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A Real-time Calculation Method of Voltage Sensitivity Based on White-box Dendritic Net
MA Qing, DENG Changhong, LONG Zhijun
(Hubei Key Laboratory of Power Equipment & System Security for Integrated Energy (School of Electrical Engineering and

Automation, Wuhan University), Wuhan 430072, Hubei Province, China)

ABSTRACT: Since the traditional voltage sensitivity
calculation requires the knowledge of network parameters,
various data-driven voltage sensitivity fitting methods have
been proposed recently. However, existing data-driven methods
necessitate the repetition of all regression operations for new
scenarios in order to achieve accurate values, thereby rendering
them unsuitable for real-time calculations. This paper proposes
a Dendritic network (DN) based voltage sensitivity calculation
method, which establishes an end-to-end mapping of state
parameters to node voltages for any scenario based on the
white-box property that DN fitting is equivalent to Taylor
expansion. By extracting and deriving the voltage explicit
expressions from DN, the explicit expression of voltage
sensitivity containing only an extremely small amount of
computation is ultimately formed. In addition, in the explicit
expression of DN based voltage sensitivity, the first-order
component coefficient of each input keeps constant under any
scenario, which can be directly used as an evaluation index to
judge the correlation between node voltage and state
parameters. The calculation results based on the three different
scale systems verify the correctness and superiority of the

methods proposed in this paper.

KEY WORDS: voltage sensitivity; dendrite net; power flow

calculation; input-output correlation index

THE: TSR R BUE T 75 LR R i 25 2 808
AUHE, 1Ak 5 2 T 4008 DK 3 11 U e R0 H0L & T 2 A
GREE W ARIA IR R B AT Y e R E B S A B
A BESRATRE 00 1) R A, DR T2 I B F R BURE ) 5E
B 15 o 1230 B — ol 2 T3 98 ) 4% (dendrrite net, DN)IFTHL
JE RESER T E T, 2 F DN I ASM FRMBETF A
TR, BVEATAEREITHRENRARESHEN S

E£mB: ExHEMAFRHIH(5100-202336015A-1-1-ZN).
Science and Technology Project of State Grid Corporation of China
(5100- 202336015A-1-1-ZN).

FEL S P 281 AR o JEEL o - DN i I S PR 5
HEATIRIUNIR 3 SR ZTE A & W D S B A F S R AU
WAERIEI, Fg RGP FOE R T B R g, K, fE5E
T DN {979 s i s S M RA S, S A — B 20 B R MU
ERIBAT T B RFHEE , W B PR s R SR
SSHM R VFr bR, 2T IEEE 118 iR G5 3 4
AN TR A 451 F6) 075 0 5545 RAIE W% 5007 iR R IE T PR AR
A

REIE: R RBUZ; RORMZ, WA, R A
KIEFEAR

0 3l

bt & 70 A U REVRAE H 0 R GE B R g R
R, A A REBENLIE AR K R GeigtT
[ BTG 2, HrpaE R R G TE T R AR
U 2 (58 2 5 My ML AL 1y o Rz — U A LR
X RGAFRESH AT AT BIIER, Rk
AR LA ) () R R AR Gt 7 Dl v 4 | o bl Dy
B —SH B0 i s/ Je Th RABUE & T 73 [X A
TSR R B SIS A ) P B R T Ty 5
& HLR YR RE ) R AR SR, R ol 3 4 S vk B
f14 R s SR ABORE S T DRI T 40 23 A A RE YRR N R
(KA Ge ey L e i s A FL L R

e Gt 1A v s SR B0 T 55 7 3 2 E e P I oR
R AR R R, AEREAT S R B
R TR A, FBOSERHMCR B2 A
A . A 2 R GUIR S S BAE A RIB AT I 2B
AR, D9 743 BIHER I i R, #RA EE g
BEAT A v AR B RORI . ) — R SRR LR R
BT TR AN REEN P, FOH L R



7504 ST £ N =< 1 R B =3

44 %

T AR LR GRS S BRI N & %
JPRE T RGP A E R, MR R, (B
B T BRI R UL VA R AT PR, H
H e LB YR I 77 AT R THE, Btk
T RERT . HeAh, DL EPRRE G R T ARG
FETAM 28 Z 3 (N 26 3% B . TS EOME N RS
TEIATEE, 1IX L5 BAESL bR R4 A4 X DU
i e NI

BY X & G R BURE 7 1 75 R T RN RS A I 2%
SHHR S, TR BT RO IR B A L R A
FETHSR T EAE AR AR SR o SCRR[15-17132 H A FH /s
TIRVERAT R A A T B E T N 3
LM S EBCR BUE I HERAL 1T, STHER[18-19143 71
e AIDEE ] o 1 )V N (13 =4 N N 1ty o I = S
1T RBUZENA - DA J5 7 1 52 ol #0042 2 T~ 28 14 [l
9, 28 T AFPRE S EA [\ R B 2 8] 1 N 7E
KR, 5RGEIRIAEZMSZRART, Fitk R U
WA IRZERK . B SCHR[20] 78 UE B o R /A ) R B
JE 15 L /T RAGUE 2 A7 AE B 26 RERTHR T
FEH R R AR RO, BRI TR
TR T SR 1 o (B DA b 3 K0 ok sh () R U it
ST SR AR B () R HE RS 4 1 Il 2k
FEAS, XTIt st, Wk A5 2 Sem
B RBEME, TR T B AL G ik — R EE T
ARG E IR, A Rexd Semf R 8% T2
IESE

XTI HUE R THE AR SRS, A
SCHR L EE T A Y 5% B 4% (dendrite net, DN)P' 2
B RS 5505 1) % R RS Y
Pk——mit H ik, 3T DN #3727 RFEIRE
S SR B AR e B s g, BT
DN SN TZREIRIT AAEER, B n B
WIEH TSRS TR R BEERT A RES
o erERaA, Fik, EEBERBEREER
i 2QOA] EL 4 T AT R R SR M 2R I S I e 0 R
SRS/ . Bl TREH RO ERDHHE
&, MERBETFERE AR 2%, 2) H
T DN @R 2L T A 2 s T 5 Nl
SRMLREPETY), AR H R A o 2Rk
2 — W 3 i 2R B PR R AE TR R T 1R
RAEA FPIRAS S H R v E e bs, HTPA 2%
RE MR BN BT R 2 L R
K RBCAALL

1 NAERERBEHERENHFER
1.1 FESEEEFERE KA

S T e bURE o SR 1) H I R TR
FERT RN A

{AP}_{BP/&& aP/aV}{A5}_J{A§}
AQ| |00/98 0Q/dV | AV AV | (1)
oV /OP=J"'(2,1) oV /0Q=J"(2,2)
Ao AR T T 7 Py O
Ve ST AT . BE MM 0K
T PR J TS LCAERE: VP VIQ RIBUEEHEFE
S R SE AR B AR RE 01 A SR R 2 BE
B J I 4 DN YERE, 15 iz X oi=j BAIEGL TR
TR RIEAI N
0B, /96, =-VV,(G,sin6; — B, cos5;)
oB / 9V, =-V,(G;cos S, + B, sind,)

2
00, /96, =VV,(G, cosd; + B;sin &) @
dQ, / dV; ==V,(G;sin S, — B, cos )
aPl / 85/' = VizBii + Qi
o, /aV/ =-V.G,—-F/V,
‘ €)

99, /851‘ = VizGii -k
aQi/anzViBii_Qi/Vi

K G B il FYEREFH RS Byl

HX(2). Q) A1, SRR B Py O,
V. o GHM BILFEME, B G, B RFELEFBER
GURE TN 2 S AR B LSS A
AR Ak, TEARFRNEAT I ZIHE 5 EL AR RE N I OG 3R
KA, AR HE R PEoT, e e LU B
B A 455 PR R BIORE 20 B R AE 9 R R T 3R 2
AR . RIEEF XA RIE AT 5, 357 56 O 7
bl o o g R SR I, AT A5 B H R R B0 IR T
fifto RIS TR B SRR s A BRI AEREIZ 5, A
T H 5 b R A SR 30 2 3 FH - DA R e R B Dy B
Bl 2 B RS 3 0 1 B B R A5l e, 2 7% B A1
2425 i) SR W PRI AL T SRR
1.2 IMEEDE

W (@) TR, F&T /NSRBI e R AU 5
se MR BB AE U R, THE I RBEE S T
R EAR B SRS SN G 2 10 H A .

{az/&ngm/Ag

4)
IV, /30, =AV,/ AQ,



19 #1

PR BT R SR 00 46 11 L I RO SIEI 5507 1 7505

F T 3X 5 VETE SR BURE AN R B I 0 7 2 5%
FPUCEIR T , BERFPE R A REE, R
REBANHEL, R FEmt . i TR RE LA IR
THEORFERE, DRIAZ 7 V2 AR 5 8 DU X 48 s 1
ZHE N R RIRTEE . (HH TR BER
BeAE R, BRI B, mT DAPE 9 Ay
RINE I
1.3 Z&MEEYIE

BT e M B VA A R R SR AR R i T R E T A
V. Py Q DR T8RS B R A, X (S)
I VIPS VIQ RIEBEBATERMERS, m6)FiR,
T R fe /N Z v AT AR T ik (i 1R, G
(7)) Rk e/ MCARAL ]

N N
AV, = X0, AP+ 8,80, )
j=1 j=1
. K N N )
argmin} | AV, =2 o, AP, =3 8 ,AQ; [, (6)
% ﬁt»;/ k=1 Jj=1 Jj=1
. K N N )
argmin ) | AV, =Y o, AP, =" AQ, |l +---+
o ;B k=l Jj=1 j=1
y 2 2
A +B;) (7
=

K oy By 5 AR i HLE V8 A
MAY) P B O REBE: N NRGT s
K ONENAREAS R A0 8] )5 1 004 10 5 5

BT 2 M [ 51 19 SR B PE SR AR 7 Y TG 20 R e A
TINS5, HAERIE, HZME R 582 HRR T
i NS e 22 () B R R 22 1) R REATCE BOAR ELAE
¥ REUER M LR HE, SRR E L
VEASFAAHTF, DRI ADL A 15 280 10 2R 00 A8 i 22 30 5
BK
1.4 JELetERERIYAE

EIUE V/Q REUE S vIP REUEAFAE LA 5%
Z, WR@)FR, CHR[20]5E 1 —Fh R BUE R IEZ
MR, Ak B AR L 2 5 e 4T bR
T RBEZ AR R .

argmin 3 || AV, = a AP, =3 a7, AQ; 5 (8)

% My k=1

Kb VIQ REBUZES VIP R HAG) R AL
SCHR[207 A S 56 45 SRAE B FE VB R AU 2 8]
WAEIR R, S RBUZ R TR L REE 15 2 R0K
$eTt o AHUL L i S Hiot 0K sh 1) RS T 57
HORE X 2 AT ISR A S i [m] U 45 2 1 8 HOR

BUE, BXBEETSS, I ARGBES A
T 2 A [ VA R A RE SRR A ) S R U A
[l M LA A2 RIBUZAE LTS 20K

2 #T DNHBEERHEREITE

IEWVNEENEF R, U RS YRR R T
WIRHE, FRed AT 5 uE H TR R s AT
Y RO E R G, B SRR T
BHRESHMA S BERIAN, Ak X1
H, s 3 1 2 0A 2R 2 SR ECH e R 50 T A IR
S EMELZER. DN IERSZILLEREUER
BRI 76 R 1R 1T
2.1 E7T DN g#RItEE

DN AR T FEE =) (10)fiw, Hi
(94 DN HzATFHE T, H(10)4 DN AFH
JE 2 B R R R

Zl — Wl/l—l ><Al—l
A =Z'0X )

Xz[x()ax]axzn'“)xn]

Y =W " " (W x X) 0 X - ]0 X} (10)

X WEVRRINE | ERIRESEG 20N |
RISy, A5 ATV LR -1 2
AR L ORI P EHG < AR R
Feit; ofU3k Hadamard 1, RI[FIZYREREAR R E )
JCERT AR IIE KT ) [ 2445 % . DN %) Hadamard
AR B SRITE 9 BE I B S 30 xo=1 JE A X, 380
i B Z 0 IR R 2 {3 7E DN R H X Rete B Bl s
BRI T, K3k DN Bréar 2 LAk, HaRE
A RO A AN S EE RN 1, BT
W EAE R BN R ESEBEE N 1.

), DN IR b — 2R it
WEAYHTERMA L TE N Z JZ A IRE, B4
A 1 s i N 2 1) R A2 1
B MHT#ERITEER, JAFEmAESER
BNRGREZSH, KBathZS8xE N AR
JE, BT Q0D BRI m) 4% 3892 K sas AT 4L
5 T2 BB I SRR AR BAE AN RS AT ) e S W T
KT BN GREAR, NACE S HAT I 2R Hr o
TELR NI, PREFELUIAE 2N E S AL,
R RIS S AR RGCURESHUE, T8RS
YRR ) TF 55 B2 B AT 57 BE A5 2 F00 0 5 45
@R



7506 ST £ N =< 1 R B =3

44 %

hal
Ym

1 DN ZHTEE

Fig.1 Concise schematic diagram of DN

dZ'=dd' o X
1
dWl/l—l :_le X Al—l T 11
v (47) (11)
dAl*l — (Wl/lfl )T % le

o MOABIRINGR T RE AR R
22 ET DN MERITBEMESBRITERYR
FEIZFM 1

NAFAIEE R 3 T DN R i+ S A 5 S
A BRI LR RBUS R & bR R 58, sl i ff DN
BENS LI 2= B TS A S E TR o AR SOl iE B
55T DN Byl S aE S Tl H R 8 e
T, FCAUEBHIZ I A 238 H T3 br R GUTERIZ 1T
T E R, TR IR FE S ) . L RFRI LSS
L LA T TR IR AT AR

W (12) R AE [a1,a0, - a, ] AL JETF I = %
TLRMAN, BRI BRI ECNE
R ok A RIE BB R IR, 8 F R A
EE—ANEN S EEM ROk E— A2 0
PR @R d. HEMHBZ MR AR
RS RETT, B3R AR,

f(xlaxza'”axn)zf(alaaza"'aan)—'—

n
Z(xi _ai).fx,,. (a17a2a' ”aa,,)+
i=1

1 & ”
5 Z(xi _ai)(xj _a_/')f;;‘x/ (a17a29“'9an)+

il

L3 (-a)x,-a) -a) 2, (@ara) (12)

3!i,j,k:1

Kol n MRASHER: 1 £ O BN
RIFH—I. W= S

S(x, %y, 05x,) = £(0,0,-+-,0) +

S 1 & .,

Z;fxi(o,o,...,o)xi +Ezlfxixi(o,o,...,o)xl.xj +

i= tij=

=3, 000 (13)

Y=l

K 28 3 e O 0o T o ik AT I 3 B AT S

K5, HFE LR RE RS o= SO
HIIRA BETE R, TR AN S5 AR T30 v 5 1) R
MESTELAT, oA BB R A DL S0 )
RN, B EE RGN shim s —
WU R S AT IRE, X T KRS
IS AR P KM B I 1 A . DN 1A I st 2 A8 52
S vk DAL Il JEY A AR BUE SR A A 7, e RERE
WE I A 2R R e A R e R A A, &Iy
RGN BNE R BRI S B 58S
BraRi tbfE 584 —8, DLF AT VAU
22,1 FRIXEAMEAN

DL nt1 4ESIN . m 4ESH T 4 2 DN B 5 =
B2 v 55 AR A BT XL, :0(14) /2 DN S E S
MR T A AR EARE L

Yg =W4/3><{W3/2><[(W2“XX)OX]OX}z

n+l

4/3_3/2_2/1 3 4/3_3/2_ 21
E:ng Wi W, X+ Z [(ng Wy Wy T
=

[i,/E 2,
(i#])
4/3_3/2 2/1 . 4/3. 32 2/1 2
Wi Wi Wy W Wy Wy )X X+
43 3/2. 21, A3 3/2. 21, 4332 21
(ng Wy "W W, W W W W W )
2 43 3/2 21, 473, 3/2. .21
XX 1+ Z (Wi Wy Wi+ W, Wy W
[i,j,kE £2,
i)
ik
ke
4/3_3/2. 2/1 . 4/3. 32 2/1

Wy Wi Wy AW W W+

43 3/2. 21, . 4/3 32 211
Woi Wiy Wy Wy Wi “w )x,._lxj_lxk_1 (14)

)

b X=[xo, x1, x2,-x,], BN E S S RGRS
SHIES: w) VRN | BRESHOERE AR
17 5B j S E X RIS H: Q2 NVEE L B ntl
RPN AFEE A T Redla: Q, IR 1
B n+1 AR 3 MAFEIEHI A FTRE4L 5

A1), BT WESH X WRE N 1, DN &
Fra ik A 2 I BT HA AR Tl x]
xx;), LARXF DN JRIFERIE G i kA RAER
BT RSN PEREAT PEAH T .

XADE 1 #od, 2 =1 RS EN
witwiwi g s BT xo=1, BRI ) Rt 2 5
PRI RIE 1 HHIT £ 0, 0,4+, 0)0 2 i>2 B
BRI wiPwd 2w x|, B A]N 2 7 55 AR A

gi
2R 4 7> imj=k AR =075 £5), (0,0,
0)x’ /3!,

XA 2 #Wad, & =1 HEIKTEN

4/3 3/2_ 2/1 4/3 3/2_ 2/1 4/3 3/2_ 2/1 2 4/3
(W Wi, Wi W wirwry +wywy wiag Rl (wyy



19 #1

3221 A3 32 o a3 32 2 s
WWE W wl Wi wg wrtw s RIVRT 3%

J§7 22 58 55 AR b B8 3 gy v B O 3 A7 (O,
0,0--,0)x; / 21 FIEE 2 #B4 I FA 351 7 (0,0,--,0)x,

52 IAFEIR 51 (w22 )P 4

g1
4/3 3/2_ 2/1 2 4/3_3/2_ 2/1 4/3_3/2_2/1
Wy W3 Wi )X,y X 5 A (W Wy "Wy W wywy +

wotwitwy xl s RIVRT 43 500 2 7 57 bk A e
B4 R £ (0,0,-,0)xx] /3L £ (0,
0,--,0)x/x; /3!

X(14)%8 3 WMo, i=1 WARKIEN
(W;1/13M;l3//2wf]i] + W;SW?;?W/?[“ + W;,{SW%ZMZJ(“ + W;@W%ZWIZI +
Wa We Wi W Wt wixx s BIVRTRE R 5 5

AR 3 Mo AT I /7, (0.0,--0)

xx, /20, 4 2 WA B (wiw) el +

4332 o1 | A3 32 21, A3 32 o1, 453 32 21
Woi Wi Wy + W Wi, "Wy + W Wy wi +Wrwy,mwy - +
43, 32 21 s N N
Wee Wy Wi )X XXy » XN T R AEE 4 56
fo£3)
S £, 0,0,+-,0)x.x,x, /31

Zr& Ll b, DN BT A 2 25
557 A AR B ST, PR — 2 A 58 4 AH [ 1)
FiLE A
222 SEREIEN

DA TEEE 30 75 s WL TH AT 38 70 & R 501
SRR, RGIRESSEEHE 49 Wi, Kk DN
S NS S 50 T, HAR# DURER 1 R
BEZH, #2-#40 WO RUG Yy I 54 015 R4
HA1-HAS TR FINH2. #5. #8. #11. #13 3L 5PV
TR T R AL, #46-#49 T4y ] NHO-#S
HO-#10+ #HA-#12 #27-#28 17 ri Z [A]4F [ 25 (1) 2% Lhif
WSH, #50 DU SRR /%, fibs
930 M A HIHLE, 34T DN YIZRI BT A SN
A — b = [-1, 1K A

Kl 2—4 X4 4 JZ DN & F13 2 AR
F PR R T Rk AU 0, 71 s R R TR IA 5
HH#49 TN — BT xin T X7 RE SRS
A BB R A4 EREL O(EN R A2 MR T E AR 1
FAT R . /N RBE T S B S A R A
XT#49 TN — W B S E R DA R e ) b
EHHEAT T XF L

M 2—4 AT LA H, DN 02 10971 e S
FIENFHIHEEIN xo —M A RERE x5, 5
ERH, SEE S TERIE . s AR

SPRAE: FET R R4 1 LU RO SE T RO IA 7507
Lotk < 1(0,0,+,0)
’ = DN LI
SR -
ﬁ L - ® o\ /’A\\ ’/@-d\ ./R‘\ i
0.98F V \
0.97¢ 1
0.96 : s : . .
0 5 10 15 20 25 30
T

2 DN RABHMSER-ERIT ESRT S BE
Fig. 2 Comparison between constant term in DN and node

voltage from power flow calculation at the origin

0_00»%_-- K

= 002 \- /
0047 L 91(0,0,-+,0)/ Ay A

= DN xg 78 REL L '

0 5 0 15 20 25 30

El3 DN x4 D ERHSH#9 WMN— SEER N SRHIFTEE

Fig. 3 Comparison between x4 coefficient in DN and first

&

-0.06

order derivative of #49 input divided by factorial

15

< 9%(0,0,---,0) / ox,
| = DNxj MEAK

—_
(=]

AHux107
W

0 5 10 15 20 25 30
W
4 DN xj, PERESH#49 MNZM SEER A T3S EE
Fig. 4 Comparison between x4 coefficient in DN and

second order derivative of #49 input divided by factorial

BT . #49 BN — B S AR B S5k
DA B e LU AR 3 56 4 — 5, 1B DN #4753 2
()55 3 B B A0 AE S W T B A0 R A AT 2R R T
JEREINZ s R A P & m R/, FULET
DN [l EMEEREER S ERE LS
IR R IR BT g, EW T HZ AN
MM, IEWISCHR[21]F7i8, DN k& T 228 R I 1)
T T

S R RSN ST T DN M
TR S A R R A TR, — 7 TR
T DN HfSERE RS B IE 22 S BRI TS5 A0 N 7E RN,
WZRSEEEN DN U T B 1247 3 S i 2 5@
(1, ELHERE G T R A 2] 5 B AR 5 VN TR
T A B T I R SO O T T A SR R 4



7508 i ZEN I

T B % ik

44 %

BIERFE s 3 —J7 T, tH 30 B A R B R Sk—— iR
ERMAEL KR, 3T DN LA S kAT
X EANSH ) BAERIAA, i H Rk &7 A0k
SKREXH R R AR A 78 TAT I
2.3 T DN Wy JE R BUE RiE K i

7E 2.2 5 HOR R B EAL TS DN LGRSk
L R I T AT PR IR A L, ARTFTXE ST DN
) F e 2R BORE B SR i AR AT R, DOREGE g
T Yo P58 ¢ TN x, 1) R AE AT U B,
HAt RS R FAFELLT 3 AME PR

1) T Py sag A7 H s BB A ECHE 28 B 1 2k
FEA, ZHR 2.1 WIIGAERRGRESHZE N A
JE ()3 )55 DN o

2) wmX15FR, AT DN 1) Y, BiERIE
KPR AT A S x K30, Hp I=+1. W
K6 FR, HFREH RIE % x, 3R T RIAT43 2]
Yo /x, RUER AR L

3) TELERIFIIT, K B A N 2 E0) S A AR
ANHBPIER 2) AR RBERER, BT Y, A

FRAPL AT S T

BEXT L RO RREL, RFH Y, E N
RAEE, x RENTREETEY, SR
2. 3) WHERIE, T DN & T A Z A FE
BAT Y S (BN s R BENLSAT . BEALAL
AT I BENL PV 5 55 R 1 B BN 2%
At AU 15 B S8 T 28 8 e T 1) 8 W o v
FWL, T RGERESERAEFEFTSE,
F£T DN 13 21y R % ek AR 28 H 1, BRI 6
B BT iE— R X — ORES S B
AR, P S U T LU PR E R L SR B X A E
BEA A1, R a0 2X(16) 5 58 MO M fa7 B A
ETHR, BIAT G SRS 5 1 & WOR UM, |
TE B8 A8 196 R 7E 2 L AR 75 3K

el b, £ SR ERBUETHEITEAR
JEIR ARG AT TR A K. IR 1 T LR
i, F&T DN f I R BB R AT iR BRI o7
FERTA R R AN, RS TR A
ESI[ G E

®1 TRRGETERENSERIILE

Table 1 Summary and comparison of different sensitivity calculation methods

WAREA SRR R R s e P02
1. T BT RIDE R 4% S 5L
R LR TR Ll R SR 45 3 E R/ Sy 2. BLFH TR R GohT PR MR (0 52 A, T SR )85
e SR I B HE/TET) RGUEHERE K, BEINDR
3. ARG INRAESUE R FHRI
1. TEHERTRIE I 4 5 5L
T TR RS H T I MR A U R, PR R 20 TPRCRAS RS 5 58 BB OB T 5, h SO e A

TR 2. PRAEMRIME

K, BRGNP R AR
- RGHRANR L BCRIN BRI

Uitk ETHRARRERBUEIET 1 AR 5K

3

1. ¥ REVER A E A B, T RIRZERK
2. R AAEAEA BRI 3 T IR U
3

BT Hh FR R LR 2. BRI - BRGNS 3 R
4. VSIS R
1. HIRI R S T RIAL,  TE f,
N ———
ey CORMHPUREGBIRRBUIEN e e s e Y e

TERRA S, A e A AT

[EVERA 2. UFEURE RER R M Il A B B T

LR REBPEA

2. FES[EVARAEA REIRBUH A 57 T 0 R U
3. RGURINR A BORIN 7 SRR

T DN et s, AR S

HESL AT R T RES R

2. BRAERIAE, THEORE R

R GAR ISR HUR SR DN O Joidad A T8
PR, 75 A BUE TR R AN ) DN s

DN 3. MR RBUZFRIEAE RGN KL
BN, SHEESRAEE
4. MR RBUE TSR A M 2

BERIEA, X ERE AR
752 LT RGO ) S8 M RA 5C

R TTiE: BESHRINEAL, AT CURI RS 2 ST AR N
3% 58 B DN Il %k

% lx

J
(j#T)
4/3_3/2_ 2/1

4/3_3/2. 2/1\.2
Wor Wy “Wip + W " Wi Wiy )x; xj_l]+ Z (ng

4/3 3/2_ 2/1 4/3..3/2_ 2/1

n+l
_ . 4/3.3/2 2/1_3 4/3 3/2 2/1 4/3 .3/2_ 2/1
= Wer Wy wrp X, + D [(wyr wy wi + woPwitwrt e wg Pl
—~

4/3..3/2 2/1
Woi Wi Wip +Wo Wi Wy + Wy, W Wi

2 4/3.3/2. 2/1
XX H(Wor Wi wyy o+

4/3. 3/2 2/1)
7 j-1

4/3_3/2_ 2/1 4/33/2_ 2/1 4/33/2_ 2/
Wr Wi +WgT Wi Wy +wg]. Wir Wy +

)xtxj—lxk—l (15)



19 1] PR BT R SR 00 46 11 L I RO SIEI 5507 1 7509
aYg_3 43,302 201 2 RO 43320 2/ L 43320 201, 4/3 372 21y 2 (w3220
e W Wi Wip X, + > [(Wr Wiy "W+ W Wi W+ Wy Wi Wi )X A 2(Wr Wi wyy
=1
' (/j'¢T)
4/3.3/2_ 2/1 4/3 3/2_ 2/1 4/3.3/2_ 2/1 4/3 3/2_ 2/1
Wor W Wip + Wy Wi Wi )X, X, ]+ z (Wer Wi Wi AW W wi +
[j.kE £
(2T
k=T)
4/303/2 /1 430 3/2 /1 4/303/20 2/1 4/3 3/2 21
Woi Wi W + Wy Wi Wir + Wy Wi Wi+ W Wi Wiy )xj_lxk_1 (16)
3 ET DN sy N/ B X N fa AR Loqaistom I8
(GG G- @  AGh
SF DN sl TS0 G BRAENS SR i i R i X P ?;ﬂ
BEARARIO A BT ROE 2 8b, R vk e gl A 28]

HN S ECZ A PRI b ——DN i
FFRIE XA B — B B xy REL SR Y L
PERIB T E AR — B0 & R R kR
g B R IR A 1 Bt 30(17)72 4 J= DN J&
BRI — o BREOHE AN, iR
S RN GREF [ DN NS5, 5 R G0IRESHE
TR, B B REOT HHERE T F Ak
FHEE, RALZERZ BTSRRI AR
Ja . ARG N RIB AR S N\ B E A PP 4R
b, EETHBAT WREVNER, ASFSAS )
M —H TR X T RGP IR HME
WHEIE A RGBT IR PR 5 Y i A
HH SRR S S O T A 8tk 7 5855 H T
Y&, #RREUSIE KB 7

433221 A3 32 21 4332, 21
Pait = Wor Wpi Wi+ Wo Wiy W + W W™ Wiy

(17)

7E IEEE30 1 50 RS #26. #30 75 mi i I
15MV-A [5G4k, F LA 7S 3E T DN sl & g
TFRIEA T —Fr 7 & R EER . i DN JIZRE)
HINSHEFE 52 1, Ho#1~#49 T 2.2.2 1)
WEAHFE, #50~#51 TUA#H26. #28 F1 s N6k 1)
B FTAT REL #52 TUNPATT S R &
B, HHSEUA 30 M SREE, FrE R
A — = [-1, 11X A

WK S flizr, EECLLR 4 AN SR EE S &5
N A AR AT oA #2 19 PV T 5L, #28
T R(EH#8 PV 1 R EIEAHIE), #26. #30 T RN
FEARTT R B 7) 7 RIS AT RS 4 12
DN & 5 I RE AP RS RN 2 R
IR 6 Bk 2k .

ERx#2 5, T NPV IS, HEEERE
WMANSHR I WA BEERESEE R, KR
A # A —B o 2 R s R g, HR
BINTIM R REEI N 05 EFx#28 505, HTHS

——————

24 i

,,,,,,,,,

5 1IEEE 30 TR RGMAN/EHEX T RiEE

Fig. 5 Node selection for correlation analysis of
IEEE 30-bus system

1.0 ,
S = Y099
&
0.5
Y: DN—Fori R4
0.0
10 == X43
28
=
% 05
0.0
05| Lo
04) B
5 03
¢ ;
o2
0.0
05| .
04| TWR30 SoH
;L:Mﬁ 03 Y 0.2
W& 0.2
0.1
0.0 10 20 30 40 50
REP=
6 ETDN—MoaERBNTSBEXRIE

Fig. 6 Voltage relationship spectrum based on the first

order component coefficients of DN
#8 T R(PV T ) ELEANE, DI B 2 5E 548
TR R RO, BRI SR R AT DU 52 5443
BN — B A KT Abd s BEx#26
mo FERRUER T LW EH50 AR —Fr 08 &
s K, PIET LA E 77 R 15 MV-A iR
A I R AR R K. BeAh, R
FRUEIETT LI BIAE 4 DAL AR 7k, #26 711



7510 ST £ N =< 1 R B =3

44 %

SRl ESpRI ]

R R E#27~#28 17 s Z [ ()22 R 282 LL(#49 T
MR REER, 765 APV AT, #26 11 8H
JE5#8 1 m(#43 TR RO, XL
MH26 5 55 T Ak L A7 B (BN B #26 T T AR B
TNH2T~#28 T A R4, B5#26 19 r AT
(1) PV 5 SUN#8 T )M 1 R I 5E 43K
() EPXT#30 4, MBS RN Hr 4 R E#26 7
FMRAE—5, EAHEKZ, DN 155 2IK#49
A=W & R T#51 N, KIEXT#30
T, #27~#28 T N )R R AR AR L s e
FEERT#30 11 AUBARIA I 77, X A4t 2
TEVEMNTT TR A B EA N THERTS . i
DA b #fral &l DN I EE U i —Bh 70 & R4
AT DAY A b 2 15 AN [ 3 NG AS ) 4 H ) B R

4 {HELIE

AT gk Y IBEE 30 155, 118 9 A %
[ /= 2R gIM 500 5 ARG BB X BT v IE

TG o
T30 40 WA
(a) DN, %Y REE N-1

(b) MRBhE, W REE -1

B PEREAT IR, 3 NEEI BB R AT
MATLAB #f4 Matpower T B4 o (1) 19 47 HL451 48,
LI HE: 1) 3T DN R b sk
fERIRAIE; 2) BT DN BH N/ HAE G PE R AR IRHIE .
BB (7 B3R 4 7E BiC % Intel Core 15-12500H
CPU@2.5 GHz fil 16 GB WAZ [N ANTHE ML E5E R,
¥ B R Y B MATLAB 2021b fRASHHT 90 E .
4.1 ET DN B & R S R K R I IE

B 7. 8 ATEFTA N BIAT R 505 oh-1 A
1 (&5 F, HT IEEE 30 %9 5 R4 DN R G
M IERTERAE . HA & 7. 8(a)s (b)7> ) N%T DN
S /NRBNE (S IR TV ) T A4S B &1 A R AR XS
HA0~#50 T N (BT A LI #%, 46 PV 7 s Je A8
JE 2378 L) R R BBURE AT IR T (TR BB W PR R 5 2
R, Eh REUEAEHE), B 7. 8(c) NHFI T
B RBUEZEE. 9. 10 NEEFTE AR &
ik e N-1 I, 3T IEEE 118 ¥ 5 R4 K E
R 2 RGN ELR 500 F5 5 RS DN REE R AR

m 0.10

BN

# 0.05

=

&P

g 0.00 50

10
45
e 20 N

307 40
(c) PIFIT RN RIBUE 2R

7 ETF IEEE 30 TR R%H DN REFERIERANBTHREE -1
Fig. 7 Verification of DN based voltage sensitivity through IEEE 30-bus system with all inputs set —1

@ 0.10

et Hd
#0.05 2 0.05 %
mw B
50 m¢ 0.00 50
i %0 50 M0 A 20 307 40 LS
(a) DN, 77 REE M1 (b) /MREhEE, AT REE N (c) PR 70 RIS 248
8 HET IEEE 30 TR A% DN REEEIFEANBATREER 1)

Fig. 8 Verification of DN based voltage sensitivity through IEEE 30-bus system with all inputs set 1

(a) DN, A7 &REE N1

(b) BN, WA REE -1

> 10
. 200
190

LN

(c) WIRNIT LI RIBEZEH

9 £T IEEE 118 TR R 4H) DN REFEEIECHNRIET ZBER-1)
Fig. 9 Verification of DN based voltage sensitivity through IEEE 118-bus system with all inputs set —1

https://www.cnki.net



19 #1

Ty PRAR : HET R SR 00 246 1) HL S RO S SR 7

7511

470
420

(a) DN, 77 REE N-1

400 400

420
(b) Mishik, W REE -1

o 0.10
4
 0.05
B
T 0.00
0
570
520 . 200 100 130
470 g T 400 € TS0 g
() Wi 7 ik i RS 218

E 10 ETF 500 52 FR%H DN REFEIEGRANRIBTHREER-1)
Fig. 10 Verification of DN based voltage sensitivity through 500-bus system with all inputs set —1

IEFAMESRIE, A T RCRE HM, B 9. 10 PV
TR R RS H, JRFEE PV A HER
BERS—RESHE L. DMEEIE RS,
2 AT AN REOR E -1 B, ANER
BUE TR ITERR R ZEXT . 2 3 N EE IR Eh
JIE T FEXT L

®2 TRARMETESENRBIREITEL

Table 2 Solution accuracy contrast of different methods

. 30 WRLRGE 118 W R R 5t 500 T 5 RS

o P RK P RK P RXK

DN  072% 188% L115% 2.65% 126% 3.37%
JRW 043%  087% 0.76%  1.30%  0.98%  1.74%
W 8.09% 13.63% 11.34% 19.82% 15.68%  25.59%
SCHR[20]

L77% 4.20%  2.14%  571%  3.10%  8.05%
Tk
F3  BIBRRENER S E AR ARET AR E

Table 3 Solution time contrast of data-driven methods

AN RT3 SN [/

Jii3:
30 MRS U8 WHRG 500 MRS
DN 2.65x107° 9.95x107° 4.08x107°
U E1 0.1040 0.8136 3.6282
SCHR[20]7772: 2.5618 18.7552 96.4365
MBI 7—10 AT ELE H, AR 30 5 UL A2 118
R 500 ARG, NerfMiE T, BT

DN 11545 2 175 5 i R RS SR R 531/
PLEAF B R P 200 58 2 [H AR
gA s BRI PR 75325 (1 R AU Z (E AR 2 IO BUE A
0 M/K-FI, IESIEET DN iR BUETHE 750 o
RS HUN RIER DA IR 20, it
KAIE T2 DN [l v S0 & S5 TR 2
TFHIER .

ZiGR 2. 3 SR LA, HTHET HAERE
SRIGHRGPE T RIS R fe e, ERE 7R EE L
FIGERE AN 2% Z MO TSR, AEHAR 3 R Bl Ik 2K
Jrikr, F T DN W RBUEHH I AANR R T A

FE I TR R AR e ) FE TS R R R
TR IR R A T 26 Pk 21 )5 5 S0 H 50RS B LI
SCHR[207H B AR ZR A [ U5 D 2 SR0RG R e [ A A
R, (HHCR M R TR BRI A G R R
VLI, HFE T KRERTHER R, JLHAERGM
BLEEK IRESEAEE BRI, XA SRR B 2 .
1M 4T DN W) R B v 73 N R R Sk ——]
WItE R, FIHSEN T H 28R DN
WE AR AR B REREL, tHEERE A AT
RN EET. ik, Fik, GERTELRHIER B
FETHEORE B 2t b, K R R T SR () R 4 R
BFPG, EHOTASEINIE AT R ] M B
RABE IR SR SRR
4.2 E-T DN Y5 /40 48 X M e R IE
Jyitt—AER] DN I A (1 — o & R AR
VBN IER VP 1 i B R 5 RES S 40z (A A PR 1)
PN AEIR, ASSCH DN —Bh o0 & RECSH VPN
Hh B3 R P IR0 B2 R 2 2 8 (Spearman) 220, 2 /KR
i Z B (Pearson)? AT R L, BTER 2 R B, K
IR R E RS N K (18) (19w . EA
30 ARG HI#26. #30 i, 118 WA RGN
#117. #118 T3 5N, 500 35 55 R G0 HI#499 . #500
RN, B 11—13 g4 3 DMEEISCT AT R
5 B i N 2 [BAH PR VPN 25 FE 5% B (B R o
PR B MWL) - R 4 45 H T ASFEAE MR bR AT
VSR (R X B

6> d;

m (18)

X d A% | DFRERASES i S 5 Rz

E RS TERE AR BT A BEA T MBI R HE ) H
NEBREARSE

_ (X))

0.0,

b (19)
KA conle, VN v y BT 25

O 0, 739N x\



7512 ST £ N =< 1 R B =3

44 %

0.8

#2675 1
5 0.6 E%
Ve N7 2y
W gqf  HRAM o] | |
;? —— Wi R 2 REL :
= 02[-DN
0.0 | ===t e ettt naertnd
0.8 : : :
#3075 55 o
ﬁ 0.6 sz“ 4
0.4 rewr |
. o T
:;'E 0.2 . . i ‘
0.0 f-*-”“"‘-“ . s '*T
0 10 20 30 40 50
PN
E 11 EF IEEE 30 T = &% H

DN I\ /4 A8 X 14 HE AR E
Fig. 11 Verification of DN input/output correlation
index based on IEEE 30-bus system

1.0 , ‘
08 #1174 8 %m
§0ﬁ-+&mﬂ§ﬁ
® 041 —=— Hip/R 2 R2E
Z 02f =DN sisopls
0.0 2
1.0 T T 195
. #11877 14 195
ﬁ 06 X3 195
2 0.
= X1 194
K 04 2194
_‘% 02 X3 194
0.0 = A
0 50 100 150 200
EPN
E 12 HTFIEEE 18 HERER

DN I\ /4 A8 X 4 HE AR E
Fig. 12 Verification of DN input/output correlation

index based on IEEE 118-bus system

#4991 5.

0.8

5 061+ i 2K
W 04f= Wirme RN

-+ DN

é 02} :

0.0 ke

08 #5007
= 0.6
‘;; 0.4
é 0.2

00 Lllvl..-‘l —_y ‘. aat ‘ . ‘

0 100 200 300 400 500 600
PN
B 13 HT 500 F5 5 RS H) DN #\ /46 B AR X e FRISIE

Fig. 13 Verification of DN input/output correlation
index based on 500-bus system
F4  HEXMHERTEREXTEE
Table 4 Calculation time comparison of correlation index

RGTA MR RGO s

Jiik
0 WRARSZ N8 WHARK 500 WA RS
DN 8.65x107" 0.0162 0.178
i R 2 R 0.1567 16.2467 3832.25
FeoR i R 0.1188 14.0138 3590.71

y T2

ME 11—13 ATCUE . BAREH T = Aot
SR M T H B 7 SO A 5 BOR AR SR 1S 1 A S8 1%
REFEARAFE, (BB 30 TN RRILE 118
. 500 T ARG, DN BHXER T AHES
ANE N — B o B R EU OC Rl 2 I AR B
SRS R R REGE A —EU, UEE
WIARUHE LA (1) DN I U i —Bh o 2 R
B R 8 R H BRI BB AR E N
2 [RIAR G ME . ZER R, R FE% DN EFF R
W — g R AT A HEHE T, AR
EEFE—H TR B, ME 11—13 mTUAH,
53075 m RGUI#30 5 s HL R B A AH G ) = TN
RHA9. #43. #51 NS, 5 118 WWHRATH
#1181 sl L He e N AH O B P T4 N\ #1994 #195
WINSEL 5 500 75 5 ARG HI#500 F A5 H R RN
A2 BT T N N#A85 . #489 I NS,

MF 4 FTUUE H, BHTEET DN %N /A A
KMEFEbR—DN B X —B o & 2EHE R
FNZREF ) DN X2 2255, TR H v 430 Rz 8
B IR B AR R R4, BRGSO
(A BT i) 22 R R B, 78 20 U B AR ST P A AR 0%
PEFR bR B A o

5 #ig

1) fELAAGERE TN % SR RTR T, 2T
HIURTHSL ) DN UG T RIE, AT PR it
HESEEMER A SRR BAERIAA. hT e
RIEAFUEHHEERDN, DI k5
i I A 4 IR S U5 J7 VA VRN T R U AR
THERRIRYE. T UIZRS 21K DN fl &2 2 Tl
BT TERU RER GG, 0 T8
WA R RIT, BT DN FElR o 5 B4
E B 787 AT ke, T DN IR BUETHE
NASMERBTIH GBI . 2T TEEE 30 9
m~ 118 9 i KSR FE R ORI 500 5 s RSN
DI ARG RENEWI R T DN B R BUE 5/ MEshEN
FHIE, BERSPE ORI e TG R PR Al s P e R
JEE B SR 2 D G 282 53 B A T 2 A 2

2) DN & I 1 —F 7 B R H S 1R gl
RAEPEO i F IR0 B R B AR 3 BRI R BRS
PESRIR S5 RN, =FH AR Sk AR
RS SHE LI R K&, IEYH




19 #1

PR BT R SR 00 46 11 L I RO SIEI 5507 1 7513

HAE VP B ST S A/ ) 2 R AR R PR PR A 4R
PREQIEWYE, Wt — PRk 7 I ZR5e 5K DN L&
B SERENS RADE M TH N AR R . [, BT
DN I BRI H AKX IS DN M
KBS R IMAEHE, tHEEN/N, KIkhE
547 20 AR GE AR SR AE VPO FR AR L T K RGeS
FEAE R THSEAR R )

B3R

[1] HU Daner, YE Zhenhui, GAO Yuangqi, et al. Multi-agent
deep reinforcement learning for voltage control with
coordinated active and reactive power optimization [J].
IEEE Transactions on Smart Grid, 2022, 13(6):
4873-4886.

[2] &R, EM, FRPOK, . e e g A R RS
LRI M BB F 2l BB AR R 4 et 5 R,
i E L TR 244R, 2020, 40(16): 5170-5178.

GE Huaichang, WANG Bin, GUO Qinglai, et al. Dynamic
automatic voltage control system for AC-DC hybrid
power grid with high proportion of renewable energy:
design and application [J]. Proceedings of the CSEE,
2020, 40(16): 5170-5178(in Chinese).

[3] X=mlg, HffgE, ERE, 5. HE 100% 0] AR

HRGAE S RET]. P E AN TR, 2020,
40(6): 1843-1855.
WEN Yunfeng, YANG Weifeng, WANG Ronghua, et al.
Review and prospect of toward 100% renewable energy
power systems[J]. Proceedings of the CSEE, 2020, 40(6):
1843-1855(in Chinese).

[4] KM, FEWRE, sKE, 5. BETAA G SR

PR AR R PR I FE DY e I B A R R P 0],
AL TFESR, 2020, 40(22): 7306-7316.
ZHANG Congyue, DOU Xiaobo, ZHANG Zhang, et al.
Robust adaptive dynamic voltage control for PV
high-penetration distribution network based on unified
structure model of convertors[J]. Proceedings of the
CSEE, 2020, 40(22): 7306-7316(in Chinese).

[5] XU&, REHE, TR, 5. EEBERMAORNE

SAC R R R LS 3 X W A R (0] K BH B 24, 2022,
43(2): 189-197.
LIU Rui, WU Kuihua, FENG Liang, et al. Voltage
partition coordinated optimization control of active
distribution network of high penetration distributed PVs
[J]. Acta Energiae Solaris Sinica, 2022, 43(2): 189-197(in
Chinese).

[6] RUAN Hebin, GAO Hongjun, LIU Youbo, et al.
Distributed voltage control in active distribution network
considering renewable energy : a mnovel network

partitioning method[J]. IEEE Transactions on Power

Systems, 2020, 35(6): 4220-4231.

[71 TANG Zhiyuan, EKOMWENRENREN E, SIMPSON-
PORCO J W, et al. Datadriven extension of
“measurement-based fast coordinated voltage control for
transmission grids”[J]. IEEE Transactions on Power
Systems, 2023, 38(1): 948-951.

[8] LEEYG, KOSB, CHOJ, etal. A distributed control
method based on a voltage sensitivity matrix in DC
microgrids with low-speed communication[J] . IEEE
Transactions on Smart Grid, 2019, 10(4): 3809-3817.

(9] xlizd, #hRE, BEM, & REERNHIRS

F s LR AR E PR A AIT AE]. b B L TR 24, 2022,

42(15): 5484-5496.

LIU Yunxin, YAO Liangzhong, LIAO Siyang, et al. Study

on the impact of photovoltaic penetration on power system

static voltage stability[J]. Proceedings of the CSEE, 2022,

42(15): 5484-5496(in Chinese).

BRI, mR, VR, 5. HRIuIF o) A A

PR A BN B B R G A R AR E 2 M (0], R

AR, 2021, 45(12): 4912-4921.

LI Dongdong, GAO Xiaocheng, SUN Mengxian, etal.

Steady-state voltage stability analysis of hybrid infeed

HVDC

characteristics of system components[J]. Power System

Technology, 2021, 45(12): 4912-4921(in Chinese).

[11] PIERROU G, WANG Xiaozhe. An online network
model-free wide-area voltage control method using PMUs
[J]. IEEE Transactions on Power Systems, 2021, 36(5):
4672-4682.

[12] BANFIEL B, ROBINSON D A, AGALGAONKAR A P.
Distributed MPC of residential energy storage for voltage

[10

—_

system considering power and voltage

regulation and peak shaving along radial distribution
feeders[J]. IEEE Transactions on Energy Conversion,
2021, 36(2): 1413-1424.

[13] NAZIR F U, PALBC, JABRR A. Affinely adjustable
robust Volt/Var control without centralized computations
[J]. IEEE Transactions on Power Systems, 2023, 38(1):
656-667.

[14] DASILVAEL, LIMAAM N, DE ROSSITER CORREA
M B, etal. Data-driven sensitivity coefficients estimation
for cooperative control of PV inverters[J] . IEEE
Transactions on Power Delivery, 2020, 35(1): 278-287.

[15] Z5M8, fEuts, Epol, 5. T PMU Sl GERC
R L - T R R B R AL T OT VA )], R,
2018, 42(10): 3258-3267.

LI Peng, SU Hongzhi, WANG Chengshan, et al. Robust
estimation method of voltage to power sensitivity for
smart distribution networks based on PMU measurements
[J]. Power System Technology , 2018, 42(10) :
3258-3267(in Chinese).



7514

FoOE R AL

T B % ik i 44 3%

[16] ZHENG Zhuang, WANG Shengwei, LI Wenzhuo, et al.
A consensus-based distributed temperature priority control
of air conditioner clusters for voltage regulation in
distribution networks[J]. IEEE Transactions on Smart
Grid, 2023, 14(1): 290-301.

[17] ZEH6t, SEWRE, skpiaE, 5. HdEIRahrmc f i sk
RGERATTIER[T]. AR, 2023, 47(11): 4711-4718.
LI Weiqi, DOU Xiaobo, ZHANG Kexin, et al. Data driven
voltage sensitivity sensing method for distribution
network[J]. Power System Technology, 2023, 47(11):
4711-4718(in Chinese).

[18] ZHANG Junbo, WANG Zejing, ZHENG Xiangtian, et al.
Locally weighted ridge regression for power system
online sensitivity identification considering data
collinearity[J]. IEEE Transactions on Power Systems,
2018, 33(2): 1624-1634.

[19] LIU Yuxiao, ZHANG Ning, WANG Yi, et al. Data-driven
power flow linearization: a regression approach[J]. IEEE
Transactions on Smart Grid, 2019, 10(3): 2569-2580.

[20] CHANG W J, KANG M, OH S. Data-driven estimation
of voltage-to-power sensitivities considering their mutual
dependency in medium voltage distribution networks [J].
IEEE Transactions on Power Systems, 2022, 37(4):
3173-3176.

[21] LIU Gang, WANG Jing. Dendrite net: a white-box module
for classification, regression, and system identification
[J]. IEEE Transactions on Cybernetics, 2022, 52(12):
13774-13787.

[22] WANG Peixiao, HU Tao, GAO Fei, et al. A hybrid
data-driven framework for spatiotemporal traffic flow data
imputation[J]. IEEE Internet of Things Journal, 2022,
9(17): 16343-16352.

[23] LIU Gang, WANG Jing. EEGG: an analytic brain-
computer interface algorithm[J]. IEEE Transactions on
Neural Systems and Rehabilitation Engineering, 2022, 30:
643-655.

[24] JHALA K, NATARAJAN B, PAHWA A. Probabilistic
voltage sensitivity analysis (PVSA)—A novel approach to
quantify impact consumers[J] . IEEE

Transactions on Power Systems, 2018, 33(3): 2518-2527.

of active

[25] BURE, ¥, BhE, 5. JET TR 255 900 < R BN

WRERIE H R BRI DARY D). IR E L, 2020,
44(15): 103-111.
JIAKe, YANG Zhe, WEI Chao, etal. Pilot protection
based on spearman rank correlation coefficient for
transmission line connected to renewable energy source
[J]. Automation of Electric Power Systems, 2020, 44(15):
103-111(in Chinese).

[26] FHFER, XIHS, SXE M, & BT ZMKHTFER

FAY LA A 78 R AR DX T T[] o ] AL AR AR
2021, 41(23): 7980-7989.
HUANG Nantian, LIU Debao, CAI Guowei, et al. Interval
prediction of electric vehicle charging load based on scene
generation with multiple correlation days[J]. Proceedings
of the CSEE, 2021, 41(23): 7980-7989(in Chinese).

[27] 85, PR, FRE, & ETARRRRENEE
i P G B M [ P B I (0], o ] L AR AR, 2023,
43(17): 6562-6575.

LI Zainan, JIA Ke, LI Juntao, et al. Pole-to-pole fault
reclosing for DC transmission line based on residual line
energy[J]. Proceedings of the CSEE, 2023, 43(17):
6562-6575(in Chinese).

[28] Zflit, G, &, . T R/REHEIR R EIOLR
R R B R ], T E TR YR, 2022, 42(4):
1514-1522.

JI Deyang, JIN Feng, DONG Lei, etal. Data repairing
of photovoltaic power plant based on Pearson correlation
coefficient[J]. Proceedings of the CSEE, 2022, 42(4):
1514-1522(in Chinese).

ELEM B 2023-07-27,

s BHA: 2023-03-28.

EE BN

HER(1990), 55, WL, #HTT
M RE T B RIS, maqing EE
(@whu.edu.cn;

AAKAT(1963), Zo, HAZ, HHZIW,
BESEJ5 M ) &R Gk g S5, dengch-
whu@163.com,

REHRE W)



Extended Summary DOI:

10.13334/j.0258-8013.pcsee.230567

A Real-time Calculation Method of Voltage Sensitivity

Based on White-box Dendritic Net
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Due to the fast increasement of distributed energies
in power system, the voltage problem caused by it
becomes increasingly serious. It’s of great significance to
accurately acquire the important parameter of Volt/Var
control-voltage sensitivity in real-time to quickly
suppress the voltage and reactive power fluctuations
brought by distributed energy access.

This paper proposes a real-time calculation method
of voltage sensitivity based on white-box Dendritic Net
(DN). As shown in Fig. 1,

end-to-end mapping of state parameters to node voltages

it firstly establishes an

for any scenario based on the white-box property that

DN fitting is equivalent to Taylor expansion. By

extracting and deriving the voltage explicit expressions
formed by DN, the explicit expression of voltage
sensitivity is ultimately formed as shown in (1). Then the
calculation speed of voltage sensitivity can be improved
to the microsecond level as the expression only contains

a minimal amount of computation.
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Fig.1 Concise schematic diagram of DN
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where 0 represents the partial derivative operation. Y, is
the g-th output variable of DN, which is the voltage

value of the g-th node. x, is the #-th input variable of DN

which is the #-th state parameter. w//‘™ is the

y

parameter corresponding to the position of the i-th row

and j-th column in the weight parameter matrix of layer /.

€2, £2, are all the possible combinations of any two and
three different numbers from 1 to n+1.

Compared with existing methods, the method
proposed in this article has the following advantages:
1) It can be easily conducted without the need to know
the network parameters. 2) The computing speed can
reach microsecond level. 3) The white-box property of

DN being equivalent to Taylor expansion ensures the

S2

universality of the explicit voltage sensitivity expression
formed by DN for any operating scenario. For new
scenarios, the repeated regression operations of existing
methods can be replaced by simply inputting the state
parameters into the voltage sensitivity expression and
conducting simple numerical calculation.

The simulation results based on IEEE 30-bus,
118-bus systems, and 500-bus system in South Carolina
of the United States demonstrate that the proposed
method can significantly improve the online calculation
speed of voltage sensitivity while ensuring extremely
high accuracy.

Additional remark: Fig. 1 in the English overview
corresponds to the Fig. 1 in the paper. Formula (1) in

the English overview corresponds to (16) in the paper.



