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Pedepat. PaccMoTpeHBI BONPOCH NEPCHEKTHBHOTO YIIPABICHUST PEXUMAMH TOPOJCKUX IEKTPH-
yeckux ceteid B ycnoBusx SMART GRID, xotopsie OyayT COBEpLIEHHO WHBIMH 110 CPaBHEHHIO
C TPaAWIMOHHBIMH MOHMMAaHUEM M TOAXOJaMH. DTO TpeOyeT BbIOOpPAa M MPHMEHEHUS] COOTBET-
CTBYIOIINX aHATUTUYIECKHX KPHUTEPHEB U MOJXO0J0B K OIEHKE, aHAIN3Y U YIPABICHUIO PEXUMaMU
ceTeil. B kauecTBe TakMX KPUTEPHEB PEKOMEHAYIOTCS: B YACTHOM CIIy4ae — ONTUMANbHbIA (MUHH-
MaJIbHBIN) TEXHOJOTUUECKUIT Pacxo]] 2JIEKTPOIHEPTuH (IOTEepH), a B o0IIeM BHUJE — SKOHOMHYE-
cKki 000CHOBaHHOE (MHHHUMaNbHOE) 3HAYEHHE CTOMMOCTH Hepeladyd dJIEeKTPHYECKON SHEprHH.
ITpn 3TOM HEOOXOIMMO MMETH B BUY, YTO COBPEMEHHBIE TOPOACKUE CETH aKTHBHO HACBHIAIOTCS
pacnpeieIeHHBIMI HCTOYHUKAaMH MaJlof reHepanuy, KOPeHHBIM 00pa3oM M3MEHUBIIHMH CTPYK-
Typy JIEKTPUYECKHX CETEH, M03TOMY y4eT TAKMX MCTOYHMKOB B 3aJadax yHPaBICHUS PEKUMaMU
TOPOJICKUX 3JIEKTPUUYECKUX CETEH, KaK TPaAULIUOHHBIX, Tak U B ycnoBuax SMART GRID, crano-
BUTCS a0CONIIOTHO HEOOX0oANMBIM. Pa3paboTaH 1 npuBeaeH NpuMep aHaIn3a U yIpaBIeHUs pPeXu-
MOM TOPOJICKOH 3ekTpuyeckoii cetn 10 kB ¢ pacnpeneaeHHBIMA HCTOYHMKAMU MaJIol TeHepanuu
M0 KPUTEPHIO TEOPETHIECKOI0 MUHIMYMa OTHOCHTENIBHBIX ITIOTE€Ph aKTHBHOI MOITHOCTH B CXeMe
KOHTPOJIBHOTO npuMepa. [IpoBeneHHbIe HCClieI0BaHNs IO3BOJITIOT ONPEASIUTh BEININHY JIOIY-
CTHMOTO OTKJIOHEHUS PeXHUMa CETH OT TOYKH TEOPETHYECKOT0 MUHUMYMA.
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MOCTb, PaclpeAe/ICHHbII HCTOUHHK, Maas TeHepalus
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On the Management of Urban Electric Networks
in the Conditions of the SMART GRID
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Abstract. The issues of prospective operation of the city electric networks in the conditions of the

SMART GRID, which will be quite different as compared to the traditional understanding and
approaches, are under consideration. This requires the selection and application of appropriate
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analytical criteria and approaches to assessment, analysis and control of the networks. With this
regard the following criteria are recommended: in a particular case — the optimal (minimal) tech-
nological electric power consumption (losses), while in general — economically reasonable (mini-
mal) cost value of electric power transmission. It should be also borne in mind that contemporary
urban networks are actively saturated with distributed sources of small generation that have radi-
cally changed the structure of electrical networks; therefore, account for such sources is an abso-
lutely necessary objective of management regimes of urban electric networks, both traditional and
in associated with the SMART GRID. A case of the analysis and control of urban electric 10 kV
networks with distributed small sources of generation has been developed and presented according
to the theoretical criterion of minimum relative active power losses in the circuit as a control case.
The conducted research makes it possible to determine the magnitude of the tolerance network
mode from the point of the theoretical minimum.

Keywords: control, mode, urban network, criterion, optimum, losses, cost, distributed source,
small generation

For citation: Fursanov M. 1., Zolotoy A. A. (2018) On the Management of Urban Electric Net-
works in the Conditions of the SMART GRID. Energetika. Proc. CIS Higher Educ. Inst. and
Power Eng. Assoc. 61 (1) 15-27. DOI: 10.21122/1029-7448-2018-61-1-15-27 (in Russian)

BBenenne

l'opoackue unTennexkTyansHble snekrpuueckue cetu (SMART GRID) npen-
CTaBJIIOT COOOH CHCTEMY HOBOTO TTOKOJICHUS [ 1—3], ITO3BOJISIONTYIO OTIEPAaTHBHO
M B aBTOMaTHYECKOM pexHuMe 3PPEKTHBHO OCYLIECTBIATH OecrnepeboiitHoe
9NEKTPOCHA0KEHHE MOTPEeOUTENICH P MUHUMAIBHOM YYaCTHH YEJIOBEYECKOTO
(akTopa. DT0 03HAYAET, YTO B MEPCHEKTUBE YIPaBICHUE PEKUMAMU TOPOACKUX
anekTpudeckux cereil B yenoBusix SMART GRID no cpaBHeHUIO ¢ TpaauIOH-
HBIMH TOHMMaHHEM M MOJIXOAaMu OyneT coBepuieHHO MHBIM. CoBpeMeHHas
UIEKTPUYECKAs CETh CUMTAETCS HECOBEPILEHHOH, U €€ COCTOSHHE IOCTOSHHO
yiyamaetca. I'opoackas cetb SMART GRID «uneansHa», U ynpasieHHE ee
PEKUMaMU JOJKHO OCYLIECTBJIATHCSI TOJNBKO NMPH OTKIOHEHHWH PEabHBIX JKC-
IUTYaTalMOHHBIX PEXXUMOB JICKTPUUECKUX CETell OT ONTUMAIBHBIX. DTO TpeOy-
€T ONpeAeNeHNs U IPUMEHEHUS aJIeKBaTHBIX aHAIUTUYECKUX KPUTEPUEB U MO~
XOJIOB K OLIEHKE, aHAJIN3Y W YIPABJICHUIO pexuMaMu ceTeil. OmbIT, TUCKYCCHH,
AHAJIUTUYECKHE UCCIECIOBAHUS U PacyeThl MOKa3aJil, YTO B KaYECTBE TAKUX KpPU-
TEpPHUEB MOXXHO PEKOMEHOBATh ONTUMAJbHBIN (MMUHHMAbHBIN) TEXHOJIOTHYeE-
CKHI pacxoj 3JEeKTPO’HEpruu (ImoTepu), Koraa mnoanaepx anue 3¢(pdeKTUBHBIX
PEXHUMOB pabOTHI ceTH 00eCHeyMBacTCsi HA OCHOBE OPTraHU3allMOHHBIX MEpO-
NpUATHH, a B O0LIEM Cilydae — 3KOHOMHYECKH OOOCHOBAaHHOE (MHHHUMAJIBHOE)
3HaYEHHE CTOMMOCTH 3HEPIUH, NOJAEpPKAaHHE KOTOPOU CJEIyeT BBIIOIHATH Ha
OCHOBE aHAJUTUYECKH OOOCHOBAHHBIX (BBIOpPAHHBIX M BHEAPEHHBIX) MEPOIPHSI-
tuit [4-6]. [Ipn 5TOM HEOOXOMMO UMETH B BHJY, YTO COBPEMEHHBIE TOPOJICKUE
CETH aKTHUBHO HACBIIIAIOTCS PACIpPENEICHHBIMI MCTOYHMKAMH MaJlod reHepa-
uun [7-9]. K HUM oTHOCAT TypOUHBI BHYTPEHHETO CrOpaHMs, BETPOYCTaHOBKH,
(bOTOAIEKTPUYECKNE YCTAaHOBKHM, JIEKTPOCTAHIMHM Ha OMOMAcCCax, TOIUIMBHEBIC
3JIEMEHTBI, MUKPOTYpPOMHBI, HAKONMHUTEIH 3JIEKTPOIHEPTUH, COJIHEUHBbIE Oara-
peu u T. 1. CUCTEMBI pacrpeleIeHHOH TeHepaii KOPeHHBIM 00pa3oM U3MEeHHU-
JU CTPYKTYPY I'OPOACKHX 3JIeKTpuueckux cereil. Ecim paspiie morpeOutensb
MOJTy4aJl 3JEKTPONUTaHUE B OCHOBHOM OT ABYX NMHUTAIOLIMX MOACTAHIUI 3HEp-
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rocuctembl, To B ycnoBusix SMART GRID morpebutens MOXKET HE TOIBKO
MOJYYaTh YaCTh AMEKTPHUYECKON SHEPTHH OT COOCTBEHHOTO HCTOYHHKA MTUTAHUS,
HO U paboTaTh B U30JIMPOBAHHOM OT SHEPTOCHCTEMBI PEKUME B YCIIOBHAX CBOECH
MHUKPO3HEPTrOCUCTEMBL. PacnpelieieHHple MCTOYHHKHA MAlOW TeHEpaluu IoJI-
KJIFOYafOTCs K muHaM Tpancopmatopubix moxacranmuit (TII) 6-10/0,4 kB,
B TOM 4YHCJI€ Ha CTOPOHE Harpy3KH, U OCHAINAIOTCSI aBTOMAaTHUKOW sl oOecrie-
YCHUSI CHHXPOHHOW pabOThl C YHEPrOCHCTEMON WM TOJICPIKAHHS aBTOHOMHBIX
PEXKUMOB, TIOTOMY y4YET TAKHX HCTOYHHMKOB B 3aJa4yaX YIPaBICHUS PEXKH-
MaMH TOpOACKHUX IJICKTPUYCCKUX CGTCI‘/'I, KakK TpaJulIUOHHBIX, TaK U B YCJIO-
Busax SMART GRID, craHoBHUTCS COBEPITIEHHO HEOOXOTUMBIM.

IIpumep aHanu3a pexnMa HHTeJIEKTyalbHOM cetn 10 kB

B cratbe paccMOTpeH mpuUMeEp aHaliu3a PeKuMa TOPOJCKOU 3JIEKTPUHYECKON
cet 10 kB ¢ pacnpeneneHHBIMI UCTOYHUKAMH MaJIOW T€HEPAITUH 10 KPUTEPHUIO
TEOPETHUUECKOr0 MHUHUMYMa OTHOCHUTENBHBIX TOTEPh AKTHUBHOW MOIIHOCTH B
cXeMe KOHTPOJIBHOTO TIPUMEpA.

CxeMa W mapaMeTphl TOPOJCKOW pacHpemeIuTeIbHON 3IISKTPUUIECKON ce-
1 10 kB c pacnpeneneHHBIMM HMCTOYHHKAMHU MaJlOMl TeHEpalud B YCIOBUAX
SMART GRID npencrasnena ua puc. 1.
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Puc. 1. Cxema ropocKoii pacrpeeuTeNnbHON dnekTpuueckoi cetu 10 kB
¢ pacnpeeNeHHBIMU HCTOYHUKAaMH MaJloi reHepanuu B ycaoBusx SMART GRID

Fig. 1. Scheme of city distribution 10 kV electric network
with distributed sources of small generation in the conditions of the SMART GRID
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Kpome nByx mentpoB muranms (I{I1-1 m III1-2) B y3max 1 m 6, B cxeme
JOIOJTHUTENBHO MPUCYTCTBYIOT JBa MCTOYHMKA Majoi renepauuu (I'en 1 B y3-
ne 24 u I'er 2 B y3ne 33). [lo ycrmoBuro 3ama4vi UCTOYHUK MaJlod TeHepaIun
B y3iI€ 24 uMeeT CpeacTBa PEryIMPOBaHUS HAIPSKEHUS U aKTUBHON MOIIHOCTH,
MO3BOJIAIONINE HMCTOYHHUKY OCYILECTBISATH pabOTy Ha BBHIACICHHYIO HArpy3Ky
OTJIEIPHO OT OCHOBHOMW CXeMbI ceTH. VICTOYHHMK Mayoi reHepanuu B y3ie 33 mo
YCIIOBUIO MMEET CPEJICTBA PEryIMpPOBAaHUS HANpsDKEHHS M HE UMEET CPEICTB
pETYIUPOBaHUSI AKTUBHOM MOIIHOCTH, MO3TOMY MOKET paboTaTh TOJBKO Ma-
pajuienbHO ¢ ceThio. HoMuHanmbHAs MOIIHOCTH I'€HEPUPYIOIIEro HMCTOYHHMKA B
y371e 24 nocTaTodHa JIJs MUTaHUS BbIIETIEHHON Harpy3ku B y3nax 23 u 24 cxe-
Mbl. B 3TO# CBsI3M MO yCJIOBUSAM oOecrieueHus Oecrepe0oiHOro JIeKTPOCHA0-
KEHUS MMOTpeOuTeIel NOIMyCKaeTcsl pa3MelleHre TOYeK HOPMaJIbHOIO pa3pbiBa
cxeMbl B BeTBiIX 1-2, 2-3, 3—4, 4-5, 5-6, 2-22 u 22-24. B ocTanbHBIX BETBIX
CXEMBI YCTAaHOBKA TOUEK HOPMAIBHOTO Pa3pbiBa HE JOITyCKAeTCsI.

[TapameTpbl HCTOYHUKOB MaJIOH reHepaLuuu:

—By3ne 24: P.=0,079 xkBt, U= 10 kB, Onin = 0, Onnax = 0,055 xBap;

—By3ne 33: P.=0,109 kBT, U= 10 kB, Onin = 0, Onmax = 0,235 xBap.

B xauectBe pexuMHON HHPOPMAILIIK PACCMOTPEHBI HOPMaJIbHbIE H3MEHEHNUS
HAarpy30K CeTH B TeueHHE CYTOK. ['padMKu CyTOUHBIX HM3MEHEHHMH Harpy30K
B y3JIaX CXEMBI CETH MIPHUBEACHHI B TA0. 1, 2.

Tabruya 1
CyTo4yHbIe H3MeHEeHHsI AaKTUBHOI HATPY3KH B y3JIaX cXeMbl KOHTPOJbHOTO IIPHMepa

Diurnal changes in resistive load in the schema notes of the test case

Yace! AxrtuBHas Harpy3ka P B y3nax cxembl, MBT
CYyTOK 601 210 230 240 320 330 410 510 331
0 0,0237 | 0,0187 | 0,0150 | 0,0311 | 0,0092 | 0,0312 | 0,0182 | 0,0348 |0,0464
1 0,0261 | 0,0187 | 0,0150 | 0,0272 | 0,0161 | 0,0437 | 0,0182 | 0,0285 |0,0464
2 0,0277 | 0,0187 | 0,0150 | 0,0311 | 0,0184 | 0,0500 | 0,0182 | 0,0222 |0,0464
3 0,0293 | 0,0187 | 0,0180 | 0,0350 | 0,0437 | 0,0562 | 0,0182 | 0,0222 |0,0557
4 0,0277 | 0,0187 | 0,0150 | 0,0311 | 0,0184 | 0,0625 | 0,0182 | 0,0253 |0,0464
5 0,0316 | 0,0257 | 0,0183 | 0,0388 | 0,0391 | 0,0812 | 0,0250 | 0,0285 [0,0567
6 0,0395 | 0,0304 | 0,0217 | 0,0466 | 0,0276 | 0,0250 | 0,0273 | 0,0380 {0,0670
7 0,0474 | 0,0327 | 0,0283 | 0,0505 | 0,0345 | 0,0937 | 0,0341 | 0,0475 {0,0825
8 0,0553 | 0,0397 | 0,0317 | 0,0583 | 0,0391 | 0,1062 | 0,0387 | 0,0539 (0,0773
9 0,0712 | 0,0444 | 0,0317 | 0,0660 | 0,0437 | 0,1187 | 0,0432 | 0,0602 |0,0722
10 0,0791 | 0,0468 | 0,0300 | 0,0738 | 0,0575 | 0,1249 | 0,0455 | 0,0634 |0,0619
11 0,0633 | 0,0421 | 0,0283 | 0,0932 | 0,0414 | 0,1187 | 0,0432 | 0,0602 |0,0567
12 0,0553 | 0,0351 | 0,0250 | 0,0699 | 0,0299 | 0,0812 | 0,0387 | 0,0539 (0,0773
13 0,0474 | 0,0374 | 0,0250 | 0,0505 | 0,0207 | 0,0562 | 0,0159 | 0,0222 (0,0773
14 0,0593 | 0,0397 | 0,0267 | 0,0660 | 0,0253 | 0,0687 | 0,0159 | 0,0222 {0,0619
15 0,0577 | 0,0374 | 0,0283 | 0,0738 | 0,0276 | 0,0749 | 0,0091 | 0,0127 {0,0670
16 0,0553 | 0,0374 | 0,0267 | 0,0621 | 0,0322 | 0,0874 | 0,0091 | 0,0127 |0,0773
17 0,0514 | 0,0351 | 0,0267 | 0,0583 | 0,0345 | 0,0937 | 0,0296 | 0,0222 |0,0877
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Okonuanue mabn. 1

Yacsl AxTuBHas Harpy3ka P B y3nax cxemsl, MBT
CYTOK | 601 210 230 240 320 330 410 510 331
18 0,0498 | 0,0327 | 0,0267 | 0,0544 | 0,0138 | 0,0375 | 0,0287 | 0,0190 | 0,0619
19 0,0474 | 0,0281 | 0,0300 | 0,0466 | 0,0276 | 0,0500 | 0,0273 | 0,0253 | 0,0928
20 0,0395 | 0,0257 | 0,0334 | 0,0427 | 0,0207 | 0,0812 | 0,0228 | 0,0222 | 0,1031
21 0,0356 | 0,0210 | 0,0283 | 0,0350 | 0,0253 | 0,0687 | 0,0205 | 0,0285 | 0,0877
22 0,0316 | 0,0187 | 0,0283 | 0,0311 | 0,0138 | 0,0375 | 0,0182 | 0,0348 | 0,0877
23 0,0277 | 0,0164 | 0,0267 | 0,0272 | 0,0115 | 0,0312 | 0,0159 | 0,0317 | 0,0825
Cpean. | 0,0450 | 0,0300 | 0,0250 | 0,0500 | 0,0280 | 0,0700 | 0,0250 | 0,0330 | 0,0700
Tabauya 2
CyTouHble H3MEHEHHs] PpeaKTHBHON HArpy3KHU B y3J1aX cxeMbl puc. 1
Diurnal changes in reactive load in the schema notes of fig. 1
Yacsl PeakTuBHas Harpyska O B y31ax cxembl, MBap
CYTOK | 601 210 230 240 320 330 410 510 331
0 0,0105 | 0,0094 | 0,0060 | 0,0124 | 0,0059 | 0,0134 | 0,0087 | 0,0232 | 0,0199
1 0,0116 | 0,0094 | 0,0060 | 0,0109 | 0,0104 | 0,0187 | 0,0087 | 0,0190 | 0,0199
2 0,0123 | 0,0094 | 0,0060 | 0,0124 | 0,0118 | 0,0214 70,0087 | 0,0148 | 0,0199
3 0,0130 | 0,0094 | 0,0072 | 0,0140 | 0,0281 | 0,0241 | 0,0087 | 0,0148 | 0,0239
4 0,0123 | 0,0094 | 0,0060 | 0,0124 | 0,0118 | 0,0268 | 0,0087 | 0,0169 | 0,0199
5 0,0141 | 0,0129 | 0,0073 | 0,0155 | 0,0252 | 0,0348 | 0,0120 | 0,0190 | 0,0243
6 0,0176 | 0,0152 | 0,0087 | 0,0186 | 0,0178 | 0,0107 | 0,0131 | 0,0253 | 0,0287
7 0,0211 | 0,0164 | 0,0113 | 0,0202 | 0,0222 | 0,0401 | 0,0164 | 0,0317 | 0,0354
8 0,0246 | 0,0199 | 0,0127 | 0,0233 | 0,0252 | 0,0455 | 0,0186 | 0,0359 | 0,0331
9 0,0316 | 0,0222 | 0,0127 | 0,0264 | 0,0281 | 0,0509 | 0,0208 | 0,0401 | 0,0309
10 0,0351 | 0,0234 | 0,0120 | 0,0295 { 0,0370 | 0,0535 | 0,0219 | 0,0422 | 0,0265
11 0,0281 | 0,0210 | 0,0113 | 0,0373 | 0,0266 | 0,0509 | 0,0208 | 0,0401 | 0,0243
12 0,0246 | 0,0175 | 0,0100 | 0,0280 | 0,0192 | 0,0348 | 0,0186 | 0,0359 | 0,0331
13 0,0211 | 0,0187 | 0,0100 | 0,0202 | 0,0133 | 0,0241 | 0,0076 | 0,0148 | 0,0331
14 0,0264 | 0,0199 | 0,0107 | 0,0264 | 0,0163 | 0,0294 | 0,0076 | 0,0148 | 0,0265
15 0,0257 | 0,0187 | 0,0113 | 0,0295 | 0,0178 | 0,0321 | 0,0044 | 0,0084 | 0,0287
16 0,0246 | 0,0187 | 0,0107 | 0,0249 | 0,0207 | 0,0375 | 0,0044 | 0,0084 | 0,0331
17 0,0228 | 0,0175 | 0,0107 | 0,0233 | 0,0222 | 0,0401 | 0,0142 | 0,0148 | 0,0376
18 0,0221 | 0,0164 | 0,0107 | 0,0217 | 0,0089 | 0,0161 | 0,0138 | 0,0127 | 0,0265
19 0,0211 | 0,0140 | 0,0120 | 0,0186 | 0,0178 | 0,0214 | 0,0131 | 0,0169 | 0,0398
20 0,0176 | 0,0129 | 0,0133 | 0,0171 | 0,0133 | 0,0348 | 0,0109 | 0,0148 | 0,0442
21 0,0158 | 0,0105 | 0,0113 | 0,0140 | 0,0163 | 0,0294 | 0,0098 | 0,0190 | 0,0376
22 0,0141 | 0,0094 | 0,0113 | 0,0124 | 0,0089 | 0,0161 | 0,0087 | 0,0232 | 0,0376
23 0,0123 | 0,0082 | 0,0107 | 0,0109 | 0,0074 | 0,0134 | 0,0076 | 0,0211 | 0,0354
Cpeas. | 0,0200 | 0,0150 | 0,0100 | 0,0200 | 0,0180 | 0,0300 | 0,0120 | 0,0220 | 0,0300

I'paduuecku cyToYHbIE U3MEHEHUS
HOCTel B cxeMe puc. 1 mokas3aHsl Ha puc. 2, 3.

MOTEPh aKTUBHOM M PEAKTUBHOM MOIII-
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Fig. 2. Diurnal schedule of active power losses in the schema nodes fig. 1
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Fig. 3. Diurnal schedule of reactive power losses in the schema nodes fig. 1

I'paduky M3MeHEHUI aKTUBHOW MOIIHOCTH MCTOYHHKOB MAJIOM TeHepaluu
B TE€UEHHE CYTOK NpH MapayjieNlbHOW padoTe C IHEPrOCHCTEMOM ITOKa3aHBI
Ha puc. 4.

3HaueHUs] AKTUBHBIX MOIIHOCTEH HWCTOYHHKOB MO TEHEpaIlMH CXEMBI
Ha TIPOTSHKEHUN CYTOK ITPUBEICHBI B Ta0M. 3.

OcHOBHBIE pe3ynabTaTHl pacueTa MOTOKOpPACHpEeIeNeHHs] B PEXUME Cpel-
HECYTOYHBIX HAarpy30K CXeMbl NpUBEACHBI B Ta0i. 4. Pacyer BbimosHeH B cpe-
e MatLab.

I'eneparyist ICTOYHUKOB MOIIHOCTH IO pe3yJbTaTaM pacueTa COCTaBHJIA:

—By3ne 1 (LI1-1): P, = 81,08 kBT, O, =—40,50 kBap;

— B y3ne 6 (LI1-2): P.= 119,23 xBr, O, = 25,18 kBap;

—By3ne 24: P.= 79,00 kBT, O, = 47,51 kBap;

—By3ne 33: P.= 109,00 kBt, O, = 206,93 xBap.
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Puc. 4. Cyrounsle rpaduky aKTUBHON MOITHOCTH UCTOYHHKOB MaJIOi reHepauu
Fig. 4. Diurnal schedule of active power of the sources of small generation
Tabauya 3
3Ha4eHHs AKTHBHBIX MOLIHOCTEH HCTOYHUKOB MAJIOH reHepanuu
B y3J1aX [0 4acaM CyTOK
The values of active power of the sources of small generation
it the nodes according to the hours of the day
Bpewms, 1 0 1 2 3 4 5 6 7 8 9 10 11
Py, xBr | 80,1 | 80,1 | 80,1 | 53,4 | 53,4 | 53,4 | 53,4 53,4 [106,8(106,8|106,8|106,8
P, xBr [101,7(101,7(101,7 | 101,7 [ 101,7 | 101,7 | 72,7 | 72,7 | 72,7 | 72,7 | 72,7 | 72,7
Bpems, u | 12 13 14 15 16 17 18 19 20 21 22 23
Py, kBt [106,8 (106,88 |106,8 [106,8 | 66,8 | 66,8 | 66,8 | 66,8 | 66,8 | 66,8 | 66,8 | 66,8
Py, kBt |145,3]145,3|145,3|145,3|145,3 |145,3|145,3|145,3|145,3| 87,2 | 87,2 | 87,2
Tabauya 4
Pe3yabTaThl pacyeTa notokopacnpeaeieHus B cxeme puc. 1
The results of the calculation of the power flows in the circuit of fig. 1
Betsb ITotok P, kBT [otox O, kBap LA AP, xBt AQ, xBap
1-2 —81,08 40,50 5,23 0,0739 0,0598
2-3 -51,68 58,45 4,51 0,0548 0,0444
34 13,19 —45,14 2,72 0,0299 0,0230
4-5 38,72 -30,95 2,86 0,0221 0,0179
5-6 72,84 -2,14 4,21 0,0479 0,0387
2-21 -30,98 -21,53 2,18 0,0128 0,0104
2-22 1,66 3,64 0,23 0,0001 0,0001
22-23 -25,87 -16,30 1,77 0,0084 0,0068
22-24 27,52 19,94 1,96 0,0104 0,0084
3-31 —64,82 103,64 7,06 0,1346 0,1089
31-32 —28,98 —24,53 2,19 0,0195 0,0150
31-33 -35,70 128,27 7,69 0,0798 0,0639
4-41 —-25,49 -14,17 1,69 0,0115 0,0088
5-51 -34,10 -28,79 2,58 0,0090 0,0072
6-601 —46,33 -27,28 2,91 0,6730 1,3876
21-210 -30,97 -21,52 1,97 0,3083 0,6357
23-230 —25,86 -16,29 1,58 0,1969 0,4061
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Okonuanue maon. 4

BetBn ITotok P, kBt | IloTok Q, kBap LA AP, xBt AQ, xBap
24-240 -51,47 -27,56 3,19 0,8072 1,6644
32-320 —28,97 —24,51 1,96 0,3044 0,6276
33-330 -72,31 -39,30 4,56 1,6536 3,4096
41-410 -25,48 14,16 1,63 0,2841 0,5615
51-510 —34,10 —28,78 2,34 0,4353 0,8976
33-331 -72,31 -39,30 4,56 1,6536 3,4096

CyMMapHbIe TOTEpH aKTUBHOM MOIIIHOCTH B cxeme coctaBmid AP = 12,32 kB,
W3 HUX Harpy3ouHble motepu AP, = 6,83 kBT, motepu xomocroro xoma AP, =
= 5,49 kBT.

CoKBHBAJIIEHTHPYEM CXEMY CETH II0 yCIOBHIO PaBEHCTBAa MOTEPh AKTHBHOM
MOIITHOCTH B UCXOJHOM U KBUBAJIICHTHOHN CXEMaX C YYETOM MCTOYHUKOB MaJloi
TeHepaluu sl peKuMa CpeITHECYTOUHBIX HAIPY30K y3JI0B.

OKBHUBAJICHTHOE AKTUBHOE COMPOTUBJICHUE CXEMBI 7, MOXHO BBIYUCIHUTH
CIIEAYIOMINM 00pa3oM:

> P =81,08+119,23+79+109 =388,31 kBr;
D0, =—40,5+25,18+47,51+206,93 = 279,62 xsap;
ARU? . 6,83:10°
h :( 2 G 2 2’
SP) +(2Qr) 388,31> +279,93

B roponackux pacrpenenuTeNbHbIX JJIEKTPUYECKUX CETSAX BenuuuHy AP
MOYKHO BBIYHCIIUTH MO GopMyIie

2 2
0 55 S 0

10° =2,98 Om.

rae AP — cymMMapHbie IOTepH B cxeme; Py, (. — aKTUBHAasI U PeaKTUBHAS MOIIHO-
CTH TEHEpalMM B cXeMe (BKJI0Yas UCTOYHUKHM Mayiol reHepanun); U — Hamps-
KECHHUC, 7y, — SKBHUBAJICHTHOC COHpOTI/IBHeHI/Ie CXCMBI, APX — AKTHUBHBIC HOTepI/I
XO0JOCTOro xoaa.

HpI/I 3KBI/IBaJ'ICHTI/Ip0BaHI/II/I CXEMBI 110 HOTCpHM aKTHBHOfI MOIITHOCTHU BI)Ipa-
KEHUC OJ1d pac‘{eTa 3KBHUBAJICHTHOI'O COHpOTI/IBHCHI/I}I C yquOM NCTOYHHUKOB Ma-
J'IOﬁ FeHepaL[I/II/I 6yZ[CT HUMCETb BU

Zl 112 Tij
L]

rae /; — TOK Ha y4aCTKax [—j-CXEMBI; 7;; — aKTMBHOE CONPOTHUBIICHHUE Y4YacT-
KOB i—/-CXEMBI; /;; — TOK TEHEPALIUU B CXEME.

; @)

Hpunnmas S* = ZPFZ + ZQFZ , 3anumieM (1) B OTHOCHTENBHBIX eJUHULIAX

AP S
=—=—7+
S U? S

X

S
Ap ZF’% +Ap,. 3)
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TeopeTnuecknii MUHUMYM CYMMAapHBIX OTHOCUTEJIBHBIX IMOTEPh AKTUBHOM
MOIIIHOCTHU B CXEME OINPEACIUTCS U3 COOTHOIIICHUS

OAP 1, AP,
s v s @

rie S, — 3HauYCHHE TIOJTHOM HArPy3KH CETH, COOTBETCTBYIOICE MUHHUMYMY OTHO-
CUTEIBHBIX IMOTEPh aKTUBHOW MOIITHOCTH B CXEME.
Bripasus S, u3 (4), momryanm

)

Ioncraeus (5) B (3), mociie ynpoIieHus Moay4uM (GopMyity Ui pacyera Teope-
TUYECKOTO MUHUMYMa OTHOCHUTEIIHHBIX MOTEPh AKTHBHOW MOITHOCTH AP, B CXeMe

AP = NAGS ©)

BrImomHUM SKBHBaJICHTHPOBAHUE CXEMBI CETH TI0 YCJIOBUIO PAaBEHCTBA I10-
TE€pb aKTUBHON MOIIHOCTH B UCXOJHOW M 3KBUBAJEHTHOM CXeMaxX C YYETOM HUC-
TOYHUKOB MaJIOH TeHepaIuy sl peKUMa CPEeTHECYTOYHBIX HATPY30K Y37I0B.

DKBHBAJICHTHAs CXeMa 3JIeKTpuIeckoit cetu (puc. 1) ¢ r, = 2,98 Om mpuse-
JIeHa Ha pHuc. 5.

S 8 Xy

Puc. 5. DxBuBajeHTHas cxema JIeKTPUIECKON CeTn
Fig. 5. The equivalent circuit of electrical network

[NoTepu akTUBHOM MOIIHOCTH B 9KBHUBAJCHTHOH CXEMeE, BEIYUCIICHHBIC Yepes3
SKBHMBAJICHTHOE COIPOTHUBIICHUE, COBIIAAAIOT C MOTEPSIMU aKTHBHOW MOIIHOCTH,
MOJTyYEHHBIMU W3 PE3yJIbTaTOB pacdera pekuMa cxeMbl Ha puc. 1. [Toctponm
U IPOAHATU3UPYEM 3aBUCHMOCTh OTHOCUTEIIBHBIX IMOTEPh aKTUBHOHW MOIHOCTH
B CXE€ME OT €€ 3arpy3Ku, ucnoib3ys Gopmyiy (3). 3arpy3ky cXxeMbl MOCIeI0Ba-
TeJNbHO M3MeHseM B jauama3oHe oT 0,1 mo 1,6 MB - A ¢ marom 0,1 MB - A.
Pe3ynbrarhl BHIYMCACHHI OTHOCUTEIbHBIX TIOTEPh AKTHBHOM MOIIIHOCTH B CXEME
MIPY U3MEHEHUU €€ 3arpy3KH MPHUBEICHBI B Ta0. 5.

Tabauya 5
OTHOCHTE/IbHbIE NOTEPH AKTHBHOI MOLIHOCTH
B 3aBHCHMOCTH OT 3arpy3KH cXeMbl puc. 5
The relative losses of active power
depending on the loading of the diagram of fig. 5

S,MB-A 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
AP,, kBt 3,0 6,0 9,0 11,9 14,9 17,9 20,9 23,9
AP,, kBt 54,9 27,4 18,3 13,7 11,0 9,1 7,8 6,9
AP, xBr 57,9 334 27,3 25,7 25,9 27,1 28,7 30,7
S,MB-A 0,9 1,0 1,1 1,2 1,3 1.4 1,5 1,6
AP,, kBt 26,9 29,8 32,8 35,8 38,8 41,8 44,8 47,7
AP;, kBt 6,1 5,5 5,0 4,6 4,2 3,9 3,7 34
AP, xBr 33,0 353 37,8 40,4 43,0 45,7 48,4 51,2
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I'paduku n3MeHEHUs] OTHOCUTENBHBIX IMMOTEPh AKTHBHOW MOIIHOCTH B CXEME
MIpU U3MEHEHUU €€ 3arpy3KH NpeICTaBICHBI Ha puc. 6.

0,06

0,05

0,04

0,03

0,02

Ilotepu momHoCTH, 0. €.

0,01 f ,,— :

’*-/ 5 : 0--.(:3,'“0.”6 : A
: : : ; A - Y-S

0 02 04 06 08 o 1,2 14 1,6
3arpyska cetu, MB- A
Puc. 6. 3aBUCHMOCTb OTHOCHTEJIBHBIX IIOTEPh AKTHBHON MOIIHOCTH OT 3arpy3KH CETH

Fig. 6. The dependence of relative losses of active power on the network load

W3 puc. 6 u 1aba. 5 BUIHO, YTO TCOPETHUCCKUA MHUHUMYM OTHOCHTEIBHBIX
MOTEePh AKTHBHON MOIIHOCTH B CXEME HaXOJUTCS B OKPECTHOCTH BEIUYHHBI
3arpy3ku cxemsl S, = 400 kB- A u mpumepHo coctaBusieT AP, = 0,026 - 400 =
= 10,4 kBt. TouHbIC 3HaUEHUS TEOPETUUECKOTO MHHUMYyMa ITOTEPh M COOTBET-
CTBYIOILEH eMy 3arpy3Kd MOXKHO BBIYHCINTE 110 hopmyam (5), (6):

3
S, —5’49 10 =428,97 xB-A;
2,98
2./AP af .1073.
AFy, = er3 S, = 2 5’4913)0 2,98 -428,97=10,98 xBr.

Ha mpakTike MTOOUTHCS TOYHOTO 3HAYECHUS] TEOPETHUCCKOTO MHHUMYMa I10-
TEPh B CXEME HEBO3MOXHO M3-3a OTCYTCTBUS PEANbHBIX MEXaHU3MOB ILIABHOTO
Y PAaBHOMEPHOTO U3MEHEHHMIA 3arpy3KU €€ AJIEMEHTOB. M3MeHeHue 3arpy3ku ce-
TH B YCJIOBHSIX JKCIUTyaTallid MOXKHO OCYIIECTBIISITh, Mepepacnpeaessisi miTa-
HUS y3JI0B CXEMBI TJaBHBIM OOpa30M 3a CUET M3MCHEHUS IOJIOKEHUN TOUYeK
HOPMAJIBHOTO pa3MbIKaHMs B CeTU. [IpakTUdecku Bcerja MEPeHOC TOUYKH HOp-
MaJBHOTO Pa3MBIKaHHS B JIPYroe MECTO CXEMbl H3MEHSET 3arpy3Ky e¢ dJIeMeH-
TOB Ha (PUKCUPOBAHHBIC JUCKPETHHIC BEJIMYUHBI, IPUYEM HEPABHOMEPHO U Ya-
CTO paccoriacoBaHHO. [103TOMy BelMUYMHA MPAKTHYECKOrO0 MUHUMYMa TOTEPb
B CXEeMe, JJOCTHraeMasi MpH ONTHMU3AIMH TTOJIOKEHUH TOUEK HOPMAITLHOTO pa3-
MBIKaHHs CETH, OyJeT Bcerja OOJIbIe TEOPETHUSCKOro MHUHMMyMa. OHAKO
TEOPETUUCCKUH MUHUMYM TOTEPh BKEH B MPOIIECCE HEMPEPHIBHOTO KOHTPOJIS
ONTUMATTLHOCTH COCTOSIHHSI CETH W OTPE/ICICHUS MOMEHTA BBHIPAOOTKH YIpaB-
JISIONIUX BO3JACUCTBUHN JJIsi MPUBEACHUS CETH B ONTHMAJILHOE COCTOSHHE IMPH
HOPMAaJIBbHBIX U3MEHEHUSX €€ PSKUMHBIX TAPaMETPOR.
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Onenka A0ITYCTUMOI'0O OTKJIOHCHHUS PEKUMA CETU
OT TEOPETUYECCKOI0O MUHUMYMAa

HpOI/ISBCI[CM OLICHKY OOIIYCTUMOT'O OTKJIOHCHUA PEKUMaA CETU OT TOUYKHU TECO-
PETHYECKOr0 MHHHUMYMa OTHOCHUTCIIBHBIX IIOTEPb aKTUBHON MOIIHOCTH pu
HOPMAJIbHBIX M3MCHCHUAX PCIKUMHBIX MApaMCTPOB JIsI CXEMbI CCTHU HaA pHC. 1.
PeBy.]'IBTaTBI pacucToB 3HAYCHUI MPAKTUYCCKUX MHHHUMYMOB IOTCPb AKTUB-
HOM MOIIHOCTH B CXEME, IIOJYYCHHBIC IIpHM pPEIICHUH 3aJadud OITHUMHU3a-
U TOYCK HOPMAJIBHOI'O pa3dMbIKaHUA CCTH IJIA KaKAOT0 4YacCa CYTOK, IMOKa3a-

HBI B Ta01. 6.
Tabauya 6
HpaKanecxne MHUHHUMYMbI OTHOCHUTECJbHBIX 110Tep1> aKT](IBHOﬁ MOIIHOCTH
B CXeMe puc. 5 o yacam CYTOK

Practical minimums of the relative active power losses
in the circuit of fig. 5 according to the hours of the day

Yackr 3arpy31<a TTonoxxenue paspesa OTHOCHTCHLHHC"
cyToK cern S, <B-A B MarucTtpajiu CXeMbl MOTEPU aKTUBHOH
1-6 2-24 MoLIHOCTH, KBT/(KB- A)
0 260,00 1-2 2-22 0,0304
1 171,65 1-2 2-22 0,0384
2 102,84 1-2 22-24 0,0573
3 80,00 5-6 - 0,0714
4 65,43 5-6 - 0,0865
5 60,12 5-6 - 0,0936
6 53,65 1-2 2-22 0,1044
7 67,02 3-4 - 0,0851
8 96,01 34 - 0,0622
9 152,02 3-4 - 0,0447
10 258,16 1-2 2-22 0,0366
11 418,56 1-2 2-22 0,0402
12 595,03 1-2 2-22 0,0556
13 461,21 1-2 2-22 0,0412
14 414,63 3-4 - 0,0357
15 382,93 1-2 2-22 0,0379
16 422,46 1-2 2-22 0,0439
17 509,87 1-2 2-22 0,0508
18 362,32 1-2 2-22 0,0364
19 297,72 1-2 2224 0,0319
20 248,00 4-5 - 0,0325
21 198,07 1-2 2-22 0,0352
22 138,64 4-5 - 0,0446
23 189,55 1-2 2-22 0,0301
Haumenbiee 0,0301
Cpennee 0,0511
Haun6oJb1ee 0,1044

Paz0poc 3HaueHU# MPAaKTUYECKHMX MUHUMYMOB OTHOCHTEIBHBIX IIOTEPh aK-
THBHOW MOIITHOCTH B CXEME IO MaHHBIM Tabi. 6 coctarmsier 0,0743, a cpenuee
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3gauenne 0,0511. 3HaueHUE TEOPETUYECKOTO MHHMMyMa OTHOCHTEIBHBIX II0-

TCPb aKTUBHOM MOIITHOCTH AP;H B aHaﬂH3preM0ﬁ CXEME COCTaBJIACT

n

2./AP. . 1073
AP = ,/an, 2 «/5,491;0 298 _ 0 056,

m

JommycTrMoe OTKIIOHEHHE pexuMa CeTU OP i, OT TOUKH TEOPETUIECKOTO MHU-
HUMYMa OTHOCHTEIBHBIX MOTEPh aKTHUBHON MOIIHOCTH TIPU HOPMAIBHBIX M3ME-
HEHUSIX PEKUMHBIX ITapaMeTPOB

_ I T _ —
OP,.. =k AP, =0,9-0,1044-0,0256 = 0,0684,

min 6

riae k — moHmkammmi kodpduuuent 3anaca (mpuHATHINA paBHBIM 10 %);
AP!

minue — BCPXHS OLICHKA AHAlla30Ha NMPAKTHYCCKHUX MMHMMYMOB OTHOCHTCIIb-

HBIX IIOTEPH aKTUBHOM MOIMHOCTH IIPU HOPMAJIbHBIX M3MCHCHHAX PEKHUMHBIX
napamMeTpoOB CCTH, AP;in — 3HAQYCHUC TCOPCTUYCCKOIO MUHUMYMa OTHOCHUTCIIb-

HBIX [IOTE€Pb aKTUBHOM MOIIHOCTU B CXEME CETH.

Oto0 o3HauaeT, uTo ecnu B ycinoBusAx SMART GRID otHocuTensHble OTEPH
AKTUBHOM MOIIIHOCTH B CXEME CETH, MPEACTaBICHHOM Ha pHC. 5, MPEBHIIIAIOT
BEJIMUYUHY, PABHYIO CYMME

AP' +38P, . =0,0256+0,0684 = 0,0940,

TO JIOJDKHA OCYIIECTBIISTBHCS BHIPAOOTKA COOTBETCTBYIOIIMX YIPABILIOMINX BO3-
JIeHCTBHH, HAIIPABJICHHBIX HA IPUBEICHNE CETH B HOBOE ONTHMAJIbHOE COCTOSTHUE.

HccnenoBanns 38 cXeM TOPOACKUX PACHPENCTUTENBHBIX 3JIEKTPHUSCKHUX
cereil pa3HON KOH(UTypanuu 1 00beMa MMO3BOJIMIIN YTOYHUTH BEJIMUUHY JOIY-
CTUMOTO OTKJIOHEHHS pPEeXMMa CeTH OT TOYKH TEOPETHYECKOT0 MHUHHMyMa OT-
HOCHTEIIBHBIX TIOTEPh AKTUBHOM MOIIHOCTH IPH HOPMAJbHBIX H3MEHEHHIX
PEXHMMHBIX [TapaMeTPOB. Y TOUHEHHOE MO JaHHBIM HCCIIECAOBAHUH 3HAYCHUE J10-
MyCTUMOTO OTKIOHEeHUs coctasiuseT 0,0711.

BbIBO/IbI

1. TpaguIIOHHO pacCUUTHIBAEMBIE PEXKUMHBIE TapaMeTphl B ycnoBUsaXx SMART
GRID cranoBsiTcs HaOIIOIAEMBIME, TOTOMY OOJIBIIMHCTBO 3334 YIPaBIICHHS
peXUMaMH, XapaKTEpPHBIMH AJIs TOPOJCKUX PACHpPEACIUTENBHBIX JIEKTpUYe-
CKHX ceTell TpaJuIMOHHOro ucrnoiHeHusd, B ycinoBusx SMART GRID tepsror
CBOIO aKTYyaJlbHOCTb.

2. Haceimenne B ycnouax SMART GRID ropoackux aneKTpu4eckux ceten
pacrpeneneHHbIMA UCTOYHUKAaMU MaJIOM TeHepaLny, OCHAILIEHHBIMH CUCTEMaMHU
ABTOMAaTHYECKOI'0 PETyIUPOBAHUS HANPSDKEHUS U MOIIHOCTH, TPEOYeT pa3BUTHS
METO/I0B UX JIEKTPUUYECKUX PACUETOB U ONITUMHU3ALIUHL.

3. [IpemioskeHsl METOJUKA U AJTOPUTM OIPEAEIEHUs] MECT ONTUMAaIbHOIO
Pa3sMbIKaHUSI TOPOACKUX PACHPEAETUTENbHBIX MIEKTPUIECKUX CETeH C yueToM
pacripefesIeHHbIX HICTOYHUKOB MaJIOW IeHepanuu.

4. OmpeneneHpl IpaHULBl JOIMYCTUMBIX OTKIOHEHUIH PEKUMOB TOPOICKUX
pacnpeaenuTeNbHbIX d1ekTpudeckux cerei B ycnoBusix SMART GRID ot Tou-
KM TEOPETUYECKOr0 MUHHMYyMa OTHOCHUTENBHBIX NMOTEPh AKTUBHOM MOIIHOCTH
MIPU HOPMAJIBHBIX U3MEHEHUSIX PEKUMHBIX ITapaMeTPOB.
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