 shows this concept. Digitization of primary equipment can be achieved with
the use of a Process Interface Unit (PIU), installed close to the primary equipment in the substation switchyard.
This PIU converts the analog signals of the primary equipment into digital signals. No need to duplicate signals
or use interposing transformers.

Digital Substation:

In order to get all the benefits that a full digital substation brings, special attention must be paid to Substation
Design, because this decision affects all aspects of the project. The most evident sections are Substation layout,
number of P&C panels, size of control room, the number of copper cables, the type of the required equipment
and related sections’ change. It will also change the way project engineering is done from the Protection &
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Control and generally SAS aspects. Engineering procedures, interconnection drawings, panels’ shop drawings
(such as wiring connections, terminal list, cable schedule, etc.), configurations, maintenance, control room
design and size, cables’ routes, trays and canals are also done in a different way. This fact is probably the most
important driver for utilities to change their minds and designs (especially inside cities where land is so
expensive) concerning building Substations in a classical/ conventional way. A radical change in staff
philosophy (such as their knowledge in working with computers, software, etc.) is required in order to embrace
this new way of conceiving Substations.

Figure 1

For many utilities, this change of philosophy in the design of substations’ is a challenge that must be overcome
through the involvements of manufacturers, installers and end users in the transferring of knowledge with the
aim of an economical, appropriate and suitable operation and maintenance ( including Predictive Maintenance)
of substation assets. Likewise, and due to the continuous development of new products with increased
capabilities of communication, safety, security and reliability, it is important to design substations in a way that
equipment expansion (e.g. adding a new bay) and update would be possible in a quick and cost-effectively
manner

Process Bus architecture used for Dagliq substation is depicted in Figure 2 PIU/Bricks deployed together with
hardware and software interfaces are shown on the drawing.

Opportunity description

In 2008 BEG / BES opened the project to retrofit DAGLIQ substation (except power transformers). DAGLIQ is
a distribution substation with different voltage levels (110/35/10 KV) consisting of two incomer lines at 110kV,
two 40MVA power transformers, and 53 medium voltage feeders (35 & 10kV). The local power company, BEG,
wanted to retrofit the substation due to its age.

The first approach to this job was to substitute old equipment with new one, following the same classical
approach. This meant changing the old P&C equipment with new digital relays, updating old schemes and
following the same principles originally used.

Retrofitting of this substation was framed in the efforts of the power company in updating their facilities and
thus reduce CAIDI & SAIDI rates. In addition, there was an interest in finding a solution to the growing need to
find new ways to act more quickly and effectively in the event of occurrence of any electrical failure, increase
the safety of its personnel, drastically reduce time and the costs of construction, operation and have a solution
that would allow the easy expansion of the facilities.
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Solution to be adopted should address the current and future challenges of the utility, being the most important
ones:

Cost of installation & maintenance

Time required to complete the job

Number of utility staff required to be involved in the project

Future proof design

Easy to be upgraded / interoperability

Level of autonomy to make simple changes

Safety of the maintenance crew / time required to perform routine tests

Remote controlling by SCADA center through gateway (Protocols IEC 101, 104 where fiber optic cable or

OPGW were/are available instead of adding RTU, marshaling rack, etc.)

Saving control room building size and the related costs for new substations

e Considerable saving with deleting BCR (Bay Control Room) inside switchyard in substations with regular
SAS

e Minimizing power downtime during Process Bus equipment and system installation for existing/under
operation substations that is very critical point for the regions with high density loads and/or important
consumers/facilities

e Overall saving in time

The proposed solution was the substation completely digital using all the potential of the IEC 61850 Standard
advantages. Initially, electric company was reluctant to this solution due to the absence of monitoring and
automation in substations and lack of technical skills in IEC 61850. Finally, due to the quantifiable benefits that
the full digital substation proposal brought, made the utility order a pilot project to Araz Energy to build a proof
of concept substation. Target was to evaluate from first hand all the advantages that the new design should carry.
Araz Energy proposal was backed with its extensive experience building substations and the technical support
from GE Digital Energy.

Transmission & Distribution Substations in Azerbaijan

Majority of Transmission & distribution substations in Azerbaijan are of old technology. Most of them have
more than 40 years old and are based on the electromechanical technology. Since the first installation, some of
them have been upgraded using a variety of different technologies and manufacturers. The result of all this is an
old installed base combined with newer protection relays from different manufacturers and technologies.
Engineering, Operation & Maintenance staff still follows the same old approach to run the installations;
however, the staffs’ mentality has considerably changed after operation of those substations.

Araz-GE proposal & challenges

Solution proposed was, as mentioned before, a full Digital Substation. The use of Process Bus was key in
achieving many of the proposed targets as it enabled huge savings. As the utility had no real experience in using
IEC 61850, Araz Energy leaded this project as Engineering, Procurement and Construction company (EPC),
being. BEG took the responsibility of building P&C panels, cabling and installation manpower.

Dagliq Substation’s voltage level is 110/35/10kV. A number of 8 hard fiber PIUs/Bricks were used to protect
the HV section of the Substation. Hard fiber PIUs were connected to the line, CTs, PTs and power transformer
protection relays, using fiber optics, avoiding most of the traditional field wiring. Fiber optic cables were in turn
connected to patch panel installed inside the control panels located in the Control building and routed to the
corresponding protection relays. Substation Single Line Diagram is depicted in Figure 2.
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Figure 2

The way PIUs and relays are connected is very straightforward and allows the use of the same signal to four
different protection relays. Synchronization of samples is always ensured because of the four independent Digital
cores that the PIU has. This feature allows a considerable saving in hardware as one PIU can share samples
between four different [IEDs. Sampling is independent for each core and it is managed by every protection relay.
This system avoids the need for using network merging unit and solves the main technical issue of sample
synchronization w/o need of an external synchronization device. All connections to the PIUs, between PIU & the
patch panel and between relays & the patch panel(s) are “Plug & Play”, i.e. the related cables and connectors to
PIUs, the patch panels and relays are all prepared in the factory and not in the site with no way to connect to a
wrong female terminals on the PIUs, the patch panels and relays, that makes huge saving in time and skilled
labors during installation and commissioning.

The scope of this project included also a complete SAS for this Substation. Araz Energy designed a complete
Automation System maximizing IEC 61850 benefits. All four substations with Process Bus have gateway, GE
UPS for redundant servers, monitors and printers, LVDC/LVAC panels, 120 VDC batteries and redundant
chargers; and the last three of them have 68” DLP as monitor for the single line diagram of the substation, real
time values, breakers’ status (provided by GE Power software package for Substation Automation) and so on.

Proposed Solution advantages

The implementation of a full Digital Substation faced some challenges but also brought many benefits to both
the EPC and the utility.

Most of the challenges faced during this first Pilot project were related to the use of new tools and a new
engineering concept, different from the conventional approaches for regular SAS that we had several experiences
in that since 2000. New skills were required, primarily by the protection engineers, as the development of a new
concept of standard substation needed to be built. As an example, the old interconnection schemes were
substituted by using digital signals that the different protection relays can interchange between them. This is
being achieved by GOOSE messages that IEC 61850 enables. Change from “hardware” to “software” world
required engineers to be trained in the new software tools and its capabilities. The use of digital tools to
substitute hardware brings many benefits in terms of flexibility, material cost saving and much less man-hours
during substation construction than conventional and regular SAS. These benefits are also present during the
operation of the substation, as reliability of new systems has been enhanced. The use of digital signals brings
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also benefits in safety as there is less need for operators to work with live parts (in reality, substations with
regular and Process Bus SAS package could be simply unmanned). Also there is a huge improvement in
reliability and time required for maintenance and PM as the SAS checks continuously “System Health” and
stores periodically measures, events, profiles, etc. Digital relays allow a better analysis of faults with retrieving
the stored Oscillographies, Sequence of Events and sending faults’ details to the remote operator & maintenance
experts in their headquarter with hugely saving in maintenance & restoring costs and the experts’ time (as all
utilities have shortages in such experts worldwide) in analyzing the faults, symptoms & remedies, finding
reliable ways to fix the faults/problems and quickly restore the substation & grid with no need to physically go to
the substations Outage time is therefore reduced with saving considerable money for utilities.

The use of Process Bus technology resulted in saving time (big time) especially for retrofitting the existing
substations, because less time and resources were required:

o Installations were made easier as there was no need to change existing trenches outside and
channels and inside the control room

e Less P&C panels were needed

e Big reduction in testing and commissioning the whole installation

For the first installation, it was required to add a conventional mimic diagram on the P&C panels as well,
because this was a new concept for them and wanted to be sure that they would be able to operate the installation
in a traditional fashion (see figure 9). Manual operation of switchgears was also possible. This fact increased the
number of cables (conventional) and extra panel space (resulting in additional costs). The advantages found with
this new technology, reduced costs and saving time in this project, convinced BEG to use the same technology in
the new substations that were to be built for one of the most important events celebrated in Azerbaijan with
international relevance, the Eurovision Song contest hosted in Baku during May 2012.

This first substation was not only used as a proof of concept, it, also, was the base for the standard substations to
be built in the next future in the area.

The new Digital Substation and the use of Process Bus simplify and eneblesto make standard designs that can be
easily replicated in different substations thanks to its flexibility. This fact reverts in additional cost reductions in
the construction of new installations, easier and shorter maintenance and higher security to utility crew.

A comparison between the traditional and the Process Bus solution is summarized in table 1:

Traditional Hard-Wired Copper Solution Presented Process Bus Solution
Materials e Multiple small, individual materials are procured e Materials become finite set of standard components, with
and installed as customized individual components a small number of each type
of the system e Materials common across all zones and stations
* Material quantity and type requirements vary from e Vast majority of physical system can be assembled in a
zone to zone and apparatus to apparatus due to controlled environment
variability in wiring o Higher initial material cost for initial zone installed, with
material costs greatly reduced for adjacent zones
o Control buildings greatly reduced in size due to elimination of
most bulky copper cables, terminal racks and AC and DC FT
type test switches on relay panels.
Engineering o Variability in engineering design largely in physical | e Physical interfaces between merging unit and IED
copper connections standardised
 Different applications require specialised designs to | e Only minor physical variability in mapping origins and
cater for different apparatus, different topologies destination of signals and information
o Design changes require significant manual labour e Majority of variability transferred into software configuration
to implement changes in the details of the copper o Firmware, settings and other engineering tools as simple as
connectivity today
Drafting o Significant manual labour is required to document ¢ Only documentation required for copper connections is in
Labour individual copper connections throughout the primary apparatus which can be standardised to equipment
system type and specified as deliverable as part of purchase of
e Modification or addition to the connectivity apparatus
requires manual revisions to a potentially large e Documentation of connectivity vastly reduced and simplified
number of drawings to single point-to-point fibre connections that can be
® Manual drafting is error prone and requires summarized in tabular form
extensive, labour-intensive crosschecking and e Facilitates automatically generated system and connection
errors are often missed. documentation
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Traditional Hard-Wired Copper Solution

Presented Process Bus Solution

Construction o Time-consuming manual labour has to be done in- ¢ Construction effort vastly reduced for copper connections —
situ where labour rates are generally higher and virtually eliminated where merging units are installed by
productivity generally lower, and is susceptible to apparatus manufacturer
errors o Chance for errors vastly reduced through standard physical

e Some improvement can be realized with the connectivity
concept of pre-constructed, pre-tested control o Faster installation of pre-constructed control buildings through
buildings but the variability with the termination of simplified interface point to switchyard
field cables persists

Commissioning | e Integrity of each copper signal path via copper o Continuous monitoring of architecture reduces protection
cabling needs to be verified between switchyard misoperations from incorrect isolation or restoration following
and IED protection testing [5]

 Errors in the physical wiring, regardless of the o Construction errors limited to provisioning of communication
source, require troubleshooting and rework between origin and destination of information
® No high energy signals (AC or DC) present in the control
building for greater personnel safety when working on
protection and control systems

Ongoing e Maintenance activities currently risk-based or o Continuous self-monitoring of all hardware and redundant

Maintenance calendar-based, except in the event of spontaneous measurements allows maintenance to be condition-based
failure or misoperation (event-driven, e.g. run-to-fail)

* Routine testing requires isolation of high-energy o Continuous monitoring of architecture reduces protection
signals from primary apparatus misoperations from incorrect isolation or restoration following
e [solation and restoration of individual test/isolation protection testing [5]
points across multiple panels error-prone and risk © No high energy signals (AC or DC) present in the control
misoperation of protection building for greater personnel safety when working on
protection and control systems

Switchyard o Changes to the switchyard normally require e Multiple cores in a merging unit allow for additional zones to

Modifications significant addition or modification to existing make use of unused capacity within the merging unit
control cables and wiring e Each zone can be conveniently engineered, installed and

o Time needed to make these changes and the commissioned individually without impacting adjacent zones
associated costs are directly related to the number until final testing is to be performed
and variability in copper connections
o Reduced outage impact and complexity through
reduced number of copper connections to be cut
over.

Project o Amount of manual labour results in long project e Procurement, engineering, construction more standardised

Management pipelines for design, construction and with fewer handoffs and increased productivity
commissioning o Up front decisions for material planning simplified, detailed

® Many hand-offs between stages in project result in design work can be done without complete physical details of
many potential bottlenecks installation

Operations e Periodic testing of protection and automation ¢ Redundancy and self-monitoring reduces or eliminates the

systems required

Troubleshooting and replacement of failed
components result in long Mean Time To Repair
and potentially extend outage duration

need for periodic testing

¢ Connectorized cabling, no internal settings on merging units
facilitate fast replacement without requiring long outages to re-
commission protection and control systems

Table 1

After the construction of this pilot substation three more Transmission & Distribution substations were built
using the same technology to leverage all the advantages described earlier and take the full advantage of the new
possibilities that Digital Substations bring.

Araz Energy signed EPC contract for all three substations at the end of July 2011, and commissioned them in the
following dates: Bayil in Oct. 2011, 227 in December 2011 and DARNAGHOL in January 2012

Reduction in time achieved in the execution of the main tasks is resumed in the following table and Graph*:

Task Process Bus Regular SAS way Difference (in days)
Engineering (Detglled & complete 50 days 90 days 40
Design)
Panels' production & wiring 30 days 90 days 60
Installation and cabaling 30 days 60 days 30
Test and commissioning 30 days 90 days 60
Relay configuration 45 days 30 days -15
Total 185 360 175
Table 2

Jorge Cardenas, GE Digital Energy, Spain, Email: jorge.cardenas@ge.com, phone: +34661410313



mailto:jorge.cardenas@ge.com

Actual Trends in Development of Power System Protection and Automation

Equivalent Project Budglt‘wl%%e_sg ds ne 2015, Sochi

of $407,000

|- Engineering
10%

— Drafting
4%

Materials
42%

> Construction
7%

[\

,,,,,,,,, Commissioning
_____ 13%

Savings
25%

Figure 3

*Note: Above-mentioned specific statistic data (tables and figures) is based on following parameters in
Azerbaijan that would be different in other countries (based on local requirements, regulations, specifications
and layouts, manpower’s’ rate of performances & skills, etc. :

1. Manpower (culture, efficiency, expertise, etc.)
When the customer asks for Process Bus system plus conventional mimic for manual
controlling as well; otherwise, installation and cabling will decrease from 30 days to 15 days,
test & commissioning from 30 days to 15 days and relay configuration from 45 days to 30 days
3. Coordination with the other disciplines (switchyard equipment, canals for cables, constructions
of structures, control room, etc.) in the country
4. This table is for the substations under retrofit and renovation, so it would be different for a new
substation (much less time is required)
5. Configuration time decreases over more practices to much less than required times for regular
SAS substations because of modularity and typicality of the Process Bus System. So the
showed numbers are average, and we do believe it would be 20 to 25 days for our future
project (depends on the size substations, number of relays, number of bays, etc.).
6. All mentioned percentages on the tables 2 and 3 and graphs of 4 & 5 will definitely vary with
voltage level, number of bays, incoming and outgoing feeders, switchgear configurations, and
SO on.
Overall savings with using this new Digital Substation Process Bus design: 49% (as per above-mentioned notes
and facts).

Conclusions

The use of IEC 61850 Standard in substations means bringing clear advantages compared to the traditional way
of designing, operating and maintaining Electric Substations. Although Process Bus reinforces the advantages
found with IEC 61850, but its adoption by utilities has been slow. Electric utilities used to argue that the
technology was not mature enough, even though GE has a technically working solution since 2008 with tenths of
installations working worldwide. The main reason behind this slow adoption is that this new concept requires a
disruptive change in utility mindset. A considerable effort is required to understand, train and implement changes
to adopt the old hardware-minded structures and start thinking in the advantages that this new technology brings
to all the stakeholders. A special effort must be done in continuous training in order to keep updated and get the
maximum benefit from the new technologies. Full benefits of the new technologies are only gained if utility
engineering, operation and maintenance crew are trained on a regular basis and time by time.

Summary of the benefits perceived and measured from this project by the utility:
Time reduction:

e Standardization 44% time reduction in Substation Detailed Design and shop drawings

e  Wiring : 67% less time needed for wiring works

e Cable trays and canals/trenches: 70% less cost and time needed for cable trays’ installations and making
canals/trenches for the cables

Jorge Cardenas, GE Digital Energy, Spain, Email: jorge.cardenas@ge.com, phone: +34661410313
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e Installation: 50% less man-hours during installation works (this will decrease a lot over time after more
practices)

e Start-up: 67% less time needed for commissioning and testing(this will decrease a lot over time after
more practices)

e Configuration : 50% more time needed for IED set ups(this will decrease a lot over time after more
practices)

e Documentation (e.g. “As Built Drawings”): 65% less time needed for documentations because of the
system’s modularity and typicality

e Number of cores of CT and their burdens would be decreased including its costs

e Less P&C panels (much lower costs for making and wiring panels in Process Bus System versus
conventional and regular SAS)

e Less civil/ construction costs of control room versus conventional and regular SAS substations

The overall time reduction is close to 50%. The only aspect where more effort was required was during
configuration stage; however, the configuration time gets less and less after more practices because of
modularity and typicality. We have to note that this time can also be drastically reduced if substation
configuration is standardized.

Difference in material cost is very similar if we compare the regular SAS versus the Digitized Substation (with
Process Bus). Switchgear Costs are lower in the conventional substation, while the Digital Substation with
Process Bus uses less copper and less hardware (less IEDs, no DI, no DO, no Al and no AO on the relay and
their related wirings in the control panels, less cores in CTs, no BCR, etc.).

Taking into account the different aspects involved in the lifecycle costs, advantages exceeds dramatically
disadvantages in all aspects, being economics and implementation time, only 2 of them. Some of the Advantages
found are listed below:

Flexible. Changes and upgrades are easily made through software

Enables standardization. Same configuration can be used in similar installations

Open. IEC 61850 makes it possible to use equipment from different vendors

Scalable. Process Bus and the concept of IEC 61850 make it easy to make a design based on

building blocks, easily expandable

Safer. Digital systems avoid the use of live wires and enhances crew safety

e  Future proof. IEC 61850 has been designed to accept older and nowadays’ versions of primary
equipment of substations to maximize backwards compatibility

e Easier maintenance & applying full PM. Digital systems check continuously the status of the
connections and the health of the different IEDs. It is, also, possible to keep historic records of the
installations and to save pre-fault status to make a root cause analysis. Also, the system is easily
maintainable (just replacing PIU with a new one during less than 30 minutes, changing power
supply and CCU cards inside the relays during 15 minutes, and so on)

e Leaving existing cables of conventional substations on the trenches/ canals as are to save more

costs concerning under retrofit/renovate substations when the case is urgent
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L. INTRODUCTION

This document describes the best practices for protection schemes considering security of supply and safety of
persons and equipment. It describes typical protection schemes and setting criteria to ensure system security across
the interconnected European System at extra high voltage or high voltage — and in special cases even other voltage
levels. The paper mainly addresses protection of the transmission lines. The document could serve also as reference
for common principles, methods and procedures’, concerning protection engineering and it tries to provide the
necessary background for new operational procedures.

Technical solutions mentioned in this document are not considered mandatory. They are mentioned as mainly
complying with the set of presumed protection principles. Alternative technical solutions can be adopted following

a thorough study provided they are technically and financially justified, lead to the same or better overall
performance and comply with the national grid code, the applied national and international Standards.

II. PROTECTION SYSTEM

2.1. Protection Principles

There are three main objectives which any protection system at EHV level (greater than 250 kV) has to perform.
Operational reliability - For this purpose two independent auxiliary direct current-supplies with separate circuit
breaker’s coils or main circuit breakers are recommended. The main and backup protective functions should be
separated with at least two independent devices, supplied from two different manufacturers or operating with
different protection principles as much as possible. The relays may be connected at two different correctly rated
current transformer cores, according to reliability assessment or imposed by operating condition of protection
systems. The CBs have two independent trip coils and two independent trip circuits. Each protection device should
trip at least one of them by independent auxiliary DC-supplies. To allow maintenances while the EHV -circuit is in
service the several protection devices should be equipped with appropriate slide clamps, test plugs etc.

For lower transmission voltages (i.e. less than 250 kV) it is the duty of each electric utility to respect certain
principles that have been incorporated into documents for warranting operational reliability; e.g. two separate
protection devices, one distance and one overcurrent may be installed or an optimum self monitoring with the
immediate trouble shooting of any defected device must be assured, leading to maximum possible reliable
availability of the protection function overall at the transmission System.

Dependability - The destructive power of a fault arc carrying a high current is very great. Power plants close to short
circuits can lose synchronism. Therefore it is very important to clear any fault on EHV -circuits as fast as possible.
For that, there are at least two different main protection schemes with instantaneous tripping recommended, usually
double distance; or differential protection and distance protection especially of EHV over head lines-circuits
additionally enhanced by teleprotection schemes or double line differential protection usually of different
manufacturer. These different systems may have complementary qualities and features. Differential protection is
typically faster has a higher detection capability, it is more accurate than other protection principles but it needs an
efficient telecommunication system. In addition, it does not detect busbar faults, or faults between current
transformer and CB, depending on the equipment configuration and connections. Distance protection is flexible to
use and covers the busbar area. Moreover distance function is necessary as back up protection and for proper
coordination in meshed grids. Appropriate protection schemes or suitable protection functions must at least ensure
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there are no unprotected zones along the whole path: busbars, CT, voltage transformers, CB, line trap, transmission
line etc.

Also appropriate CBs with rapid tripping and arc quenching are recommended. Any fault should be cleared within
less than150ms fault clearing time (i.e. including CB arc quenching) in EHV and HV voltage levels or as it is
reasonably prescribed in the national grid code or followed Standards.

Additional functions, e.g. automatic reclosing (A/R), residual voltage / current protection and logical controls are
common practice. In solidly earthed EHV networks single phase A/R should be generally implemented. After
execution of necessary stability studies three phase fault A/R is also allowed, without endangering the system
stability and security. The line protection shouldn’t limit the maximum transmission capacity of the line. Distance
protection in particular could cause spurious tripping due to specific grid conditions, in case of high load operation.
Therefore any special topologies must be known and considered for protection parameterization. For parallel OHL’s
it is necessary to consider the rapid increase of load current in the healthy line when the faulty line trips and the
protection operation must allow re-dispatching (load transfer etc). In some cases it may be necessary to apply power
swing blocking functions and then also out-of-step operations. Nevertheless, for dependable fault detection the
distance protection setting needs a minimum of resistance reserve. This sets a limit of the maximum load by using
the distance protection. The load encroachment function should be used, whenever possible and it is strongly
recommended for the cases when the highest distance zone resistive reach conflicts with the maximum transmitted
load on the protected element. More details concerning issue of maximum load are cited in respective chapter here
below.

2.2 Protection of transmission lines

EHV-overhead lines are generally protected by distance relays with teleprotection schemes (e.g. permissive
underreach protection (PUP), permissive overreach protection (POP), accelerated underreach protection (AUP), and
blocking overreach protection) and / or line differential relays, as specified elsewhere in this text.

The maximum fault clearing time should be less than the critical fault clearance time. By using modern protection
relays and circuit breakers (two-cycle-c.b.), fault clearing times less than 100ms are generally possible. Shorter fault
clearing times will cause better system stability in case of faults, but shortening the time margins should not
jeopardize the overall protection system security. Also the maximum protection time delay for zero impedance faults
—by convention- and for the whole protections of the system must be a concern. This time delay can be either the
delay time of the highest back-up distance relay zone or of the highest overcurrent stage. This is suggested to be
kept

as low as possible and coordinated with grid automatic and special protections schemes. A value between 0.6 and 5
sec, depending on the available zones is recorded currently for the regional grids and hence it is acceptable.

Settings of the protection system are executed in such way that short circuits in the grid will be detected and cleared
selectively. Therefore the settings depend directly from the technical conditions in the grid. As a general rule special
(dedicated) overload protection should not be installed on OHLs at least; therefore the grid control centre has to
identify and to remedy overload conditions.

The «protection limiting current» is defined as the value of the current which can be transferred safely — i.e. without
picking-up of starter elements and/or tripping of the protection system. Thereby the settings of starter elements, reset
ratios, measuring tolerances and additional safety factors have to be considered by protection engineers.

The indication of the protection limiting current has to be done under pre-defined conditions (minimum operating
voltage, load area). Relevant lists for all c.b. must be issued, updated and available to the dispatching personnel,
indicating the normal and emergency operating limits of the transmission circuits and allows them to be included in
the EMS on line operating data.

The protection should be set not to trip under system transient conditions, which are not short circuits. Conversely
where the short circuit current is low due to local grid conditions (weak network) or due to high resistance of the
arc, this must be taken into consideration to trip the relay by using the most appropriate criterion, without
jeopardising the unwanted tripping during heavy load conditions (e.g. by lengthening the resistive blinder, by setting
trip angle (as a + angle area on both sides of torque vector of overcurrent setting, by combining with load
encroachment, by using «relay trip logic» etc),

Protection relays must allow the maximum possible loadability of the protected equipment, without diminishing the
clearing of anticipated faults according the simulation studies. Special care must be taken to avoid unwanted
tripping

of certain distance relays or avoidance of decreasing the loadability due to the transient enlargement of the dynamic
mho characteristic, in case this type of characteristic is applied. This must be checked by the protection engineers
from the relay application manual and the algorithm of operation. Load encroachment feature of distance relays and
—if possible- the setting of torque angle and trip angle of directional overcurrent relays must be applied.
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Figure:1 Load encroachment characteristic

2.2.1. Line Differential protection vs the Classical Distance Protection

The line differential protection, associated with distance protection is considered a preferable protection technique
for HV and EHV lines. A precondition is the reliable availability of reliable telecommunication links. The line
differential protection should always be used for multi-terminal lines, where other protection principles, e.g.
distance, cannot guarantee selectivity with protection of other elements of the system, or when and where
instantaneous clearing time need to be guaranteed. Additionally it can be used for lines with tapped transformers.

Due to the fact that short lines and/or cables do not have enough electrical length, the current differential relay
should be always be used. In those situations, when redundancy is needed, double current line differential protection
could be used. Whilst a short line maybe considered to be those less that 10km as a general rule. The limit may be
shortened depending on the voltage level, the source impedance behind the relay or the characteristics of the voltage
and current transformers.

Cables should always use at least a differential line protection in order to guarantee fast fault clearing while
maintaining security. The reason being that there are many sources of errors associated to other protection
principles, especially for ground faults in cables. For short cables, as for short lines, where redundancy is required
double current differential protection could be used.

Where double current differential protection is decided to be used, for very specific and sound reasons, it must have
as back-up at least overcurrent protections, especially for radial feeders. For meshed networks —in all cases- they
must be accompanied by distance functions serving as back-up zones and for the coordination with the transmission
system.

The use of differential line protection guarantees under normal conditions a resistive coverage of 150 Ohm or more.
For this reason it should be the main protection in redundant systems.

The current differential protection should a reliable type (preferably digital). The protection should be of the
segregate phase type, i.e. it should be able to detect the phase in fault and therefore for the case of single line-ground
(SLG) faults to trip only the phase in fault (also to establish single phase A/R). The synchronization of the measured
values is done via a communication system.

The differential protection used should be preferably a biased current differential protection type and take into
consideration the measuring errors from CTs, communication errors, and frequency deviation. The requirements for
CTs should be according with the relay manufacturer specification but in any case CTs should not saturate within
the first 5 ms for pass through faults to prevent unwanted tripping. The CTs’ class should be at least SP30, 30VA as
a starting point and it must be checked by calculation if the CT core fulfils the relay requirements for the protection
functions included in the relay.

The differential relays used on 400 kV must operate in less than 20ms.

For protection of lines with tapped transformers, the differential protection should include some special features as:
* Ratio and vector group adaptation

* Inrush blocking

For this type of application the maximum feeder-transformer protection distance should be 1 km taking into
consideration the burden that in this case may be introduced on the secondary winding of the CTs which in turn can
make the differential protection unstable using direct fibre optic as communication media.

The communication system for differential line protection should be based on fiber optic and any equipment should
comply with the IEC 60834. In general not more than 20 ms should be the activation time for the communication
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between the protections of the differential scheme. A TDM (Time Division Multiplexing) network is also acceptable
for 87L.

The synchronization method for relays of the protected elements could be any except the GPS (Geographical
Positioning System) signal due the lack of control of that signal. The bit error rate (BER) of the communication
system should be 99% of the time less than 10-6 and 0,99% of the time less than 10-3 when this reduction BER it is
not directly associated with a line fault.

When redundancy is a requirement and double differential scheme is needed the communication channels will be
fully and physically redundant, and therefore will no share the same physical path/cable. For differential protection
(current or others), in order to synchronize the analogue measurement, the maximum delay of the transmission
system should be less than 10ms and the asymmetry in the pick-up times should be less than 1 ms.

2.3. Redundancy Practices for Protection Equipment

The level of redundancy depends on the critical fault clearing time of the protected element for a three phase fault as
this is the most severe system fault, and it is the result of stability studies. Most important are the conditions for
critical time calculation. Three -phase fault followed by three pole circuit breaker CB failure or CB single pole
failure. It is very severe condition especially for 220 kV and 400 kV voltage level. In some locations of the system
one can receive times around 100 ms which can not be covered by the existing primary and secondary equipment,
keeping the selectivity.

The level of redundancy is defined taking into consideration all lines and bays with typical remote backup tripping
time according to the following table.

Tc L (ms) Tc R (ms) Tc LZI (ms) Redundancy

<350 <350 ------ 2SP/2C

> 350 <350 2SP/2C

> 350 (**) 2SP/1C

> 350> 350 ----- 2SP/1C

TABLE 1. DEGREE OF REDUNDANCY AND CRITERIA

Keynote: Tc L Critical clearing time a local end,Tc R Critical clearing time at remote end,Tc LZI Critical clearing time at Z1 distance protection
reach, 2SP/2C double system protection with double communications channels, 2SP/1C double system protection without communication
redundancy,

(**) In thisycase it is required to comply with the critical clearing time for 3phase faults in the 20% from the local end in less than 350 ms and Z2
typical clearing times for the remote end (sequential clearing of the fault it is assumed)

If there is no teleprotection redundancy, a blocking overreach protection scheme ensures guaranteed performance of
tripping time.

For short circuit protection of a system element with a 2SP requirement the principle of dependability should be
valid,. In terms of object’s protection and for EHV level, we should have:

) Primary protection system, which is the scheme that detects the faults in the power system tripping the element.
The relay associated with the system is considered the main or primary relay

[ Main backup protection, which is the protection system redundant to the primary protection system that ensures
that a failure of any element of the primary protection system is covered. This protection is called secondary or
backup protection,

[ For EHV in particular there is no defined hierarchy between the two schemes. We can have two main
protections, and they can include complementary principles.

The maximum possible reliability, redundancy and availability of the measuring transformer, of the DC supply are
required. Protection standby power supply must be available for between 4 and 24 hours and can be provided by
battery until restoration of auxiliary AC supply (Diesel generator).

Both schemes are not fully redundant, as some elements as the VT transformers or circuit breakers not need to be
duplicated. However both system should use independent CT cores and the voltage supply and tripping circuit have
redundancy (two trip coils). In order to cover the failure of the not redundant elements remote or local back up
protection should be used. The communication system should also be fully redundant where it is needed. The
figure below shows the ideal redundancy case for demonstration purposes mainly. As much as possible redundancy
of devices” coils and communication paths can be applied according to each TSO’s written Standards and practice.



Actual Trends in Development of Power System Protection and Automation

01 June — 05 June 2015, Sochi

Figure 2 Full redundancy schemes for a protection system

Key note: Bat: Battery, PP: main Protection PR: Secondary protection

The protection scheme should be based on two different measuring and operating principles or on devices made by
different manufacturers, except for the case of short lines (mixed or not), multi-end lines and transformer plus feeder
circuit and cables, where line differential is preferable (see section hereafter). Especially for short lines a blocking
overreach protection principle is also acceptable.

Current transformers assure the appropriate accuracy, they must follow standardized specification and class, they
must be adequate for the maximum rated current without suffering due to permanent flow of the anticipated
maximum permanent and temporarily load.

The protection scheme should be based on two different measuring and operating principles or on devices made by
different manufacturers, except for the case of short lines (mixed or not), multi-end lines and transformer plus feeder
circuit and cables, where line differential is preferable (see section hereafter). Especially for short lines a blocking
overreach protection principle is also acceptable.

Current transformers assure the appropriate accuracy, they must follow standardized specification and class, they
must be adequate for the maximum rated current without suffering due to permanent flow of the anticipated
maximum permanent and temporarily load. 2.4. Setting Criteria and Coordination Practices

Protection studies must have high quality, must guarantee the reliable operation and security of the system.
Procedures and validation requirements are very important and must be observed according to the practice of each
TSOs. Every proposed new piece of transmission equipment and every topology change must have as a precondition
the execution of a study, with the checking of the settings and their revision if necessary. Other possible reasons for
settings revision could be lack of telecommunication between opposite breakers, the periodical checking of wide
grid area, defects of primary schemes or special substation bus configuration due to works or maintenance.

In meshed transmission networks, the coordination is especially difficult because of the short-circuit power
variability and because of the intermediate infeed. This can lead to problems with coordination and reliability.

A wide area coordination study should consist of simulating thousands of faults in the system using computer aided
protection simulation software. The correct and coordinated relays response is checked when each fault occurs.

Two network study cases should be considered: PEAK CASE, with all available generation connected, and
OFFPEAK

CASE that considers the same topology, generation disconnected for power balancing and overhead lines

outage («N-1» criterion) according to the common dispatching practices. Both cases contain the real time double
busbar configuration where available, in order to check the bus coupler relays response. The cases should include
the whole generation and transmission electrical system modeled down to low voltage transformers distribution and
generation levels. Models must be the suitable (e.g. transient or subtransient, saturated or not, whatever applicable)
for the scope of each study. Special concern is recommended for the proper simulation of the non-conventional
generating sources.

For checking coordination only «non-unit» protections (i.e. those not directly related only to the «protected objecty,
i.e. all protections except differential) should be included in the study network model. Bus-bars, lines and
transformer differential protections, are absolute selective and non-time-delayed protection and they are not checked
concerning coordination. The communication failure for transfer trip distance protections is also modeled. These
assumptions are equivalent to consider an N-1 situation of the protection system. Therefore, only overcurrent and
distance relays are considered as responsible for clearing the faults.

In the study three phase and single phase to ground faults should be simulated. At least for the «intermediate» in-line
faults also faults with a reasonable fault resistance should be examined. These faults are applied to all elements
included in the coordination area. It also would be a good practice to consider different (more crucial) network
topologies for simulating faults, such as N situation and N situation with minimum infeed. The first one with all
network components in service; and the second one considering the overhead line only contributing fault current for
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a three phase fault and the studied fault must be cleared.

Day by day the society has come to depend on the reliability of the power system. This dependence makes the
coordination of the relay settings with those of the surrounding area mandatory and quality demanding.

Although probably belonging to different companies the complete path: generation-transmission-distribution must
be considered as an interlinked entity and faults passing through different voltage levels must be cleared coordinated
and with selectivity. The selectivity is not required in the case of radial feeders. A safe margin between primary and
next back-up stage and zone is considered between 0.2(digital relays) and 0.3 to 0.5 sec (older generations of
relays). Less margin —but not less than 0.15 sec- could be accepted for protection schemes of devices like bus tie
circuit breakers (couplers), wherever selectivity is required. It is advised the standardization of the stepping times
overall the regional system and for the same voltage level. Standardization of the zone delays is not necessary
concerning tie-line between neighboring interconnected grids, because in those cases selectivity is based on the trip
time discrimination strategy of the interconnected systems. Nevertheless the safe margin must be respected in these
cases as well.

2.5. Impact of new Generation Technologies on System Protection

The low values of short circuit currents supplied by modern wind farm generators can adversely impact on the
performance of the HV transmission system protective relays when in a particular electrical area or at specific
generation scenarios, the doubly fed induction machines or the full converter synchronous machines are extensively
used instead of classical generation.

This potential impact must be analyzed when a three-phase short circuit is assumed at different system locations.
2.5.1 - Distance function (21) for transmission overhead lines, cables and bus coupler circuit in double bus
configuration substations.

Distance relays measure the phase-ground voltages Ua, Ub, Uc and the phase currents Ia, Ib, Ic of the three phases
and they calculate the impedance up to the fault location from these measured values. Z is the calculated impedance
of the faulted overhead line or cable.
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Most of modern digital distance relays require a minimum value for phase current, in order to be able to operate.
This minimum value (IMIN) is used in the relay internal logic as a permissive to initiate the calculation of the
impedance Z, and if phase current is lower than IMIN, the relay does not operate.

The initial short circuit current, supplied by doubly fed or squirrel cage induction generators, is high and very large
in comparison with IMIN. It decreases very quickly through the time, but it is enough to activate the instantaneous
zone 1 of the distance relay; so, there is no problem to detect the fault for this zone of the distance relays, when the

short circuit current is only supplied by these generators type. Security of the transmission system will not be
compromised.

Regarding the steady-state, the low short circuit currents ISS supplied by the doubly fed and full converter wind
farm generator, could not be high enough to distance relays to operate under faulty conditions, and therefore the
fault could not be detected nor cleared. Typically zone 2 of distance relays is delayed to 0.35~0.45 seconds to
actuate tripping the line circuit breaker. Fortunately the steady-state short circuit currents ISS supplied by these wind
farm generators (Ia, Ib, Ic) are larger than the permissive value (IMIN) set in the distance relay, and then this device
is able to calculate the impedance Z of the faulted line. Enough margins between phase current (Ia, Ib, Ic) and the
permissive value (IMIN) normally exists to guarantee the dependability; consequently the delayed zone 2 also will
operate correctly at the set time, providing back-up to the instantaneous protective functions for faults in the line or
at remote busbar.

On the other hand, if the short circuit current supplied to the fault is coming from squirrel cage inductor generators,
the distance relay will not operate in its step 2 zone or zone 3, since the short circuit current after the typical delayed
time for zone 2 (0.35~0.45 s) is surely lower than IMIN (actually close to 0).

When full converter synchronous generator is used the current increases from the prefault value (lower or equal to 1
pu) to the limited low post fault value (1~1.5 pu). The time of increasing is very fast, typically 40 milliseconds. A
slight delay of some milliseconds could appear in the operation of the instantaneous zone 1 of the distance relay, but
anyway this zone will operate.

Same conclusions are valid for distance relays applied as protective device in bus coupler circuit of double busbar
configuration substations.

2.5.2 Differential relay (87) for transmission elements: overhead lines, network transformers and busbars, connected
to wind farms.

These transmission system elements which are connected to wind farms such as shown in the Figure 3, will
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experience normally high initial instantaneous (rms) short circuit differential current from their generators, if they
are doubly fed or squirrel cage induction generators. The hypothesis is for a three-phase fault into the network
transformer, the busbar shown, or in an overhead line; i.e. into the 87 relay protective zone. In these cases the initial
Ii and decaying short circuit current supplied from these wind farm generators, will permit the instantaneous trip of
the corresponding differential relay, because the resultant differential current value will normally be into the
operation area that is set in the differential relay (traditional behavior for classic electrical generators).

For wind farm full converter synchronous generators providing power supply to the network transformer, the
network busbar and the transmission line (See Figure 3), the initial short circuit current will be increasing from the
normal pre-fault value to the steady-state short circuit limited value ISS (typically in the interval 1~1.5 pu). This
type of generator, supplies lower short circuit current than previous induction generator (doubly fed and squirrel
cage) in the first 40 milliseconds of the short circuit; in this way the resultant differential current for relay 87 is more
problematic to detect.

In order to guarantee the operation of the differential relay, for any type of generation (and specially for full
converter generators), it is necessary to check by calculations the minimum differential current appearing, taking
into account conservative hypothesis (such as off-peak case scenarios, disconnection of classic generators, ...etc),
since the behavior of wind farms, in terms of short circuit current, are in general different from the classic electrical
generators.

In normal operation, when the network transformer, busbar and transmission overhead line, are fed from two ends,
the resultant differential current for faults into the protected zone is largely increased by the other end that is
opposite to the wind farm, since this end is the transmission network which supply high short circuit currents. No
problems to detect the fault and instantaneously trip the corresponding circuit breakers by the differential relay (87)
will appear in these situations. This is the normal and most usual real case. In case both line ends are fed with wind
farm generators, possible problems could be arisen since the differential current is largely minimized and the relay
fault detection could not be possible.

2.5.3 Phase overcurrent relays for transmission network transformers (50, 51) or bus coupler in double bus
arrangement (51).

Normally phase overcurrent relays are used at transformers as a back-up function to detect transformer throughout
faults. Some problems could be arisen for these protective functions when one or two voltage side of transformer is
only fed from wind farm generators.

It is assumed that 51 functions are installed at both voltage sides of the network transformer. A three-phase short
circuit is postulated at transmission busbar as shown. The remaining transmission power system that is represented
by the Thevenin equivalent circuit is assumed to contain a mix of classic generation and modern wind farms

With doubly fed induction/full converter generators supplying short circuit current to the fault point in the busbar,
the initial high rms value of the short circuit current will decrease/increase to the limited steady-state rms value ISS
at approximately 40 milliseconds This ISS is typically limited to a value in the range 1~1.5 pu of each wind turbine
generator, and therefore the transformer ISS throughout short circuit current will be no greater than 1.5¢Ir. On the
other hand, normal pick-up value for this protective function is set in the interval 1.4-1.5 times the rated current of
the transformer (Ir). The short circuit current supplied (ISS), in this case, is too low to pick up the phase overcurrent
51 functions.

With wind turbine squirrel cage induction generators supplying short circuit current to the fault point in the busbar,
the decaying current disappears approximately in 0.3~0.4 seconds in most of the cases. The 51 function will
probably picks up but it will promptly reset and it will do not operate.

Precedent paragraphs show us that phase overcurrent relays 51 are not adequate to detect the low short circuit
overcurrent that is generated from wind farm generators when they are located behind of the protected network
transformer. So the question is: Is it necessary the 51 function in these cases of throughout faults?. The generated
low overcurrent can be considered as an overload indeed and the thermal image relay (49T) of the transformer
protects it against excessive winding temperature. The transformer integrity is so guaranteed.

The problem is that the voltage will be greatly depressed at locations near to the short circuit point and security and
performance of the power system, installations and people will be dangerously compromised. It is necessary to
break all short circuit contributions to the fault point as soon as possible.

In relation with transformer instantaneous phase overcurrent function (50), it is normally set higher than the
maximum short circuit current supplied by the generators of the wind farm, in order to coordinate with the
instantaneous overhead line relays, and as a consequence it cannot detect the transformer throughout phase faults.
The next figures shows a part of the European Transmission Systems where due to the low infeed of this type of
technology overcurrent protection are no able to trip as back up for a busbar fault.
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Figure 3. Impact of power electronics on system protections

Figure 4. 51 function setting for the not tripping transformers

VII. CONCLUSIONS

Correct power system protection practices in interconnected transmission systems for security of supply are of
capital importance. The use of the right protection principles, adequate redundancy are clearly defined in the
European Transmission Systems.

The installation of line differential protection as the main protection system is growing in the European System
due to the advantages over the more common distance protection principle. This is of special relevant as a
consequence of the increasing introduction of power electronics in the transmission systems. That power electronics
is reshaping the dynamic behavior of the short circuits currents and more accurate and sensible protection systems
will be needed to cope with that new situation.
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1 INTRODUCTION

Reliable algorithms for the analysis of faults on overhead transmission lines have become an
essential tool for transmission line protection engineers. Fault locators determine the distance to the
fault from a set reference point. There have been various methods of fault location developed in the
past; some of which use data from a single line terminal and some which use data from multiple line
terminals. Some examples of different methods of fault location are given in _[1]- _[13]. Takagi et al,
M[1], developed a method of fault location based on microprocessor calculations using voltage and
current data from one line terminal. Djuric et al [I[2] proposed a fault locator using only current
phasors from one line terminal. In ~ [3], Girgis et al presented a method of locating faults based on the
computation of the voltage and current phasors at two or three line terminals. Abe et al, [I[4],
developed a method of fault location using asynchronously sampled data from multiple line terminals.
In LI[5], Jiang et al developed an adaptive fault detection/location technique, using Phasor
Measurement Units (PMUs), to obtain the phasors at the line terminals. Gopalakrishnan et al, 71[6],
developed a method of fault location using data from both ends of the line that required synchronised
data sampling. Tawfik and Morcos, _[7], used the travelling wave technique to develop their method
of fault location. In " [8], Tamronglak et al investigated the malfunctioning of transmission line circuit
breakers and their impact on hidden failures. In  [9], Yu et al presented a PMU-based method of fault
location on lines with series compensation. In [1[10], Lee et al proposed a technique for fault location
on short lines using PMUs. Novosel et al, [1[11], presented a technique for estimating the fault
location using unsynchronised data sampling at each end of the transmission line. Further publications
on this subject can be found in [12]. In [I[14], the authors make an overview of the research
performed in the field of fault location. Some of this research is also summarized in [1[15]. An
approach of the application of PMUs for fault location is described in [16]. It is based on the results
presented in [1[17] and [18]and it gives a phasor-domain solution for simultaneous calculation of the
fault location and fault arc voltage amplitude in the case of all fault types. However, its operation
might be affected by distortions caused from external grids connected by the line. Furthermore, the
approach has several sequential stages (extraction of phasors not sensitive to decaying DC component,
linear least squares estimation of unknowns), which make this approach rather complex. One of the
latest works, where Wavelet analysis is applied, is addressed in [1[19].

This paper presents a new two-terminal numerical algorithm for the analysis of single line to
ground (SLG) faults on short overhead transmission lines. SLG faults are the most common, and the
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authors’ motivation was to develop a specific algorithm for SLG faults rather than a general solution
addressing all fault types.

The proposed algorithm estimates the unknown distance to the fault point from input data
(voltage and current samples), and can be used for off-line fault location and analysis. With advances
in technology, the authors expect the deployment of the algorithm in real-time applications.

This paper presents a novel algorithm based upon the use of Synchronised Measurement
Technology (SMT) that can determine the distance to the fault, the fault voltage and the fault
resistance simultaneously from voltage and current data samples, synchronously measured at both line
terminals through the use of SMT technology. In order to evaluate the proposed algorithm, arc
modelling and simulation studies are presented and validated with real data records. Statistical
evaluation of the new numerical algorithm is undertaken.

The paper is organised as follows: Section 1 is the Introduction; Section 2 presents a model of a
single phase to ground fault on a transmission line; Section 3 describes modelling and simulation of an
electric arc; Section 4 presents the results of the algorithm testing; conclusions are given in Section 5 .

2 TRANSMISSION LINE FAULT MODELLING

Statistically, approximately 80% of all faults are followed by an arc _ [13], which contributes to
the resistive component of the fault impedance. The fault path also includes the tower footing
resistance and any other resistance at the fault point. An accurate fault location algorithm must
consider the arc and the tower footing resistance, which are connected in series.

Figure 1: shows a three-phase representation of an SLG arcing fault on a transmission line. It is
assumed that current and voltage measurements are synchronously acquired at both line terminals by
SMT and transmitted to a central Intelligent Electronic Device (IED) where they are processed by an
appropriate numerical algorithm to determine the fault distance (/) arc voltage amplitude (U,) and the
tower footing resistance (Ry).

The fault arc is a long arc in free air, so its properties should not be confused with those of a
short arc in a circuit breaker during current interruption 1[20]. The fault arc has a highly non-linear
nature, causing distortions in the voltage and current waveforms along the transmission line. These
distortions could indicate an arcing fault [/[21]. The arc voltage waveform (u,(r)) can be modelled as

a pure square wave [1[21]-[1]22]:
u,(1)=U, segn(i,) (1)

whereU, is arc voltage amplitude, i, is arc current and sgn is the signum function.

In (1) there is only one unknown parameter: the arc voltage amplitude U,. Other arc models
include a number of different parameters, but it will be shown that (1) is accurate enough for
developing new algorithms for overhead line protection.

| l £ D-1 N
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—L43 1B3 «—
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Rr

Figure 1: Three-phase re;resentation of the faulted line.

Using the symmetrical components approach, the line terminal voltage u, (on the left-hand side
in Figure 1:) can be expressed as follows:
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where R¥, R}, Lf and [, are positive and zero-sequence line resistance and inductance, respectively,
i, and ;) are left line terminal current and its zero sequence component during the fault, u, is fault
voltage, and K, :(RE1 -RY )/ R and K, :(L‘j1 -1 )/ !, are the compensation coefficients to account for the

zero-sequence current flowing through the line. These coefficients can be calculated in advance and
they remain constant.

The fault current i, is the sum of the currents flowing to the fault from both of the line terminals
(see Figure 1:):

i, =i, +ig 3)
Also, the fault voltage ur can be expressed as:
Up = Ua Sgn(ia) + RFia (4)

Substituting equations (3) and (4) into equation (2) gives:

. , di di}
u, :Rf(zL +KR12)+L’;(d;+KLdtL
The line parameters can be expressed as products of the line length and per unit length values.
Equation (5) then becomes:

u, =rP(iL+KRi£)-l+lP(iltL+KL

J+Ua sgn(i, +i,)+R,.(i, +iy) ®)

-0
il;]~l+sgn(iL+iR)-Ua+(iL+iR)-RF (6)

where: [ is the unknown distance from the left line terminal to the fault location, U, is the unknown arc
voltage magnitude and R is the unknown fault resistance. Equation (6) can then be rewritten in the
following simplified form:

Coefficients a;, a, and a; can be identified from equation (6):

[ 0], ,p| dig diy
= +Kpip 17| —+K; — 8
a =r [’L RZL] [dt L i (8)
a, = Sgn[iL +ig ] =sgni, )
ay =iy +ip =i, (10)

In equation (7), u, is directly measured voltage on the faulted phase on the left-side of the line, whilst
the coefficients a;, a,, and a; can be determined from measurements of the currents at both line
terminals. The unknown parameters can be arranged in the vector x, as follows:

x=[1 U, R;J (11)

where ‘T’ denotes matrix transposition.
Thus, the generic parameter model of the problem can be expressed as:

ug=lay @y o}l U, ReJ =ax (12)

Where a is a 1%3 coefficient model matrix. Finally, random noise is added to (12):
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Uy, =ax+u (13)

Equation (13) is the generic mathematical model of the measured voltage on the faulted phase,
and it is the starting point for designing a suitable technique for estimating the unknown fault
parameters. Since the model is linear, a linear parameter estimation technique is used. The model
order, as defined by the number of unknown model parameters, is 3, so applying a non-recursive
estimator is acceptable for real-time processing. This is shown in the Appendix where the non-
recursive Least Squares Error (LSE) estimation method is presented.

For the calculation of the first derivatives of currents with respect to time, a parabolic (second

order polynomial: i (t)zbo +bt +byt* ) approximation approach was used [1[23]. For each time step ¢, a

parabola approximating the current is fit through three consecutive samples of current, with the time
step ¢ being in the middle. The first derivative of current at time step ¢ is then approximated as
di(¢)/dt = b, +2b,¢ . Through a number of simulations it was concluded that the parabolic fitting

delivers more accurate results compared to linear fitting. Cubic function fitting (3" order polynomial)
gives similar results to parabolic fitting, but it is computationally more demanding, as it requires the
processing of four samples, and the use of higher order polynomials gives more erroneous results.

In the algorithm derivation, the capacitive nature of the line was neglected, so the presented
solution can be applied to lines of length less than 100 km. Developed in the time-domain, it is not
sensitive to the distortions that may originate in external grids; this is one of advantages compared to
the algorithm given in "1[16].

The difference between this algorithm and the present state of the art is that, due to the
algorithm being derived in the time domain, it is able to estimate the fault resistance and indicate the
presence of a fault arc (which can be used to control autoreclosure) as well as estimating the fault
distance.

The effects of the fault arc on the accuracy of the algorithm are assessed. The algorithm was
also rigorously tested for varying arc voltage waveform shapes and arc elongation effects. As the
algorithm was derived in the time domain, it has a faster convergence time than those derived in the
spectral domain.

3 ARC MODELLING AND SIMULATION

The accurate modelling of arcing faults and understanding their interaction with the power
system is particularly important for the successful design of relaying algorithms L[I[24]-LI1[27].
Numerous models have been developed to describe the behaviour of electrical arcs; most of these
models are used to model arcs in circuit breakers ~ [28]-7[31]. Some of them have been adapted to
model long arcs in free air — the arcs that exist during arcing faults on overhead transmission lines
LI[27].

In this paper, the arc thermal equilibrium method will be used ~[28], [1[29]. Here the arc
conductivity is presented in the form of a first order differential equation. The thermal long arc models
[J[24] and [J[25] were introduced to model the arcing fault as:

g=[ (G- gy (20)
T

where g is the time varying arc conductance, G = |i|/V,,. is the stationary arc conductance, [i| is the
absolute value of the arc current, V.= (uyt+R|i])/, is a constant arc voltage parameter which describes
the arc voltage clipping level, u, is the arc voltage gradient, R is the arc resistance per unit length, /, is
the arc length and 7 is the arc time constant which influences the arc voltage-current characteristic. In
this paper, the power system is simulated using the EMTP-ATP software package [/[32].

Figure 2: shows the voltage-current characteristics of a simulated arc using time constants of
20s and 550s, respectively. The time constant determines the relationship between the model arc
voltage and current and, consequently, it also determines the shape of the arc voltage waveform.
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Figure 2: Two typical current-voltage arc characteristics with different time constants

In Figure 3: , a comparison between the voltage waveforms of the simulated arc (1 = 14V/cm,
R=1.5mQ/cm, 7=450s and /, = 143cm) and real arc data is shown. The real data were obtained
through a sequence of tests in the High Power Laboratory FGH-Mannheim, Germany [1[21]. The
correlation coefficient between the two waveforms is #=0.9951. This is evidence that the arc model
used in the research for this paper accurately simulates the physical processes of a real arc.
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Figure 3: Comparison of recorded (solid line) and simulated (dash-dotted line) arc voltage waveforms.

4 ALGORITHM TESTING

The efficacy of the algorithm was investigated by simulating different faults on a 100 km long
overhead transmission line. SLG arcing and arcless faults with different parameters were simulated at
various locations along the line. In each case the fault inception time was set at =23 ms and the
sampling frequency was f; = 3200 Hz.

The estimated unknown parameters for a fault with parameters (r=450ps, U, =2kV,
Ry =12Q and / = 90km) and with data window width of 40ms (128 samples) are shown in Figure 4: -
Figure 6: . Note that for arcing faults, the arc elongation phenomenon is included. It was assumed that
the arc elongated at a rate of 12 m/s — as obtained from the analysis of a real arc _[21]. In Figure 4:
the elongated arc voltage u,, its estimated amplitude by the proposed algorithm and the control signal
indicating that the fault is transient are presented. The tracking abilities of the algorithm are obvious.

Simultaneously to the arc voltage amplitude, the unknown fault distance (90 km) and tower
footing resistance Ry (30 Q) are estimated (see Figure 5: and Figure 6: , respectively).
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Figure 4: Arc voltage waveform and estimated the elongating arc voltage magnitude.
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Figure 5: Estimated fault distance for a 90 km arcing fault from the left-side of the line.
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Figure 6: Estimated fault tower footing resistance for a 90 km arcing fault from the left-side of the line.
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For the arcless faults, the proposed algorithm also gave accurate results which are omitted here
due to limited space.

In order to identify the factors affecting estimation errors and the magnitude of the errors
introduced by the proposed algorithm when estimating the fault distance, arc voltage magnitude and
footing resistance, over 80 different fault case simulations were performed. Moreover, for each
simulation, three data window widths were used to test the algorithm sensitivity and accuracy versus
the number of samples:

- 10 ms which corresponds to a half of SOHz signal period (32 samples per data width);

- 20 ms which is equivalent to the full 50Hz signal period (64 samples); and

- 40 ms (128 samples).
Note that data window width is the only parameter of the algorithm that could be varied (sampling
frequency had been determined in advance, before the algorithm was executed).

The default fault parameters (7= 450 us, U, =2 kV, Rp = 12Q and / = 20km) were varied over a
broad range (7=[20-550] us, U, =[0-3] kV, Rz =[0-300] Q and / = [0-100] km). In each case, one of
the parameters varied whilst the others were kept constant at the default values. The summary of the
results for the case of 40 ms (128 samples) data window width is given in Table 1.

ERROR Mean Std.Dev. Corr. Coef.
Effect of Fault Distance (/) for arcless faults

[ (%) 0.1550 0.0030 -0.9945
Uy (%) - - -

R (%) -0.0286 0.0110 -0.7385

Effect of Fault Resistance (Ry) for arcless faults

[ (%) 0.1588 0.0007 0.9755
uq (%0) - - -

R (%) -0.0093 0.0119 0.6240

Effect of Fault Distance (L) for arcing parameters
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[ (%) 0.7660 0.6010 -0.7067
u, (%) -14.4847 2.3657 -0.5125
Ry (%) 0.2220 0.0424 0.4860

Effect of fault resistance (Rr) for arcing parameters

1 (%) 1.9921 1.1250 0.9881
u, (%) -14.5435 3.0033 0.6871
Ry (%) 0.1569 0.1011 -0.7209

Effect of arc time constant (7)

1 (%) 0.5392 0.1658 0.9810
u, (%) -8.6098 7.1544 -0.9859
Ry (%) 0.1157 0.1235 0.9867

Effect of arc voltage (u,)

1 (%) 0.6506 0.2593 0.9999
u, (%) -17.5399 0.4534 0.9999
Ry (%) 0.2240 0.1212 0.9998

Total effectiveness

1 (%) 0.7103 1.3121 -
u, (%) -13.7945 8.1245 -
Ry (%) 0.1135 0.2055 -

.Table 1: Mean, St. Deviation and Correlation Coeff. for the errors in estimating unknown parameters
(DWW=40ms)

The highest errors are observed in the estimated arc voltage magnitude. It is underestimated on
average by about 14%, with standard deviation of 8%. The estimated arc voltage magnitude is most
influenced by the value of the arc voltage magnitude and the arc time constant (correlation coefficient
is close to £1) and least influenced by the fault distance and footing resistance (lower values of
correlation coefficient).

Much smaller relative errors are observed in the estimated fault distance, on average about
0.7%. They also had much smaller dispersion of about 1.3%.

The most accurately estimated results were for the footing resistance, with average relative error
of only 0.1% and standard deviation of about 0.2%. The results show that the fault distance and actual
footing resistance do not have a strong influence on the estimated footing resistance error (lower
values of correlation coefficient). However, the arc time constant and the arc voltage amplitude have
much stronger influence on the estimated footing resistance error.

Similar results were obtained for data window width 10ms and 20ms. The total effectiveness for
DWW=10ms and DWW=20ms are shown in Table 2 and Table 3, respectively:

Total effectiveness
1 (%) 0.710170108 1.312129611 -
u, (%) -13.8077775 8.129961659 -
R (%) 0.113628123 0.206100234 -

Table2: Mean, St. Deviation and Correlation Coeff. for the errors in estimating unknown parameters

(DWW=10ms)

Total effectiveness
[ (%) 0.71025816 1.312167703 -
u, (%) -13.79714044 8.125274027 -
R; (%) 0.11348894 0.20570746 -

Table3: Mean, St. Deviation and Correlation Coeff. for the errors in estimating unknown parameters

In Table 4, apart from the estimated fault distance, voltage amplitude and fault path resistance,
also shown are 95% confidence intervals, represented by their lower and upper limits. The analysis

(DWW=20ms)
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was done for different data window widths, for both arcing and arcless faults. Default fault parameters

(z=450ps, U, =2 kV, Rg=12Q and / = 20km) were used.

arcless fault arcing fault
lower limit | value | upper limit lower limit value upper limit

DWW =0.5

[ [km] 20.0316 20.0316 20.0316 20.1002 20.1474 20.1945

u, [V] -0.0061 -0.0030 0.0001 1294.1290 1653.683 2013.2376

R;[Ohm] 11.9976 11.9976 11.9976 11.9943 12.0322 12.0701
DWW =1

[ [km] 20.0316 20.0316 20.0316 20.1156 20.1474 20.1791

u, [V] -0.0049 0.0001 0.0050 1411.7314 1653.999 1896.2671

R/[Ohm] 11.9976 11.9976 11.9976 12.0066 12.0321 12.0577
DWW =2

[ [km] 20.0316 20.0316 20.0316 20.1254 20.1474 20.1693

u, [V] -0.0057 0.0007 0.0071 1486.5746 1654.064 1821.5536

R{Ohm] 11.9976 11.9976 11.9976 12.0145 12.0321 12.0498

Table4:Estimated unknown fault parameters, their lower and upper values (95% confidence intervals)

The obtained results show that data window width (DWW) does not impact the accuracy of the
algorithm. Moreover, for arcless fault, 95% confidence intervals for fault distance and fault path
resistance are determined with accuracy higher than 4 decimal places (small variance of these
estimated parameters). As for the arcing fault, increasing the DWW delivers narrower confidence
intervals (reduces the variance of the estimated parameters), which is the expected outcome.

A large amount of results were obtained but, due to space limitations, only some representative
results are shown.

Only the results obtained with a data window width of 20ms are presented since it was shown
that the data window width does not have much impact on the results. Thus using smaller data window
widths (0.5 or 1.0 periods) gives good accuracy and numerically stable results (no divergence) and
also delivers accurate results faster (as soon as the transient samples leave the data window). That is
why in the remaining text the focus is on a data window width of 20ms (64 samples).

Results are shown for faults at 20km from the left line terminal with footing resistance
Rp = 12Q. The arc parameters used were 7= 450 ps, U, = 2kV.

First of all, the residuals, given in vector p in equation (A.5) in the Appendix are scrutinized. In
order to compare the distribution of the residuals with the normal distribution, some general
parameters of distribution will be calculated first.

The skewness of the residuals is calculated as their 3™ standardized moment [34]:

N3
. E[(xa:l) ] Q1)

For normal distribution, skewness is equal to zero. The more it deviates from zero, the more the
distribution is asymmetrical.
Kurtosis of the residuals is calculated as their 4™ standardized moment [34]:

- Ho=]
o

(22)

Histograms of residuals for both arcless and arcing faults are shown in Figure 7: .
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Figure 7: Histogram of the residuals of arcless and arcing fault.

The kurtosis of the normal distribution is equal to 3. It is a measure of the shape of a
distribution. Distributions with higher, sharper peaks and smaller tails than the normal distribution
have higher kurtosis.

One can conclude that for the arcless faults, residuals come from a distribution close to normal,
but with higher peak and shorter tails (kurtosis > 3) and slightly positively (right) skewed (the right tail
is longer). Conversely, residuals from arcing faults obviously do not come from a normal distribution
(kurtosis is above 11).

Another way to assess the normality of a data set (set of residuals) is to examine the normal
probability plot [35] of the residuals versus standard normal distribution. If the data come from normal
distribution, the plot is close to a straight line. If the data do not come from normal distribution, the
plot deviates from the straight line.
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Figure 8: Normal probability plots of residuals for arcless and arcing fault.

One can see in Figure 8: that for an arcless fault, the distribution of the residuals does not
perfectly follow a normal distribution, whilst for the residuals of an arcing fault the outliers are
obvious. Both plots have an S-shape, indicating that residuals come from a distribution with shorter
than normal tails, i.e. less variance than expected. Figure 8: b) gives clear evidence that for an arcing
fault, the residuals are not distributed normally, and a closer statistical examination of the model is
required, which will be the topic of future research in this field.

Figure 9: shows residuals together with their 95% confidence intervals within a data window
for both arcless and arcing faults. Note that the confidence intervals are determined based upon
“Studentised” residuals [36]:
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I[j.
d-—t (22)
S(l _ pii)l/Z

th

wheresy; is i residual in data window, p; is i diagonal element of P=A(ATA)'1AT and

S = qu /(N —n)is the estimate of the variance of residuals. Studentised residuals have -distribution

with (N-n) degrees of freedom [36].

For the arcless fault, it can be noticed that all the residuals lay beneath zero, i.e. they all have a
relatively small negative value. This leads to the conclusion that there exists a DC component in the
voltage signal which is not accounted for in the model. Thus, adding a DC component in the model
would further increase the accuracy of the algorithm; this will be a topic for future research. Also, for
the arcless fault, confidence intervals for all residuals contain zero (vertical line around each residual
cross over the horizontal zero-line). It means there are no outliers in the sample.

On the contrary, for the arcing fault, there is an obvious pattern of residuals vs. their index in the
data window. It is a consequence of the shape of the arc voltage, which differs from the ideal
rectangular waveform assumed in model. When the arc reignites after passing through a current
waveform zero (see Figure 2: and Figure 4: ), there is a sharp spike in the voltage which is not
accounted in the model (Eq. (9)), and that is reflected as outliers in residual plot in Figure 9: b).
Therefore, there is a strong time dependence of the residuals in the case of an arcing fault. This fact
suggests that a further improvement of the model is necessary, which will be subject of future
research.
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Figure 9: Plot of Residuals with 95% confidence intervals.

5 CONCLUSIONS

In this paper a new time-domain adaptive estimation numerical algorithm for the analysis of
single-phase-to-ground faults on short overhead transmission lines, based on synchronised
measurement technology and the implementation of parameter estimation theory, has been presented.
It was shown that the fault nature (permanent metallic or transient arcing) can be efficiently
determined by the proposed algorithm. The importance of fault arc modelling was investigated and it
was proved that realistic arc modelling can improve the quality of fault locators and algorithms for the
analysis of faults on lines.

Statistical investigation of the results obtained by the proposed algorithm has brought several
inferences. The highest errors were observed in estimated arc voltage amplitude. It is most influenced
by the actual arc voltage magnitude and the arc time constant. The same parameters also influence the
estimated fault path resistance error. The reason for this is that the shape of arc voltage waveform
depends upon these two parameters and deviates from the assumed pure rectangular shape.

The proposed LS model is linear and due to its simplicity it can be applied in protection devices
in real time operation. An improvement could be achieved by adding a DC component in the model
and still keeping it linear. Furthermore, it was concluded the residuals of the arcing fault do not come
from normal distribution.
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Future work will be focused on both improving the model and determining an appropriate
distribution of the residuals. As nonlinear models will also be considered, this will require a trade-off
between the accuracy of the algorithm and the tractability of the results.

It was concluded that the impact of data window width (DWW) on the algorithm’s accuracy is
insignificant. Thus, the shorter DWW is recommended as it delivers accurate results in shorter times
compared with wider DWW (shorter time lag between real and estimated data). Dynamic DWW, with
an optimal width according to the signal dynamics, will be also explored in future research.

APPENDIX

Parameter Estimation by Least Error Squares Method

If the input signals are uniformly sampled with the sampling frequency f;, then discrete presentation of
time, having index m is given by ¢=t,=mT,. Assuming that N samples, which belong to a data
window of size Ty, are simultaneously processed, then a suitable equation (13) can be written for each
time step within the data window. In this way, N equations will be obtained for N samples. These can
be presented in the following concise matrix form:

- measurement vector of voltage samples:

ug =g @) o w0 =l gy (A.1)

- coefficients of suitable model matrices:

dt d
a, = ; (A.2)

di diy
[ 0], ,p| dif L
r [IL +KRlL]+l [?'FKL ?J |(t:tN)

. .0
rP[iL +KRi2]+lP{dL+KL dL;] |(t=tl)

T

a, :[sgn[iLﬂ'R] |(t:t1) sgn[iL+iR] |(t:tN)] (A.3)
ay =i, +ig |(t:t|) el +ig |(t:tN) T (A4)
For a given data window, the following holds:

uA:[al 2, 33]-x+u=Ax+p (A.S)

whereA 1is a coefficient model matrix. The optimal parameter estimates are obtained by using the LSE
estimation method:

—1

x=(ATA)'ATu, (A.6)

where (ATA)_lAT is the left pseudo-inverse matrix of the model matrix A. The model order n (here

n =3) is determined by the number of unknowns. The inversion of a 3x3 matrix is a trivial task, even
for ordinary hardware platforms, so the algorithm could be implemented easily in future IEDs.
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C.4-10. PazBuTne aBTOHOMHbIX pPerucTpaTtopoB aBapuUUHbIX coObITUN B Poccumn.

JINCULIBIH AHIPEW AHJIPEEBUY
OAO «HTII EDC»
CYJMMOB JJMUTPU BAJIEHTUHOBINY
000 «ITAPMA»
Poccust
dvs@parma.spb.ru

Kurouessle ciioBa
Perucrparopst aBapuitasix coosrtuii (PAC), HopmatusHbie fokyMeHTH (CTO, 'OCT)

1 BBenenue

PaccmarpuBaetcss ucTopusi (BBLACICHO 4YETHIpE NEPHOAA), TEKYIEe COCTOSHHE U TIepPCIEKTUBHOE
HaIpaBlieHUE Pa3BUTHSA aBTOHOMHBIX aBapuiHBIX peructpatopoB (APAC) B Poccun. BeineneHpl kauecTBeHHbIE
¢yHkunonanbHele ocobenHoctd PAC B uX BpeMeHHOW peTpocrekTuBe. JlaeTcs aHalW3 CYIIECTBYIOIIUX
HOPMATUBHBIX JOKyMEHTOB B 4YacTu PAC u QopMymupyroTcs NpEeAsioKEeHUsI MO MX COBEPIICHCTBOBAHUIO C
YYETOM COBPEMEHHBIX TEXHUYECKUX BO3MOXKHOCTEH 1 NOTPEOHOCTEH IKCILTyaTalH.

2 Ucropus pa3BuTus

2.1 Oman I - 1965 - 1990 ze.

Ilepsrie aBapuitHble ocimniorpadsl ObIH pa3padotansl B Poccuu Bo BTOpO# monoBuHe 60-Xx romoB
20 Beka (paHee, ueM 3a pyOexoMm) Ha JleHUHTpackoM 3aBoje «Bubparopy. 1o nmpuaImITy nercTBus 310 ObUH
CBETOJIYYEBBIC ocuIorpadsl ¢ hukcaimeid mporecca Ha porodymare. OcHoBabiM PAC 3toro nepuoa O0but (1
elle BCTpeyaeTcss B OJKCIUTyaTalu B Hacrosmiee Bpemsi!) «uureiigosbiii ocumiorpadg» H-13 (Puc.l) B
KoMIuTekTe ¢ manenbio mycka (YIIO-1, snocneacteuu 11J120301).

OCHOBHOH 1I€JIbI0 CO3/IaHUsI aBapUHHOrO ocuuuiorpada Obljia HEOOXOIUMOCTh aHAU3a MPOTCKAHMSI
aBapHUITHOTO MpoIllecca Ha AHEProoObEKTE M aHaIM3 PadOThl YCTPOWCTB PEJICHHON 3alllUThl U aBTOMATHUKU
(YP3A). Hdonrue roapl cneumanuctsl ciny:x6 P3A BoccTaHaBnuBaiy KapTUHY aBapyid, U3ydasl MPOSBICHHYIO
(OTOMJIEHKY M BBIYUCISAS BEIMYMHBI TOKOB M HANpPSDKEHUHM ¢ HOMOUIbIO JinHelWku. Hago Obulo BHUMATENBHO
CIIEJINTh 32 COCTOSIHMEM dYacTel ocumiuiorpaga, CBOEBPEMEHHO MEHSTh KacceThl ¢ GoTodymaroi. CKoOpoCTbh
BBISICHEHHS [IPUYHMH aBapuu Obljla HU3KOH, MMOCKOJIBKY HEOOXOAMMO OBIJIO BpeMsl AJIsl TOCTABKHU C MOACTAHLIUHU U
MPOSIBKM KacceThl ¢ OyMaroi ¢ mocjeIyonM TIIATeIbHBIM U TPYAOEMKUM aHATM30M OCHUIIOTPAMM.

Puc.1: Ocummnorpag H-13
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Kommnekc PAC B coctaBe H-13 u YIIO-1 (u manee I1/130301)onpenenun nepBble 5 KadyeCTBEHHBIX
xapaktepuctuk APAC, npuBenenusix B Tabmune 1:

Ne OyHKINOHAIBHAS TexHu4YecKue XapaKTePUCTUKHU
XapaKTePUCTHKA
1 | Auama3onsl peructparuu | I: 15A, 50A, 100A, 150A AC
AHAJIOTOBBIX BEJIUYHNH U: 50B. 100B,150B, 200B AC
2 | YcnoBus mycka 3Uo: 3-12B
3lo (mrynTHI, conpot.): 0,15-0,6B (1A), 0,75-3.0B (5A)
1o : 1-4A(1A), 4-20A(5A)
Umd : 20-100B
3 | Bpemena perucrpariu Perucrpamus MomeHTa mycka W mpeabictopud - depe3 20 mc

MOcJie Hayajia aBapuiHOro pekuma.

JmurensHOCTh 3amucu - 10 10c

«MepTBas 30Ha» 0 cieayrolel 3anucu - He MeHee 60c
Ko-Bo coxpaHsieMbIX OCIIJUIOIPAaMM - eMKOCTh KacCeThl 25M
4 | KonuuectBo  ogHOBpeMeHHO | 12

PETUCTPUPYEMBIX BEJIMYMH

(xaHaJIOB)
5 | CuHxpoHHM3anusi € €IUHBIM | Yachl U yCTPOHCTBO GoTorpadupoBaHusl THSI HEJCTH U BPEMEHU
BpPEMCHEM CYTOK, YKa3bIBACMBIX CTPCIIKAMH 4aCOB C 7-ILHCBHI)IM 3aBOAOM

Taoa.1: KauectBennsie xapakrepuctuku APAC.

Koncrpykrusno, nepsoie APAC npeacraisiu u3 cebs HAOOp U3 CBETONYYEBOro ocuuiiorpada, 6ioka
IMUTaHud, Mara3via IyHTOB U COHpOTI/IBHeHI/Iﬁ K HEMY U OTACIIBHOI'O YCTpOﬁCTBa - IIaHCJIN ITyCKa.

2.2 Oman 2 - 1990-2000 22.

Pa3zBuTHE TEXHWKM W DIIEMEHTHOH 0a3bl, a TakXkKe, YTO HEMaJOBAKHO — MPOIECC «IIEPECTPOUKN» B
CTpaHe, TpHUBEIU K TOSBICHHIO TMEpBBIX «IUPpoBbIX» APAC, OpUTHHANBHBIX 10 KOHCTPYKLHUSIM H
TEXHUYECKUM XapaKTepUCTUKaM, pa3pabOTaHHBIX M BHEAPEHHBIX B CEPUHHOE MPOU3BOJACTBO HECKOJIBKUMHU
MOJIOIBIMH KOMITAHUSIMH, CBOETO pOAA «IIMOHEpaMU» CO3JaHHUS IEPBBIX OTEYECTBEHHBIX (POCCHICKHX)
«audppoBsx» PAC:

e HIIIT «bpecaep», HIIIT «OKPA» r. Yebokcapsl

e HTII «I'ocan» r. MockBa

e  3AO0 «3ueprocoroz», OO0 «ITAPMA» r. Cankr-Iletepbypr

e 00O «Cgeii» r. EkatepunOypr
Crnenyer orMmeTuTh eule opuruHaibHble paspabotkn PAC na VYkpaumne («Permna», «Pexon») n JlatBum
(«<PEMI»).

Paszpabotku HOBEIX PAC W HMX BHEIpEeHHE MPOUCXOJUIIM OYEHb OBICTPO, HECMOTpPSI Ha 3aTSHKHBIC
TSDKEJIble KPU3UCHBIE TOABI, Ae(ONTH U MPOYUE TPYAHOCTH, OCKOJIBKY MPEUMYIIECTBA «IU(PPOBON» TEXHUKH
nepea MacCcoBO HaXOISIIMMUCA B HKCIUTyaTalldd B T€ TOJbl CBETOIYYEBBIMU ocumiiorpadamu ObLIO MPOCTO
MTO/IABJISIONINM 110 TEXHUYECKUM XapaKTePUCTUKaM M BO3MOXKHOCTsM. B Tabmnure 2 nmpuBeeHbl JOCTUTHYTHIE B
3TOT MEPUOJT HOBBIE (PYHKIIMOHATIHHBIC BO3ZMOKHOCTH M TEXHUUECKUE XaPAKTEPUCTHKH.

OHEpreTUKN BIIEPBBIE MOMYYWIM BO3MOKHOCTH HE TOJIBKO IPOCMOTPA M BBIYMCICHHUS aBapUHHBIX
BEIMYMH, HO WU BOCCTAHOBJCHHME XOJla Pa3BUTHUA aBAPUU @ Uea0M N0 00beKkmy — IIOCIEl0BATEIbHOCTD
cpabarsiBanmii 3amuT, pabotel AIIB, otkaszos, coctostHrs COIIT; cTanu nomyyaTh Qaiibl dKCpecc-oTaeTa 00
aBapum ¢ pesynbratoM OMIL, u Bce 3to ynanenno Ha IIK, Ge3 Bele3na Ha oOBekT. BmepBwie mosiBuiach
BO3MOXHOCTb BOCIIPOU3BEACHUE aBapuH A MpoBepku padoTel YP3A (C MOMOIIBIO MOSBUBIIMXCS B TOXKE
BpeMs YCTpOICTB cepun PeToM) 1 MHOTOE JIpyroe, paHee HEeAOCTHKIMOE.

| Ne | DyHKIIMOHAIbHAS TexHUYeCKne XapaKTEPUCTUKU
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XapaKTePUCTHUKA

1 | JnamazoHbl peructparuu | 1: 0-200A AC, 0-20,-5+5MmA DC
AHAJIOTOBBIX BEJIUYHNH U: 0-460B AC, 0-200mB,0-600B DC

2 | YcnoBus mycka e lI3MeHeHne aHAJIOroBOro CUrHana

e lI3MeHeHME OUCKPETHOTO CUTHANA
e (CuMMETpUYHBIE COCTABJISAIOLINE TOKA U HAMIPSKEHUS
e Pyunoli myck
3 | Bpemena perucrpanuu Perucrpanus npeasicropuu — 1 ¢ u Oonee, 10 MOMEHTa MMycKa.
JurenbHOCTH 3amucu - 10 120c¢ u Gosee
«MepTBas 30Ha» 10 CIEAYIOLIEH 3allUCU - OTCYTCTBYET
Kon-Bo coxpaHAeMBbIX OCHMILUIOTPAMM - E€MKOCTb HOCHTES
JTAHHBIX

4 | KonnuecTBO  OAHOBPEMEHHO | O pa3yMHOI'O OIpaHUYEHUs MO HAJIEKHOCTH (B CpeaHeM Jio 64-
pETHCTPHUPYEMBIX BEITMYIHMH | 256 aHAIOTOBLIX KAaHAJIOB)
(xaHAJIOB)

5 | CunxpoHuszauusg ¢ enuHbIM | ToyHOCTh XO0Aa BCTPOEHHBIX 4acoB PAC — eaMHUIBI CEKyHI,
BpEMEHEM CUHXpOHU3auus 1o cetu, moaemy ¢ IIK no 1c

6 | JduckpeTHble curHaibl! 24,48,110,220 B, cyxue KOHTaKThbI

7 | Onpenenenue MecTa | ABromarndecku B PAC on-line wiu aBromatusupoBanto Ha [1K
noBpexaeHus - OMII 0 MOJYYEeHHOM aBapUiHON OCHWIJIOTPAMME BBIUMCIISIEMbIC

mapameTpel — Bua K3, mMDOBpeXICHHOE IIPHUCOCANHCHUE,
3HAYEHHUS TOKOB M HAIPSDKCHUM, U B TOM YHUCIIE PACCTOSIHME J10
Mecta K3 B kM, MeTronamu ( pa3inMyHBIMH) OJHOCTOPOHHETO
3amepa

8 | Yoanennnii noctyn k APAC e CraHmapTHBIA MOAEM
— CKauMBaHHWC OCLUIIIOTpPaMM, e CDMA, GSM mozem
CMCHa  yCTaBOK, —IpPOCMOTP e JIBC o0bexra mim qoctym mo RS485, RS232
TEKYLIUX 3HAUECHHI

9 | IlporpammHOe obecrieueHne e ['paduxu
mpocMOTpa, aHalin3a, Ie4YaTu ° BeKTOpHHe JuarpaMMBl
octyiorpamm (Windows) e Metku COOBITHII U BpeMEHHU

e (CepBHCHBIE BO3MOXHOCTH (CIIO)KEHHE, HAJOXKECHHE,
(buIBTPEI, MHOTOE IPYTOE)
e DOkcropt B Comtrade (IEEE C37.111-1991)

10 | HonomHUTENbHBIE e (Camomnucupl (TpeHABI) HOPMAIBHBIX U MEPEXOTHBIX
(yHKIIMOHAIbHBIS PEXMMOB — TOKH, HAIIPSHKEHHSI, MOIITHOCTH, YacTOTa
BO3MOKHOCTH e OroOpakeHHe TEKYIUX 3HAYCHUH PErUCTPUPYEMBIX
(HpeI[HIeCTBeHHI/IKI/I BEJINYUH
¢yukionana PMU u MUII)

Ta6n.2: OyHKIIMOHAIbHBIE BO3MOXKHOCTU U TexHu4eckue xapakrepuctuku APAC B nepuon 1990-2000 rr.

OpHo¥l 13 NepBhIX KOH(EPEHIINEH, pacCMaTPUBAIOIINX BOMPOCH! pa3paboTku u BHenpenus APAC Obuia
koH(pepennus 17-19 mas 1995 roma B r. MockBa, mpormieninas O4eHb KHBO, JUCKYCCHOHHO, W JaBINas
JOTIOJIHUTENIBHBIA ~ TOMYOK K  pa3BUTHIO. B 3TO0T Ke mepuoj ObuUI0O  TOJOKEHO Hayalo |
BBICTaBKaM/KOH(EPEHITUAM I10 PEICHHON 3amuTe U aBToMaTuke — «P3A -1998y.

Konctpykiun APAC Obui 11 OCTarOTCSl OpUTHHAIIBHBIMU Y BCEX MTPOU3BOAUTENIEH U X MOYKHO YCIIOBHO
pa3aenuTh Ha CIeyIoIre KaTerOpyu:

e  Mono0Omnoku (8,16,32 xaHAEHBIE)

. Kommnexcsr biok perucrpanun/Cepsep u 610ku YCO (¢ oundpoBbIBaHHEM CHTHAJIOB), B TOM
yrcie ynaneHHsle oT bP Ha 3HaunTenpHBIE paccTOSAHUS B IIpeaenax 3HeprooObeKTa

e Kowmmiekcsl brok perucrpanny u ymajneHHbIE JATYUKHA HOPMAIHU3AIMKA YPOBHS aHAJIOTOBOTO CHTHAa

10 ypoBHs Bxoza rutat AL
MecTHOE yrnpaBjieHHE W MHIUKAIUA ObUI0 peann3oBano He Y Bcex APAC, Ho Bce APAC naBaan BO3MOKHOCTh
nony4eHus: Bcero pynknuonana npu noxakimoueHun k APAC ITIK uepes tor wim uHo#t unrepdeiic (Ethernet,
RS-232, RS-485, TokoBas metis).
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Crnemyer OTMETHTH, YTO B 3TOT IEPHOJ BHEAPSUINCH (XOTS W HE MAacCcOBO) B OKCIUTyaTalMio |
3apyoexnsie APAC. Hanpumep, U3 cBoero omeiTa aBTopam JIOKJa a U3BECTHO OJHOBPEMEHHOE BHEIpPEHHE Ha
BBeneHHOU B padoty B 2000 r. Ceepo-3ananuoit TOL] r. Cankr-Ilerepoypr APAC ITAPMA PII 4.06 (OPY-
330 kB) u APAC Oscillostor P531 komnanuu Siemens (reneparops! 3Hepro6siokos), PAC «PEMWy (JlatBus) B
Ky0aub3Hepro 1 HEKOTOpBIC IPYTHE.

W3 HOpMaTuBHBIX TpeboBanwmii cneayeT BeiaenutTs P/l 34.35.310-97 «O6mue Texandeckue TpeOoBaHUs
K MHUKPOINPOIIECCOPHBIM  yCTPOMCTBAaM  3aIlMTBl M  aBTOMAaTHKH dSHeprocucremM»[l],  BBINyILIEHHbBIE
Hemnapramentom Hayku u TexHUKH PAO EDC Poccun, koTopsie X0Ts npsiMo 1 He oTHOCHINCE K APAC, Ho, Tem
HE MEHee, CIIY)KWUJIM OPUEHTUPOM M JJIsl pa3pabOTUYMKOB, U JJISl dKCIUTyaTaluu. Beimonnss TpeboBanus PJI, B
TOM YHCJIE U TI0 YCTOMYMBOCTH K BHEIIHUM BO3JCHCTBUSM, SJIEKTPOIHUTAHHIO, HIIEKTPOOE30MaCHOCTH U APYTHM,
nzroroButenu APAC cramu akTHBHO cepTH(UIIMPOBATH CBOM YCTpOMCTBA, B TOM uucie U B kadectBe CU
(cpemcTBa W3MepeHHs)) — TEM CaMbIM TOATBEPXKIAs Tepel DHEPreTHKAMHU 3asiBICHHBIC B JOKYMCHTAIIUH
TEXHUYECKUE XapaKTEePUCTUKH.

2.3 Oman 3 - 2001-2010 ze.

ITepuon paszButusi, «B3pocieHus» APAC, mupokoe BHEIpEeHHE IO CTpaHe B OCHOBHOM B KaudecTBE
3aMeHbl MOPaJbHO YCTapeBIIMX CBETONYYEBBIX OCHWIIIOrpadoB HA JCUCTBYIOMIMX MOACTAHIMSAX, CTAHIMAX H
IIPH HOBOM CTPOHUTENIbCTBE. [10SBIAIOTCS TIEpBBIE HOPMATHUBHBIC TOKYMEHTHI M HaOOpHl TpeOoBaHuii k PAC u
APAC, pernameHTHpYIOIINE UX NPUMEHEHHE; W, B TOM YHCIEe, NAONINe TONYOK K JajbHeHIeil pa3paboTke u
passutuio APAC.

OTMETHUM CJIEAYIONINE OCHOBHBIC JOKYMEHTBI K COOBITHSI:

2.3.1 Hudopmarmumonnoe mucsMo Ne91 ot 22.11.2001 LAY ESC Poccum [2].

Ha nmonrue rompl (hakTHUECKH €JUHCTBEHHBIH HOPMATHUBHBIN JOKYMEHT, ONpEACISIONUI TpeOyeMblii o0beM

aBapHITHOM PEruCTpaluy Ha 00BEKTE, He0OX0AMMOCTh 00beauHeHHsS PAC B eiMHYI0 MHPOPMAIIMOHHYIO CETh U

mepegady uHpopMmanuio or PAC Ha BepxXHHE YPOBHH YIIpaBICHHUS; 3adHUKCHPOBABIINA MHHHUMAILHBIC

TpeOOBaHUs MO YCIOBHSM ITyCcKa, YaCTOTE IUCKPETH3ALUH, AUANa30HaM PETHCTPUPYEMbIX BEJIMYMH, BpEMEHAM

3aIycH | Jp.

2.3.2  Hudopmannonnoe nrucbkMo OAO «DCK EDCx» Ne 54/1933 ot 17.10.2005 o dopmare «Comtrade» [3].

Beemo TtpeGoBanme (paHee TONbBKO pekomeHnoBaHHoro 1.3.7.2 [1]) k yHuunupoBaHHOMY GdopMaTy

coxpaneHus nanHbIx PAC 1 mopsaxy ero 3arosHeHus..

2.3.3 IIpuxaz PAO ESC Poccuu Ne 603 ot 09.09.2005 [4].

BBen tpeboBanus o Beigaun mHpopmanun PAC B pamkax coznaBaembix CCIIM (cucteM cBs3M M nepeaayu

nHpopMaruu) s obecniedeHuss «TpeOoBaHMII K ydacTHHKAM OallaHCHPYIOIIETO pPhIHKA B 4YacTH OOMEHa

TEXHOJIOTHUECKOW  WHpOpMalMeii C  aBTOMAaTU3UPOBaHHOW  cucTteMoii  CHCTEMHOrO — omeparopay.

PernameHTHpOBa HEKOTOPHIE TEXHUIECKHE XapaKTEPUCTHKH, B TOM YHCIIE TpeOoBaHME pazpemeHus B 1 Me ams

MOCJIEI0BATEILHOCTH COOBITHH.

2.3.4 Beenenue 'OCT P 51317.6.5-2006 [5], onpenenupiero xectkue tpedoanus no 936 u OMC mis
000pYyTOBaHUS MTOACTAHITHMH.

2.3.5 Bsgeaenue psga CTO u PII OAO «©CK EDQC».

B nepuoj 2008-2010 romo ObUTH TpEANPHHATH MTONBITKH pa3padoTku u npuaiatuss CTO OAO «CO EDCy» u
OAO «®CK ED3C» mo aBapuiiHOH perucTpauuy; HO, K COKAJICHHIO, 10 PALY NPUYUH, TOKYMEHTHl HE OBbLIH
JIOBEJICHBI, U TAK U HE YBU/IETH CBET.

B Tabnuue 3 Hmwke mnpuBedeHBHl HOBbIE (DYHKUHMOHANbHBIE XapakTepucTuku, mnosisuBmmecs y APAC wu
M3MEHEHUS Y paHee YIOMSHYTBIX.
OcCHOBHBIE Ka4eCTBEHHBIE I3MEHEHHS:
CuHXpoHHM3aHs ¢ aCTpOHOMHUYeCcKUM BpemereM — GPS
e [lepexon kK cTaHAAPTHBIM POTOKOJIAM MIEpEadr JAHHBIX M XPaHEHUS TAHHBIX
PazButne ycrnoBuil mycka W 3amECH TPEHIOB W3MEHEHHS («CaMOIUCIBI», >KypHAIBl COOBITHH)
Pa3IMYHBIX BEJIMYMH JUIA BBIABICHHS M OCHMILIOTpa(UpOBaHUS TIpeNaBapUIHBIX COCTOSHUN — IS
LeJied TMarHOCTUKY U CUTHAJIM3aluU O BO3MOKHOM TOBPEXJICHHH 000pyA0BaHUS
e VYixecroueHue TpedoBanmii o OMC u APYyrUM YCIOBHUSAM DKCILTyaTalluu

| Ne | @DyHKIMOHATIbHAS | TexHn4YecKkre XapaKTepUCTUKU
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XapaKTEePUCTHKA
2 | YcnoBus mycka e [lyCk 1m0 4acTOTE HAMPSHKEHUS, CHIIBI TOKA
e Ilyck 1o rapMOHHMKE CUTHaja

5 | CunxpoHm3anus ¢ eAuHBIM | Pa3pemienne mocienoBaTeIbHOCTH cpabaThiBaHUN B I1MC — H,

BpeMeHEM KaK CJeICTBHE, CHUHXpoHHM3auusi ocmuuiorpamm PAC ¢
«EJMHBIMY» BpeMeHeM B |1 Mc
9 | IlporpamMmuoOe obecnieyeHne e DOxkcnopr B Comtrade (IEEE C37.111-1991) — kak
obs13aTenbHas oy (BIociIencTBUN — coryiacHo [10])
10 | JomomHUTETbHBIC Jlmarsoctrka CHIIOBOTO 00OPYIOBaHHUS
(hyHKIIMOHATBHBIC e JlmarHoctuka HencnpaBHocTH TH
BO3MOXXHOCTH e VYueT pecypca BBIKIIOYATEIL

e HecenexktuBHass nuarHoctuka HeucnpaBHocTH TT u
BBICOKOBOJIETHBIX BBOJIOB CHJIOBBIX TPpaHC(OPMATOpOB

e Jlpyrue npusioKeHus

11 | TpeboBanuss mno OMC u e ['OCTP 51317.6.5-2006

TpeboBaHue aTrecTaluu e Artrectamusi OAO «®CK EBC» c¢ 2010 r. Ha ocHOBe
000py0BaHus psaa CTO u apyrux HOpMaTUBHBIX JOKYMEHTOB

12 | BerpauBanne B ACY TII e TpeboBaHMs O TMOMAEPKKH CTAHAAPTHBIX MPOTOKOJIOB
oowekta u B CCIIN FTP, TCP/IP, OPC, MBOK 60870-104

Ta6a.3: OYHKIHMOHAJIbHBIE BO3MOKHOCTU U TexHU4eckue xapakrepuctuku APAC B nepuon 2001-2010 rr.

2.4 Oman 4 - 2011-2015 ee.

Hanmpaeiimee passutue APAC, BbI3BaHHOE HOBBIMH TEXHHYCCKHUMH BO3MOYKHOCTSMH, TIOSBIICHHEM
HOBBIX CTaHJIAPTOB JUIS YIPABJICHHUS DHEProoOBEKTAMM M HOBBIMH HOPMATHBHBIMH TPEOOBAaHHUSIMHU OpPraHOB
YIpaBIeHHs SHEPTETHKOM.

CoBpeMeHHOE COCTOSTHUE HOPMATHBHOW 0a3bI OTIPEIEISIETCS CIEYIOIIUMH OCHOBHBIME JOKYMEHTaMHU:

[Tpuka3z Munsaepro Ne 380 ot 29.08.2011 (pazmen 8) [6].

o «llomoxxeHne O €IMHON TEXHHYECKOW IOJHMTHKE B 3jeKkTpocereBoM komruiekce» OAO «Poccetu»
(yrBepxkneno npotokonom Ne 138 ot 23.10.2013, Paznen 2.3.9 Peneiinas 3ammra u aBTomaruka) [7].

e CTO CO EDC (npoekr, 2014r.) «TpeboBaHus K perucTpamnyy aBapuiiHbIX COOBITHI U MPOIIECCOBY [ 8]

o [lepeuennr 'OCT P, CTO, P[] , [Ipuxa3zos, undopmannonnsix nmucem OAO «Poccetn», OAO «DCK
E2C», OAO «CO EDC» m apyrux opraHu3aluid W BEJIOMCTB, KaCAIONIUICS CaMBIX Pa3IUIHBIX
TpeOOBaHMI K «BTOPUYHOMY» OOOPYZOBAaHUIO SHEProoOBEKTOB (Oojiee 55 MOKYMEHTOB — IO OTBITY
arrectaruu PAC B OAO «PocceTtmn»).

[Tpuka3z Munsnepro u «llonoxxeHre o0 eqUHON TEXHUYECKOW TOJMTHKE...» OMPENesaOT HEOOXOANMMOCTb,
LIEJH U 337]a4d Pa3BUTHUS aBapUHHON PETUCTPALIUH B 3JIEKTPOCETEBOM KOMITIEKCE CTPAHBI.

CTO OAO «CO EBCy» onpezenseT MUHUMaJIbHbIC (QYHKIIMOHATIBHBIC TPEOOBAHUS CHCTEMHOTO OIepaTopa
Kk APAC, u sBisieTcsi 04eHb BaKHBIM LIaroM K CTaHAApPTHU3alUHM TPeOOBaHUH K 3TOMY Kilaccy 00OpyIOBaHUSI.
OAO «Poccern» mnanupyet B 2015r. Beimyck CTO mo aBapuifHON perucTpauuu, KOTopoe, Mpearnoaraercs,
KaK JIOMONHUT (YHKIMOHANBHBIE TPeOOBaHUS, TaK M CHOPMYIUPYET TEXHHYECKHE W OSKCIUTyaTal[HOHHBIC
TpeOOBaHUS K aBapUHHBIM peructpaTopam. Beimyck u npunaarue ynomsayTsix CTO (a BrocneacTBUN IPUHSATHE
nx uepes TK 016 B kavectBe HammoHaubHBIX craHgaptoB, ['OCT) co3macT 3aKOHYEHHYIO CHUCTEMY
HOPMATHUBHBIX TPEOOBAHHI K PETUCTPATOPaM aBaAPUHHBIX COOBITHIA.

BaxxupiM BoOmpocoM, OTBeTa Ha KOTOPBIA OXHIAIOT Kak pa3padorunku M mpomsogurenu APAC, tak u
MIPOEKTHBIE U IKCIUTYaTUPYIOIIME OPraHU3aLiH, SBIISETCS Pa3pelieHne K IPUMEHEHHIO MHOTO(MYHKIMOHAIBHBIX
APAC g0nospemenno B KauecTBe 3JIEMEHTOB CMEXHBIX MOHUTOPHHTOBBIX U PETHCTPUPYIOIIUX CUCTEM:

e CMIIP (cucrema MOHUTOPHHTA TTIEPEXOTHBIX PEKUMOB)

e OMII (onpeneneHne MecTa MOBPEKACHNA)

e CMuYKD (cucremMa MOHUTOPHHTA M YIIPABIICHUS KQ9eCTBOM DJICKTPOIHEPTHH)

e  CucTeMbl MOHUTOPHHTA TpaHC(HOPMATOPHOTO 00OPYTOBAHUS
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Takoe obopymoBanue yxe €cTh (M aKTHUBHO BHEIPSETCS), MPUYEM HE TOJBKO POCCHHMCKOE, HO M 3apy0OexHoe,
YTO TIOATBEPXKAAET TCHICHIMIO K NMPUMEHEHHI0O MHOTO(QYHKIHOHAIBHBIX ycTpoiicTB. K aprymenram «3A»
OTHOCATCS HECOMHEHHAsI JKOHOMHUYECKasl BbIroa ( B TOM uucie U Ha BeinojgHeHue CMP), cHmkeHne Harpy3ok
Ha Bropuunbie e TT u TH, ymensmenne 1T cBsa3zeli u 000pyA0BaHUs, SJKOHOMHUS MECTa JUIS Pa3MEIICHHS
mkados, npyrue. Aprymentsl «[IPOTHUBY - yMeHbIIeHNE HANEKHOCTH (PUCK MTOTEPH JAHHBIX TSI HECKOIBKUX
CUCTEM TIpH OTKa3e OJHOTO WCTOYHWKA JJAaHHBIX), CYLIECTBYIOIAs OpraHU3allMOHHAsl CTPYKTypa
AKCIUTYaTUPYIOIIUX CITY’KO 3JIEKTPOCETEBBIX NPEANPUATHIA (IUisi 0ObEKTOB T'CHEpAIlMd BCE BOMPOCHI OOBIYHO
pematorcs B DL, 1 UMEHHO TaM yXe €CTh IPaKTUKa MPUMEHEHWS MHOTO(YHKIIMOHAIHHBIX YCTPOWCTB IS
CO3/IaHWH PA3TUIHBIX CUCTEM).

ABTOpam JoKiana MpeACTaBISIETCS Pa3yMHBIM IMPEAOCTABICHUE PEIICHHE 3TOTO BOMPOCa B KaXIOM
KOHKPETHOM CJy4ae Ha YyCMOTpEHHE COOCTBEHHHKA SHEProoObEKTa, a HOPMATUBHBIM JOKYMCHTaM
PETYNHPYIONMX OPraHOB — He 3ampemiaTb [PUMEHEHHE MHOTO(YHKIIMOHAIBHBIX PETHCTPHPYIONINX
KOMILIIEKCOB.

Huxe B Tabmume 4 3aduxcupoBaHbl OCHOBHBIC TpeOoBaHuss K APAC u BbIJENEHB HEKOTOPHIC
BO3MOJKHBIE ITyTH UX PA3BUTHUSL.

No OYHKIMOHAIIbHAS TexHu4eckue XxapakTepUCTHKU
XapaKTepUCTHKA

1 | JnamazoHbl perucTpauuu e CormacHo [8]
aHAJIOTOBBIX BEJIMYUH
(MMHUMAJIBHBIC)

2 | YcmoBus mycka e CornacHo [8]
(MUHUMATBHBIC)

3 | Bpemena perucTpanun ° CoracHo [8]
(MMHUMAJIBHBIC)

4 | KonuyectBO  OJIHOBPEMEHHO e TpeboBaHus HE NPEIBABIAIOTCS
PETHCTPHUPYEMBIX BEJIMYUH
(KaHaJIOB)

5 | CuaxpoHHM3aIus C EIUHBIM e CormnacHo [8].
BpEMEHEM

6 | JuckpeTHbIE CUTHAIIBI e CormacHo [8]

e Hampsokenne  cpabareBanumst — 170(158)-154(132)B,
umnynbe pexexunn 200 mxK, cornacHo [9]

7 | Onpenenenne MecTa e ABTOMATHYECKH B PAC on-line WM

nospexaeHus — OMII apromaTu3upoBaHHo Ha [IK no nmony4yeHHo aBapuiiHOM
OCLIJUIOTPaMME BBIYHMCIISIEMBIE TapaMeTphl, B TOM
gucie pacctostaue 10 mecta K3 B km

e Passurue anropurmoB u I10 pasnuysbIX MeTOnOB (2-X
croponare OMII, BosiHOBBIE METOIBL, APYTHE)

8 | Ynanennsrit moctyn k APAC e  WEB unrepdeiic
— CKa4YMBaHUE OCHHUIIIIOTPaMM, e GPRS goctynm s HEOOCHy)KHBaeMbIX OOBEKTOB
CMEHa YCTaBOK, TIPOCMOTP pacnpezcereii 63 KaHaJIOB CBA3H
TEKYILIMX 3HAYCHHUH e JIBC o0bexTa, KOpIiopaTUBHBIE CETH
9 | llporpammHOe  obecnieueHue e CornacHo [8]
MPOCMOTpa, aHaju3a, Ie4YaTh e  Oxwuuaercsi IOINOJHEHUE, pacliupeHre TpeOOBaHUH CO
OCLIMJUIOTpaMM croponsl OAO «Poccetn»
(MUHMMAaJIBHBIE)
10 | JomomHHUTEIbLHEBIC e  Oyuxkuuonan PMU u PDC nns cuctem CMITP
(yHKIMOHAJIbHBIE e MUMUII (a1 ACY TII)
BO3MOKHOCTH e TIKD (mnms CMuYKD)
[ ]

MOHHUTOPUHI COCTOSIHHSI CHJIOBOI'O  00OpPYIOBaHUS
(cutoBBIX TpaHC(HOPMATOPOB) — BEIYTCS Pa3pabOTKH

11 | TpeboBanuss mo OMC, OB, o  Oxwuparorcs B CTO OAO «Poccerm» (2015 1.)
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YCIOBUSAM JKCIUTyaTaluH, B nacrosmee Bpems nopsaka 50-tu paznuunbsix ['OCT,
KOHCTPYKTHBHBIC TPEOOBaHUS CTO, uad. mucem

12 | BctpanBanne B ACY TII e [logmepxxka 61850 8.1 MMC

oowekra u B CCIINU

13 | O6benunenne nanueix APAC e Bruemnee [10 apXuBUPOBaHHUS, PACKJIAIBIBAHUS 10
C pasHbIX OOBEKTOB «IanKam, 00beIuHEHNE JIAHHBIX,
ABTOMATU3MPOBAHHBIN aHAIU3 W JIPYrOe
14 | Perucrpanus U (PPOBBIX e Perucrpamuss GOOSE cooOuienunii ¢ uHTErpanuei B
CHTHAJIOB eIMHBIN aBapuiTHBIN (aiin
15| ?

~ Ta6.1.4: OcHOBHbBIE TpeboBanus Kk APAC 1 HEeKOTOpBIE BO3MOXKHBIE ITyTH UX Pa3BUTHSI.
SAKVIIOYEHUE

B anextposHeprerrke Poccuu co3qaHo M aKTHBHO BHEIPSICTCS 000PYOBaHNWE aBTOHOMHOW aBapuUiHON
peructpanuu. OopMUPYIOTCS TEXHUYECKHE U IpyTrHe TPeOOBaHUS IMyTEM BBITyCKa HOPMATHUBHBIX TOKYMEHTOB
pasznmuuHoro craryca. Passutue APAC wuaer B CTOpOHY TNOBBIIICHUS (DYHKIMOHAJIBHOCTH, PACHIMPEHUS
JMAra30HOB M TOYHOCTH PETUCTPAllMd, €€ CHHXPOHHU3AIMM C AacTPOHOMHYECKHM BpEMEHEM; a TaKxke
COBMEIIEHUH perucTpanuy aHanoroBeix BenmduH U GOOSE cooOmiennii s SHEPTOOOBEKTOB C AJIEMEHTAMH
«rA(pOBOH TOJCTAHIIUN.
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C.4-11. Bepudmkauua namepeHnn Ha nogctaHumm ana ueneu P3A:
pacno3HaBaeMoOCTb PeXMMOB OLUMOKM

A.H. llogmmBaaun, H.M. Anekcanapos
N1 «bpecaep», HIIII «Ilunamuka»
Poccus
podshivalin an@jic-bresler.ru

KJ/IFOYEBBIE CJIOBA
P3A, Bepudukanus, TMarHoCcTHKa, N3MEPEHNUS, pACIIO3HABAEMOCTb.

1 BBEJIEHUE

B Hacrosiiiiee BpeMsi OOJIBIIYIO MOIMYJISIPHOCTD TOJTydaeT KOHICMIHs [MU(PPOBOM MOICTAHIINH.
OI[HI/IM M3 TJIaBHBIX NPEUMYUICCTB 3TOU APXUTCKTYPhbI ABJISICTCA BO3MOXHOCTL CO3JaHUA €IAUHOI'O
WHQOPMAIMOHHOTO POCTPAHCTBA IS BCEX YCTPOUCTB aBTOMATH3AIMH Ha TIOJCTAHIINY, CBSI3aHHBIX C
u3MepeHusiMi. 10 [mIMHE TaHHBIX MEPEAlOTCS 3HAYEHUs] W3MEPEHHBIX aHAJIOTOBBIX BEIMYMH H
JUCKpETHAs WHPOpPMAIUS B IUPPOBOM U JOCTYIMHOM (CTaHIAPTHOM) BHJE. ITO AaET BO3MOXKHOCTh
pealin3alyy HOBBIX JITOPUTMOB 3allMThI SHEProOObEKTa Ha OCHOBE OOJIBIIETO, YeM paHee, o0beMa
u3Mepenuit. B Hacrtosimeit pabore mpescTaBicHa BepU(PHKAIMS HW3MEPCHHUM, MOIy4aeMbIX OT
TpaHc(HOpMAaTOPOB TOKA Ha MOACTAHIMH, U UCCIIEI0BAaHA BO3MOKHOCTh PACIIO3HAHMS OIIHOOK B STHX
HU3MEPECHUSAX.

2 UIBMEPEHUS HA TIOJACTAHIIUA

B cxemax pacmpelenuTeNnbHBIX MOJACTAHIMA MOXXET OBITh YCTAHOBJIEHO JIO JIECSITH U Ooee
TpexdazHbIX TPy TpaHCcHOPMATOPOB TOKA JUIS IeNiel pelieifHoM 3ammThl U apromarusanun (P3A).
Onu npu3BaHbl 00ECHICUUTh B3aMMHOE PE3E€PBUPOBAHME 3ALUT M, B HEKOTOPOW CTENEHHU, U3MEPEHUH.
s addextuBHOrO HMcnonb3oBanus MH(GopManuu ycrpoiictBa P3A mOMKHBI UCTIONB30BATh TOJNBKO
JIOCTOBEpPHYIO WH(poOpManuio. BBuay Hamuyus OOJIBIIOTO 4YKcla W3MEPEHHWH BCTaeT BOMPOC O
BO3MOXXKHOCTH OIpEeNICHHs] HATMYMS OIIMOOYHOT0 U3MEPEHUS OAHOTO WM HECKOIBKHX U3MEPHUTENEH
TOKA MPU U3BECTHOMN TOIMOJIOTUH IJIEKTPUUECKOW CUCTEMBI.

BeimonanM aHanmm3 o000IIeHHOH cXeMbl TOJCTAaHIIMU W TPOBEJEM €ro HIUTIOCTPAIMI0 Ha
OCHOBE THUTIOBOH cxeMbl «5SAH-MOCTHK» C BBIKIIOYATEISIMU B ETISIX TPAHCPOPMATOPOB U PEMOHTHOMN
NePEeMBIYKON €O CTOpoHbI TpaHcdopmaTopoB [1]. ns dhopmanuzanmu 3a1aun MpUMeEM CIIEAYIOLINE
JOTYLEHUS:

® B pacyeTe HCIOJB3yeTCs CXeMa, B KaXJIOW BETBH KOTOPOU MMeeTcsi TpaHchopMmaTop
TOKa,;
e B OJIHOW BETBH CXEMBI HE MOXKET OBbITH O0Jiee 0IHOrO0 KOMMYTAI[IOHHOTO arnapara.

W3-3a BBEJEHHBIX OrpaHUYEHHH CXeMa NPHOOpEeTaeT AONOJIHUTENbHbIE BETBH U Y3JIBL,
COEJIMHSIOIINE JIUIIb IBE BETBU. Pe3ynpTupyrommas cxeMa Inpe/cTaBieHa Ha puc. 1.

st onrcaHys TOTIOIOTHH CXEMBI COCTABIISIETCS MaTpUIla HHIMACHINNA A, KOTOpas OJHO3HAYHO
OMKCHIBACT JIOOYIO 33JaHHYIO AJIEKTPUYECKYIO CXeMY, YKasblBas Ha COCIMHEHHE BETBEH M Y3JIOB.
BBenem 0603HaueHHE BEKTOPa TOKOB 7 BeTBeH | M MX MOIOKUTEIbHBIC HAIPABICHHS B KaXKI0W BETBH.
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Yucno ctonduoB # MaTpUIBl A COOTBETCTBYET YHCITY BETBEH, YMCIO CTPOK 711 — YUCITY y3710B. KaxkIpiit
3IIEMEHT MATPULIbI A;; IPUHUMAET CJIEYIONINE 3HAYCHHUS:

e (, ecin y3en i ¥ BETBb j HE CBSI3aHBI APYT C IPYTOM;

e 1, eciii TOK BETBH j BBITEKAET U3 Y374 i;

e -1, ecnM TOK BETBH j BTEKAET B y3€ 1.

Marpunia "HUMISHINN I aHATU3UPYEMOU CXEMBI:
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Puc 1. Cxema 5-AH, nononHeHHas y31aMu U BETBAMHU

Cxemy onmchiBaeT ypaBHeHHe Kupxroda amst cXoasmuxcst B y3Jie TOKOB:
AI=0, (1)
rae 0 — 3To BEKTOp COOTBETCTBYIONIEH AJTMHBI (B JaHHOM CIydae /1) C HyJEeBbIMU 3HAYCHHUSIMH.
PaBencTBO (1) MOXKET OBITH HCIIOJIB30BAHO TSI ONIPEISIICHUS] HATMYHS OIIMOKY (FUTH OIIHOOK) B
u3MepeHusix Toka. Ecnmu 3Hauenus Bekropa I conepkar ommOKy, TO OHa TPOSIBUTCS B HEBS3KE,
BBIYHUCIISIEMOH 110 hopmyIie:
G=A'l.(2)
OmmoOka B M3MepeHnIx pUKCHUpyeTca MHOKeCTBOM Lg:
Le=1i, G>eo},
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TAE & — 3a/JlaHHas BEIMYMHA HEBSI3KH, ONPEIEINAoNas TpaHuIly JOMyCTUMBIX 3HAYEHUM M3 BEIMYUH
MPOTEKAIONINX TOKOB W MOTPEIIHOCTH H3MEpPUTENhHBIX TpaHchopMaTropoB. Hesizka Hampsmyro
YKa3bIBaeT Ha y3Ibl, CyMMa TOKOB B KOTOPBIX OTJIMYHA OT HYJIS.

W3 ananmuza mHOXecTBa Lg yXe MOXXHO ONpEACTIWTh HAIMYHE HIM OTCYTCTBHE OMIMOOK B
n3Mepernsx. Eciau MmHOecTBO Lg He mycToe, To HE0OXOIUMO MPOAODKUTE FCCIEIOBAHUS C LENBI0
MOMCKa KOHKPETHOTO M3MEPHUTEIls, TeHepupytomiero omuoky. Ecim onnHakoBoe 3HaueHue Bektopa G
(a 3HauuT, 1 MHOXecTBO L) MOXET COOTBETCTBOBATH PAa3HBIM OMIMOKAM BO BXOAHBIX TOKax, TO
COOTBETCTBYIOIIME OLIMOKHU SIBIISIOTCS HEPAaCHO3HABAEMBIMH C TOYKH 3pEHHMS HH(POPMALMOHHON
TEOpHH.

IIpoBenem mompOOHBIN aHAN3 PACIO3HABAEMOCTH OAHOW W JBYX OIMMOOK B M3MEPEHHAX B
cxeme 1o puc. 1.

2.2 OJHA OIIINBKA B UBMEPEHUAX

AHanmu3upyss MHOXecTBO Lg M MaTpully MHUOMACHUMH A, MOXHO 3aMETUTh, YTO Y3€lI C
HEBSI3KOM yKas3blBaeT Ha TO, YTO TOKH, MOJABOJMMBIE K 3TOMY Y31y, MOTYT COJEp)KaTh OIIMOKY.
CornacHo MaTpulle WHIUICHIWH, BCE TOKH (CTOJOIBI MaTpHIBI), 3HAYEHHE KOTOPBIX B CTpPOKE,
COOTBETCTBYIOIIEH Y3y C HEBS3KOW, OTIIMYHBI OT HYIIS, SBJSAIOTCS TOKAMH C BO3MOXKHOM OIIMOKOH.
JlornyepiM OyzAeT MPEONONoKEHHE, YTO OMIMOOYHOE M3MEPEHHE OJHOTO TOKA BBI3OBET IOSUICHHE
HEeBSA3KM Cpa3y B JBYX y3Jax, €CIM BETBb COEAMHSAET JBa y3/la, WIM B OJHOM, €CIH BETBb HE
3aBepIIaeTcs y3JIoM, T.e. «BHeIH s (BeTBH 12, 13, ..., 15 Ha puc. 1).

JelicTBUTENBHO, €CIM MPEACTaBUTh BEKTOP € OMINOKOIM KaKk CyMMY BEKTOpPa TOKOB 0e3 OLIMOKU
I u BexTOpa oTknonenus Al:

I'=I+Al,
rae
A, j=k;

70,/ #k,
rae AJ — 3amanHas anreOpandeckasi HMOIPEIIHOCTb OJHOW BEJIMYMHBI TOKa k, TO Ui y37a p, K
KOTOPOMY IOJIKIIIOYEHA BETB C TOKOM K:

A I'=A I+A AI=0+A ,Al=A4,, ,AJ,
rje A, — BEKTOp, COCTaBJICHHBIN U3 CTPOKH p MAaTPHILBI A.
AHanmornyHo 1715 y3na g (eCJIu OH eCTh):
AJ=A4,,AJ.

B tabnuue 1 npuBeneHs! pe3yabTaThl MOAEIMPOBAHHUS €IMHCTBEHHOW OIIMOKH B M3MEPEHUSIX
JUTSL BBIOpaHHOHM cXeMBblI 110 puc. 1. L[BeTOM OTMeUYeHbI SYEHKH TOKOB, Y3716l KOTOPBIX JTAIOT HEBS3KY 110
¢dopmyiie (1) B 3aBUCUMOCTH OT OIIMOOYHOTO TOKA ¢ HOMEPOM k. JIeTKO BHJIETh, YTO TAKyH TAOJIHUILY
MOXHO IOJYYUTh IyT€M YMHOXEHHS MaTpulbl WHIMIACHUMHA Ha €€  COOCTBEHHYIO
TPaHCTIOHMPOBAHHYIO MaTpHIy: A-A', TpHM yCIOBHHM, YTO 3a BETBH C BO3MOJKHOH OIIMOKOIL
MPUHUMAIOTCS] HEHYJIEBBIE DJIEMEHTHI PE3YJIbTUPYIOMIEH MATPHIIBI.

Tabmmma 1 He COAEPKUT OMWHAKOBBIX CTOJIONOB (KaKk M MHOXECTBO Lg), a TOTOMYy KaXKIyio
omnOKy BO BXOJHBIX TOKax BO3MOJKHO BBISBUTH, YCJIOBHsI HEPACIO3HABAEMOCTH OILIMOKH B 3TOH
CXeMe He BO3HHKAIOT.
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Tabmuma 1. PesynpraTel MOIETHPOBAHIS OHOTO OMIMOOYHOTO U3MEPEHHS B CXEME

Howmep BeTBH ¢ ommbKoi

112[3[4|5]6[7[8[9]10]11[12]13]14]15

—_
[\

13
14
15
Beero |4 [(314(4(3]4(41314[4]3 ]33 ]3]3

Howmep BeTBU ¢ BO3MOXKHOH OMIMOKOM
Z S| xa|u| vt —

2.2 IBE OHIMBKHX B UBMEPEHUAX

[IpoBenemM  aHamu3  BO3MOXKHOCTH  BBISIBICHHMA ~ JBYX  OIIMOOYHBIX  B3aMMHO  HE
KOMITCHCHPYIOIIMXCSl OIIMOOYHBIX HW3MEpeHHid B cxeme. B3auMmHas KOMIEHcalusi OIMHMOOK
MOTEHIHAIBHO BO3MOXKHA NPHU HAJUYMHU OIIMOOK ¢ OOpaTHBIM 3HAKOM B JIByX TOKaxX OJHOTO Y3Ia,
OJIHAKO 3TOT CIIy4Yal Ha TaHHBI MOMEHT HE pacCMaTpHUBaeTCsl.

Tabnuia 2 moKa3blBaeT YKMCIO Y3JIOB C HEBS3KOW (YHMCIO 3JIEMEHTOB MHOXecTBa Lg) uis
K10l KOMOMHAIMK OmHOOK B y3nax. B pesynbraTe MoAenupoBaHHS OIMMOOYHBIX H3MEpPEHUH
MHO>KECTBO HOMEPOB Y3IOB ¢ HeBs3KoW Lg comepkuT OT IOBYX OO 4YEThIpEX DJJIEMEHTOB, B
3aBHCHMOCTH OT THIA BETBEH (BHEUIHHE WM BHYTPEHHHE) U MX B3aUMHOTO MOJIOKEHHUS (HaIMIue
obmrero y3na). B Takux ycCIOBHSIX HEKOTOPBIM COYETAHUSIM OIIMOOK, COOTBETCTBYET OJMHAKOBBIN
Habop Lg. Hanpumep, couetanus ommbOok B Tokax 1-2 u 2-12 maroT HeBS3Ky B y3nax 1, 2 u 3, 4ro
03Ha4yaeT HepaclO3HAaBAEMOCTh JaHHBIX OIMOOK. TeM He MeHee, KPyr BO3MOXKHBIX TOKOB € OIIHMOKOI
ocTaercsi orpaHnueHHbIM. B Tabnume 2 1BeTOM BBIZENIEHBl HEMArOHAIbHBIE SUEHKH, NI KOTOPBIX
sBJIEHHE Hepacro3HaBaeMocTH XapakTepHo (14 curyammii u3 105). [IpumeuaTensHO, YTO BCE OHHU
JTAIOT POBHO TPH y3J1a C HEBS3KOM.

Tabnuna 2. Pe3ynpTaThl MPOBEPKH paCIIO3HABAEMOCTH JIBYX OIIMOOYHBIX H3MEPEHUI
(B stuefikax yKa3aHO YHCIO Y3JIOB C HEBSI3KOH)

Homep BeTBH ¢ OHIMGOYHBIM H3MEPEHUEM
1| 2 |3]4|s5|6|7|8|0o]10|11| 12 | 13|14 15| Her ommdin

=
£ 3 lalalalalalalalala 2 3033 2
g (1.2.3)
s 3
E 2 3 4fafalalalalalalogl3[3]s3 2
Z |3 3(alalalalalalas 3 3|23 2
N
&3 3(alalalalalas 3 323 2
=
Els 3(4|4|4] 4] 4 3 313]|3 2
E 6 304444 3 3032 2
|7 3(ala]a| 3 |3]|3]|2 2
£ s 3| 4|4 3 333 2
Z |9 s3] 3 20313 2

10 3 2 3 (3|3 2
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11
12
13
14
15

3AKIIOYEHUE

B nanHnoii paboTe npoBeAeH aHaIu3 U NPOBEPEHa BO3MOKHOCTD OIMPEeTICHHsT HATMUHS OLIMOOK
B M3MEPEHUSAX TOKA B CIOXKHBIX KOHQUIYpaLusaX 3JIeKTpudeckor cxemsl. [lokazaHo, 4TO B MpUHATON
cxeMe «SAH-mMocTuk» enmuHCTBEHHas OIIMOKa M3MEPEHUIl MOXKET OBbITh BBISIBICHA OJHO3HA4YHO. B
9TOH e cxeme U3 105 BO3MOXKHBIX COUYETaHUI JBYX OIIMOOYHBIX M3MEpEHUH 14 ciydaeB sBISIFOTCS
HEePaclo3HaBaeMbIMHU T10 KPUTEPHIO HEBSA3KH B y3J1aX, U BETBU C OIIMOKOH BBISIBUTH HE yIAeTCH.

JIUTEPATYPA
[1] CTO 56947007-29.240.30.010-2008. CxeMbl  NpPUHUUIMANBHBIE  DJIEKTPUUYECKUE
pacrpenenuTenbHbIX YCTpoicTB noAacTaHuil 35-750 kB. Tunossle pemenus


http://www.fsk-ees.ru/upload/docs/56947007-29.240.30.010-2008.pdf
http://www.fsk-ees.ru/upload/docs/56947007-29.240.30.010-2008.pdf
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C.4-12. CpaBHUTENbHbLIA aHaNU3 MeTOAOB pacyeTa NnapamMeTpoB HOPMaribHbIX
M aBapMUHbIX PEXMMOB ANA obecnevyeHusi KoppekTtHon pabotbl P3 n MA.

A.C. BEJEPHUKOB, B.I'. TOJIBJIUTENH, A.B. TO®MAH
Camapckuii rocy1apcTBeHHbIH TeXHHYECKH YHUBEPCUTET
Poccus
vedernikovas@rambler.ru

KJIFOUEBBIE CJIOBA

Peneiinas 3amura, mpoTHBOaBapUiiHAs aBTOMATHKA, [IPOTPAMMHBIE KOMIUIEKCHI, JICKTPHUECKHUE CETH,
YCTaHOBUBIINECS M TEPEXOJHBIE PEKHUMBI, METOJ CHUMMETPUYHBIX COCTABISIOMINX, METOZ (a3HbIX
KOOpJAMHAT, IMHUHU 3JIEKTPOIepeadn, CUIIOBbIE TPaHCHOPMATOPEL.

1 BBEJIEHHME

ObecnieueHre CUCTEMHOW HAJCKHOCTH B JIEKTPOIHEPTETHKE CTABUT aHAIN3 YCTAHOBHUBIIHMXCS U
nepexoaHbIx peskuMoB (YP u IIP) snekTprueckux ceTeld 0HOW M3 TIIaBHBIX 3aj[ad B AJIEKTPOIHEpTe-
tuke [1, 2]. Boibimoit 00beM pacdeToB BBIMTONHAETCS MPH IDIAHUPOBAHWW M YIPABIECHUH AJIEKTPO-
SHEPTETHYECKUM PEKMMOM 3HEPTrOCHCTEMBI, B TOM YHCJI€ YCTAHOBHUBIIUXCS M MEPEXOJHBIX PEKUMOB.
Pe3ynbTaTel 3THX pacueToB HCIONB3YIOTCA HAa BCEX YPOBHSAX AHMCIETYEPCKOTO W TEXHOJIOTHUYECKOTO
yIpaBlICHUS.

e [Ipenmerom HacTosimedi paboOTHI SIBISIETCS OMNpEJeNieHHEe C BBICOKOH JIOCTOBEPHOCTBHIO
MapaMeTpoB 3JIEKTPOIHEPTETHUECKON CHUCTEMBI ISl BHIIIOJHEHHUS PAacdyeTOB PEKUMOB. DTO ABIAETCS
B)XKHBIM YCJIOBHEM KOPPEKTHOH pabOThl pelieiiHO# 3aIlnThl U MPOTHBOABapuitHOi aBTomMaruku (P3 u
ITA). B coBpeMEHHBIX YCIIOBHAX VIS 3TOTO MCHOJB3YIOTCA CIEUUAIN3UPOBAHHBIE MPOMBILUICHHBIE
nporpammHbIe pacdeTHble kKomruiekcsl (IITTPK) [3, 4].

e O030p Texymiero ypoBHs pa3pabOTOK U HCCIIEA0BAHMIA JAHHOTO BOIIPOCA.

B teuenne muorux net co3ganue [IITPK oTcTaer ot mpakTuku peann3aiiud HEKOTOPBIX TEXHOJO-
THUYECKUX 3aflay, TAKUX KaK y4ET MHOTOIPOBOJHOCTU CXEM CeTeH, MPUHLUUIHNAIBHBIX JOMYIIEHHH O
BHYTPEHHEH CHUMMETpPUH PEajJbHO HECUMMETPHUYHOIO TPEX(a3HOTO 3JIEKTPOOOOPYHOBAHMS, ONpEae-
JISHUSI U Pa3/ie]IeHNs OTePh BO B3aNMOCBI3aHHBIX 3JIEMEHTaX CETH H JP.

CrnemyeT OTMETUTb, YTO 3TU 3319l MOTYT OBITh PEIICHBI 8 UHOUBUOYATLHOM NOPSOKe C TIOMOIIBIO
yHUBepcaibHbIX KoMmiuiekcoB Tuna MATLAB/Simulink, MathCad, Wolfram Mathematica, GNU
Octave, Scilab, Maxima, Maple/Maplesim, MuPAD, nu6o cneruanusuposanibix PSCAD, EMTP-RV,
ATP-EMTP u np [5—-6]. [Ipu 3TOM TpaTHTCS HEOMPaBAAHHO MHOTO CHJI U BPEMEHHU Ha MOATOTOBKY HC-
XOAHOU MH(OpMaNWH, TEKyIlee yNpaBlIeHHE KOMIBIOTEPHBIMU WCCIIECJOBAaHUSIMH, WHTEIUIEKTYIbHYIO
00paboTKy, 00001IeHHEe 1 OPOPMIICHHE PE3YIHTATOB B BHJIE TPEOYEMBIX JOKYMEHTOB.

WnTepakTuBHBIE Uccredo8amenbcKue TPOTPAMMHBIE TPOAYKTHI 3TOTO Kiacca M, B YaCTHOCTH,
HaunOonee pacnpoctpaHeHHbld n3 HIX MATLAB/Simulink [6], He npeana3naueHs! i 3¢ ekTuBHO-
rO peUIeHHs Ha3BaHHBIX BBIIIE MACCOBBIX CEpUHHBIX pacueToB YP u IIP B skcrumyatanuu U MpoeKkTH-
pOBaHMHU, 0COOEHHO B WHTEIUIEKTYAIBHBIX AJIEKTPHUECKUX CHCTEMaxX C aKTHBHO—aJIalITUBHBIMHU CETS-
mu (UDC ¢ AAC), B KOTOPHIX B 3HAYUTEIHHON MEpe YBEIMUNBAETCS MX KOJIMYECTBO U TpeOOBaHMUS K
TOYHOCTH PACUETOB.

B macTosimee BpeMsi B OTCUECTBEHHOW W 3apyOC)KHON IMPaKTHUKE IOJABIISIONIEE OOJBITHHCTBO
nHpopMaIrmoHHO—BbIUUCIUTENbHBIX [IIIPK, vcmonb3yeMbIx a1 3THX Iieliel, B TOM MM HHOM BHC
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OomupaeTcs Ha JOMYIICHHE O CUMMETPHUM MapaMETPOB AJIEKTPUUECKOW CETH. DTO TMO3BOJSET, M
ompezeNeHNs] HECHMMETPUYHBIX TapaMeTpOB PEKHUMOB, TPUMEHITh METOJ CHMMETPHIHBIX
coctaptonux (MCC), mpennmoxkennsrit Y. @oprecksio u pa3Buthiii Y. Baraepom u P. DBancom [7].
DTOT METOJ MPEANONaracT YKBUBAJICHTUPOBAHNE HECUMMETPUYHOTO TPpeX(pa3HOTo PeKUMA B HECHUM-
METPUYHON CETH TPeMsI CHMMETPUYHBIMU PEXUMAMH B TPEX CHMMETPUYHBIX TPeX(azHBIX MOJIEINIX,
MMOCTPOCHHBIX Ha MPEAIIOIIOKEHNH O CHMMETPUH UCXOTHON ceTH. [Ipu 3TOM JomyIeHny mponu3BOINT-
Csl pacueT B TpeX, 10 CYIIECTBY, OJHOMIPOBOIHBIX cxemax 3amenieHus (OC3).

OOWUPHBII OMBIT KCILTyaTallMM CYIIECTBYIONIETO MPOrpaMMHOTO obOecredeHus, nH(hopMaIus,
MpuBeIeHHas B uTeparype [3 — 4] u BHITOTHEHHBIN aBTOPAMH aHAIH3 TIO3BOJISIIOT YBEPEHHO 3asBUTH,
YTO B HACTOAIIEe BpeMs OOIBIIMHCTBO COBPEMEHHBIX OTedecTBEeHHBIX U 3apyOexnbix I1ITPK mo cBo-
UM BO3MOXHOCTSIM, HMCIIOJIHCHUIO M MPAKTUYCCKON peaan3aludyd HE B TMOJHOM Mepe COOTBETCTBYIOT
MOJIO’KEHUSM M TPEOOBaHUAM, MPEABABISIEMBIM K PEIICHUIO TAKUX 3a7a4 SKCIUTYaTHPYIOIUMHU U TIPO-
€KTHBIMH DJIEKTPOSHEPTETHYECKUMH OPraHU3aIIsIMI.

e [Ileab ¥ HOBU3HA JIOKJIAJA.

MOXHO KOHCTaTUPOBaTh, 4TO OOJBIIUHCTBO cymecTByommx [MITPK npuHmunuansHo HE MOTYT
00ecnevnTh TOYHOCTh PE3yJIbTATOB ONMPEACICHUS Psija MapaMeTPOB JICKTPHUSCKUX PEIKUMOB, HE0O-
XOJTUMYIO TI0 COBPEMEHHBIM TPEOOBaHHUSAM, TIOCKOIBKY IO IMOCTPOCHHIO CBOUX MAaTEMAaTHYECKHUX MO-
Jleieil IMEIOT HeYyCTpaHUMBIE MTOTPEITHOCTH.

1. Tlpexnme Bcero, MPUHIMITUAILHO HEBO3MOXHO OTPa3UTh MapaMeTpaMH PeKMMa OJHOM (ha3bl
(u3HIecKoe COCTOSTHIE MHOTOITPOBOIHON KOHCTPYKIIUU OOJIBIIMHCTBA DIIEMEHTOB CETH, B YaCTHOCTH,
JUHAHA 3JEKTpoNepeaadn, 0OMOTOK TpaHC(HOPMATOPOB TMPH Pa3ITUYHBIX KOHPUTYPALUAX X MArHHUT-
HOMW CHUCTEMBI U JIp.

2. Hcnonp3oBaHHE OJHOMPOBOIHBIX PACUETHBIX CXEM IIPH KECTKOM JOMYyIIeHHne O (pa3HOH CHM-
METpPUU BCEX BHIOB TpeX(a3zHOro M MHOro(]a3zHOro 3JIeKTPOOoOOpYyIOBaHMS, KOTOPas OTCYTCTBYET B
MIPUHIIMIIE ¥ MOXKET OBITh JOCTUTHYTA UCKYCCTBEHHO C IMTOMOIIBIO CIICITUAIBHBIX MEPOTIPUSATHIA.

3. OrcyrcTBHE aJCKBAaTHOIO ydueTa MEKIY(])a3HBIX B3aMMHBIX MHIYKTHBHBIX U €MKOCTHBIX CBS-
3eif, B YaCTHOCTH, ABYX W MHOTOIEIHBIX JHHUN 3JIEKTPONepeadd, B TOM YHCJIEe U Pa3HBIX HAIPsIKe-
HUI.

4. HeB03MOXHOCTh JIOCTOBEPHOTO ONPEC/ICHUS MaApaMETPOB HECUMMETPUUHBIX M HEMOIHO(A3-
HBIX PEKUMOB TpeX(pa3zHOTO AINEKTPOOOOPYIOBAHUS.

5. HexkoppeKTHOCTh ydeTa BIIMSHHUS 33a3€MIICHHBIX W HE3a3€MJICHHBIX T'PO303aIlUTHBIX TPOCOB
MHOTOIPOBOHBIX K 0COOEHHO MHOTOIICTIHBIX JIMHUH 3JICKTpOIepeaayu.

6. OtcyTcTBHE TOCTOBEPHOCTH OMPEIEIICHUS TIOTEPh AIIEKTPUUECKON MOIIHOCTH BO B3aMMOCBS-
3aHHBIX JIMHUAX JEKTpoIepeaadn.

7. TlpaxTrdeckas HEBO3MOXKHOCTh pa3JC/ICHUs] MOTEPh MEXIY Pa3IMYHBIMU COOCTBEHHUKAMHU
B3aMMOCBSI3aHHOTO 3JIEKTPOOOOPYI0BAHUS U JIp.

Cpenu CymiecTBYIONINX MPOTPAMMHBIX CPEICTB MOYKHO BBIJEIUTH MEPCIEKTHBHBIE pa3paboOTKu
NpI'VIIC, namenmue otpaxenue B komiuiekce Flow3. B stom 1K, pa3spaboranHOM 1oz pyKOBO/I-
cteoM A.C. Kprokosa u B.I1. 3akoprokuHa [8] B COOTBETCTBHE C COBPEMEHHBIMU TPEOOBAHUSIMH pea-
JMU30BaHO MOJMHOQYHKIIMOHATRHOE MonenupoBanue JIDII u TpanchopMaTopoB B (a3HBIX KOOpPAMHA-
tax [9-10] ¢ yueToM B3aMMOWHIYKTUBHBIX U €MKOCTHBIX CBS3€H, C JIFOOBIM COCTUHEHHEM ITPOBOIOB
JIDII 1 06MOTOK TpaHcHOPMATOPOB € YUETOM KOHPHUTYpAIIUK MATHUTHOM cUCTeMBI TpaHcopMaTopa.

MOXHO TaKXe OTMETHUTh MOJCITUPYIOMHNNA KOMIUIEKC, pa0OoTalMUi B peaTbHOM BPEMEHH IS
pemrenus 3ana4 ynpasieaus B UDC ¢ AAC, paspaborannsiii B TITY [11]. D10 — OTKpBITHINA THOpUA-
HBIN TIPOTPaMMHBIN TTPOIYKT, B KOTOPOM BO3MOXKHO MPAKTHUYECKA HEOTPAaHWICHHOE HapaluBaHUE U
MOJICpHU3AIINS OJTHO U MHOTOITPOBOJHBIX MOJIEIEH HEMPEPHIBHO MOICTUPYEMBIX 0OBEKTOB HCCIIEI0-
BaHMs. OH OTKPBIBAET IIMPOKHUE BO3MOKHOCTH JJII HOBBIX MOJXOJOB K KOMIIBIOTEPHBIM HCCIIEI0BA-
HusM nporeccoB B UOC ¢ AAC, cocTosuux U3 peaJbHOro COUETaHUsI KaKk HOBOTO COBPEMEHHOT'0, TaK
W3HOIIEHHOTO AJIeKTpoobopyaoBanusa. OgHaKo ClemayeT CKa3aTh, YTO peau3aliis Ha3BaHHBIX BO3-
MOXKHOCTEW TpeOyeT OT IMOJIb30BaTeNell 3HAYNTEIbHBIX 3aTpaT BPEMEHHU, CHII U CPEJICTB, BO—TIEPBHIX,
Ha CO3JaHUE B KaXIOM KOHKPETHOM CiydYae, MO CYLIECTBY, allapaTHO—MPOrPaMMHOTO MPOJYKTa, a,
BO—BTOPBIX, TOJIIEPKAHUS €r0 B aKTYaIbHOM COCTOSHUU. [Ipu HeIOCTaTOYHBIX B OOJIBIIMHCTBE CITY-
yasx amnmapaTHBIX ¥ KaJpOBBIX PECypcax 3TO MPAKTUIECKH B 3HAUUTEIHHON Mepe OrpaHWYHMBAET IIH-
POKO€ HCITOJIb30BaHUE HA3BAaHHOW Pa3pa0OTKH IS MMOJIyYCHUS WHPOPMAIK, HEOOXOIUMON A pe-
IIIEHUST MACCOBBIX TeKymux 3amad P3 u [1A.
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2 OCHOBHAA YACTH

2.1 Llenv u nosusna ooxknada

[IpoBeneHHbIN aHaNINM3 TMOKa3al, YTO 3TO JOMYIIEHHWE O CUMMETPUHU IEKTPUUECKOH CeTH A
COBPEMEHHBIX KOHCTPYKLHH 3JEKTPOCETEeBOro 0oO0OpyHoBaHHs (OCOOEHHO C YYETOM OOJBIIOr0
KOJINYECTBA [BYXIICNIHBIX, & TENepb YK€ M MHOTOLENHBIX JHMHUHI 3JEKTponepenadd U APYTHX
IPUHIMIINAIBHO HECUMMETPHUYHBIX OOBEKTOB) M NPUMEHEHHE METOJa CHMMETPHUYHBIX COCTaBIISIO-
HIMX IPUBOJAUT K MOTPEIIHOCTSIM, HE COOTBETCTBYIOLIMM B HacToswIee BpeMs TpeboBanusim P3 u T1A.

Haunbonee panmoHanbHBIM HampaBiICHWEM MOBBIMICHUS JJOCTOBEPHOCTH, aJeKBATHOCTU H
CHIDKEHUS TTOTPEITHOCTEH SBIISICTCS] IPUMEHEHHE N3BECTHOTO MeToa (a3HbIX koopauHaT (MDK) [8—
10]. On nmeeT 3HaYUTENBHO OONBLIME BO3MOKHOCTH o cpaBHeHHIo ¢ MCC, Tak Kak B HEM HET €To
TEHETHYECKH 3aJI0KEHHBIX HEJJOCTATKOB M, IIPEXAE BCEro, KECTKUX JOIMYIIEHUN 0 BHYTPEHHEH CHUM-
MeTpur. MOK XopoImro h3BeCcTeH, MONYydril TakKe ITUPOKOE PacIpOCTPaHEHUE, OIHAKO MPOOIEMBI
ero npumenenus [IITPK pemenst He momHOCTEIO (0c06eHHO 1 3nemMerToB UOC ¢ AAC), 9T0 MOKHO
OTMETHTH JiaKe B HauOoJjee MPOABHHYTOM MporpaMMHoM mpoaykte «Fazonord—KauyectBo» 1 o6mup-
HeIx uccnenoBanusax Upl VIIC [8].

Ha ocHOBaHME cKa3aHHOTO BBIIIIE MOXHO C(OPMYITHUPOBATH psif mpodiem mo cozmanuio [ITTPK Ha
ocHoBe npumeHeHust MOK, u3 kotopsix Hanbosee CyniecTBEHHBIMA MOKHO Ha3BaTh MPOOJIEMBIL:

— CO3aHUe MHO20NP06ooHoU UHPopMarmonHol 6a3el cetu (MBC) ¢ eubroii epagpuueckort, 61049-
HO—MHTEPAKTUBHOW CUCTEMOH ynpaBlieHUs HH(opManmei;

— pa3paboTKa ynpaBiIsieMbIX MHOTOMPOBOIHBIX KOMITBIOTEPHBIX MOJAEJICH, KaK 3JIEMEHTOB, TaK H
Bceit UDC ¢ AAC ¢ rpaduieckuM KOMMYTAITHOHHBIM M TIApaMETPUIECKUM YITPABICHUEM HX TOIOJIO-
rueu u ap.

Ha cerogusmHuii JeHb MOMHO KOHCTAaTHPOBAaTh INPAKTHYECKOE OTCYTCTBHE IIMPOKOTO
WCIIOJIb30BaHMs IMPOMBIIUIEHHOT0 Hcnoib3oBaHuss M®PK B oTedecTBEHHOW »JKCIUTyaTallkd M
IPOEKTHPOBAHUM IEKTPUUECKUX ceTel u cucreM. [loaToMy B paMkax MccieqoBaHHUN, NPEALIeCTBY-
IOLIMX JaHHOU ITyONMKalUKU IPOU3BEICHO CPaBHEHHUE PE3YyIbTaTOB PAacueTOB MapaMETPOB PEXKHMOB B
OJITHOTIPOBOJHOM TIOCTaHOBKE (B YacTHOCTH, s pexumoB K3 ¢ mpumenenmem MCC) u B
MHOTOIIPOBOJHBIX HECUMMETPHUYHBIX CXeMax 3aMeleHus ¢ moMolnpio MOK.

BrimonHeHHbIE  aBTOpaMHM  HCCIICAOBAaHMA U KOMIIBIOTEPHBIE OKCHEPUMEHTHl IOKa3ajH
pacxoXIeHHs B pe3ysbTaTax Ha3BaHHBIX PacueTOB HE TOJIBKO (Kak M CIIEZOBAJIO OKWAATh) JAJS BCE
raMMbel HecUMMETpU4HBIX K3 (ocobeHHO omHO(a3HBIX W ABYX(a3HBIX Ha 3€MIII0), HO W IS
CUMMETPUYHBIX Tpexdasubix K3, a Takke HOPMaJbHBIX W IOCJECaBAPUHHBIX YCTaHOBHBIIMXCS
pekuMoB. [IpUMEHEHHBIH BBILIE TEPMHUH «PACXOXKAEHHE B PE3yJIbTarax» OOBEKTUBHO T'OBOPUT O
HEOOXOUMOCTH CpaBHEHHS JIaHHBIX, IIOJIYYEHHBIX B KOMIBIOTEPHBIX HCCJIEOBAHUSIX U
SKCIIEPUMEHTaX, C pe3yJbTaTaMH HATYpHBIX HW3MEPEHHAMU B JEHCTBYIOIIMX COBPEMEHHBIX
NIEKTPUIECKUX CETSAX Ul JOCTOBEPHU3ALUH M BEPHU(PHUKALNHU CYIIESCTBYIOIIEIO U pa3padaThIBAEMOT0
nporpaMMHoro obecrnieueHus. K coxkaneHuro, noJjo0HbIe UCCICIOBaHUS B HACTOSIICE BPEMs MPAKTH-
YECKH OYEHb PENIKH, a JIJIsl OOJBIIMHCTBA aKTyaJbHBIX 33]1a4 MPOCTO OTCYTCTBYIOT.

Cka3zaHHOE BBIIIE TO3BOJISIET KOHCTATHPOBaTh HEOOXOAMMOCTH TINATEIBHOTO aHajIM3a U KOp-
PEKLMH PYKOBOAALIMX JTOKYMEHTOB, PETYIMPYIOIIMX B HACTOSILNEE BpeMs BBIIIOJIHEHHE Ha3BaHHBIX
pacyeToB M MCCIIEZIOBAHUIN PEKMMOB AIEKTPHUECKUX CETEH, Ui TOTO, YTOOBI MX Pe3yNIbTaThl COOT-
BETCTBOBAJIM B HACTOSIILEE BPEMsI )KECTKUM TpeOOBaHUAM oOectieueHusI KoppeKTHoH padoTsl P3 u [1A.

[IpuBenem ynpouieHHBIH IpUMEp, MOATBEPKIAIOIINI HACTOATENbHYI0 HEOOXOAMMOCTh OTKa3a
ot npumenernst MCC B nons3y M@K mpu ananuze ycranoBusmierocs pexknma cetu 220 kB ¢ nByx-
nenabiMa BJT (puc. 1). YcranoBuBIHiACS pexuM paccuutaH no nporpamme «RastrWin 3» B omHO-
MIPOBOJTHOM BapuaHTe U B MHOrompoBogHoM — 1o M®K [8-10]. Mcxonubie gaHHBIE U PE3YNbTATHI
MIPEJICTaBIEHbI HETIOCPEACTBEHHO Ha puc.l: HampspkeHus — B KB, Toku (co cTpenkamu) — B A, IOTOKH
MOIIHOCTU U Harpy3ku — B MBA. O0o3HauyeHus nozctaniuii B Tadbaumax 1, 2 u 3: 1] — LlenrpanbHas,
10 — HOxHasg, C — Crennas. O6o3nauenns BJI: I1—10-1, [[—-10-2, [[-C-1, [I-C-2, C—IO.
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@M@HTDS;gHaQ
e NN
110 km, AC—240 DRI 185 km, AC-240
+50.5+J16.5 +51.1+J5.5 29.9-J5.2+# 29.59+J13./#
<+50.5+J16.5 <+51.1+J5.5 29.9-J5.2+# 29.0+J13./»
WS & D
B +19+J16.9 S5 km, AC~S00 “19.0+712.4 Y| ¥
FOwHaga <66 =9 CrtenHas
22312 & 224.35
120+J50 40+J15
Puc.1. Cxema u pe3ynbraTsl pacuéra pexknma cetd 220 kB B [IK «RastrWin 3».
Tab6auna 1. Mogynu HanpspKeHs, TOJTy9YeHHBIE TIpH pacuéte pexkuma cetr 220 kB.
3Ha4yeHUs JIMHEHHBIX HalpsoKeHui, kB
Iloncrannus - -
ITpu pacuére B Ppa3HBIX KOOpIUHATAX ITo RastrWin 3
Uip 227,68
LlenTpanpHas Usc 227,49 228,00
Ucy 227,39
Uip 222,53
OxHas Usc 223,35 223,12
Ucy 221,70
Uip 223,79
CrenHas Usc 224,63 224,35
Ucy 223,15

Tadamnna 2. 3HayeHust ha3HbIX TOKOB, MOJIyYeHHBIE IPU pacuére pexxuma cet 220 kB.

JeiicTByromue 3Ha4eHUS (Pa3HBIX TOKOB, A

Jlnnans [pu pacuére B Ppa3HBIX KOOpAUHATAX ITo RastrWin 3
B nauane nuaun B xoHnue nuaumn B nauane nuHun B xonue anauun
I 124.16¢ 7 *°% 135.01e /2"
[—0-1 Iy 133.05¢ /'29%° 138.58¢ ~/ 1403% 130 137
Ic 132.53¢7 T°°7 137.96¢7 %21
I 124.16¢ 7+ 135.01e />
[[—10-2 Iy 133.05¢ /207 138.58¢ /0% 130 137
Ic 132.53¢7 167 137.96¢” "
I 73,59/ % 85.18¢ /%%
N—C-1 Iy 81.47¢ /10497 84.89 ¢ /17 77 84
Ic 80.56¢” 120 84.11¢771%
I 73,59/ 7% 85.18¢ /%%
N—C-2 Iy 81.47¢ /10497 84.89 ¢ /17 77 84
I 80.56¢” 120 84.11¢7°1°%
I 61.67¢ /7 70.52¢ 7490
C—10 Iy 60.77¢ /" 67.94¢ /1T 59 66
I 58.99¢7 ¥ 66.16e7 "%
Tabymna 3. 3HaueHus! NOTOKOB MOIHOCTY, NOJNy4YeHHbIe IIpu pacuére pexxuma cet 220 kB.
[Torok MonHOCTH B InHMK, MBA
Jluaus [Tpu pacuére B pa3HBIX KOOPAWHATAX ITo RastrWin 3
B Havaine nuaMN B koHn1e nuann B navane nuHHM B konne nuann
—H0-1 51.07 +3.34j 50.38 + 16.05j 51.1 +5.5j 50.5 +6.5j
H—H0-2 51.07 +3.34j 50.38 + 16.05j 51.1 +5.5j 50.5 +6.5j
—-C-1 30.01 —7.525 29.64 + 14.17] 29.9-52j 29.5 +13.7j
—-C-2 30.01 —7.525 29.64 + 14.17] 29.9-52j 29.5 +13.7j
C—IO 19.28 + 13.34;j 19.24 + 17.90j 19.1 +12.4j 19.0 + 16.9j
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AHanu3 mapaMeTpoB peKrUMa MOKa3bIBACT, YTO HATPSHKCHUS B y3JIaX CETH, MOTyYSHHBIE B pacye-
T€ 10 OAHOJIMHEHHBIM U TpeX(da3HbpIM cxeMaM (B (pa3HbIX KOOPAMHATAX ), HE3HAYNUTEIIBHO OTIIHYAIOTCS
1o abCONIOTHOM BeMMYMHe, HO TIPH OTIPE/IeTICHIH aIeHUI pa3HHIla BechMa CYIIeCTBeHHA. B pe3yib-
TaTax pacu€ra TOkoB B (azax BJI pasnuna mocturaer 5% 3a cyeT BIMSHHS MPOLECCOB MEPEXoiaa
MOIITHOCTH MeXay (hazamMu cOOCTBEHHOW M coceaHmx JuHHU. [Ipm pacdyére MOTOKOB MOIIHOCTH Xa-
paKTepHbI OONBIINE OTINYHNS B 3HAUCHUSIX PEAKTUBHON MOITHOCTH H B ITOTEPSX MOITHOCTH.

AHaNOTHYHBIC PE3yJIbTAThI MOJTYYCHBI U MPU BHITIOJHCHUH CPABHECHUI PacUCTHBIX MapaMeTpOB B
pexxkumax K3. HanbGombime pacxoxaeHUs OTMEUAIOTCS MPU aHAJIM3e HeCUMMETpUYHbIX K3, cBs3aH-
HBIX C 3eMJIEH TIPH Pa3IMYHBIX CXEMaX TPOCOBOW TPO303AIIUTHI, a TAK)KE, 0COOCHHO, TSI IBYXIIEITHBIX
BJI u B HanOombmieii Mmepe MHOTOIIETTHEIX BJI ¢ pa3HbiMi HOMUHAILHBIME HAMIPSKECHUSMU.

3 3AK/IIOYEHHUE

[lo pesynpraTaM HpoOBEIEHHOTO B paboTe aHaIM3a MOXKHO KOHCTaTUPOBAaTh HEYIOBJIETBOPH-
TEIbHOE COCTOSHUE JIOCTOBEPHOCTH MAaCCOBBIX PAacUeTOB JIIEKTPHUUECKHUX PEKHMOB C IOMOIIBIO
HanboJiee pPacCIpPOCTPaHEHHBIX CPEJCTB MaTeMaTHYeCKOTO OOECIeYEeHHUsl M0 pacdeTy IapameTpoB
YCTaHOBUBIIIMXCS PEKUMOB ¥ KOPOTKUX 3aMbIKaHuid. [103TOMy B HampaBieHHAX danbHeHIIel padboTsl
pazsutus [IITPK HEoOXx0onnMo paciimpenne NCTIONb30BaHNs KOPPEKTHBIX PACUETHBIX METO/IOB.

BriBoapl.

1. ITocTpoenue coBpeMeHHbIX crnienuanu3upoBaHHbixX [IIIPK B TeueHne MHOTHUX JIET OTCTAET OT
MPaKTUKH pealnu3alny psaa HACYLIHBIX TEXHOJIOTHYECKUX 3a4a4 aHanu3a u noctpoenus P3 u ITA npu
BBIIIOJIHEHNH pacueToB YP u I1P.

2. IIpoBeneHHbIe aBTOpaMy KOMIIBIOTEPHBIE SKCIIEPUMEHTHI MOKa3bIBAIOT, YTO PAa3INYMs B OJ-
HOIPOBOJHON W MHOTONPOBOJHOM ITOCTAHOBKE OMNPEIEIECHUS TOKOB H HANPSDKEHUI B YCTAHOBUBIIIHX-
Cs peXUMax U pekuMax KOPOTKOTO 3aMBIKaHHs MMOKA3bIBAIOT 3HAYUTENIbHBIN YPOBEHb PACXOXKACHUM.
Oto yOeauTensHO MPOIEMOHCTPUPOBAHO HA MPUBEICHHOM B paboTe MPOCTEHIIIEM IIpUMepe, TaxKe s
YCTAHOBHUBIIETOCS pekuMa. B pexxnmax KOPOTKOrO 3aMBIKaHHUs PACXOXKICHHUS elle Ooree 3HaUYMMBbIE,
M3-3a SIBHO BBIPAKEHHOW CUHTYJIIPHOCTH U HECUMMETPHH TOIIOJIOTHYECKOTO U PEXUMHOI0 XapaKkTepa.

3. [lo MHEHHIO aBTOPOB, MPH OIpeeTIeHNH XapaKkTepucTHK napamerpoB P3 u I1A HempomycTumo
UCTIOJIb30BaHKE TPyOBIX JOMYIIEHUH O BHYTPEHHEH CHMMETPUH OOIIENPUHSTHIX B HACTOSIIIEE BPEeMS,
JUI pealbHbIX KOHCTPYKLMI MHOTOLCIIHBIX JIMHUWA 3JIeKTporepenad, TpaHc(OpMaTOPHBIX M aBTO-
TpaHC(HOPMATOPHBIX 7IeMEHTOB. [Ipu 3TOM I TMHMIA 3JIeKTpoIiepead HeOOXOUM YUYeT COCTOSIHUHN
IPO303alIUTHBIX TPOCOB U CUCTEM 3a3eMJICHUH C JIFOOBIM YHCIIOM M BHJIOM PaCIIOJIOKEHHS IPOBO/IOB;
I TpaHC(OPMATOPOB M ABTOTPAHCPOPMATOPOB — IPYIIBI COEAUHEHNH, KOH(PHUrypanuss MarHuTHON
CUCTEMBI, HAJIMYUE PACIICIUIEHUH U UCIIOJIHEHUS.

4. IepcnekTuBa mupokoro pasputus U pacnpocrpanenus UIC ¢ AAC nenaer HEOOXOAUMBIM
pewenne 3a1a4 aHanuza ux YP u IIP B ¢asHbIx KoopanHaTax ¢ y4éToM CrieHUpUIECKOro HECUMMET-
pudHOTrO noctpoenus ycrporcts FACTS.

5. HeoOxoauM THIATENBHBIN aHAN3 W KOPPEKIHS PYKOBOASIINX JOKYMEHTOB, PETYIHPYIOIIHX
B HACTOSIIEEe BpeMs BBINIOJHEHHE HA3BaHHBIX PACUYETOB M HCCIIEJOBAHUN PEXUMOB IIEKTPHUUECKUX
ceTel, i odecrieueHust KOppeKTHOM padoTsl P3 u [1A.
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C.4-13. BnusHne BHeapeHUA MH(POPMaLIMOHHBLIX TEXHOSIOrMA Ha NOCTPOEHUE
CUCTeMbl TeXHU4YEeCKoro oocnyxmBaHus komnnekcos P3A

A.A. ITAITIEEB, A.I'. EI'OPOB, C.E. ®POJIOB
3A0 «99A3», 000 «llenTp Ynpasiaenus [Ipoekramun YIA3»
Poccus
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KJIFOUEBBIE CJIOBA

peneiiHas 3amMTa W ABTOMATHKA, MHTEJUIEKTyalbHBIE OJJIEKTPOHHBIE YCTPOWCTBAa, CHCTEMa
TEXHUYECKOTO 00CITY>KUBAHHUS, MOHUTOPHHT, HAOII0IaeMOCTb.

1 BBEJIEHHME

[upokoe mnpuMeHeHHE WHPOPMAIMOHHBIX TEXHOJOTMHA B OOJIACTH pENCHHOW 3alluThl U
aBromMatuku (P3A) B 3HAYMTENHHOW CTEMEHH OMPEAeNseT MOCTPOSHHE COBPEMEHHBIX KOMILIEKCOB
P3A »snextposneprerudeckux oO0bekTOB. Ha ceromHsIIHMIA A€Hb B 3HEProcHUCcTEMax IMPUMEHSIETCS
nsAToe MoKoJeHue MukporponeccopHbix (MII) ycrpoiicte P3A — uHTeNNIeKTyalbHbIE 3IEKTPOHHBIE
ycrpoiicta (MDY). UDY 001aaaroT psAa0oM HOBBIX CBOWCTB U XapaKTEPUCTUK, KOTOPbIE KapAUHAIBHO
ormuyarorca ot MII  ycrpoiicte P3A  mnepBeix mnokoneHud. B mepByro ouepenp HOBBIE
(YHKIIMOHAIEHBIE BOBMOYKHOCTH CBSI3aHBI C MCIIOJIb30BAHMEM IIUPOKO TPU3HAHHOTO CIIEIUATUCTAMHU
o P3A Bo Bcem mupe ctagmapta MOK 61850 [1].

B To0 xe Bpems cuctema texHuueckoro oociyxusanus (TO) kommnekcoB P3A He mperepnena
NPUHLMIIMAIBHBIX ~W3MEHEHWH TI0 CpPaBHEHUIO C CHCTEMOM TEXHHUYECKOro OOCIIy>KHUBaHMS,
MIPUMEHSBIIEHCS ele ISl ANEeKTPOMEXaHMUECKUX U MUKPOAJIEKTPOHHBIX KoMITIeKcoB. Kak mpaBuino, B
SHEProcucTeMax OOJBIIMHCTBA CTPAH MPUMEHSETCS IIaHOBAas CUCTEMA TEXHUYECKOTO O0CITYKHBAHUS
KomIiekcoB P3A, xoropas npeamonaraer BeiogHeHue Mmeponpustuii TO uyepes3 ¢uKCHpoBaHHBIE
uHTepBaibl BpeMeHu [2]. [IpuMeHeHne Takoro Moaxojia HE BBI3BIBAET KAaKUX-THOO COMHEHHH TpHU
noctpoeHnu cucteMbl 1O koMmiuiekcoB P3A, BBINOJHEHHBIX Ha JJIEKTPOMEXAHUYECKOW W
MHUKPORJIEKTPOHHON 3JIEMEHTHOH 0a3e, rlje OCHOBHBIM (haKTOPOM CHIDKEHMS HaJeKHOCTH SIBISIETCS
¢u3nyeckoe crapeHue JJeMeHTOB. [lo MHEHHIO psaa ClhenuanucToB B obOjacth P3A s
coBpeMeHHBIX MDY maHHBIA TOAXOM HE TMPEACTABIACTCS ONTHMAIbHBEIM. BO3MOXHOCTH
JUCTAHIIMOHHOTO cuMThIBaHUS HHpopMauuu u3 MII ycrpoiicte P3A mo3Bonser HenmpephBHO BO
BPEMEHM OIICHMBATh COCTOSTHME D3JEMEHTOB Komiuiekca [3, 4]. Mcrnonp3oBaHHE COBPEMEHHBIX
TEXHOJIOTHH TIepeaun JaHHBIX B cuctemax P3A, B mepByro ouepens 3to npumeHeane MOK 61850,
CYLIECTBEHHO PACHIMPAET BO3MOYKHOCTU MOCTPOEHUS CUCTEM JUIS TUCTAaHIIMOHHOTO CUMTBHIBaHMS H
JaJbHEHIIero aHaan3a HHPOPMALHH.

[losiBIeHrE COBPEMEHHBIX HCIBITATEIBHBIX CHUCTEM, PEAJHM30BAHHBIX C HCIOIb30BaHHeM MII
TEXHOJIOTHH, MPEJOCTaBIsIET MHOKECTBO BAPHMAHTOB ONTHMHU3AIMHU TPOIEAYp MpoBepkH kak MY,
Tak M 2JIeKTpoMexaHuueckux KomiuiekcoB P3A. Ho B To ke BpeMs, BO3MOMXHOCTH TaKHX
WCIBITATENIFHBIX CHCTEM, KaK TIpaBWIIO, HE WCIONB3YIOTCA Jake HamonoBuHy. llporemypsr
BbIMIOTHEHN Mepornpustuid TO, mpemrycMOoTpeHHbIe JeHCTBYIONMMEI HOPMATHBHBIMH JIOKYMEHTaMH,
MOTYT OBITh MEPECMOTPEHBI U ONTUMH3HPOBaHBL. Takke ClieyeT OTMETHTb, YTO cloxHble MDY He
MOTYT OBITH IPOBEPEHBI B TIOJIHOM 00beMe B X0€ MaHOBBIX TO B MOTHOM O0beMe.
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Co3manue HOBBIX cucteM TO, MO HalleMy MHEHHWIO, JOJDKHBI pacCMaTpUBAThCS B TEPBYIO
oudepeslb ¢ TOYKH 3PEHHUS MOBBIIICHUS er0 3(PPEKTUBHOCTH M OMEPATHBHOCTH, a HE C TOYKH 3PCHUS
PE3KOTO COKpAIeHHs TPYA03aTpaT Ha ero npoBeaeHne. CHIKEHEe 00hEMOB MMPOBEPKU HITH Ke OTKa3
ot npoBepku cucteM P3A mpu TO Moryt mpuBecTH HE TOJBKO K CHIDKEHHIO HaJEKHOCTH, HO U K
pe3KOMY MaJIeHHUI0 KBATH(PHUKAINH [TepCOHANIA SKCIUTYaTHPYOMNX OpPraHu3aIiii. JTO B CBOIO 04Yepeh
MOJKET MPUBECTH HE K CHIDKEHUIO 3aTpar Ha npoBeneHue TO, a HA000pOT K YBETHMYEHHUIO, TIOCKOIBKY
pabotel o mpoBeaeHuo TO cnoKHBIX KoMIUTEKcOB P3A OyIayT BBHIMONHATHCS HE SKCILTyaTallHOHHOMN
opraHusalmei, a CujaMi CTOPOHHUX OpraHu3alyii, B TOM YHclie U IpOU3BoAnTeNei TexHuKu P3A.

2 OPTAHM3AIMA TO CUCTEM P3A B PO

TO xommuekcoB P3A permamentupyercs B P® o00men3BecTHBIMH — HOPMATHBHBIMU
nokymeHntamu. Jlo pedopmbl  anmekrtposHepretukrn  P® 2007 1. CcHENUATUCTBI-pEICHITUKA
SHEPTOCHUCTEM IIOJIH30BAINCH €IWHBIMU IMPaBHJIAMH TEXHHUYECKOro oOcmyxkuBanus [5, 6]. IlpaBmna
onpeAesun nepeucHb Meponpustrii TO, uHTepBaybl npopeneHuss TO, a Takke 00bEMbI M MOPSIOK
BBIMIOJIHEHUsT paboT s kaxmoro TO. [lpaBuna omnpepensuin mopsiaok mnposeneHuss TO BHe
3aBUCUMOCTH OT IIPOU3BOAUTENS yCcTporcTB P3A 1 ucnosb3yeMoit annapatypsl A1 IPOBEPKU 3aILHUT.

IIpaBuna ocTaBamich NMPAKTUYECKH HEM3MEHHBIM HA MPOTSHKEHHH UINTENBHOTO HHTEpBana
Bpemenu. J{o 2001 r. mpaBuia He onpenesnsuid 00bEMBI TPOBEPOK yCcTpoiicTB P3A, BHINMOTHEHHBIX Ha
MII ©6aze. llocme pedopmupoBaHHS DHEPreTUKA CYOBEKTaMH JIEKTpOdHepreTuku PO
paspabaTsiBanich coOcTBeHHBIE MpaBmia TO, KOTOphIe yKe BKIOUANH onucanus Mmepompustaii TO
MIT ycrporicte P3A [7]. Cnemyer OTMETUTh, 4YTO BBUAY HE3aBUCUMOCTH CyOBEKTOB
3JEKTPOIHEPTeTHKH, KaK B OpPraHHU3allMOHHO-XO3SHCTBEHHOM IIJIaHe, TaK U B IJIaHE TEXHUYECKHUX
OCOOCHHOCTEW TpeanpusiTHil (mepenada, pacupenelieHie WIH BbIPa0OTKa 3IMEKTPUYECKON DHEPTHH),
MIpaBUia UMEIOT OTINYMS B yacTu opranuzauuu TO.

MeTtoauka mpoBeJeHHs IPOBEPOK, a TaKKe OpraHU3allMOHHBIE MEPOTIPUATHS IPU BHIIOIHEHUN
nmpoBepok B xone TO perimamMeHTHPYIOTCS WHCTPYKIHEH MO opraHm3amuu padot. WHCTpyKIus u
npaBuia ObUIM BBEICHBI B JIEHCTBHE BO BceX 3HeprocucreMax PD v MMEIOT MOJIOKUTEIbHBIA ONBIT
UCIIOJIb30BaHMS. DTHM BO MHOTOM OOBSICHSETCSI OTCYTCTBHE PUHIUITHATBHBIX OTIIMYAN B MMOAX0AAX K
opranuzaimd TO B HOBBIX MpaBWIax, pa3pa0OTaHHBIX B KayecTBE CTAHAAPTOB OpTaHU3alMid, U
npenslrymux npasunax [7]. Hus MIID yerpoiicte P3A mpeaycmaTpuBaroTcs BCE TE€ K€ CaMble
Mmeponpusitust o TO (Hanmazgka, mepBbIA NPOMUIAKTHYECKUI KOHTPOJb, NPOPHIAKTHYECKOE
BOCCTaHOBJICHUE, MPOMUITAKTUIECKUH KOHTPOJIb, BHEOUEPEJHbIC MPOBEPKH, OCMOTPHI), YTO H IS
3NIEKTPOMEXaHNYECKUX YCTpOHCTB. BTOphM (hakTopom coxpanenus: mepeuds meponpusituii mo TO
ABJISIETCSl OTCYTCTBHE IOCTATOYHOI'O OIBITA MCIIOJIB30BaHUs Kakux-1100 npasui TO, pazpaboTaHHBIX
criennansHO st MIT yerpoticts P3A.

3 TPE/JIOXKEHHMS 110 OPrAHU3AIIMA COBPEMEHHOH CHUCTEMBI TO
KOMIUIECOB P3A

Ilockonpky B P® B sKkcmyaTanuu HaxozsTcs ycTpoicTtBa P3A Ha 3ieKkTpomMexXxaHHYecKoil,
MHUKPORJIEKTPOHHOH M MHKPONPOLIECCOPHOM 3IIEMEHTHOM 0a3ax, TO mocTpoeHue cucteMbl TO
1esIeco00pa3Ho paccMaTpuBaTh sl HAOMI0JaeMbIX (TIOJIHOCTBIO WIIM YaCTUYHO) M HEHAOJII0JaeMBbIX
cuctem P3A. K HabmrogaeMbIM cucTeMaM CJI€IyeT OTHECTH CUCTeMbl P3A, BhINOJHEHHBIE Ha 0ase
NDVY. K HenabmrogaeMbIM HJIM YaCTHYHO HAOIIOMa€EMBIM CHCTEMAaM OTHOCSTCS KOMILIEKCHI P3A,
MIOCTPOECHHBIE HA JJIEKTPOMEXAaHMYECKUX M  MHKpOIJIEKTPOHHBIX ycTpoiictBax P3A. Ilpum
UCIIOJIb30BaHUM BHEIIHUX CHUCTEM MOHUTOpWHra HeHaOironaemble cucteMbl P3A MoryT ObITh
OTHECEHBI K YaCTUYHO HAOIIF01aeMbIM cucTemMam [4].

B mepByro ouepens mnpuMeHeHHE HHG)OPMAIMOHHBIX TEXHOJOTHH OKAa3bIBAaeT BIHMSIHUE Ha
noctpoenue cucreMbl TO komriekcoB P3A, BemonHenHsix Ha MII 06aze. MII ycrpoiictBa P3A
YHPOIIEHHO MOKHO pa30UTh Ha CIEAYIOIINE YaCTH:

- BXOJIHbIE aHAJIOTOBBIE KaHAJIBI (BKJIIOYAs YaCTh aHAIOrOBO-IHU(POBOro MpeoOpa3oBaHus);

- BXOJIHbIE JUCKPETHBIE KaHAJBI (TUCKPETHBIE BXObI);

- BBIXOZIHBIE IUCKPETHBIE KaHAJBI (INCKPETHBIE BHIXOABI FIIN BBIXOJHBIE PEe);

- IPOLIECCOp;

- IOPTHI CBSI3H U nepuepuiiHbIe YCTPOHCTBA.
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U3 paccmotpennsix OmokoB MII ycrpoiicTBa TONBKO AWUCKPETHBIE BXOAHBIE M BBIXOAHBIC
KaHIbl MMEIOT pPeXuM (YHKIMOHMPOBaHMA 10 TpeboBaHMO. Bce ocTanpHBIE CHCTEMBI
(GYHKIMOHUPYIOT HENPEPHIBHO M, TaKMM 00pa3oM, MOTYT IOCTOSHHO AMAarHOCTUpOBaThecs. JlaHHOE
00CTOSITENLCTBO TMO3BOJISIET CYIIECTBEHHO ONTHMHU3UPOBaTh O00BEM MEPHOAMYECKHUX MPOBEPOK, a
TaKXe ONPENCIIUTh IIPOBEPKU, KOTOPHIE MOTYT BBIIIOIHATHCS HEIPEPHIBHO CUCTEMOM MOHUTOPHHTIA.

IIpu pazpabotke cuctembl TO Takke HEOOXOAMMO YUHTHIBATH clieAyroniue ocooeHHocTH MII
yctpoiict P3A:

1) <¢yHKUMOHANBHAS HACBIIEHHOCTD;

2) BO3MOXHOCTH TUCTAHITMOHHOTO CUYNTHIBAHS M 3aITUCH HHPOPMAIINH;

3) wHempepbIBHAS paboTa.

Kak mpaBuno, UDY obnagaor pacmmpeHHslM HabopoMm ¢yHKuui P3A, usMmepeHwid,
MOHUTOpPHHTIa. B OonbIIMHCTBE citydaeB He Bce (yHKLUHM BBOASTCS B ACHCTBHE yCTaBKaMH U JOI'MKOM
pabotel. Kpome TOro, umerorcss QyHKIMHM, UIsI KOTOPHIX HE 3aJal0TCS YCTaBKU U paboTa KOTOPBIX
ompeJieNseTcss TOIbKO BHYTPEHHUM aJTOPUTMOM 3amuThl. K TakuM (QyHKOUSM MOKHO OTHECTH,
HanpuMmep, (QYHKUIUIO afalTHBHON ONOKMpOBKHM A (depeHInaIbHON 3allUThl MPH  HACHIICHUN
TpaHcPOpPMaTOPOB TOKA WM (PYHKIIHIO TAMSITH TUCTAHIIMOHHOMN 3alIUTHI MPU OMU3KHUX TPeX(a3zHBIX
noBpexkaeHusX. [IpoBepka 3THX QYHKIUHA B yCIOBUSAX AKCIUTyaTallud MOXKET OBITh 3aTpyIHHUTENbHA.
CrnenmoBarenbHO, Tpu BbINOJAHeHMH TO (HauMHAas OT HaNAJOYHBIX HCHBITAHUA W 3aKaHYWBas
MPO(MUIAKTHYECKAM BOCCTAaHOBIEHHEM) TIEpEeUeHb MPOBEPSIeMbIX (DYHKIUI TOIKEH OBITH OTpaHUYCH
B IIEPBYIO OdYepelb MEPEYHEM 3alleHiCTBOBAHHBIX IO HPOEKTy (yHKuuH. Bo-BTOpBIX, BHyTpeHHHE
0COOCHHOCTH alTOPUTMOB, OIIEHKA JEHCTBUS KOTOPBIX BBIMIOJTHSETCS MPH KBATM(UKAIIMOHHBIX
UCIIBITAHUSIX, HE JOJDKHBI MPOBEPSTHCSA. OCHOBHBIE NMPOBEPKH JOJDKHBI KacaTbCs HM3MEPHTENbHBIX
OpIaHOB U JIOTHKH padoThl YHKLUH, A1 KOTOPBIX 33[at0TCsl paCUETHBIE 3HAUECHHSI yCTaBOK.

[Mockonbky B GonbmuHCTBE coBpeMeHHbIX MDY dynkumn P3A peann3oBaHbl mporpaMMHO B
OJIHOM MHKPOIIPOIIECCOPE, TO BBIXOJ U3 CTPOs OJHOM (YHKIMH M3 OMOJIMOTEKH MajoBEeposTeH. B
Cllydyae HEHCIPAaBHOCTH IpOLEccOpa MPOM30MAET OTKa3 BCEX BBIIOJHEHHBIX B HEM INPOrPaMMHBIX
¢byHKIuii. B cBsA3u ¢ 3TUM 1enecoo0pa3HOCTh MEPUOJUUECKUX MPOBEPOK BCEX 3a/ICHCTBOBAHHBIX B
YCTPOHCTBE TPOrpaMMHBIX (YHKIMH TMOCie HalaJKd M HAYaIbHOTO JTala JKCIUTyaTalid He
npezacTasisiercs: 000cHOBaHHOH. To ecThb, ISl OLEHKH NPAaBMIBHOCTH PabOTHI, HANpUMEpP, BCEX
CTYIEHEH 3alllMThl JOCTATOYHO BBIIOJHUTH NPOBEPKY TOJBKO OAHOHM M3 HUX. Ilo Hamemy MHeHHIO,
9TO TIO3BOJIUT ONTHMH3MPOBATh 00BEM MpoBepok ycTpoiictB MIT P3A mocne HavanpHOro 3Tama
9KCIUTyaTallH.

Cospemennsie U12Y P3A npencraBnsior coboit cioxubie cucteMbl P3A ¢ mmpokum Habopom
(GyHKIUI, MHOTHE M3 KOTOPBIX HE TOJNBKO CBOOOJHO MapaMeTPHUPYIOTCS, HO W KOH(QHUTYPUPYIOTCS
(3aar0TCs CBSI3M MEXKIy BXOJAaMH W BBIXOJAaMH, MEXIy MpOrpaMMHBIMH (yHKIOusMH). B cBsizu ¢
3TUM, N0 OMNBITYy pabOThl ABTOPOB CTAaThbH, OCHOBHBIC OIIMOKM W HEHCIPABHOCTH SIBISIOTCS
CJICZICTBMEM HEKOMIIETEHTHBIX JIEHCTBUI B X0€ HaJlaJo4YHbIX padoT. K nmpumepy, nomymeHs! ommoOKu
npyu KOH(PUTYpUPOBaHUM CBOOOJHOW JIOTMKH YCTPOMCTBA, JHOO HE BBISBICHBI ONIMOKU MPOEKTHOMN
JOKYMEHTallud B XOJ€ KOMIUIEKCHBIX MpoBepok. C ydeTroM 3TOro, KpahHe BaXKHBIMH U
OTBETCTBEHHBIMH SIBJIIOTCS MPOBEPKM B XOJ€ HaJaJO4YHBIX MCIBITAHWHA W MPOBEPKU INPH MEPBOM
MpoUIaAKTHIECKOM KOHTpoJie, KoTopsle B PD 06braH0 mpoBoasaT nocne 10-15 mecsmes mocie BBOJa
3alIUThl B JKCIUTyaTanuio. HanmajodHble MCTIBITAHUS U TEPBbIA NMPOQUIAKTHUECKHH KOHTPOIb, TI0
HallleMy MHEHUIO, TOJDKHBI BKIIIOYATh MPOBEPKY BCEX 3aJ€HCTBOBAHHBIX U3MEPHUTEIBHBIX OPraHOB C
MaKCHUMAaJIbHO-BO3MOXHBIM CHSTHEM XapaKTEPUCTHK, MPOBEPKY JIOTMKH Pa0OTHI 3alUTHl BO BCEX
pacUeTHBIX PEXHMaxX, MPOBEPKY JEHCTBUS BO BHEIIHUE 1M U HA KOMMYTAIIMOHHBIC AarliapaThl.
HekoTopbiMu OTAMYUTENBHBIMH OCOOEHHOCTSMH IO CPaBHEHMIO C MMPOBEPKAMHU aHAJIOTOBBIX KaHAJIOB,
JUCKPETHBIX BXOJHBIX M BBIXOJHBIX KaHAJIOB, OO0JIaAalOT TPOBEPKH Mepedayd HHPOpManuu
MOCPEACTBOM BO3MOKHOCTeH mpoTokoida MOK 61850. Dto oTHOocHTCS K mepenade AUCKPETHBIX
curHaznos 1o texHosorud GOOSE. HekoTopsle BOpockl BO3HUKAIOT IPH MPOBEPKE B3aNMOICHCTBHS,
HampuMep, BBOAMMOIO B PabOTy HOBOTO YCTPOWCTBA M YCTPOMCTBAMHM YK€ HAXOAALIMMUCS B
IKCILTyaTaIlHH.

[Moxo1 K BHIMOIHEHHUIO KOMILIEKCHBIX NMPOBEPOK B X0Jie HallaJIKu U nocienytonmx TO Moxer
OBITh TEpECMOTPEH 3a CYET HCHONBb30BAaHUS (YHKUUH COBPEMEHHBIX HMCIIBITATEIBHBIX CHCTEM.
Cospemennble MII ucnbiTaTenbHble cucTeMbl Ui P3A MO3BOISIOT COXpaHATh KaK OTIENIbHBIE
pe3yJbTaThl MPOBEPOK, TAK U 1ETIbIE IUIaHbl UCTIbITAaHUN. Toraa, co3gaB 3TAJIOHHBIN TUIaH UCTIBITAHUH
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(Habop aBapUIHBIX PEXHUMOB) MPH HATAJOYHBIX UCIBITAHUSIX WM MPH IEPBOM MPOPHIAKTHYECKOM
KOHTpOJIE, MOKHO OCYLIECTBIATh KOMIUIEKCHYIO MpOBepKy mpu mnocieaytomux TO B
aBTOMAaTH3UPOBAaHHOM pexume. llpm 3TOM, 0e€3yciiOBHO, COKpaimaeTcs BpeMs IPOBEACHUS
KOMITJIEKCHBIX MPOBEPOK, a TAKIKE UCKIIOYACTCS BOSMOKHOCTH CO3JIaHHS OLIMOOK MpPU IMOATOTOBKE U
BBHITIOJTHEHNN TpoBepoK. Mcmeitatenprble cuctemsl miusi MII ycrpoiicte P3A, mpexncraBieHHble B
sHeprocucremax P@, kak npaBuiio, 001aAat0T yKa3aHHBIMH BO3MOXKXHOCTSAMH.

Ilepuonnunocts mnpoBepku MII yCTpOHCTB, ¢ y4e€TOM HaJaU4Msl BCTPOEHHOM CHUCTEMBI
CaMOAMarHOCTUKH, MOXeET OBITh IepecMoTpeHa. Ha cerogHsammHuii JOeHb, Kak B OOJBIIMHCTBE
sHeprocucteM P®D, Tak u 3apyOexxHBIX dHeprocucteM mpuHATH OUKIel TO mus MII yerporicts P3A
paBHbiMu TKIaM TO Ui snekTpoMmexaHW4YecKuX yCcTpoictB P3A, To ecTh paBHBIMH BOCHEMH
rogam [8]. YkazaHHoe oOyclaBIuUBacTCs OTHOCHUTENBHO MalbIM ONBITOM SKciutyatanuu MIIT
ycrpoiictB P3A. JlocTaTodHOCTH BCTPOEHHON CHCTEMBI CaMOAWATHOCTHKH TEPMHHAJIOB Pa3THIHBIX
THUIIOB TAaKKE CIIEAYET BCECTOPOHHETO u3yueHus. C Ipyroil CTOPOHBI TOBOPUTE 00 M3MEHEHHUH LIUKIIOB
TO MOXHO JMIIb TNPH YCIOBHHM, YTO MPOU3BOAUTCS HEMPEPHIBHBIA MOHHTOPUHI COCTOSHUS
HE3aBUCUMOM aBTOMAaTU3UPOBAHHON CUCTEMOW U ITPOU3BOAUTCA aHanu3 ucrpasHoct MII ycTpolicTea
P3A. IlocTpoeHue cucTeMbl MOHUTOPHHIA BO3MOXHO TOJIBKO NPH YCJIOBUM OPraHHW3alUM KaHAJIOB
CBsI3U JUTsl cuuThIBaHUs nHpopMmannu u3 MII yerpoiicts P3A.

IIpy BBIMOJHEHWH 3alIUT 3JIEMEHTOB 3HEPrOCHCTEM IIpelycMaTpUBaeTcs, Kak IpaBHIIO,
HECKOJIBKO KOMIUIEKTOB 3aIlUTHl. Tak Ha OJHOM NPHUCOEIMHEHUH MOTYT OBITh YCTAHOBJIECHBI ABA U
Oonee HezaBUCHUMBIX DY OCHOBHOW KOMITJICKT 3aIIHUTHI, PE3EPBHBIN KOMITIEKT 3aIlITHI, aBTOMATHKA
ynpasieHus. Bce Tpu KoMIUIekTa U3MEPSIOT TOKHM U HANPSHKEHUS OAHOTO U TOTO )K€ MPUCOETUHEHHUS.
Torma, g HENpPepbBIBHOTO KOHTPOJSI MCIPABHOCTH AHAJOTOBBIX KAaHAJIOB M3MEPEHHS, a TaKkKe
UCIIPaBHOCTH MPOTPAMMHOM 4acTH, B CUCTEME MOHUTOPHUHIA MOKHO MCIIOJIb30BaTh MH(pOpMAIHo 00
U3MEpseMbIX aHAJOTOBBIX BENMYMHAX. B cilydyae MCIpPaBHOCTH aHAJOTOBBIX KAHAJIOB, a TaKXke
WCIPAaBHOCTH MPOrpaMMHOM YacTH YCTPOWCTB, M3MEpPEHHbIE BEIUYMHBI JOJDKHBI OTJIMYAThCA Ha
BEJIMYMHY HOTrpeIHocTH. [Ipy HencnpaBHOCTH OTHOTO M3 YCTPOMCTB, TMO0 BTOPUYHBIX Lienen OyneT
MMETHh MECTO CYIIIECTBEHHOE Pa3iniie U3MEPEHHBIX aHAJIOTOBBIX BENWYHH paznuunbiMu MDY . Takoit
MOHHUTOPHUHT MOKHO BBITIONHSTH HEMPEPHIBHO ¢ (HOPMHUPOBAHMEM COOTBETCTBYIOIICH CHTHATM3AIINH.
Henocratkom siBnsieTcss HEBO3MOKHOCTh MOHMTOPHHIA MPH OTKJIIOYEHUH TIEPBUYHOTO 000PYAOBAHHMS,
KOTI'ZIa U3MEPEHHBIE aHAJIOTOBBIEC BEIMUNHBI PABHBI HYJIIO.

JononuurtensHOl (YHKIMEH MOHHTOpUHTa MOXET OBITh (QYHKIHS aBTOMAaTH3UPOBAHHOI'O
yueTa M aHaju3a pe3ylbTaToB padoThl 3ammt. [lo maHHBIM, 3anucaHHBIM ocimuntorpadgamu MDY ¢
UCIIOJI30BaHUEM MOJEJIeH 3allUINAaeMoro oOBeKTa, Ha pabodeld CTaHIMM CHUCTEMbl MOHHTOPHHIA
MOJKeT OBITh JJaHa OIIEHKA MPAaBUIBHOCTH PaOOTHI 3aIIUTHI. BeINoNHEHe JaHHON (GYHKIIUH OTpeOyeT
JIOTIOJTHUTENBHBIX YCHIIUH JUIsl CO3JIaHHS PACUETHBIX MOJIENEH, YTO MOXKET OBbITh MPHEMIIEMO HE IS
BCEX CIyYacB.

B nmocinemHee BpeMs  cepbe3HOE€  BHHMAaHME  yIENAETCS  BOIpocaM — oOecredeHHs
KnOepOe30nmacHOCTH  Ha  0o0BeKTax d3JeKTpodHepreTHkH. [IpeaycmarpuBaeTcss — CHelUaNbHBINR
¢ynkuuonan B MDY, B kadecTBe NOMOTHEHUSI MOXKET OBITH MpeuIoskeHa (QYHKLIHUS MEPHOANIECKOTO
ABTOMAaTH3UPOBAaHHOTO CUYMTBHIBAaHUS W3 MaMATH YCTPOMCTBa (aiina ycTaBOK M KOHQUTYypaluu Ha
pabouyro CTaHIMIO CUCTEMBbI MOHUTOPWHTA JIUIsl CPABHEHHSI C STAJIOHHBIMH (DaiiiamMu, KOTopbie ObLTH
chopmupoBaHsl 1o pe3yiabTaram nociennero TO. JlaHHas omepanys BBIOJHAETCS HE CPECTBAMHU
MII yctpoiictBa P3A, a BHemHel cucTeMOW MOHUTOPHHIa Ha HE3aBHCHMOM aBTOMAaTH3MPOBAHHOM
pabouem mecte. Takum 00pa3oM, TpeAroNaracTcss KOHTPOIMPOBATh JI00OE M3MEHEHHE YCTaBOK B
MpoIeCcCe IKCILTyaTalllH, B TOM YHCIIE U B PE3yNbTaTe HECAHKIIMOHMPOBAHHOTO JIOCTYTIA.

OueBunHO, uto nepecMotp cucteMbl TO coBpemenHbix MII ycrpoiictB P3A Bo3MokeH He
TOJIBKO 3a cueT (GopMupoBaHUS TpeOOBaHMH K YCTPOHCTBaM, HO W 3@ CUET HOCTPOEHHUSI CHCTEMBI
MOHHTOpUHTA. B ciyuae Hammunsa npotokoma MOK 61850 pa3sepTeiBaHHe CHCTEMBI MOHHUTOPHHTA
CYLIECTBEHHO 00JIET4aeTcsl, TaK KaK AOIMYCKAETCS OJJHOBPEMEHHOE MOAKIIOYEHHUE JI0 MATH KIIMEHTOB K
onHomy MDY mo mopram cBszu. Ho B TO ke BpeMs HEOOXOIUMBIM YCIOBHEM SBIISIETCS pa3padboTKa
MPOrpaMMHOTO 00€CIeYeHns aBTOMATH3UPOBAHHOTO pabdo4yero Mecrta CHUCTEMbl MOHWTOPHHTA, a
TaKXe MepecMOTp JICHCTBYOIIEH HOPMATUBHOM 0a3bl.

DneKTpoMexaHMYecKre M MHUKpPO3JIEKTPOHHBIE ycTpoiictBa P3A He cmocoOHBI mepenaBaTh
MH(OPMALIMIO O CBOEM COCTOSIHWM W pe3ynbrarax pabotel. Ilostomy mis cOopa uH(bOpMaImm
HeoOXxoamMo TIpemycMaTpuBath BHemHee MII ycrpolictBo miis cOopa wmHpOpManmuu o padbote
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ycTpoiictBa P3A, a Taxke TEKYIUX aHAJIOTOBBIX BEJIMYMHAX, TOCTYIAIOIINX HAa BXO KoMIuiekca P3A.
B ocranpHOM IOIXOA K HMOCTPOCHUIO CHUCTEMBbl MOHMTOPHHIA C HEKOTOPHIMH OTPAaHHYEHHUSIMHU HE
otnuvaercs ot cucreMbl MoauTopuaTa MII yerpoiicts P3A [9, 10].

4 3AK/IIOYEHHUE

IlosiBeHre HOBBIX M Bce OoJiee coBepmIeHHBIX MDY B peneifiHO# 3ammTe CTAaBUT 3adadydl I10

nepecMoTpy aerictByromieit cucremsl TO. OtcyrerBre Gombioro ombita mpumeHerns MII ycTpoiicTs
P3A B TO ke BpeMs HE MO3BOJSET HAa CETOMHAIIHMN JE€Hb KapIWHAIBHO W3MEHUTh JIEHCTBYIOILIYIO
cuctemy TO. Cozmanme crcTeM MOHWUTOpPHHTra ISl KOMIUIEKCOB P3A 5HEprooOBHEKTOB TO3BOJIHT
MepeiTH Ha Ka9eCTBEHHO HOBBIC MPUHITUIIEI TO, HanpuMep, Ha TO 1Mo cocTosHUIO.
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1 BBEJIEHHME

B anekrtposnepretuke Poccuu B HACTOSIIMI MOMEHT HAOJIONACTCS ITOJIHOMACHITA0HOE Pa3BUTHE
IUQPOBBIX YCTPOHCTB, MOCTPOCHHBIX Ha 0a3e ctanmapta MOK 61850 (P3A, mudpossie TT u TH, ACY TII,
CUCTEMbl MOHUTOPHHIA U T.J.), KOTOPbIC 00JIaJIal0T PSAAOM KITFOUEBBIX MPEUMYIIECTB U IMO3BOJISIFOT CO3/1aTh
MOJIHOLICHHYIO IU(POBYIO MOJCTAHIIUIO.

Opnnako peanu3aiusi TOJHOIUEHHOW IU(PPOBOM  IOJACTAHIMM CBs3aHa CO  3HAYHUTCIIBHBIMH
KalUTAJIOBIOKCHUSIMA U PUCKAMH, KOTOPbIE BO3HHMKAIOT B CBS3M C NMPUMEHEHHEM MHOXECTBa HU(POBBIX
cuCTeM, 3a4acTyio pasHeix npomspogureneii (P3A, ITA, PAC, CMIIP, ACY TII u T.1.) COBMECTUMOCTh
KOTOPBIX HE BCET/Ia TOATBEPKICHA OMBITHOM SKCIUTyaTallMeld W COBMECTHBIMU UCTIBITAHUSIMH.

B 9T0if CBS3M aKTyanbHBIM CTaHOBUTCS BOIPOC TIOATAITHOM MOJEPHU3AIUN CYIIECTBYIOIINX
9HeprooOBeKTOB B pamkax koHnenmmu «L{udpoBoit moacTaHmmm», KOTOpas TMO3BOJISET IPOU3BECTH
MOMIATOBYH) PEKOHCTPYKIIMIO C MUHUMAJIBHBIMH PUCKAMH, YTO TIO3BOJHUT U30€KATh CHIKEHUS HAJICKHOCTH

3IIEKTPOCHAOKEHHS IOTpeduTenei.

2 CTAHJAPT M3K 61850 HA JEMCTBYIOIIMNX ITOJACTAHIAAX

Ha Ttexymmii MOMEHT 107 3JIEKTPOMEXaHWYECKHMX M MHUKPOVIEKTPOHHBIX ycTpoiictB P3A Ha
o0BbekTax anekTposHepreTuku PO cocranser nopsaka 70 %. OgHako KOMIUIEKCHAsI MOJIEPHU3ALMS JaHHBIX
SHEProoOBEKTOB, BKIIOYAIOIIas 3aMeHy ycrapeBuieidd P3A, cBs3aHa co 3HauYMTENbHBIMU (DUHAHCOBBIMHU
BIOXKEHUAMH M pHUckamu. [losTamHas MoJepHH3aLuMsA OTIENIBHBIX MOJCTAHIMOHHBIX CHUCTEM I103BOJIUT
n30eKaTh JaHHBIX TPOOIEM.

BapuaHThl NOACTAaHLMOHHBIX CHCTEM, JOIYCKAIOIMX IIO3TAlHYyI0 MOJEPHHU3AIMI0O B paMKax

koHuenmuu «L{udpoBoii moacTaHIIUN:
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® OlepaTuBHAs OJIOKUPOBKA Pa3beAMHUTENICH;
® MOHUTOPHHT IEPBUYHOTO 000Dy IOBAHHS;

¢ HGOPMAIIMOHHO-U3MEPHUTENbHEIE TIen P3A;
® pETHCTpaIls aBaPUIHBIX COOBITHIA,

e KoMmruieKcHas 3ameHa P3A.

2.1 Moaepun3anusi 000pyA0BaHus yCcTaHaBJIMBaeMoro Ha OPY

2.1.1 OnepaTtuBHas 0JJOKHPOBKA pa3beIMHUTe el

OneparvBHas OJIOKMPOBKAa pa3beAWHUTENECH B HACTOSILEe BPEeMs BBIIONHACTCS HECKOIBKHMHU
crocobamu:

- JJIeKTPOMAarHuTHasi OJOKMPOBKA, BBHIMOJHEHHAS TOCPEACTBOM KaOENbHBIX B3aWMOCBS3CH MEXKIY
KOMMYTAIIMOHHBIMU armnapatamu Ha OPY (meiictByromue moactanimu ¢ P3A Ha 37eKTpoMeXaHHUeCKOU U
MHUKPO3JICKTPOHHOH 3JICMEHTHOM 0ase);

- 3JIEKTPOMAarHUTHAs/IOru4eckasi OJOKUPOBKA, BBIIOIHEHHAs ¢ Hcnoiab3oBanueM MII koHTposuiepoB
MIPUCOeIMHEHUI WK TepMuHAIIOB AYB, ycranaBnmuBaembix B nmomernennu PI (melicTByromye wim BHOBb
BBOJMIMBIE TOACTAHINH ¢ P3A Ha MUKPOIIPOIIECCOPHOH PIIEMEHTHOM 0ase);

O6a maHHBIX crnocoba 00namaroT OOMIMM HEIOCTaTKOM — 3TO OOMINe KaOeNbHOW MPOMYKIUH H
YCIIOXKHEHUE CTPYKTYpbl KaOEIbHOH CETH, YTO NPUBOJUT K YBEIMYCHUIO EMKOCTH KaOenbHOH CceTH,
YCIIOKHEHUIO PacyeTOB IO BBIOOPY 3aLUTHBIX aIlllapaToB, U KakK CIEACTBUE, YBEIMUYCHHUIO CCUCHUS KU
Ka0eret.

JlaHHBIX HEJOCTAaTKOB MO3BOJIAET M30€XKaTh HMCIOIb30BaHHE MUKPOIPOLECCOPHBIX BHEIIHUX OJIOKOB
ynpasiieHHs (TaKk Ha3blBaeMble yCTpoicTBa compspkeHus ¢ o0bekToM - YCO), pasmenienHsix Ha OPY (B
mkagax HapyKHOW YCTaHOBKHM) U PeaTu3yroInux ooMeH uadopmanueii mo cranaapty MOK 61850. [Tpuuem
UCITIOJIHEHHE JIaHHBIX MHKPOMPOLECCOPHBIX YCTPOMCTB JOJKHO OBITh MaKCHMalbHO TIPOCTBIM H He
COJlep)KaTh JIOTIOJHUTENBHBIX yCTPOWCTB (HalpuMep KIMMAaT-KOHTPOJIb H T.JA.), YCIOKHSIOIIUX
SKCILTyaTalMI0 ¥ CHIDKAIONIUX HA/IeKHOCTh CHCTEMBI B IIEJIOM.

BBeneHne 1aHHOTO KOMILIEKCA MEPOIPUSITUI TTO3BOJIUT:

- YIIPOCTHUTH IKCILTYaTALHUIO 3JIEKTPOYCTAHOBOK (YIPOIIEHUE TOMOJIOTHH U 00beMa KabelbHOH ceTn);

- €O3/1aTh OJMH M3 OCHOBHBIX 3TAIOB 10 MOJIEPHU3ANNY TToAcTaHInu B pamkax MOK 61850 (CMP mo
co3maHnio onTtudeckoil cetn Ha OPY ¢ pe3epBHBIMH ONTHYECKUMH JKWJIAMH B paMKax OyIyIIux
PEKOHCTPYKIIHN);

- COXPaHUTh CYIIECTBYIOIIMH KOMIUIEKC CYLIECTBYIOIIUX BTOPHUYHBIX cucteM B pabore (P3A, IIA u
T.1. OynyT B paboTe Ha MOMEHT pean3alry YKa3aHHbIX MEPOIIPUATHI).

To ecTb MBI MOJydyaeM BO3MOKHOCTH CO3JaHHUS MOJHOLEHHOTO HU(pPOBOro oOMeHa OrepaTUuBHON
uHpopmanueil B pamkax OPY ¢ coxpanennem paboTtocnocobHocTH cymecTByromux cucteM P3A u IIA, a
TaKXXe MOJy4aeM peajbHbIi MOJIMIOH Uil HPOBEPKH PabOTOCIIOCOOHOCTH CHCTEMBI B JIIOOBIX PEKUMAxX
9KCIUTyaTallud ¢ MUHUMAJIbHBIMU 3aTpaTaMH U PUCKaMH.

2.1.2 MonepHn3anms/co31aHue CHCTEMbI MOHMTOPHHIA CHJI0BOT0 000PYAOBAHUS
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ITo ananoruu ¢ onucanHo# Bolle cucteMoit OBP crucTeMa MOHUTOpPUHTA BBIMIOIHAETCS HECKOJIBKUMU
croco0amu:

- cOOp JaHHBIX BPYYHYIO C AATYUKOB, YCTAHOBJICHHBIX HA IEPBUYHOM 000pYIOBaHUM;

- cOop AaHHBIX ¢ Ucnonab30BaHueM MII KOHTpOIEpOB MpUCOSAMHEHNH WK TepMuHanoB P3A.

JanHbie cioco0bl 001aJa10T PSIIOM CYIIECTBEHHBIX HEOCTATKOB:

- OTCYTCTBHE TeKylIel HHPOPMAIK O COCTOSHIH 000pYAOBaHHS (B CiIydae py4yHOro cOopa AaHHBIX);

- oOmHe KabempHON MPOIYKIMH U YCIOXKHEHHE CTPYKTYPHI KaOeIbHOM CeTH, YCI0KHEHUIO PacieTOB
10 BEIOOPY 3aIIUTHBIX aIlapaToB, a Kak CIeJCTBHAE YBETUUCHUIO CEUCHNUS KM KaOeme.

Kax u B mpensimymem cirydae, peanm3anus GyHknuii coopa maHHsix Ha YCO co cranmaprom MOK
61850, mpuOmMImKEeHHOM K OOBEKTY MOHHUTOPUHTA, TIO3BOJHUT WCKIIOYATH HENOCTATKH, MPUCYIIUE
CYIIECTBYIOIUM CHCTEMaM B 00ECIIEUHTH €Ille OJUH YPOBEHb OU(POBKH MTOICTAHIIHH.

OpnHako BHEpPEHHE CUCTEMbl MOHUTOPHHTA CHIIOBOT'O 000PYIOBAaHUS COIPSIKEHO C OTKITFOUEHUEM €T0
OT CeTH W IepepacrlpeneNieHeM MOIIHOCTA B DHEProcucTeMe, TeM HE MeHee, HECMOTPS Ha 3TO BBOJ
CHUCTEeMBl MOHHUTOPHHTa MOJET OCYIIECTBIATHCSA IOOYEPETHO Ha KaXKAOM H3 TPaHC(HOPMATOPOB U
KPUTHYECKH HE CKa3bIBACTCS HA AIIEKTPOCHAOXKEHUH MTOTPEOUTETEH.

B pesymbraTe co3maHus CHCTEMbl MOHHTOpDHHTA CHJIOBOro oOopynoBaHus Ha 6aze YCO co
crangaptTomM MOK 61850 emie oaun «xkupnuuuk» B GyHIaMeHTe U(POBOM MOACTaHIMY OyAET peaan30BaH
B paMKax MOJCpHHM3AIUN ACUCTBYIOIIETO0 OOBEKTa € MHUHUMAJIbHBIMH (DUHAHCOBBIMHM 3aTpaTaMud |
SKCIITyaTaIl[MOHHBIMU PUCKAMHU.

2.1.3 Moaepun3anus ”H(GOPMAMOHHO U3MEPHUTEILHBIX CHCTEM

[lpu oOCykIeHNH JaHHOW TEeMAaTHUKU HeJb3s HE 3aTPOHYTh BONPOC 3aMEHbl CYIIECTBYIOLIMX
AJIEKTPOMArHUTHBIX TPAHCPOPMATOPOB TOKA M HAMPSIKEHUS HA ONTHYECKHUE.

B Hacrosimee Bpems Bc€ Oombliie pa3padOTOK M0 JAHHOMY HalpaBJiICHUIO TPHOOPETAIOT MPAKTHYECKOEe
BOIUJIONIEHUE, HO CTOUT OTMETHTH TOT (hakT, YTO MPHUMEHEHHE JaHHOTO 00OPYAOBaHHUs TOBJIEYET 32 COOOH
KOPEHHOU TMepecMOTp psla BOIPOCOB IKCIUTyaTaluy ycTPOUCTB P3A ¥ COOTBETCTBYIONIYIO 3aMEHY CaMHX
YCTPOWMCTB, 4TO CO3/IaCT OMPEAEIICHHBIE CII0KHOCTH JIJIS KCILTYyaTUPYIOIIeH OpraHU3aIlny.

Takxe XOTeJNOCh ObI OTMETHTB, YTO BOIPOC MPUMEHEHHs TaK Ha3biBaeMbIX «Merging unit» B paMkax
peanmsanuu  koHueniuu  «l{udpoBoit  momcraHIMM»  HEOOXOJUMO — paccMaTpuBaTh  TOJIBKO B
UCKITIOYUTEIBHBIX CIydasX, TaK Kak WCIIOJb30BaHUE JAaHHOTO PEIISHUS HUBEIUPYETCS CIEIyHOIIUMU
¢baxTopamu:

- IpH UCTIONB30BaHUU «Merging unit» UCTOYHHKOM HH(OPMAIMU CIYKUT AJMeKTpoMarHUTHBIN TT
wi TH ¢ nmpucymyMu UM HeJJ0CTaTKaMU;

- YCIIOXKHEHUE 00CTyKUBaHUsI BCiieACTBHE nosiBiieHUst Ha OPY akTHBHOTO 31IeMEHTa;

- TIOSIBJICHHE JIOTIOTHUTEIIBHBIX IIeTIel MMOCTOSIHHOTO TOKa JIJIsl MUTaHus «Merging unity.

2.2 Moaepuu3anusi 000pyA0BaHus, ycTanapjiuBaemoro Ha OIlY

«KpaeyrombHBIM KaMHEM» BCEX BTOPHYHBIX CHCTEM SBIIIOTCS ycTpoiictBa P3A m IIA, omHako

HECMOTpSI Ha BCE MPOIIEAIINE TOABI ¥ TPOMKHE 3asBICHHSA KaK CO CTOPOHBI MTPOU3BOAUTENEH 000PYAOBaHUS
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TaK U MPOEKTHBIX MHCTUTYTOB JI0 HACTOSILIETO BPEMEHN HE BBEACHO B DKCIUTYaTallMIO HU OJTHOM MTOACTaHINH
otBeuaronieit TpedoBanusam koHenmuu L{IIC maxe B pamkax obopymoBanust P3A.

OpHO W3 OCHOBHBIX MPHYMH TOSBJICHUS [NAaHHOH CHUTyallMd SBISETCS OTCYTCTBHE 0OOMIEero
KOOPJIWHAIMOHHOTO IIEHTPA, BBHIMOJHSIOIIETO MPOBEPKY HA COBMECTHMMOCTh OOOpPYIOBaHUS Pa3lIUYHBIX
npousBoAuTenel B pamkax crangapra MOK 61850 m ux cepTUQHKaLWio, a Takke MpPOIODKAIOIIHECs
MOCTaBKM U IMPOEKTUPOBAHHE yCTapeBaroIUX ycTpoHcTB P3A, He moanepKuBarolMX IaHHBIM CTaHIApT
(xoTopbIe B OymymieM NpuAETCS 3aMEHSITh HITH MOAEPHU3UPOBATH).

Bce MBI mIpekpacHO 3HaeM, 4TO KOMIDIEKCHOe BHempeHue cucteM P3A m IIA, oCHOBaHHBIX Ha
cragmapre MOK 61850, BO3MOXHT B CyHmIECTBYIOIIMX pealusx OOJBIIYI0 HArpy3Ky Ha CIyXOy
9KCIUTyaTalliy B NEPBYIO OYepeb M0 KBATU(UKALMK COTPYAHUKOB. [103TOMYy 0OIHOBPEMEHHO ¢ BHEAPEHUEM
WIH TIEPCIIEKTHBHBIMU TIOCTaBKaMH o00opynoBaHus Ha 0aze crapmapra MOK 61850 nHeoOxoammo
OpPraHU30BbIBaTh KypChl MEPENOArOTOBKM OOCIYXXHMBAIOLIETO IIE€PCOHANa Ha IPOM3BOACTBEHHOH Oaze
npousBoAuTeNel 000pYJOBaHMS C IOCJIEAYIOIIMM IEPEHOCOM IAaHHOW 3aJadd Ha IOCTOSHHbIE ydeOHbIE
LEHTPBI SKCIUTYaTUPYIOIIMX OPTaHU3aLui.

CHOXHOCTH B pealn3alliy JAaHHBIX BOIPOCOB BCEM XOPOIIO M3BECTHBI, HO HE CTOMT 3a0bIBaTh U O
MpeuMyInecTBax Kotopsle 1aét ctangapt MOK 61850.

VYike B HacTosiee BpeMs octaBka ycTpoicTB P3A u [1A, cepTUQHUIMPOBAHHBIX COTIACHO CTAHIIAPTY
MDOBK 61850 (ceprudurkar KEMA), MO3BOTUT BBHIOTHUTH CHCTEMY PETHCTpAIMM aBapUHHBIX cOOBITHI Oe3
W3MEHEHUS MPUHIUIOB (GYHKIIMOHUPOBaHUS 1 0OMeHa JaHHbIMU Mex Ty P3A u ITA (coxpaHeHHe Ha MEpBbIX
JTanax BHeAPEHUS KaOeIbHBIX B3aUMOCBs3el Mex 1y o0opynoBanuem P3A u [1A):

2.2.1 MoaepHun3anms CMCTeMbl PerHCTPAllUM aBAPUIHBIX COOLITHI

MonepHu3anus JaHHOH cUCTeMBbI B paMkax ctanaapta MOK 61850 mo3BoauT 00eCceunTh:

- yno0cTBO cOOpa aBapUHHBIX JAaHHBIX, ¢ Ucnonb3oBaHueM GOOSE xoMMyHUKaIUi BO3MOXEH COOp
MOYTH HEOTPAHUICHHOTO 00beMa JJAHHBIX JUIS aHaJM3a CIIy’)KOaMH CHCTEMHOTO OTlepaTopa U dKCILTyaTalluH;

- coKparieHue o0beMa KabenbHOW NPOILyKIIMU BO BHYTPUOOBEKTOBBIX KaOEIbHBIX KOHCTPYKIIHSAX;

- cHIwkeHne o0beMoB CMP 1 BpemeHH BBOAa 00BEKTA B SKCILTYaTaLHIO.

Takum 00pa3oM IpHU OTCYTCTBHUM YBEJIWYEHHUS KalUTAIOBIOKEHUH HEOOXOAWMBIX ISl CO3IaHUS
B3auMocBsizaHHbIX cucteM P3A u ACY TII, mMbl momyyaem BO3MOXHOCTh MHTerpauuu cucreMol PAC B
o0muii noTok nepeaayu nHpopmauuu no cranaapry MOK 61850 u peanusyem emie oaHy CUCTEMY FOTOBYIO

AJId TIOCTPOCHUA HOHHOLICHHOfI HI/I(l)pOBOfI nOACTaHIIMH.

3 3AKJ/IIOYEHME

TlosranHasi MojepHU3AIUs JIOKAJU30BAHHBIX CUCTEM aBTOMATHUKH M PEJIEMHOM 3alUThl MO3BOJHUT
MOBBICUTh HAJEKHOCTh JJIEKTPOCHAOKEHHUS IOTPEOUTENEH, CHU3WUTh 3aTpaThl Ha PEKOHCTPYKIUIO U
IKCILIyaTal[MI0 SHEProo0bEKTa, COKPATUTh CPOKHM BBOJA O0BEKTa B IKCILIyaTallMIO W, B KOHEYHOM HTOIE,

MTO3BOJIUT CO3MIaTh MOJTHOIICHHYIO MU(PPOBYIO MOACTAHIINIO C MPUCYIIIUMH €1 JJOCTOMHCTBAMH.
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OmHako Ba)XHBIM STallOM B peaju3allid BBIIICONMMCAHHON KOHIICTIUH SIBISICTCS CO3/aHHUE PEalbHO
paboTaroIIero eIWHOro IICHTpa CepTU(UKANUM M NPOBEPKH COBMECTUMOCTU BTOPUYHBIX CHCTEM II0
crangapry MOK 61850 wa teppuropun P®, a Ttaxke aKTHBHOE YYacTHE 3aBOJIOB-U3TOTOBUTENCH

O60pyI[0BaHI/I$I B MMOAACPIKKE SKCILTYATUPYIOIIHUX oprarxmaunﬁ IIpy BHEAPCHUHN HOBOT'O O6OPYI[OB3HH$I.
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