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Fig.1 Schematic diagram of virtual PMU observation

range expansion

1Sk B A5 PMU S 0 5 000 T 4 I 245 ]
S 7 A R ¥ 5L A S T R ) 2 — R
AT A S R R N AEFEAR AR A5 Y B & PMU 91
Bl TE PMU B0 5 A AR B 25T LLE i i 4
PMU #5% 1 45 1) 12 JU {F , Bk Sy 1 $81 PMU &30, 52
PMU 230 f19 55— ity 32 122 04 15 0 N ORS00 38 7 22
I FE Ay 0 K5 Sk A O 285 f T ORI e, PR A S
$2 40 F K240, PMU A A

PMU % & 00 £ 119 S Jr 76 B8 28 0% H 6 A 12 R0 T
AL R, FILE 3 PMU 26 & 1 HE 2 R

MR .
Mo Al w

Herb, 2z, 2, 20590 D9 PMU 5 0 51) f) R 00 FEL I A 4

Vo A3 ) R R 425 PMU 5 5 A B TR AT R AR 5 Y
HZ 53 5 R 45 S AR R BT AR s e ve, 535010
FE, R ORI B, Y ) ) 2 1R 2

‘UU$%Lﬁw¢ﬁmMTﬂ3ﬁ%%
2R

(1) 37 B% @ — S 4 F, T 0 o, 0 AR 00, SR S %
a I 775 — ity FEL HE A

(2) 7 % a T Sitg B9 FRL AR R 2 00, R S0 a Y
HL A

(3) AR 2% PMU 7 5 By AH SR SZ B AN 1 4552
% a FUIREAR A N, LA S B R AR B A I
0 PR KCL 2 AR AT S o 1 FL IR AH 5

ASCH T LA T 3 R SR AR B AR A ki UL
PMU & 050 o % 7 138 FH 158 558 W 4% Hp i o
A FRAS PMU it B A AR E J= 35 X 388 A ] 0000 28 7y 175
Sto N T PRIEBE R B AL AL PMU
EORTREA T R, Haz oy e Ae 5 U PMU &)
A 5 AH SR AT S H T PMU i B A5 5 P AR IR
FH TR 75 240 70 P B2 DA SR AR TE X 465 1 42 JR ]
LI

PR R X Vo L TR ISR A, — IRAE A
W (D) E 2,25k Ve, T IRTEHR RV
I, P2 PMU 2% B & 25080 , AR AR (D) i 2, 2,
HEATH AR Vo, T s IRIIE IR g RIS BNV, T, TE
55 g+ LG 24 H B R 00 PMU I 5 A0 S 166 A9 49
WA PMU i & H A HE 48 PMU 0045 B A 4% SEi
AN IR R WEIRLZl . T A A S
o 22 WA il 1 O 2R A v B U AR B, AT
TRE T FEL X 285 A AT R . PR AR S B, Y
PEIRL LG , & PMU TR A 2 DA R GE 0 12 B H X 2%
(A I LR, DR IE BT 22 Ak T T

HE L PMU #5235 PMU 0 A S5 10 B0 3
TN R e AR T

ch + ICq = Vc(,+1
Ve, + Ve

31,=0
=1

o 1, R 0k b S R A BRI 5 e Sk YO0 1 %K
o FIFH PMU 7 25 R AR 2 R0 S JH H 9 A o 4
HRRF DG A 0 F A o, BB T B R DL B S A
A (A1) —(A6).

L PMU 2 AR AR 7805 o) 450 T Be NCh i e
T RS YOI 555 A ORI VR [ R R AN T TR
RO U RO , LR T Pl I ARG B, DTG
P TIRSHITAE R

16 1E 5 I R B Az M

:>ICq+I

(2)



% 10 H5

TRHAAR , 25 PMU HESEIN B o6f 2 2 Be i BT 22 T B @

AP
e =| A€ (3)
A8}’,\1!;
AV ooV ot
Hod, AP AQ A JE AT IR 25 Ak T F I R 5 AS
AV o IV 23530 R HRHE 1 20 PMU 530 2 F g YR A 3
FEF 1 g 20 HE A8 PMU 0450 H 37l AR A
1.2 & PMUKIESENRESMHITRE
TER G35 PMU 5, 51 AR B2 # m REZR
A A7 00 OO0, R AT DL
SCADA Ji A5 1) (B A4 BT & 1 I 28 e 46 W] IR
ABAhTE o ARSI BTy A5 LR A T B AT AR 7 1 A RS
TR R AR 2
X TR A 1) B, e S B SRS AR
FKE L
z=h(x)+e (4)
Horp 2 R I s b () 27 B 5 72, FHORAA
HEARSAE R E A IELME R R, v RS R e N
RS ARRENLRZ
SR T Ak BREC L AT RE AR I E T R A Y
B EPRAS ARG B FERSAG Tp 2 B AT R
M AE AN e (%) =0,
TE 3R R U PMU 2 I %b 78 K 1 b B T AR 2
B O T, & PMU TR A I (1% == sl s POIR S Ak

TR
10
=|0 1 |:|x|:|+e=E|:|x|:|+e (5)
I' 0] 1)
or
Hrh,z=[z, z, zpyy Azpy]"€R",z, 5 SCADA RGEL
Wi,z A D DECHE | 2,0, 0 PMU S0 |, Az N
3 o R AU PMU S 00 AR A8 b 5 1) v G R TU AR R 5 1
o C E PMU XJ B AT ) 55 0 S 46 B L 1 R AR T
PMU X 84T ] 12 04 5367 6 B 5 I Ay ) 7 2 2R U0
Wi s e ABGE LI O DA SCAS [] PMU S0 35 755 |
ABIBEPLR 2
ARSI AT A R X (6) HEA TR i
x=(E'"W'E)'E'"W 'z (6)
Horbr, 2 0% PMUIR & 800 R G n RS THE s W oy
ARG TS BOR A XTI AR [

2 ETAWEENEHREMETEZ

AN [ R 14 E PR R 28 LA B AN [ 245 Y PMIU 3¢
B[] 22 A7 A8 BEBE AN RE 1 3 LR 22 XE LA ], 32X
At RS S BT —E R 22 . X8I
AN E SR T2 IR I A P ) 10 2 A A A T
e Fi O 2 62 A S B S RO ER R IR 22 R
IR 2EGE R, TR IRE R T RAMEA REE

z=h(x)+e

1A iR 7 A N 28 B A8 e AR AR A ECFE AN W] 1Y
PMU 2 0 FC #1200 A7 FH AR SO T o 24 )
AN BE X BT 22 MR TR A T e, AT i
D7V S P2
2.1 HERMEESENAHEENEITRE

IGRAL AR I AEAE N 25, FOR I IR R e A
SN A B, DI 2R T A R R (ARG i .
WAZEM W] R, HIE A ZMETAR, —
PR SR A PR FRIE Y -3 %o~5 %o TEANR —FBEERY
SRR AR SO AN E S ELG R A 25 -1, 1],
RN RS 22 [ HE A . WK% 15 R, 8 57 4n
K (7)) FroREERl

Pi=Pim TP (7)

Hr,p, WG HINSE p L, F p, TIFRFRE s p o, T HR
K2, Hopy>0su, ASEATAE B, Hou R UE
BRI -1,1] & LUF k%L

RESTXEN VIS VN PR

oy, p Mg O BE S BEGE . o T RR DY
fii € X
A, =pyGH, k=1,2,---,p (9)

P
A0=Gx(HO+Zpkak) (10)
=

Hrp, 6, 5IRE7E & x B MEMICHY R 54, 14,1
51 WENERR s H, 5 — BARM W1 iR i #h Fh 4
FET IS B 5 Ay 5 24 % 25 500 IO 1) I 28 i D 25 4
. MR u=[u, u, - u] HSEAEFE W
i, Hflu|l <1.
[Fi] s 255 i 1 W0 A (B 5 %) AN o 1 L, 7T
DEZVF
z,=z, tzyw, 1=1,2,-- M (11)
Horp z, A E IS B2z, Nz AR RAE sz, iR
M 22 5 M R BT B S B8 s w, Ry SIS B 2
HOuZBUEIEEI [ -1,1]. oI 2 %R A= (12)
vy v
z=z, +Z,w (12)
Hp oz, =z, 20 2yl s Zy =diag(zy, 2y *** Zay);
wy | AT E R, Hljw|| <1
PRI 2R 2 AN e BE T i, A7 e =[ w” u” ],
BRI i r v RN

w=[w, w, -

1

r=lq, Z, -A,] H=[«L Mx]m (13)

Wb g, =z, - A M, =[Z, ~Ax],A=[A, A, - A,];
A =[Ax Ayx o A x| FERIE W A% 7T £ SRR



& L/ AR {7 G-

%4045

SR AHIEERIBAE [[¢]], < 1. HARBIE
AT RAERAR A «

S A

For, RAUEFERE . % & — A NHESEp 1
AT BT O0, WEAHE S Ep T AL
B EFE TR HAR R AL & () F5 15 2 241 ¢ () B9 2
B e, anp 2 i o

¢(x) "1U

2 THEESET BB FREH &

Fig.2 Objective function curves with uncertain parameter

2, R M & R s s IR R 0L R YT ZE, U
SRR TE GBI N BB/ ) oo (LR SR ORI D0 2%
RPN L RO RZE SV LA AR e B BRAE
MEZR RN » MR E SRR RT3 10 i
/NEABR RN ZR , D SRR BN F AR BRECT o RS
TE JE SRR IV B R . SEER il 2 S il AN
SE E S p BIRRFRENS LAY H AR BRI ¢ (o) 2K 78
VL2 1 FBR BB M X 1, , | P B
TE AL A5/ IMA [FFELEXT I 8 A TE—2H S
P R BRI, (x,). KK 2 AR 5B 28
N p IR LA AR AR AN IER R . Al DL, 22
flH i ZAR B — M HE =, 28 p T ] A2 4k
H bR sRECER LN T &, (%) B9 IR/ME . ANET 2 s 7R
x b 0T p BUE I ZEL, BAR sRBUEE N T b, (x,),
PRI AN A JRE T 22 il AR ] AR -4, F
AL

H T AN R R SR R B B, BN E
JFES BRS80S 2 1k
AN e ELAR SRR X A, DR ORGSR Al i A B XPIRES
Fh T S22 IR /N, BEAS i A2 T S G Fis 9 e
ASFARA A PR E R O R K
22 EEAHEEBETE MG

TR BT AR S7 A £, L, --- L, WEIUE
375 19 245 2 ORI MARLA 8, AR L A LI ASL 53531 g
PiP2y"""\Puo

HoA8 JUE RSP AT 22 MAT TP 22 1A -

n avi
Spip'(v)——=0 (15)
i=1 0%

b, o 88 i AW E A AR 22 507 (v,) R WL (X
7 FA R S5 TR e R ) S
BN B a9 NS A7 1) 6, A

ia?piprl(j}i) v, =0 (16)
MR 5 G A 2
pi = Pip (v) =p,p:i(v;) (17)

St A (o) G R T
SR A8 10 U AN R0
IR AR T 107, =p, (), 2
R

W= (16) 7 LIS Ay .
ia?ﬁ,vi =0 (18)
REFFEN
V=BX-1 (19)

HLrfr, VSl n 4 LI M1 5% 22 ) BEAE I B R R
O R 3 X R A T2 5 0 g UL (6
IEE P = diag(ﬁl,ﬁz, -'-,]5,,) OB
.
B"PBX = B"Pl (20)
SRS UL 4 55 I 11530 434 1 L
{5 R UL R 2 ORI 3 AN X J0k . 5404
HOW 32— A0 25 T B E S e . 2
S VAR, AR o A R (7 S5 ULt i
TS | DA TG B AR 2553 3R RS TP, 1R et
EIPCEROR . S IR S B R B
16 L3R S A R AR T AR S 3 3 1 TR
B AR B B P AL 22 MRS B T2
WM L=[L, L, - L] A RA R
DA B2 I A B BERLES 2 . FFsR A 26 f
S X, HALI A A (21) R
a, L,

. e L,
V=NX-Lt =|  |X-| .

[w" u"] (21)
al| |L,

Horp A UL 22 (8] BN TR, ¢ Wi AN S
) &, LB (el < 1.

MRIEPL2E MAGTTBE , 13 20 (R4 -

min lzn;pip(vi) (22)

XF 2 (22) K e /MA L B iz oKk &, JF A

MO, A



% 1088 TR, 6 PMU M SIS0 X 5 S 005 f 0 i ®
9 i Ik
o()= P (23) 312 HAER \ ‘
9, YOI Y TEEE 14745 05 R GUIRBAG T LA 4h
A SRS C P C3.
S pe(v)a, =0 (24) [ 3 7 SCADA il 5 ¢ Al PMU R 45 5 I 2R 5t
e AR AT EARE 1 o S A P (TR AR
; - HE A R T .
/Q'\a)i — QD,,(;U ),ﬁi Zpia)ij‘j‘é/fﬁ*XO Eﬁrmﬂaﬁj‘j*ﬂ*Zﬁ)
i 1.10
AR BRSO I (17 7 AR H m 18 s
N'PNX-N'"PL=0 (25) ol .o R
i ML AL R0 T A7 R AR A R IR c.  °
X=(N"PN)'N"P (26) = 0.08 .° . =
0.96

FIEANE BT 2E MAK T AT LA N TR T2
B ORI, 0= (27) s
% = argmin d)(i) (27)

Zi b 5 E FE SR RS B AR L
P> 75 TN RE B ) 2ACHE T 25 MO T B3 R LAGRIE
FEAN i CAr S WLINHED) BV T folt H A s Dok ) 7 2
BT IR 22 AR 2, AT S BUARE Y ) 22
ROR s T 22 MERE

3 HEEERSH

R T B E AR ST B AR AR X6 S Bl fC R T 22 A
T BCERCR , 76 MATLAB 2016a 4385 K, LAk
YR IEEE 14 1EEE 33 795 55 & 48 5 Bl 3 17 05 B 5
My, -2 18 PMU B B 15 50 %38 s R S A TR RE 0 52
Wi o ML RSN Intel (R) Core(TM) i5-4160
CPU@3.60 GHz,6 GB INfE.
3.1 BUHIEEE 14T SR GE B
3.1.1 HBIAHARAAEEE

U TEEE 14797 5 R G Fh 24 LB 5% C &
C1,DG AN EAEH TN ER , 2400 & WL % C
PR C1. 3 C20 YR H 4 >R FH SCik [ 18 A AL, XL
L AILZE SR FH SCRik [ 19 TR . PMU 0 JC 1 R FH 0-1
BB A5 B AETY 25 2.9 13 kb B 3 & PMU
e

SRy Xl FEA [i) 000 Ak B R I 45 T RS
g o B 2 Al St ik - 2 F 44 58 SCADA
RSB E B ZE AT 2T 5 PMU TR A 20
BRI KON B L 254

Sy 7R bt 22 M RE , DAL 2 B
5 S A AE T a5 10 4 B (R B0 i Ak L S 4.9k
2 90 1% v 307 g P R BB A A s FE DG (UL B4R 5
A BYFHLIR 2

15 B PMU 2 0 B0 2R B SCiik [20 ] 7 ik 4R
A, SIS BE SR /N T 107°, SCADA S A4 s 74 22
0.01 p.u., PMU & 14512 4 0.001 p.u.s

0 2 4 6 8 10 12 14
G
o WU EL{L , @ SCADA k11
+PMU Hie A MG HE

B3 BEREERSHITES S
Fig.3 State estimation value distribution of

voltage amplitude

[ 3 A0, B ARAE S8 SCADA HE 2 48 2% 9t
P2 ATIRAS A T, (B 45 LR EAE 2 8] ) 2 L
FEAT R P AR, i A KA B K5 B o A 31 ) 55 i
ME LU o BT 22 B . PMUTR A &I RS 05 B
55 55 04 B (L 93 A 25 0 RE /N L Al T4 SRk
A

] 4 Sk PMU IR A &1l 2 48 A1 SCADA £l & 48
15 FAF 52 0 L R AR AR

20
° L4 ..

wg c ey ebgss’
EN e °°
gy 10 ° 3
pDIL
TR 8

0l—e

2 4 6 8 10 12 14
T 45
o WK ILMH , @ SCADA A3 |{f
+PMU A =G HE

B4 BERCRSHITES S

Fig.4 State estimation value distribution of voltage phase

P &l 4 AT, PMU TR A 200 28 G5 10 A AR S A,
T B B BE 43N ER S 1 e E A, v,
TE PMU 0K 2 120 DA K R 481 PMIU 2 000 % b 78 Kt v
5 BE TC A B 09 1 0 B 22 Mk A Ak RS B B
PR
3.1.3 A

KT RS T RORE B AR SR HE
flithiR 22 S, 5 & K AL R 25 S, 1X 2 iR 22 A 45
b, BARA LR S A Ha0 (A7) ((A8).

XTI TEEE 14795 55 R G0R FH 3 B vk sy il it



0] L/ AR {7 G-

%4045

A1 120 A5 L, 19 s L HS R AEAR R 220 L LI 5

0.03 @
25 >
= 00
I
=& 001
o E

SCADA Hill, -~~~ PMU IRA M, — SCHk [11]077%
@ (5,0.02749), @ (5,0.01627),® (8,0.008 151)
ES5 TRBEEEENRETLE
Fig.5 Relative error comparison of node voltage amplitude
ME S AT A 2T PMU TR A = AL THE
A A P RS R R T 58 2 AR B /N, A 381 1) 152 22 i
LR AR FFDG SRR S5 ORH X 15 25 A e /IR X R 25 1)
ZEAEAL BN, HMR B AR X 1% 22 B KB 0.008 151 %
FAECZ TR AR S5 060 W R i (A 318 B B 3K o
e U 2, TR 11 17 Al e R iR 22 7Y
JUS ARAS BB IR il 2 (L, il 2 dn s RUROR

TR 2 B ) B R AE
Pl 6 R4 i AR A 4 X iR 2 5 H AL
=3 4 (D\
R
iy 2
-EP%‘ 1
s
g 0
_1 L
0 2 4 6 8 10 12 14
A5
SCADA il , -—-- PMU iR A& &M, — 3¢k [11] 771

@D (8,3.181),®@ (10,1.112),® (14,1.958)
6 TRHBEEHEMAINHEEITLL

Fig.6 Absolute error comparison of node voltage phase

FH 18] 6 AR : A SR 2 1) PMU TR & 52l R Ge Ak
T A FLF R 67 48 6 152 25 FE R 19 A 6,10 Py ARy
SR IN I BhIE I -1, 1.5] rad Z [H] ;SCADA
T 2R e Ak A5 2 () HE e AR 28 X 1R 25 3R, LK
SR SCBR 11 ] 5 R 7E 5 58 6.9 10 b A+
Y NP 1R 20N BT AT SR 228K 1R 22 I
BB, FE T 55 14 40 1R 255K 5 1.958 rad.

ARSI IR 2 PR T b iR s R sk 1
N (RPERZE BRRES AR ZE, JGRD .

x1 HEFRRETM

Table 1 Error evaluation of simulative results

o P MR (AR X R 22 F R AT 07 4 Xt 2 2
TR KR PIR2E kiR
SCADA & 0.000089  0.000179  0.000078  0.000179
CHRL11]77% 0.000064  0.000110  0.000068  0.000110
PMUIRA &M 0.000058  0.000108  0.000051  0.000117

H 2 1 AT, AN SO0 I W TR AT AN B R DR 22 T

R SCHR 11 078, AR I3 DR 22 (2 e
/No BERAERT T PMU IR & 5 I & 40 09 ik RS 2 R
BT oAb 2 Fhrik o X R A SRS A
v iy AT FH K 0L PMU St 005 A8 K S O AR
B, MARAS AR 1 O 2 0 BCHE oG 2, ]It itk
Je BT 22 MATHRE P 22 MERE R BLALLS .

AR SCHE SR gt 3ok A8 v 43 000 2 A 54 1) 3 AR R
AL THFER SEAT T 883, 9% 1B [A] PMU BC &5 5t
X SR BN R A RE RS2 . AR SO 7 v
8 120 YA FAR S Pk AR BOE AR AE 20 4
W AT, FIFERT N 6.57 ms, TEEE 1477 5 24
PMU Ac & 15 50K FH 0-1 B RO R0 5505 7E 0 1 22 )m)
AL S5 A Z2 0B AT e 0 3 R & 5 R AT 0y
Br PO a5 RN 2 Fs .

%2 IEEE 4T RRFETPMUREMRAEREMIT
HR RN
Table 2 Performance evaluation of PMU configuration

on hybrid state estimation algorithm in
IEEE 14-bus system

PMURC  fiitse  EURIRMEAIXRZE  HRARA X iR
B W /ms PHIRE BOAIRE  THIRE RKRE
2,8,13 633 0.000063 0.000110 0.000057 0.000115
3,5,9 594 0.000051 0.000109 0.000062 0.000132
2,8,4 579  0.000065 0.000141 0.000053 0.000127

P 28 2 T AT, A RE IS 2 A T A I HL D
R 2 AR ) PR ) o7 R SR o ARG TR B
I, 3G S R IR E AR O, R A I KR 2=
A TR AR B AR VHE Bl 2 N . X Ui T
P F NG ke 5 Ay T B I 4% PMIU TBE B4 A5 AR R [
SHRA RS TR B HERE R /N
32 B IEEE 33 T ERKEEHFIHH

R T B EAR ST HRAR R RN A SR AR I N A
BONE AR R ERER B . X IEEE 33 11 &R
GG T 05 By M IR SCRRk [ 21 100 3 X AR Ak 25
o BRI BB ML R0 WS D, 5 B4
R B X AE R — A/ N R G338 AR SO 4
0715, TEKE FE 7 100 Fifi 35 I 4 456 A6y 52 2 1 1) 2 15
PMU B B 0 KAV B A R AR | Al 8 B A L i 6L
TR ARIFEREE SRVFE B Z N . 7ER 2 N 4% A
TIFEI A /NI B 1 e (E 2 35 BTG 12 T PR o) 2 3
TR Rk ) 1o e P 23K

4 g

Bt xR I S 2l T FRL T R R 2 A R A S
M 35 B 2R, AR SO T C H R R 0 R R AR R DG
PN JFRE R A A AL G A LA A TR A
MRS 5 42 H — R ] PMU #ESE I 2 0T 32
ShECH R REA THL 2 AT AT k. LABLZENE GRS



% 10 H5

TRHAAR , 25 PMU HESEIN B o6f 2 2 Be i BT 22 T B R}

FHEE o HAx, 8k % 2k IEEE 14 f1IEEE 33
W RGA BB S AR AR 258

(1A SCHE 3 8L PMU ARG PMU 200 2% B A
LI T LA T R, DG i A TE T IEE R 9 O 000 4
PR B2, T LR i T RS TR

(2) 7 LI 45 S BORUAN [ 20 35 45 () AN 2 B
X425 MAL T RE AT e, O BLAR g 3 T
FRACPR . S5 R P8 A PR B R TR AT
SRS HLFEI B/, BB R PR 1o Y R

)AL R AL T 7 V5 BB IE WA R 2878 DG
FEATC HL IR A 0, 8 T KRB I 5t T £
PR A I RGRSAE T

Ji B E— 2T KR DG 32 A B H 4%
BSR4 70 / R BEMLTE DL DG s 7 a) 8j v 25 1
S, VEHE HE ST BT A T SEPR A AR | DA TR AR SRR
RISEATAN TR 5E 3 o

P s LA M 2518 (http : / www.epae.cn)
S 3Tk

[ 1] BRI, R, | Z 4. SRR I 1 RGUIRBAG T B

WANREELT]. W1 A ki s, 2014,34(5) :7-20,34.
ZHAO Junbo,ZHANG Gexiang, HUANG Yanquan. Status and
prospect of state estimation for power system containing rene-
wable energy[J]. Electric Power Automation Equipment,2014,
34(5):7-20,34.

[ 2] BREE, TSGR DRI 45 . BT XU RS 1 e i I = AR RS

Rk ] ) A gk, 2017,37(10) : 63-70.
CHEN Xing, WEI Zhinong, SHEN Haiping, et al. Three-phase
unbalanced fast power flow calculation algorithm based on
double decoupling for distribution network [ J]. Electric Power
Automation Equipment,2017,37(10):63-70.

[ 3] JaHAs, Tk, ohlom , A . BT A2 Bollbs & Ab i Bc e 0o = A

ARIFRPGH AR Sk ()], ) A s ke, 2017,37
(3):13-18,25.
ZHOU Jiawei, WEI Zhinong,SUN Guoqiang, et al. Fast decou-
pled state-estimation algorithm based on complex normaliza-
tion for three-phase asymmetrical distribution network[J]. Elec-
tric Power Automation Equipment,2017,37(3):13-18,25.

[ 4] 20, sk3C, X M. 5 p8 oA L IR 0 A 5E TRy 3
AL E ()] A ) RS A Sk, 2016,40(12) :9-14,74.
WANG Hong, ZHANG Wen, LIU Yutian. Measurement place-
ment in active distribution networks considering output uncer-
tainty of distributed generators[J]. Automation of Electric Po-
wer Systems,2016,40(12):9-14,74.

[5 ] 28 TR, B, % . ZET SCADA B PMU Z i Bkl (5 B
Bor RSB ITELI ] AR, 2011,35(2) :105-109.
LI Qin,XIANG Fengchu, YAN Wei,et al. An approach to es-
timate parameters of single transmission line based on multi-
interval information measured by SCADA and phasor measure-
ment units[J]. Power System Technology,2011,35(2):105-109.

[ 6] &k, PhESR IR, 45 . SOl iR T S BUAR L Ay PRt i h
WAL Wy B3k ,2019,39(6) : 153-158.
QIAN Qiang,SUN Guogiang, XU Wei,et al. Improved fast de-
coupled state estimation algorithm based on complex norma-
lization[J]. Electric Power Automation Equipment,2019,39(6):
153-158.

[ 7] 2, F0F, B, 55 T4 R e it e s IR A il 1
kL) T ARG A1k, 2003,27(10) :39-44.

LI Jian, WANG Xinfeng, DUAN Gang,et al. A state estima-
tion method for distribution systems based on equivalent power
transformation[J]. Automation of Electric Power Systems,2003,
27(10) :39-44.

WG, DEk, EME L AR T 0 DR R 1 IE R PR S A 1 43
AT )] I ARG S, 2014,42(15) :45-51.
HUANG Wei, PANG Lin, CAO Bin,et al. Parallel and distri-

buted computing for an area-decoupled state estimation me-

—
o]
[—

thod for distribution systems[J]. Power System Protection and
Control ,2014,42(15) :45-51.

B, B e, 45 BETR R HL R Y =R 1O e 1
PEAGELI]. P E LT R4, 2015,35(1) :60-67.

YAN Wei,DUAN Lei, YANG Huanyan,et al. Robust state es-

timation for three-phase four-wire distribution system using

[9

[a—

smart meters measurement datal[J]. Proceedings of the CSEE,
2015,35(1) :60-67.

[10] ET7, 30—, 70K, 45 . 2RI A PR T Ay £

S RUIREAG Tk ], RS A 31k, 2016,40(19) :
30-36.
WANG Shaofang, LIU Guangyi, HUANG Renle,et al. State es-
timation method for active distribution networks under envi-
ronment of hybrid measurements with multiple sampling pe-
riods[J]. Automation of Electric Power Systems,2016,40(19):
30-36.

(U1 ZRMER:  MIENAS 3 o, 45 . 25 R A e I A T HL 19 IR 23

SO IRELT]. LRI, 2019,43(3) :841-847.
ZHU Pengcheng, LIU Jinsong, FAN Shixiong,et al. A quadratic
constraint quadratic estimation method based on hybrid mea-
surements for distribution networks[J]. Power System Techno-
logy,2019,43(3):841-847.

[12] T, ™ IE, fLRE S, 45 . E3h AR M 2 H AR PMU f 00 AL &
[J]. HLRIHEAR ,2019,43(3) :833-840.

WANG Shu, YAN Zheng, KONG Xiangrui, et al. Multi-objec-
tive optimal placement of PMU in active distribution network
[J]. Power System Technology,2019,43(3):833-840.

[13] fLAEE, EERIE, 2 RE 5. TR LA LSRR N L

PR ATILPE (S PMU SRARRCE [T ], 1807 A 3k, 2020, 40
(1):66-72.
KONG Xiangyu, WANG Yuting, YUAN Xiaoxiao, et al. Opti-
mal configuration of PMU based on customized genetic algo-
rithm and considering observability of multiple topologies of
distribution network[J]. Electric Power Automation Equipment,
2020,40(1) :66-72.

[14] FENWGE, R, AAKPE 55 . — R AC F 160 o A JEE DI o () 20 A 4k

SR RS ]. AR, 2019,43(3) :753-760.
WANG Yinfeng, LU Chao, LI Yize,et al. A high-accuracy and
fast-response synchrophasor algorithm and its implementation
for distribution network[J]. Power System Technology,2019,43
(3):753-760.

[15] JHSGIE, TEZET-, BAAIS 45 . Je T e SRuE 512 e i X PMU

S HAEREMIRKLT]. HIEAR ,2019,43(3) :769-776.
XING Guangzheng, WANG Fuping, HUANG Songling,et al. Dis-
tribution level PMU equipped with optimal filtering algorithm
and its performance evaluation[J]. Power System Technology,
2019,43(3):769-776.

[16] SBH:, L . MASTEI i A ) RGeS A T A H
[J]. v E HL TR 2441, 2000,20(9) : 26-31.

GUO Wei, SHAN Yuanda. M-estimation and its application in
power system state estimation[J]. Proceedings of the CSEE,
2000,20(9) :26-31.



2] L/ AR {7 G-

%4045

[17] IEEE. 1EEE standard for synchrophasor measurements for
power systems-amendment 1: modification of selected perfor-
mance requirements:IEEE std (37.118.1a-2014[S]. New York,
USA:IEEE,2014.

[18] KARAKI S, CHEDID R, RAMADAN R. Probabilistic perfor-
mance assessment of autonomous solar-wind energy conversion

systems[ﬂ. IEEE Transactions on Energy Conversion, 1999, 14

Technology ,2018 ,42(10) :3258-3267.

[21] WBEn, AR 5EMs , VPARAE 45 . —Fh 3 DB 42 T 1 A7 5 1, 1)
W[ T ). P E AL T SRR, 2017,37(10) : 2852-2860.
MENG Tingru,ZOU Guibin,XU Chunhua,et al. A voltage regu-
lation method based on district-dividing coordinated control
for active distribution network[J]. Proceedings of the CSEE,
2017,37(10) : 2852-2860.

(3):766-772.

ABOUZAHR I, RAMAKUMAR R. An approach to assess the
performance of utility-interactive wind electric conversion sys-
tems[J]. IEEE Transactions on Energy Conversion,1991,6(4):
627-638.

[19

[l

TEEREN:
BHE(1973—), %, TAITA RIEA,
BHI L, EEHE T QAL ARG W
[20] 255 AR AL, 5. 36T PMU k989 ERC o k0 o - A it ¥ A (E-mail : xyc7309@163.com) ;
YR RO E A k)] IMEEAR,2018,42(10) : 3258- X A (1996 —) , B, L @b A, AR
3267. FHR A, EEMA TG @A ZFHE L AR A
LI Peng,SU Hongzhi, WANG Chengshan, et al. Robust estima- 31 (E-mail: qUi54@126.com)

tion method of voltage to power sensitivity for smart distribu-
tion networks based on PMU measurements[]J]. Power System 4”%%% (éﬁEH iér‘%%)

G

Influence of PMU quasi-real-time data on robust estimation of active
distribution network
XU Yanchun',LIU Xiaoming',LI Zhenhua',LU M’
(1. Hubei Key Laboratory of Cascaded Hydropower Stations Operation & Control,
China Three Gorges University, Yichang 443002, China;

2. College of Electrical and Computer Engineering, College Station,Texas A&M University, Texas 77843-3128,USA)
Abstract: PMU (Phasor Measurement Unit) cannot be allocated in distribution network on a large scale
because of the cost problem,and there exist factors of objective communication delay and bandwidth limit
and so on when different devices transmit data to the master station,so there exists bad data at the input
terminal of state estimator. A robust estimation method of active distribution network is proposed based on
synchronous phasor measurement, and the virtual PMU measurement model is proposed to supply massive
redundant data with high precision. The mixed measurement system composed of SCADA (Supervisory Con-
trol And Data Acquisition) measurement system,PMU measurement and virtual PMU measurement is taken
as the input terminal of state estimation. The uncertainty of network and measured data is considered to
improve the robust M-estimation algorithm,which avoids the residual judgment and iteration process of dele-
ting bad data in the traditional weighted least squares estimation,reduces estimation time and improves the
reliability of state estimation and robust performance. The simulative analysis of IEEE 14- and 33-bus dis-
tribution network examples verifies the effectiveness and universality of the proposed method.

Key words: phasor measurement unit;virtual PMU measurement;improved robust M-estimation; measurement

uncertainty ; active distribution network
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Fig.C1 Topological diagram of improved IEEE 14-bus distribution network
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Table C1 Parameters setting of wind turbine

A

P/KW Vid(mes?)  vimest)  vod(mes?) K C
B4
A 500 35 145 20 3 75
W, 600 3.0 13.0 19 2 6

e POARAHARBEHR: R, AHINIIR: iy vV, Vo AN HUE
VIR K C RAERGE A/ AL AT 558 B, 508 KWL D) FEGEAT -
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Table C2 Parameters setting of photovoltaic cell

Jetk

Alm? nl% Fmad (W/M?) a B
FLh
PV, 6500 15 1200 0.4 8.7
PV, 6000 13 1100 0.5 9.3

TE: A JDBRBESIIRL n AYeRRIBE AR r AOEERE, oo B A
Beta /7 i (KRS 4. B SR IR ISR BT, FEATC ) R Ay
Th, DIRFEBBOEN L.

F C3 ARAAM T 45 RXT T
Table C3 Simulative results comparison of state estimation

KA =R L GE RN AT PMU JR& &Il iHE
TRl HE S Afr HUE itk R HIAL
1 1.060 0 1.036 0 1.058 0
2 1.045 0316 1.019 0.307 1.043 0.326
3 1010 0819 0.981 0.794 1.005 0.809
4 1015 0648 0.988 0.638 1.009 0.646
5 1018 0553 0.971 0.545 1.012 0.549
6 1.020  0.902 1.038 0.787 1.070 0.841
7 1051 0814 1.037 0.768 1.046 0.828
8 1082 0814 1.048 0.881 1.080 0.832
9 1.035 0521 0.996 0.945 1.031 0.850
10 1.033 0334 1.016 0.824 1.029 0.507
11 1.049 0820 1.013 0.980 1.046 0.893
12 1.053 0551 1.030 0.839 1.053 0.631
13 1.047 0637 0.994 0.820 1.047 0.629
14 1.023 0983 0.989 1.004 1.020 0.975
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Fig.D1 Schematic diagram of partitioning for improved IEEE 33-bus distribution network
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Fig.D2 Distribution of measured voltage amplitude and phase angle by SCADA system
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Table D1 Performance evaluation of PMU configuration on hybrid state estimation algorithm in IEEE 33-bus

system
PMUZE  PMUBLET A fhT1HFEm /ms F PR MR (AR R 22 H AR 7 20 iR 2
Yt SRR ZE O PR KR
1 8, 13, 16, 21, 16.53 0.000 063 0.000 168 0.000 073 0.000 129
24, 31
2 7, 8, 24, 25, 15.97 0.000 071 0.000 159 0.000 068 0.000 141
30, 32
3 17, 18, 22, 25, 16.39 0.000 083 0.000 191 0.000 089 0.000 213
31
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