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Figure 2.1 Schematic diagram of electricity distribution system.

Load Break Switch Node 1 Node 2 Node ¢ —1 Node ¢
Substation

Lo_z0-1 Zore Tooay
> | —

Figure 2.2 Single phase circuit equivalent to distribution system shown in Fig. 2.1.

) Zpim: 7/ —Fm—1Z0HHET S/ — Fm EOICBU KA v ¥ —X
VR, 2B, LBSIZ/ —F1DERICHD, ZOMDIREA > ¥ —& > 21
INTH B,
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Table 2.2 Known/unknown information

Rz futH
Viss LBS OEE e BER (FEE)
Iips LBS D& BEAT RN
PLm, OLm 7 — K miZBUI2ARDEY - EHHES) B —
PG> Qg 7 — K miZBI2HEXMOER - 3E BEAN —
I, —Fm@%ﬁ ARH ARH]
I, — K mZBT AT S EIR ARHN ARHN
I, — F m 2B B FHEFREIITRN S EIR AHI ARH
L m —Fm-1&/—FmeOMZRNZEEER R ARH]
Vi — K m 2B B HHEE ARHI ARHI

222 IREHE

AWIFETIX, Fig. 22 1IRENBEERTICB VT, BB X RO EHAS Table 2.2
WRTIED THZRMERE L, EEFR - ki T co /) — REEV,, 28HT
522 HNE LTV, BEFEOHHE 78 —% Fig. 231I713, EEFHEICBWL
T, AMERE REEBRZXAIL, FERO D 2HERRICBVTHELEZIELL
HETZ X%, FEERICOOVTIEE VI EHFARRO BTGB SM OE
FEHAE D &3k B, Kic, FEEXMB X OCLEH»SMAT 2 BROMAERD,
CORIERFICHRA I N2 BRSO ESEFICHELL TR T2 &2, AMEREED
SHEICKDRD 2, COXSCEAIHAELEATSZ T, BROKEIRIELHE
ETEZeEZONDS, 272, SMOHEL - FAENEHAED & B - FREHRFHD
NEERDZ ZEHTETDH, &/ — NZBI2EENHEIKRATH %720, BIRO
MHEZELSHET S ZIETERY, 22T, —H, &/ — FIZBU 2 EEMHED
TARTHEL EYIAREL, /— FERNRY bLERD, 4 Y E-X IV RFRICEI D&
J—FEEXRT P LVEeRDDZ, T THLNLEEMMEZ S L ICERVHEZMIEL,
WHT/ — RERNZ brERDZ, ZOMIEFTEOKEICED, 7 — FERNZ b
LWEIELLHEL, OO TIERERMOBESMEZELLHETE2ER 2, %
B, /— NEROMEEL T, MHEMAT, KEZHFAFICHIET S Z 2%
ZONDDAMRTIE, BRoitERRT, RESIZELIHMETETVWEIEEZ, 5
HEOMEEZ WL LT, MHOAMELZFEMT 5, DI, BENFIHICOWTHRN
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Stepk—0
Yy
Initial node voltage setting
v
Generation current estimation
v
Load current estimation
v
Initial node current estimation
k 2
Stepk—1
v
Line current estimation
v
Node voltage estimation Step k — k+1

A
Node current correction

NO

YES

End

Figure 2.3 Voltage estimation calculation flow

%o RFMICBNWT, X7 bLONHDHAES LBS REMFFTICBIT 2 EBERY bv
Vigs(= Vipsexp(jO) & L, RIEFHEICBI 28R Ty F2RTidBL LT, LK
ZF (k) O TERT,

A. JIEAERE: R T v 7 0(=k)
1) J—REmi2BI2EE VY (= VI exp(jo))
J—FmiZBIBEE VY (= VY exp(joly) DRE S VY BT o) % %

NEN Vigs BLX0 & —FRIITKET %,

2) J— RERIP.
a) /— FmiZEHEINT DG IZBT 2REBEIR Ic,u(= Im exp(jc.m)):
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b)

DG m DENES Pgm B L OIESNET Qg 1E SMICTEHIZIN S, Z 2T,
BEOAREZ VY & Vigs KHHIRELTWB Z L IHEL, Ign D
RKEX Ignm %
NPem+ Qi

Igm = 2 2" @.1)
o ViBs

YEMET S, X512, J— RBEFEOMMHE P % 0 ICHHIREL TV B9,
I6.n DU 6, IFBERIHEONRIC—BT 2 2 L ICHEL,

OG.m = sin~! _ Q6m (2.2)

\PEm+ Qm
YRR 5,
LBS @@ B2 bV I ps(= ILps exp(jbLps)):
Ligs \ELBS ICRE XNV HIC Lo THIEZINTWE DT, ZOEEH
Wb, —F, Ops WKL TIE, UTET LIICHET %, £7, HMIC
RSN A< — P X=X D HEM P, H S5/ — P s &
W DIHEE S OHIE KD, RICHERMOFEEE ] Po,n ORRIEZE LS
X ZOfE% Py £ T B, TRDOB,

t
Pot= ) (PLim=Pon) (2.3)

m=1
RD B, FRRIZ, FAT— b X=RI2 X 25HE QL BE O OGm &H
5, HINESI O O &

{
Ot = ) (Qum = Q6.m) (2.4)
m=1

WHEHDOWTKD B, XHIT, P BEY Qe 225, LBS EBEEFRNY hL
D {ﬁ*ﬁ HLBS 72

-1 Qo
VP * Qi

CRUET B, ¥z, LBSHEMEIRNY PLDOKEX 15 IZDWVTIE, LBS
TeHllE - EiffEZ ZDF EFHWS

GLBS = sin (25)
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c) FERMEIRNRT MV I (= I exp(OLm)):
2)-a) TRDz I, &, 2)-b) TRDTz I1ps & DA%

¢
I 2 ) T+ Iips (2.6)

m=1

CERT B
KQO)DPORDOENDZE R g 1%, &/ —Fm(@m=1,2,---,0)1ZHii
NBRM mIZHLT, I, & LTIRAT %, RFETIE, I, DREX
Iy IZ2WT, A — X=X THlEZNI-Ef m TOEMEN PL, B &
QIESNES]) QL D0, AROKHES Sy H

SLm= [P, + 0%, (2.7)

rLTRDENZ Y, £/, AROKMHEES ORI S L0 13,

St = Epmm 2]1{m+ﬁw 2.8)

m=1

THBZeEEAT, R (Q2.6) TRDE Ig DREX Ig o ZEMDEZAHE
NS CIBCTRATTEHZLeT5, Thbb, SAM m TOEMER
R MOKES I, &

St
hm=5“hm (2.9)
L,tot

TRt T 5,

— FEMERARZ bV I, DA 6L, IOV TIE, / — FEEDONME
¢$%oum% HELTWSZ L ICHEL, RAMRHIRBINZRA~v—
X =R TEHIS NS ENE PLy BEL QL 2D 21T,

O = sin”! _ Qi | (?L”) (2.10)
Lo,
TitE T %,

R Q29 BIULQ210) 25, &/ — FARERNZ VI, ZXXDL
SHERET %,

IL,m = IL,m exp(jeL,m)- (2.11)
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d) /— RERNZ LD
imzn&@mf%ﬁbtmmﬁiwﬁginfﬁﬁbthm%%mt
— FEFHAZ LIV omiaEE

1% =1, Iy, 2.12)

oKD, R2.12) 206 IV okxx P 2fiEeP »i52, 7270, 20
I3 LTRDE — FERARZ PV IR, 7 — FEEME N 20 &
LTHEEETHEZZE, Thbb,

L) = 1) exp| 6 + )| = Iy exp(jeiy) (2.13)
f 35 % 2: L\- Eﬂ%j— ZD o

Dbk X5z, BEFETIE, AMER I, & EREEM I, 2l & IZKDT
Mo, ZRHICESNWT ) — RE ()ILI(k) PHEET B,

B. fiEStH: ATv T k(=1,2,3, )

ATy Tk-1(k=1,2,3,--) TRONLRELE XUOEER»S, X7 v 7Tk TR,
LITIClN % k512, $EEERLY,  #XRD, R0T, /—FEEV) BLU/ —F
B LY [CHER IS,

1) MRERESNZ P IY

2Ty T hk-1THEE,— NERRZ bIEY e, ) — FRICHN 2 K4S
WARZ bV Ly (m=2,---,0%

4
) _ (k=1)
19, =>1 (2.14)

W&o TR %,

2) 7 — REIE VP (= v exp(jol)) DHHIE:
2F v F0IBWT, /— FEEE—HIC VY = vigs B4 =0 &9
WIRGEL TWie, ETCIEONIMREERNRY bV Ly ERREA Y E—X VX
Zpoim ZFINT, A7y TkTVY %

VO = vigs (m=1) 2.15)
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3/

4)

23

231

BIY

v =y Z Zy I

n—1,n
n=2

(m=2,---,0 (2.16)

Y LT, FELABL, MIET 3, R (2.16) BN VOVE exp(io®))
cEoE, VY okEx vO B el 2 znzeh

yo _ |y (2.17)
BIU

© = arg(vh) (2.18)
ELTRD5B,

— RERANZ L I(k) DRFIE:
BEFHRcBLOE, 19 %

1y = 1) exp(igy) = 1) exp 605 + o) (2.19)

DEBHHET 2, Thbb, ERIY okzx 1P 1covtizk 2.13) 25
Boh20HMEIY Ok E L L, BRIY Oh ¢ icovwtidR 2.18) X bk
»3, CNHPREFEOEELFHOOOTH D, &I (IHAZR O BN
HEORPEHEICLD, BRORZ I VIR EWH THE X HETE T
rEZ, MEFEEMHOAICKS Z 2T, sHEEOIIHE X UFHE DGR
MEom Lz HIEL Twa,
FRED2B)EMRDIBEL, ATy T hkILIC) — REBERY b VO e
MRz b IY | BEO - FERRZ PV 2135,

ETIIEERBANDREFEDER
HAERM I AV—FXA=2EL UV Y EHMSRICK B5HAE

TR TE S TE%, Fig. 24 IR S NEERMICH L TEHA L, SEER
BIROBNIEIC BT 2R ET & REBEZ KD, LUTIE, BLER, BB LUOHE

2 IJU
FEL X

i’ ¥R RTW 3,
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Sensor-equipped LBS

@‘1 ___________ I

N
(9]

Substation
~N n ~ @ [e))
o o 0] J_ 0 o ie] o
g 21978 UzE g g
a S o S 4 4

Figure 2.4 Electricity distribution system model with distributed generation (Various con-

ditions such as loads and a distributed generation are summarized in Table 2.3).

1

2
3)

“)

HERES 7 — 27 v FENOLEERERD 5 51 90% EOBLERE R
10km NTH 2 DT, HCEZIE, 10km 22 2 EEZ, RFEHEERTH
BLWVR D, $l, ROUERDEEAEIRTIZ, LBS 25 RKimH>TOE
EZEPRENEEZOND, ZIT, Fig. 24 IR EINEEHEROEREY
910 km IZ3%E L7zo Table 2.3(a) 1281 % 25HITIX, LBS 6%/ — RET
DEFEE D, Zit L TW5%, LBS 205/ —F 6 T TOMICIX, 125mm> D7 —7
A — K6 5AE TOMICIE, 60mm? D7 —7ADBHVWLN, ZOFEE,
BIEREROEA Y —X AT 22+38QTH %,

LBS TOHEM Vigs: LBS £ 2 kK 2B Vigs DaHAIEE, 6750V TH 3,
BT Fig. 24 WWRENTWVWBARERMTIE, AP/ —F 22156512, 5
) —FRT1D69ICbloTHERINTWS, AFETIE, /—Fm@m =
1,2,3,4,5,7,8,9) iR S M- AR O FRNEN L WHES, THRDOEH m i
THAY— b RA=RIT X BEHNE PL,, & QL % Table 2.3(a) IZFE T & 5 ITRRIE
L7z,

FEBAM: AL TIE, /— R 6 IKHRI N RERMHIUT D 5 £HICTH
W % AL 1% 0.93 THELTWS & Lz, (1) 3.56 MW, (ii) 3.00 MW,
(iii) 2.00 MW, (iv) 1.00 MW B X T (v) 0.00 MW. L7255 T, Z DFEERIICHE
I NTe AT — b A=, FEEM )25 ) ITBWT, BMES P, B &
CEERNEN Qo £ LT, ZhEh

(i) PGm=3.56 MW, Qg,,=1.41 MVar,
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Table 2.3 Data measured with LBS and SMs.
(a) Power measured with SM
(D, Distance from LBS,
Py, and Q1 ,,: active power and reactive power of load connected to node m, respectively,
PG, and Qg ' active power and reactive power of DG connected to node m, respectively).

Distance Power measured with SM
Node No. D, [km] Pr,, [kW] O, [kVar] Pg, [IMW] and Qg [MVar]
1 0 0 0
2 0.63 479 276
3 2.04 738 425
4 3.70 55 32
5 5.34 25 14
6 6.20 —_— —— (1) 3.56 MW and 1.41 MVar
—_— ——  (i1)) 3.00 MW and 1.18 MVar
—_ —— (iii) 2.00 MW and 0.792 MVar
—_— ——  (iv) 1.00 MW and 0.396 M Var
—_— ——  (v) 0.00 MW and 0.00 M Var
7 7.25 35 20
8 8.70 155 89
9 10.19 15 9

(b) Voltage Vi s and current /1 gs measured with LBS sensor.
Vies [V] ILgs [A]
6750 (1) 290, (i1) 239, (iii) 161, (iv) 121, (v) 151

(ii) PGn=3.00 MW, Qg,,=1.18 MVar,
(iii) Pgn=2.00 MW, Qg ,»=0.792 MVar,
(iv) Pgm=1.00 MW, Qg,,=0.396 MVar
BXO
(V) PGgm =0.00 MW, Qg ,»=0.00 MVar.
ZEHIY %,
(5) LBS Zifiit1 % it I ps: Table 2.3 ICEHPNTz PLy & QL BRU Eb X5
Q) (ThDOB, P6pu=3.56 MW B XU Qg,,=1.41 MVar) 2*5, LBS Z{iiL5 %

i Lgs ZHIDFETRDIL Z A, 200ATHBZehbhrol, 22T, L
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><

M () TD Ips DEHAINEZ 290 A ICRE LT, FEIERIC, (i), (i), (iv) BE O
W IZBIT R EIR Lps OFfHlEZ, N ZF239A, 161 A, 121 ABLT
151 A ICERE L 7=,

EROZM ()-(v) O T, AL TRET 3 FhREAOT, SHERIY, Bro/ -
REEANZ PV ZRD 7,

232 REAZETEHINI-BEERSREOESAIREE
2321 /—REE VP BLUGHE oL OHWIEBIE

St () TIcoWT, MIEHERT Y FhicnT 32— FEE VY o2t % Fig. 2.5
WRLTW3, [N (a) Ti&, RFEHlL LT, KERMOERETH S/ — F 6 & A
MTH2/—RITOVY ZRLTVE, /—F6 TV E, #IHIEGTSOV o,
WIEFEOEMC L > THIESH, 27y 7k=2T, 6522VICHEIhTW?, %
DBDRT v T k=3LBETO VY&, 3V IH L, MEREIMITHS, L
FioT, VOUX, bFr 2 EOMIEFET, IEE—EDHECRT 2L VR 5, [
(@)%, 51, /—RITOBEEVS b, 2 EOMIEFFT 6486 V ITHIEX A,
ZOBOMERIIMNTH S Z L BR LTV, Fig. 250) 1%, XiST 2 BIEAH ¢
BrU ) OMIEFBERERLTV S, it ¢ BEU ¢ 32T v 71T 9.65 deg
BLU9.49deg iTIEX N, ZDHBDRAT v T TOMIERBIIBNTH S Z e h3bh 5

IR EZ D, &fF () TOMD /) — FIZBWTH, F72, et (i)-(v) icBw
ThH, /— FEEVY OMEREZRT v 7 k=3 BREIMINTHD, (¢ offiE
BORTy T hk=3DRRRIMINTH S Z e RENT, T I THRANZ 51 VP p3h
RWHIEEBCCIOR S 2 B HE, 2 — NERNZ M I ofiEE, K (2.19) THW
FEOI, REX LY 2WMIERET, 2oz, — FEEAHHE ¢) (L THIELT
WEPHLTHEEEZTVD

M EORRZEEZ, AR TERLLGEE, DI 2EEETOMEIILST

BB EoN2 LHITE, k=2TD/ — FEERY ML VE & B8 i E
Y UTHRAT %,
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6800
E 5
i& 6700:—
S
= 6600+
g i Node 6
2 6500C
E Node 9
6400- | | | | | | |

0 1 2 3 4 5 6 7
Correction calculation step k

(a) Node voltage magnitude V,Sf ) at node 6 and 9

15

=
o

(9]

Vqltage phase qqn(k) [deg]
H
o

50 1 2 3 4 5 6 7
Correction calculation step k

(b) Node voltage phase ¢,(,]f) at node 6 and 9

1
|

Figure 2.5 Example of correction process of node voltage magnitude and phase (active
power Pg,: 3.56 MW, reactive power Qg ,: 1.41 MVar).
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2322 SREEREHOESREVIRGE

Fig. 2.6(a) 1¥, LBS 7» & Ol D, 1M LT, ARFMETEHENL LY Dk
S ERL, Fig 2.6() 1, VI 13210, ofifizel) #RLTws, &5,
27y Tk k=2 ¥ LTERLMERL TS, (el ci/kfwr‘o%fomé o

k k k
Hr(n) 1,m = arg(l( : ) arg(V( )1)
k) (k)
) (R >] 220)
% ) m=1" ‘
|Im(I,(n 1) |Im 1m|

ERcE S THLNL 6| 75 0~-90 deg THIUZ, IV IZBIAITEIER
BEHREZIARLTOB I ERLTBY, 62 21-90 deg RiiTHIUL, IV &
HEANHETEEREERZEHRLTWS 75:2%3’

Fig. 2.6(b) 1%, V¥ 1ohts 2 1% ofifi#e? % LBS %5 DE#ED, ZLITRL
TWbo Pom =0 MW O, Fig 2.6(b) 1%, 6% (ZFERUDI>T 055 -90 deg
OEIFITH 2 Z e 2R LTED, BNNAHDETD LBS 2 & BELEMRARIIC A > TIE
HEZHA TS Z L R T, ZOBMOAEE [V 122V TIE, Fig. 2.6(a) 178
XNB X512, LBSHILE (D, =0) T151ATH-7-FE olmﬁkﬁﬁﬁccﬁ IO THfA

XN, BT B, Pon =1 MW O, Fig. 2.6(b) XD, 0km 25 D, ~2km
i E TOMITENDIEFIRTH D, D, ~2 km Higid & PV #HRM A F T ORI
IR o TW\Wb, FEHKMD DD Pg,, DELERICER SN -AROEEE LD
SNV, BERAPODENZHEELTVWEI 2RI TV,

PG 22 MW D8, 075 6.20 km TOHME D, 1B % 60 13, -90 deg Kif
THDHERDLNTED, 6.20 km IHERINFERKD» S O)*ﬁﬁ)ﬁﬂaﬁﬁk
THEIR L, LBS 2/t L CTHLEZABATOE D HLRRMALTWVWS Z ARSI TWY
%, Fig. 2.6@) »5bh 5 k51, ZOBMOKES [V 1%, Pg, ORIIMONT
RKELRD, Pgp 23.6 MW D5, %EEEQ{F@Lﬁ)ﬁT% % il D,,=6.20 km DHi
B 320 ADSEEITRL, £D55 279 A dDOEFA LBS Zil U TED H LA
ALTW3,
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Generated
power Pg,,

Line current Im_l,m(k) [A]

Distance D,, from LBS [km)]

(a) Magnitude of line current vector Igzl

180~

Phase of line current [deg]

Distance D,, from LBS [km]

(b) Phase difference 0,(:)_1 ,, of line current vector 11(712 |, to node voltage vector V,(,fil-

Figure 2.6 Magnitude I’(Ql , and phase difference 0,(1,21 ,, Of line current vector derived by

proposed method for different powers Pg, (Step k of iterative calculation: 2).
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92 F BLERTICE T 2 EELEYT O EXNVIRREDEH

><

Fig. 2.7(a) 1X, AKX FEHWE LTV AEER LETOBEDT, $7405, LBS
2> & OB D, 1ICH 32 7 — REFE VP 0EEREREZ TR LTV (k= 2), Fig. 2.7(b)
i3, /— FEERZ U ¢ 2R LTV (k=2)0 Pom=0MW D&, V13
BE#E D,,=0 T 6750 V TH 2755, HEEE D, OO TR FF 2 Z e pEnh, ¢»
K —1deg TH2ZZEHRDHNATWSB, LizdioT, BHEARIEREIA TV
FLEBMROELEDAORMEEH TETWE L F X5, Po, DEIMCONT, Tib
b, REREH S OWEFHOMEREICONT, Fig. 2.7() ISREATVWS k512, v&
¥ D, =0 km Z R BLEMERICOZ->TIRTT 228, fle LT, Pgu =3.6 MW
TTo VP E D,y > 3.70 km TH 6500 VIR T3 2 Z £ 28E»RTWS, Fig. 2.7(b)
i, fHE ¢ IEAMAICE L TWA Z e ZRLTWS, Fdo k5ic, RIBEHIE
W Ko THERER L TOBXHIREZEL T2 8 TEL,

24 REAEICL>TESNZBRERXRINNLIL,_ ., BLUV/—FEENRN
2 MLV, DIREE

2.4.1 REEAE

222METHART K512, RIERGIER, dHISNT Pow, Ocm, Pim BETK O
T U o FBRMDOEIRAZ MV IE B XU LBS MBEROMAM 6 ps ZHIHREL,
RNT, MREBER Ly, / — RBEV, BV — FER L, SHIEZT, LR
Ty ITBkE 2321 TR E51Z, DF22ETHD, SWIEANR, Lo, BE
KV, TR TRDEZENTE S,

ZZTE, DI 2EOMETRHRONIAENIELVETSH S Z L 25T 5, BB
RHREFI LD TEBEBNRMICBT B/ — NEEOEW HILL LT, BEmmL
BHSNT WD, RENIETIE, /—FBEBEXRT PLBIURET I X A06R

2 BN AR EEN X8, BEME 2 LT Newton Raphson {72 ¥ & 2 KIEFHEIC
FoT/ —FEERY PADDBEICIERT 52 T TREREL, B&EESES, A
ZTIE, 23.1 HTHBRZRFB X O&EMT LT, BHBRENEZHWT, /-
Rm—1256mlZHih s EEBIRNZ MV Ly im = byim eXp(jOn_1m) BE — K
miZBIFBEBERZ bV, = Vyexp(jdm) ZKDTo KOT, THLDHEICH LT,
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6800
=, 6700
vf Generated
o 6600 power PG,m
= - 1 MW
S [ /0 MW
2 6500F J2Mw
Z \3 MW
I 3.6 MW
S [ E— O
Distance D,, from LBS [km]
(a) Magnitude of node voltage V,(,f).
151 Generated
- power Pg m
? 10_— 3.6 MW
S I 3 MW
2 _ 5t 2 MW
S 1MW
S p G SR S omw
o _5f
S
S-10F
_15: S RS B
0 5 10 15

Distance Dy, from LBS [km]
(b) Phase of node voltage V,(qf ),

Figure 2.7 Magnitude V,(,f ) and phase ¢£,If) of node voltage vector derived by proposed
method for different powers Pg, (Step k of iterative calculation: 2).
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2322 TC/RLTEEL DEWE

Zom =01 = Ontms 2.21)
O

e = 2 T 100%, 2.22)
Im—l,m

Lom = 0% = D (2.23)

BXU

(k)

EVm = mv 2 % 100% (2.24)

W&o TRD, (221, (222), 22)BIUL224)1F, zhzh, FIREBERA
7 FLONMOME, RERERRZ FLOKZXXOHMUEE, &/ — NEFERY
FLOMHOHEB LX) — FEERZ P LD K E XDOHEMNIHETH 5,

242 IR

Fig. 2.8(a) I%, %% Pgn 2 812, FREREIRNY MAAHOHEE (o 2R LTV, LBS
6 3 km ML EEEN 72T D &y DHEHELE, WTID PG, IZRLTH, 0.4deg
IFTHbY, EFITNZWV, 1MW H2W0WE2MW D Pg,, DHE, LBS 725 0~
2km OHIFTLTD Lo 1IMD P, XD DBRERETH 203, F1.5degBETH D, /h
XV ER D, ¥z, HEEBEIRMAHZE LBS 205 OEEHEANIWVIEY, BEPIKELRS
AN ®D 5, ZAUX LBS 205 DFFEEAITVIZ Y, BAIZES / — RERIZ D,
MREDEAER DO EEZIOND,

Fig. 2.8(b) 1Z, & Poum IZ2WVWT, FREEERNRZ ML OKZ X OMNHINHE e Z7R
LTW3, P, =3.6 MW D55, e i, LBS 205 Ol D, >7km T-63%TH 3
2, Fig. 2.8 IR T X212, ZhoDHIRICBI 2K EROKE XIT 15 ARET
JEFITNE VT, BIBTIBERY L VY ANOHBIPIVWEEZ BN,

Fig. 2.9(a) 1, / — FEEXRZ PAAHOME (ym ZRLTWS, PG, =0 MW T
1, fpm FELEMREERICO o TR O0.01deg TH Y, BUNTH 2, Pg, DHEINTOWN
T, Lpm DHOHEIIHIET 2 21305 DD, Pg,y =3.6 MW ST D |Z5ml 13 LBS 22
5Dl D, >7km T 0.4deg TH D, IEFIT/PHX W,
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Generated power P,

0 5 I R ©
Distance D,, from LBS [km]

Current phase difference [deg]

(a) Difference of line current phase, {y .

S

S Generated
Q

2 power Pg,
% 1 MW

s UMM S oo m e e o _
.“_g 2 MW

= 0 MW

o 3 MW

5 3.6 MW

15

Distance D,, from LBS [km]

(b) Difference of line current magnitude, €y ,.

Figure 2.8 Difference of line current between proposed method and power flow analysis.
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- Generated
- power Pg,,

Voltage phase difference [deg]
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Figure 2.9 Difference of node voltage between proposed method and power flow analysis.
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Figure 3.1 Distribution model (Distribution lines are transposed between point Ny and N,
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Table 3.1 Known information
Three-phase voltage measured with sensor on point Nog  Vouv, Vovw, Vowu

Three-phase current measured with sensor on point Ny Iou, Tov, Iow
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Voltage measured with SM on point N Vier, Virg
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Table 3.2 Unknown information
Phase connection

Three-phase voltage on point N| Viuv, Vivw, Viwu
Three-phase node current on point Ny Iy, I1v, 1w
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Phase voltage calculation at point N,
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Node current estimation
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End

Figure 3.2 Load connected phase estimation flow
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Figure 3.3 Vector diagram of line voltage and phase voltage
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Figure 3.4 Data series of various measurements for data number i (i = 1, 2, ---, 100)
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Figure 3.5 Estimated line-to-line voltage V1, (r =UV, VW, WU) and measured voltage ViEE
(Data number: i = 59, Condition of Ny location: Pigr = 80 kW, IA’IFG= 50 kW)
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Figure 3.6 Estimated line-to-line voltage V. (r =UV, VW, WU) and measured voltage VigE
(Data number: i = 51, 52, ---, 60, Condition of N; location: 131]51: =0, 10, 20, -+, 90 kW,
Pirg = 50 kW)
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Figure 3.7 Absolute difference between estimated voltage and measured voltage |V, — ViErl
(Data number: i = 51, 52, -+, 60, Condition of N; location: Pigr = 0, 10, 20, -+, 90 kW,
PG = 50 kW)
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Figure 3.8 Estimated line-to-line voltage Viyy and measured voltage Vigr for various
power consumption Pygr and 131FG (Data number: i = 1, 2, -+, 100, Condition of N;
location: Pgr = 0, 10, 20, -, 90 kW, Pigg = 0, 10, 20, -+, 90 kW)
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Figure 3.9 Estimated line-to-line voltage Viyvw and measured voltage Vigr for various
power consumption Pygr and 131FG (Data number: i = 1, 2, ---, 100, Condition of Ny
location: Pigr = 0, 10, 20, ==, 90 kW, P rg = 0, 10, 20, ---, 90 kW)
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Figure 3.10 Estimated line-to-line voltage Vi;wy and measured voltage Vigr for various
power consumption Pigr and Pipg (Data number: i = 1, 2, ---, 100, Condition of N;
location: Pgr = 0, 10, 20, -+, 90 kW, Pigg = 0, 10, 20, -+, 90 kW)
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Datanumberi

Figure 3.11 Phase connection estimation results estimatedby the proposed method using
measurement data at a certain time #; (Data number: { = 1, 2, ---, 100, Condition of N;
location: Pigp = 0, 10, 20, -+, 90 kW, Pigg = 0, 10, 20, ---, 90 kW)
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Figure 3.12 Phase connection estimation rate R, (r =UV, VW, WU) estimated by the pro-
posed method using measurement data at a certain time #; (Data number: i = 1, 2, -+, 100,
Condition of N; location: Pigp = 0, 10, 20, -+, 90 kW, PIFG =0, 10, 20, -+, 90 kW)

XU Nwy &EL, 27— ZF Nym (=100) 133 2HEEEIE R, (r =UV, VW, WU) %

N
Ruv = —2 x 100% (3.21)
sum
N
Ryw = —> % 100% (3.22)
sum
N
Rwy = Y % 100% (3.23)

MoHRD B, EAROHEEEIG OFIERE® Fig. 3.12 1R F, 2 kb, #EEREREL UV,
VW BLXU WU LR 2EBZZNZN1T%, 15%B LN 8%ERL, EBOESAMET
HBVW 2288, $ROBHEREIZ TS THZZLbh 5,

FLERM RO AR DR D DR EWEMZ IR T 272, BLERK OB 2 KM
ZICIEEM L, +9RBEETH S, 272, PEEOREBED = DICHEFiHEEE T
ZHEFICB VT, NELEGMEEZ 2T 25 2Tk, FHEREEZL-TTD
EDEVHEEREDIRD LN 5H D H 2, AEOMRERE 2, RKEICT, HEHK
g EEM - e BEFIERE L,

67



53 E BUERFICEIT 2 ERUHEHOHEE

(iii) HEEHEE A DT R AR
BB, BTF =& —2(i=1,2,,100) ISR LT, =MHEBEEDOHEEM V,, £ E
Vv, L DEDEE

(Vige = Viuv)/Vige X 100% (3.24)
(Vier — Vivw)/ Vigr X 100% (3.25)
(Virg = Viwuw)/ Virg x 100% (3.26)

WOWTEHAE L AR % Fig. 3.13 123, Fig. 3.13(a) 133X (3.24) Ot HEERZ R T,
BlziE, 7—&&FSi=1(Pgr =0, Plrg = 0) i L CEHEMERIZ0ZRLTED,
UV IS 2 BIEHEE AN 0%, Thbb, Bz —BLTW3 I ERT, 0D
o7 — X &ES i = 2~100 1R L THFEMRZFKIRLTED, 887213 0.5%X
PICINE > TW5b, 7z, Fig. 3.13(b) B LU (¢) 123X (3.25) B X URK (3.26) DETEHE
REFRBIRT, Fig.3.13 XD EDTF— 2B LU OHIIHN LT, EEHEMENIE
A U TR 0.5% I E > TWB Z e b %, ZAUXEEEEOMEA L+
KIBETHD LT R %,

35 Hehs

»% 1 RROY S BBAS O =AHEE - ZMHERAHES & O SM OEFE - B)
FHHMEZ I U 7- B QBB E FIR 2R R Uiz, ARRERFTNCE ) 2 ZMHEE
EHEEL, SMOBELAHIEE LS 2 2 CHEHEHE T 2, AFkICT, =M
BRI DOVTEIAZE 0.5 AN DEVEETHETE, 75%0E & THERMEEZIEL  #
ETEL IR L, ZhUL, BEERMEEDERDRED AR EWEFRZEET 2
7Y, BUERMOBENZ Hl 3 2101358 H E, TARBETH 2, 2L, Av—
P X —ZEDFHIMER A ¥ ¥ — X v ROEHYEICE, FERICEERENEFTH, ZOR
EPRECGE, HEERENENT RN D 5, 72, TEEOLED DI
D2 ZE T 25 EFIIBWT, MEREEEZ ZERT 25 2T, itEEE2S
o TTHEDEVHEERENRD SN BHD DD, REDOHREEHE X, RE
2T, HEEREER LMo L gETFEREL,

68



53 E BUERFICEIT 2 ERUHEHOHEE

S
o
S
=
X 05 }
-
5 o o o e . . . . .
N oo® o et e ot Wt et et et oo’
I (g 0 2® a2® 1 L — () I. rid + a® 1 P i L) I. () g A 1 J
3 20 40 60 80 100 120
o
_05 -
.1 L
Data number 7
(a) Estimated UV voltage error
ST
§
x 0.5 F
E A, A,
§ &= A YW Aaay, .‘AAA“ A‘AAAAAA .AA“AAAA“ AA‘““M e “ f 3
I e 0 i, T e =
, 4 40 60 80 100 120
<3
o
.05 L
1 L
Data number 7
(b) Estimated VW voltage error
S
g
X o5
o)
z
> g
I ez 0 , , . . ,
o 20 s e B e Y, T ) 120
N
_05 -
1L

Data number 7
(c) Estimated WU voltage error

Figure 3.13 Estimated voltage error (Data number: i = 1, 2, -+, 100, Condition of Nj
location: Pigr = 0, 10, 20, -+, 90 kW, Pirg = 0, 10, 20, ---, 90 kW)

69



BIBDBEXE

[1]

(2]

(3]

(4]

[5]

[6]

[7]

[8]

mEHEN AT -7y PR, TEERK&EL XREARZY
y () OWMDMEMA~EAMO TEFEEFFHES X721 OEH
i~ , FEHEINART -V PKRAKILET LRV Y - XEH,
https://powergrid.chuden.co.jp/news/press/1206577_3281.html  (Accessed on 17,
November 2022)

P, J5ER, MM, TEV RESE AN 74 EAFE SR OERMEAE S 512 X S ELE
RO BEAPHEREERIR ), HH 3 FERQAREERZMHEIEG CE, 6-154,
2021.3

W. Wang, N. Yu, B. Foggo, J. Davis and J. Li, “Phase Identification in Electric Power
Distribution Systems by Clustering of Smart Meter Data ”, 2016 15th IEEE Inter-
national Conference on Machine Learning and Applications (ICMLA), pp. 259-265
(2016)

S. J. Pappu, N. Bhatt, R. Pasumarthy and A. Rajeswaran, “Identifying Topology of
Low Voltage Distribution Networks Based on Smart Meter Data” , IEEE Transactions

on Smart Grid, vol. 9, no. 5, pp. 5113-5122 (2018)

SPoE, bk, i, T TR — P X=X DENTF— XAV b T 2 R EHH
HETE, P26 FERQEREEARR#EECE, 6-151 (2014)

TihHE, db8, AR, IR, #lL, =5k, 58 T2<x— X=X —2EHALE
JEAR AR E R O HERS R TR OMET , SR 3 EBRE2S2EREH L
#6-139 (2021)

B, R, T NEGIER & A~ — b X — X IEH e WA EEAHZE SR O
PRHEIRNCE S o at) , B2 FEXERES - XX —HFTRRH R,
121 (2020)

e, MK, &EE, WRE, T o NEEIESR & A~ — b X — X OEFERE FWwz
¥ EZEAR O EAHHE R 1B 3 2 BRI SE ), ERK 28 FERFREN - =L
F—HFIR =R, 169 (2016)

70



3 EDBE R

[9]

[10]

[11]

[12]

[13]

WA, fRil, BE, KO, M@, AR, oLy e —c ka3 ExZE L7
FEZEEREGHHIEAND R 7Y —FOHM |, S 3 EBRFREEREHY
%, 6-143 (2021)

AR, A2, B8, RIF, wh@/ll, g, Tar >y b - X25HRREB L O
HLAUEZ & U 724 B AR i E N\ D E £ Population Based Incremental
Learning Di#EH 1, HHI3 FEQFERES]) - T2 F —EFIRZFH R, 109 (2021)

A, fal, BE, K, wdE)ll, BEAR, Tar >y br =i X 23RS S X 0dn
%28 U 74 A FEAREmEHE N\ O BEEU Population Based Incremental
Learning D, BXRFARMARER AT L/A—F7 7207 1 AR
7522, pp. 81-86 (2021)

KA, fE, B8, K, #d@)l, BEA, TMaximum Correntropy Criterion @D /1 —
N A ZZEHEI & 2 FHARRE N O UEZ B8 L 7 A B A A ivoHEE ), &
KRERWFEERER EHEAN - EIRWEA - PEAEHEREFRVIZER, PE-

22-055/PSE-22-075/SPC-22-103 (2022)

ok, B, 7k, AR, Al IWHE, T2 22X —=0gicib 7r—vr 7L

JomERLE RO BT T REICBE S 2 5T, BREREIEAN - BRI
& FMFE2ERl, PE-16-065/PSE-16-085 (2016)

71






3R T — R DG Xk A ERE E O
A b

41 FZAHZ

AT, 2v—bX—& (LIF, SM &#L,) OFFEEL &> (IBaHE (X
T, vrHrEL) OitlE» S, BEERMOKEEHE T2 2 HIEL, 7,
H2ETIE, ST OBERMICOWT, HISZ L ICER - EESHEHEST 5 F
ERRZEL, 612, HIFIT, NHPREBEZITES 27201, ZMHEEBXUA
W DA R HEE T 2 FIRICOVTIRE L e 3R TR LZFIRICBW T,
AHEERZIIHIT 2 72D ERERDO T -2 LT, 2% 1 REDOADE > H{IHE
IROZMHEIT - AHBEFHIES XA~ — X —XOBT - BHFHIEEIEH L7z,
ARFIRIC & 2 ZHHEEHEEEIX 0.5%UNTH D+ e E 2750, F7z, B
EREEIL T5%TH D, DFEHEREFTORIE &5 HINICBW TR EH L L OFEE
RO,

—J5, PEEIRICREL, BEEH EHEOH 2HERFICOVWTIE, AROHE
BB ZICL D, TEEEANT 2 RENEL 2, Thbb, ARPEVHEDLEL
M2, iz OBMOERHEEEE T 2EENDEL 5, ZOB, FEREEE X
ZHET 27D, HEGHHEERIEE 0% L5 2 Z e EE L\, 53 EICTRSE
L7 FIEOHEREILX 5% TH Y, HHE2EENE 73581080 TIE, FEEH

73



B4 E 3R T — X OTEHNC & 2 & ER o m E

Line Line
Point N, impedance Point N, impedance Point N,
P 1====1 Zl 1==-=
IDU [ = [ =S
g~ S 1 8 =
& ouv TING OV! H I |:| ! 7 1EF
VOWUV vOVW“’ iOW V_E g-: : g‘ E-F I71FG
W= 5 == & =G
Sensor-equipped | e = |
Switchgear Pier Pirg

Power supply side

Unbalanced loads

(Target of phase identification ) Balanced load
PoweAr Con§umpti on Power Consumption
Pipr, Pire P, (3-phase)

(a) Distribution model

(b) Transposed distribution lines for verification

Figure 4.1 Distribution model (Distribution lines are transposed between point Ny and N,
and between N and N,. Unbalanced loads are connected to point N;. Balanced loads are
connected to point N»)
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IVigE 1r, -1, X VIER 11, 13, |

SIER1r = 7 (4.4)
ez L,

VIER1rs -1, = ViERIn, — VIERIR, (4.5)

VIEE 1rs;, -1, = VIER1r, — VIER1, (4.6)
ThHDh,

S p—_— _ |V1EF,II'1—I,'2 Vlr,tl-l—z,-3 - VlEF,til—tl‘3 Vlr,t,-l—tl-z | (47)

2

Viers, —, = Vier(ty) = Vigr(s,) (4.8)

Viers, -, = Vier(ti) = Vier(s;) (4.9)

Vlr,til —ti, = Vlr(til) - Vlr(tiz) (410)

Vlr,t,‘l —l‘,'3 = Vlr(til) - Vlr(tig) (411)

YEITETE 3, 22T, UV, VW H2WE WU IZH$ 3D S o “HHOEED
55 DR/IMAERZE L5 Wz EfEE Z L ILAS (r1uv, ASiR1vw B L AS [gR 1wy &
FL, ROBEHEET S,

AS 18R, 10v =S 1EF,1uv —min{S (Er,1vw, S 1ER1WU} 4.12)
AS 18r,1vw =S 1R, 1vw —min{$ (gr1wu, S 1EF,1UV} (4.13)
AS 1gr,1wu =S 1R, 1WwUu —min{S (gr,1Uv, S 1EE,1VW} 4.14)

3A2HDOMERZE X, ASipr1, DEDE LR Z r, T0H, M S g1, DIED
INE T2 B r %R BF I2H SN BT EEH E HEE %, KR FG 1I2oWT B Al
WCHEES %,

422 FHEEH

Fig. 3.4 I3 7T —& R4 (i=1,2,3,,100) D5BE05E EITZ Ik 3HD
F— R BEINT 588 — > nld Table 4.1 \RT & 512 1,2,3, -+, 161700 (=109 C3) £
THET %, KEIZT, TRHDNRR—IZDOWT, 421 HIZ THZITE N RRTF
Fc kD, BROERMHEIELSHETE 20MEET %,
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Table 4.1 Simulation patterns

petternn  i; i i3
1 1 2 3
2 1 2 4

97 1 2 99
9% 1 2 100
9 1 3 4
100 1 3 5
4849 1 98 99
4850 1 98 100
4851 1 99 100
4852 2 4
4853 2 3 5

161697 97 98 99
161698 97 98 100
161699 97 99 100
161700 98 99 100

423 HERR

(1) PR HEE SRR ARG SR

BHBRE— (n = 48157 ip = 12, i = 13, i3 = 34) WCOWTHIE L =55 %
Fig. 4.2 1R ¥ FRNCE, (Visr@n), Vi) 220 Rl (4.)~4.3) TRE N 2 B
Z7ay bLTW3, HlZIEr =UV IS LT, (Viert), Viov(t,)) = (6522,6522),
(Vigp(ti), Viuv () = (6517,6521) B & &8 (Vigr(1i,), Viov(,)) = (6512,6514) % BETT
7Ry bLTWS, 251, @D ICTRHASNSEM S grivv, T74DB, Fig. 4.2
WR L7 3 20MEITIER I N2 =ATFOHED 29.6 V2 TH 3 Z & ZFKNITRL T
Woo FERICLT, FXIE VW B I WUISHT S S 1gr1vw B & TS 1griwy 2°
FRENI33VEBEU394V2THB I L 2mRd, iEoT, ZOBE, TS Erivw
23 Sigrawu B E S S iprioy LTS WD, BEFRICED, KR EF Ok
FE VW L HEE S h, RIROEFHHE —B3 260215 5.
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6530 Vigr(ti,) Vigr (t,) Vigr (ti,)
>,
-~ Area Sigr 1y
N — 2’ --- AreaSjr )y
T e | 290V g MBS
Q / : ;
§ ¥
S ! ’\ Area Sigr 1wy
g 6510 | 17 =39.4V?
© 4
£ 4
g
6500 1 1 1 J
6500 6510 6520 6530 6540

M easured voltage V;gr(t;) [V]

Figure 4.2 Phase connection estimation based on the proposed method using measurement
data at three different times #;,, #;, and t;, (Area S |gF,1,: Area of triangle composed of three
coordinates (Vigr(ti, ), Vir(t3), (Vige(ti,), Vi (ti,)) and (Vigp(si,), Vir(3,)))

(i) B8R — VKT B THIAE S 1gr1, DRFEAGE

HIRD &2 — > n = 48157 1R S AHEEFH L [AFRIC LT, IXRTDORKX—Y (n=1,
2, -+, 161700) WX L CHIFE S 1grivv, Sierivw B X Sipriwu ZatE L FER %
Fig. 43(a), (b)) BL U ) WRT, TN ED, RE-—VICIDHEHBEEIKE SRR S,
MO EMERE KRS 2 £, Fig. 4.3(b) \&/RT VW IS 2 HFE S 1gr 1 vw DM D
RN, INWEANC D 2 Z e Db b, TIUIEERHHA VW TH 3 2 IEL <
EINRT VI L Z2RT,

(i) B8R — T B HEDZED AS 1581, Dat BAER

AS1gr1Uv, ASiErivw B K AS 1griwu ZETE L 2#ER % Fig. 4.4(a), (b)) BE K (0)
WRT, FIZBWT, ASgr1, DEDEZ & 2355, Ui r Z#H EF i S h
FEMOEHHEHE T2 2R L TWS, X, Figdda) &b, HE UV ITxH
LT, IZLALDFEERENEDHEE 2o TW5, FMEICLT, Fig. 44(c) &b, #
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SlEF,lUV

Pattern n [x10°]
(a) Area Syg yy for UV
2000
1500
z
E 1000+
5}
Pattern n [x10°]
(b) Area S g vy for VW
2000
1500
=
E 1000
%)

1 2
Pattern n [xlOJ]
(c) Area Sygp 1wy for WU

Figure 4.3 Calculated area S 1gr,1, for all patterns (n = 1, 2, ..., 161700)
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1500+
1000
2 :
5 500 .
h O l-". ~.'\' ) * :-‘ i
< When the value is negative, I
=500} the connected phase is
estimated to be UV.
- N 1 N |
10000 { 3
Pattern n [x10°]
(a) Area difference AS\gp yy for UV
1500+
. 10001 When the value is negative,
Z 500k the connected phase is
] estimated to be VW.
) 0 : - - -~ - [~ -
< i
|

Pattern n [x10°]
(b) Area difference AS|gp vy for VW

1500
1000:
2 so0f
&
2 oo
<4 When the value is negative, l
-500 the connected phase is
. . estimated to be WU. |
10000 1 2
Pattern n [x107]

(c) Area difference AS|g wy for WU

Figure 4.4 Calculated area difference AS |gp 1 for all patterns (n =1, 2, ..., 161700)
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WU LT, 12 AL DFEMEDEDHEE KoTWd, M LEOHHERERIE, 2
FFECEVEGEIP UV HE VI WU EHEEEINE ZEDIFL ARV EEZRL
TWb, —J7, Fig.44(b) &b, HE VW IR LT, FL A YO EMBEIEDEL
o THBD, HHHE VW CIELHEET 2 22 2R LTV,

(iv) BERrAEHEEAG R

Fig. 4.4(a), (b) B L (0) WTRLLFIEMEDV AL R Z X - DL, T4kb
BIEHAEA UV, VW BL WU EHES N L KX — 2 DIERE 20Ny, Ny
BEON,, e RL, 28— BN gym (= n,,C3 = 161700) KT 2 HEEEIE R
(r =UV, VW, WU) %

N/
R'yy = — x 100% (4.15)
sum
N’
Ryvw = —2 % 100% (4.16)
N sum
, _ Nwu
R'wy = ; x 100% (417)

PoRD 2B, LAROHEEIEGZEE L MR%Z Fig. 451213, #EEMED UV, VW
BEUWU L R2EEZENZN1.3%, 983%F XU 04%% R, EEEOEGHAT
H2BVW 228G, TROBHEREIZXIBINTH L Zdbrd, —/, HAILE
FEHEOFEMA LIcBVT, #HERBEL LTX0%ULEH2 Z e BT LV EEZS
N, BEFEOEB LD IO RHEERENIE O W TE 2, 2B, Pipr b3
BE 2 B A —DIHIC R 2 BEHITOVWTIE, ZARMEREINT Go0 7oy +H
—Eﬁiﬁﬁﬁ)ﬁ@&whﬁg@MKﬂbf%@&OKﬁofbi5oC@i5
BIGE, BHECED Z MR TE L, 1EoT, 3RRDT — X 2 REMTEN
BEE, ARSRENRERL TR BRI LI VHEHEEEZED LI LN TESL L
2%, FHEMA FICBWTIERMUE - THIC X 2 HIFRTUIRED & DM o RTRENE
%, SM DFHAIREIFRE T IR H AYHE U W KSR S & 2 BRI 2 B A S O ] REME
ZIEL, 1EAMEREEOHE O S, RFRNSLE (RIGHRE - R - &) L
TED, PORIZRMEPHELRIRHDT =X Z2EHT 2P LEELVWEERS
N5,

§1m

|
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100 [
90
80 |
70 |
60 |
50 |
40
30 |
20 |
10 t

Estimation rate R', [%0]

uv VW WU
Phaser

Figure 4.5 Phase connection estimation rate R, (r =UV, VW, WU) estimated by the pro-
posed method using measurement data at three different times #;,, ;, and #;, (patternn = 1,
2, ..., 161700)

43 %/ —FETIADILRICEIT D15

HIEIC T2 /7 — FOBHIRIERMET VSN LT, B OERMHEZ +072RE
THETES I ZmL, AEITE, £/ — FOEERMET MIHNLTS, R
FERIIRLEHTZ 20813 572012, 3/ — FORERWE TV ZHWTHREE
T%O

431 3/—FOERERKETIL

fEATNIR e 3% 3 7 — PR OB ERME TV % Fig. 4.6 IO, Fig. 4.6 1IZBWVWT,
=M (U, VBIUWH) EERIEEALZEFRORH LA N »5HAN, B
M N, 2 U THER N3 ISR - THiER SN TH D, MmNy 22 5 Ny [, HiEN,
O N, [, BXUHIA N, 22 S N; I OFS A Y E—X v RIF=Me bicE

NENZ, 2, BXUZ; 235, 2IT, HIFEA Ny Iy I»nRKEXNTED,
Q) R 112 BT BB UV, VW B XX WU OEFE Vouv(), Vovw() B & Vowu(r)
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Line Line Line
Point Ny impedance Point 1  impedance Point2  impedance Point 3

i 1 o

— >R S

o ouv TING ov; [

VOWUVVOVW“.\IAO%_V_' |-': §- !

W= 5 !

Sensor-equipped e
Switchgear

Power supply side

Power Consumption Power Consumption Power Consumption
2 P, Py

Figure 4.6 three-node distribution model

Wz,

(U, VB X WHIZHRN 2 EIR lut), Tovt) B XK Iw()
ZEHHIT E 2, MK Ny 22 SR N, B, HURI Ny 22 SR N, 3 X ORI N, 22 53
HN; BT, ZHRERIER SN, HIA N, AN, BIUOHR N <81 20L&
MOERRDO VTN U, VH2EWIEWHTD 22 H5ITER0,

HiA Ny, HIAU Ny 38 & OIS N3 1B % & 2 MRIENCIE 2 2 AU B A3 e X
NTna 2, FAFPERINTWAHEE EHiH) AUV, VW H50IE WU O
TNTH 20T o0, RN, AN, B XA N3 1281 2 BEEERITE,
ZNEN SMOREINTED,

(i) AT DMEEN Pi(1), Prt) BT P3(r)
ZSMOBHEOHIMEL D RDZZ N TE B, £/, K SMIFEEZFHILT
B,

(iv) $RREEE Vi(0), Vo BEX U Vs(r)
BRZZeHNTES, L2L, £SMA UV, VW H 25 0E WU DWW DM %
HIL TV 005780, REITE, HEN 0A%56F, HRN, BXUHAN;
HR S M AR O EBUE R HEE T 5,
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Start
v
Phase connection G« Unknown
(G1=1,2,3)
v

ﬂﬁ—?ﬂ3
(r=U,V,W)
v

je—1
v
Phase connection Cj estimation

uv VW wu
P.u—P;/2, P <0, Pu<—P/2

—~

P.ve—P;/2, Pv<—P;/2, Pve—0, NO

Figure 4.7 Phase estimation flow for three-node distribution model

432 F&

VY AIBHBASIC X B RHIIERTICE ) — RIZE AR R RER HETE, #
BAHEHEE LR T VWEEZHNDE Z 26, BEFIRIE Fig. 4.7 10R”FTeBH OFIE
T, LY IAERARICEN — F, 3405 BIFRANSE VAR 6 IEE I Hefeid &
RIgES 2,

(i) SHA AR O YIHHE

573, AMOEHMHI AR T TH 2 Z e 2% 2, RIEEVIC, &S (G =
1,2,3) - &M p(p =U,V,W) DEFIER P;,(t) &, SMIZ X DHIE I N7 EBEOARE
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11 P AW,
P ()= P;®)/3 (4.18)

LT, —FNCRET %, 2, BRI TIATH 2728, BHARE ZDED
HEoMEE, —RICEHATEEENE LTIDIKS 22 2R LTWS,

(i) A DHEE (M j= 1)
Zotk, sHMFICBT % — NERZ

11,(1) = Pip(® oy (1) (4.19)
b Plp(t) + P2,p(t) + P3p(t) g
b(f) = Pap(® () (4.20)
P Plp(t) + P2p(t) + P3p(t) b
P .
Ly (f) = 3p(®) op(® 4.21)

P1p(t) + P2p(t) + P3(2)
CEMBICEMET TSI TRD S, RIZ, 4.2.1 HTHEXRZFIHL FEOFNET
MR 1 O=MEEEHEEL, 3FRRAOBEHEM L BEEAEME L OBGRE b L IcHiR
JIB 2 a O EHEE S 5,

(i) FHAM AR OFHRE (M j=1)
T DL FHEE I NHHHIERR C;(=UV, VW, WU) KI5 LT, K (4.18) 1IcT—
NS E STV SO R B AR Pi(r) %

[ P2 (c;=UV,WU)

Piu(n) = { 0 ;= VW) : 4.22)
[ P2 (€;=UV,VW)

Piy(t) = { 0 €= WU) (4.23)

[ P2 (€j=VW.WU)
Piw(t) = { . C ~ov) (4.24)

LT, HRET S, PIZIR, EEHHEERER C; =UV 05,

Piu(t)= P;)/2, (4.25)
Piv(t)= Pj@)/2. (4.26)
Piw(®) =0 4.27)
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b, UMBXO VARSI INS 2 2RT,

M EOFNETHIA j = 1128 2 AffoEHEHE L, SHOAMAREHRE
T 5, LUg, Higsj =210 LT, FIE ) B XU Gi) ZRMBICUTEHAL, Hikj=2
BB AR OEEEHEE L, SHOAMAREHRET %, 612, MK j=3
R LTD, FAROFIETHESHEHE S 2. U EOFIET, EFEH»S, Thbb,
+ A BABARRIC X 2 FHRIE AT (VAT D S IEFE I 37X T OHEEHHE 2 BRI HEE
ERAR

433 HEXH

ARIETIE, BAECHEL 725> I 2L —2 a YOEFERT, 5, Hig1, Hik2
BEOHIA 3 R S - AMOFERE BT ZNAZN VW WU BXUX UV TH S
L35, ¥z, HEIERT 23HMEDSMIE Fig. 4.8 12732 BD &35, Fig.4.8(a)
Et U & B3 SHEBEEFHIME, ThbB, EOHLEEERLTED, BETHIC
“HEHTH D 6600V & LTW3B, %72, Fig. 4.8b) Z=tHEMRHEIMEERLTED,
B - SRR TEZ2HE 2D T 5, [FERIZ, Fig. 4.8(c) 12 SMIZ X 215
HZRLTED, HH JFLATRZZEEZ LD, ARONFEORBRESRRZL
TV ERHEL TV, £/, [FMEIC, Fig. 4.8(d) 12 SM 12 X % E/TFHEIEZ R
LTHED, AMOTFEICEDEES &M - ERE TR L L 5, KIHICT, Z
o DFESMEEAVTHE LR E R,
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Figure 4.8 Simulation condition for three-node distribution model
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434 FHERR

T3, M 1 ICBU 2EHERR % Fig. 4.9 12RT, Fig. 4.9(a) [ 3HiA 1128173 UV
FBITHEMEB XU SM I X 2 BEFHIMEDRRZ 3R AICOWTRLTED, X561,
FEICIEE 7 m Yy Mk DBER SN2 ZMATEOHEMED 193 V2 TH2 Z L ERLTW
%, FIFRICL T, Fig. 4.9(b) B L (c) E3HIS 11282 VW BEHEEMEE X f WU
EEHEEMEICH T 23 ERERER L TE Y, Th2ho=AFOHEM#IZ46 V: BLU
146 V2 ZRLTW3, o T, ST 2 =ZMAFOMBOEMRED > B, Kb
INZVDIE VWIS 2EHERRTH H, REFIECED, HR 1 2B 3 ARmOE%
HAHIE VW EHEE SN 5, Z OHEERERIZFZBROHENIHE E —B L T\,

FREIC L C, IS 2 1281 25T EMER % Fig. 4.10 RS, AN XD, SIS 2
“ABOHEBEOGERERED S B, RH/NXVDIEIWUICKH T HRERTH D, BE
FHEIC KD, HH 2128 2 AMOEHHEIE WU EHEESI NS, T OHEERFIZERE
DFERHE —E L T3,

FERIC LT, i 3 1281 23T EMER % Fig. 4.11 1RT, FARXD, SIS 2
ZAROEROGEMSEDS B, BR/NIVDIZ UV ISHT 258 RTHD, BE
FHICED, IR 21TBT 2 AFMOEHIHIE UV tHES N, ZOHERRIZERED
it e —8 5 3,

PEoeBh, A Ial—aryEHFITBWTiE, IXTOHEMEERIIH L TH#
FitHZEIELSHETE 2 Z e hRaEhiz,
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Figure 4.9 Simulation results for Point 1
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Figure 4.10 Simulation results for Point 2
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Figure 4.11 Simulation results for Point 3
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