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Abstract: The frequency safety issue of the power system is
becoming increasingly evident under the high proportion of
new energy access. In the initial stage of the disturbance, insuf-
ficient inertial resources or unreasonable distribution may lead
to a rapid drop in frequency, which is an important factor af-
fecting the frequency safety. To improve the overall construc-
tion efficiency of the system and ensure its inertia response cap-
ability during operation, it is necessary to consider the influ-
ence of the source, network and load side resources on the sys-
tem’s inertia support capability of the system during planning.
In this paper, a node inertia vulnerability assessment method is
proposed, which utilizing the characteristics of initial disturb-

ance power probability distribution and power grid information
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to evaluate the node inertia support capacity. The traditional
ordered clustering algorithm has been improved, and a refined
clustering method for load-new energy scenario reduction based
on comprehensive class diameter is proposed. Meanwhile, a
method for vulnerability evaluation of node inertia is proposed,
utilizing the initial disturbance power probability distribution
characteristics and network information to evaluate the node in-
ertia support capability. By integrating generation-transmission-
load side resources, a generation-transmission-load collaborat-
ive planning model is established and its solution process is de-
signed for optimal solution. Finally, the validity of the model is
verified through examples, and the influence of inertial con-
straints on the system planning results is discussed.

Keywords: inertia distribution; power system planning;

generation-transmission-load coordination; frequency security;

scene cuts

DOI: 10.19725/j.enki.1007-2322.2023.0066
0 5|5

MR A BRI TG L ()RR, AR YR 2 4 [A)
RTS8 23 S i A s 3 X iU P S R ES D
FEPRAEIR N2 B SL B P R4 & R I K R R
sk, e AR 2030 4F AT S PLBR K I, 2060
AERTSE IR AR B bR, IEAE 2020 4 S HE L
U2 b sr S B H AR 28 i 1200 GW /Y
AR K s P, fEBEE K & AE 4 R 2D HLA 5
PR, RGEARFA DI R G2 1
K, HVETER A D) D R sh i, s
H, 77 2R G R 2 4 T I P IR A PR AR o

HAl, R E 2 Re R Aumt5t 4
PP RED . HLHHE WS Sairim, —
P 3 3 ) AL S A5 R R AT A FH i 1 A0 3 ) 17

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com


https://doi.org/10.19725/j.cnki.1007-2322.2023.0066
https://doi.org/10.19725/j.cnki.1007-2322.2023.0066
https://doi.org/10.19725/j.cnki.1007-2322.2023.0066

210 K B A

202544 H

3, /b SCHR O L 5 B RE G B 1SS £ B HEAT 08
Bro Hidr, SCHR [6] B T U RIE B RN T 5 IE
WRL AR R A AL E AR, SR [7] 8 T
— 2 SECBT M RN T ) B A8 2 o R Y5 S A A
I PEAY T 4R AR 4k K (rate of change of frequency,
RoCoF) 2 X KA 45 S i 52 i . SRk [8] #3717
— i 2 R AR R 22 A 2 T ) R R AR A
FEorHT T 20T R B 520 33k SEAfF 5 B8N Ha, YA
Ao, BN RE D & 1) )2 25 T8 R G 3L 4 n)
L, TS PR AR G v O AN A A2 BR T HL IR A A
PLE A e, (A PR 28 o B I 48 40 b 2 BIR ] i 5
TERLT X, RS R G m e SR T, iR
FH R AR PR R 1At BE 23 B I R G KT
EL A FLINIT 5% A 2% I I i 5 150 B2 T 2R 96 198 o
Wi [ BE 7 ) U W) DT Rk, 2% i 22 SIS AR 1 i iy 9% I
25 15 19 1 P[] A 7 i PR A5

WAL, 5 AR 2 R R,
A8 12t o 1 AR R AR o U AR T U BY,
R 3 2 A7 L S LB 3B i HE A e g 2 B 2 X
B2 5 O, SCRHR [9] #2812 DR RN 4% -
MBME AT, R BRFE PR AN S PR I ()8 . 26
FEBAPTE SRR G, 5N R A OC . 3C
HR [10] 5 AR 20 A A e, TS s
AR AR R AR T B AR AR AR T, TS T
HL I ZE R RIS RGBT A AR R . Sk [11]
VLEL ) R G AL G B o Sy, s ST MLHEAE
6 BRI SO B (R B DG R, XTI HL
PRI, SEER VAL . R SOk s TS
o153 2 e iy 4% () 26 S ) S 3k, AR RSP Ak b
T ROZFRIE A ST B0, Mk TR B, X
FR (120 1%k 1 1 e, 0 v, AR 2R 58 0 R 4 B
a3 DXABUE 29 R A FL R BE vk s SR [13] 7Efif g
) 2 Y SR R, A S R R
FOUIEE f T 48 T AR B Ak bk A A . IX BB
X AR Ak T BBt o 1 25 () 25 S50 T
e R E, AR BB U S 45 40 F 0 &2 2% 1
T W 2 Xy o 1 LB e B 2528, i T sh P A
AARTENE, ZMEEHINEm, PP TFs
(] 4% % ) SRR Ry S 0, RIS v B
TR DR 2 3 ok PRI, 30 s X o515 v 5 MR T T
i, I HE G 2R PR A B R S ) —Fh A
RO o AT T2 2 P 6B e 1 45 [ 22 S5
IS, e T B R 3 5 e A R R A e i —

AT

T LIRT ST, A SCHE Se bt X R fr 47 KL
Sz R A IRDEE, 2 1 2 T 255 28 AR A B
PGSR AAT PR KT e, RIEIER I
SR 2 AL 7 50, AT BRI S
ks dt— PG R BHRIEE Tk, Rt
L2 i A5 S PP Al B 05 0 A I ] 014 KL
QIR e, S5E 5 BIRRUEA SO kA Rk

1 ETHEEXERNNEAT-H6E
Ep =GB FRETIE

TH B3R 2 A 2 R R A S B A AT T3
TR SRR [RIABE, 8 FH A7) 55 4 U 1) 7 325 4 08
AR, BEMCRMERE . A 7 Rk
Yy s i pdl o) B — A RO, (BE—E R KSR
WESRT, AR MR K S EH S 2N,
AR S S A5 A SR A BN A R BT T 25 5 RbR
VFOr 2 B GG ER, WA P REAEE
RO HAT R
11 EFEARERNNHEFREEX

AP REF L LRI HAR e, X
Bk [14] TR G AT P R FE A -, SIS
FE B R RS, RO A B AR R 2 TR B LR
ZEAESE A, I Ak By 2 B AR — e R
e TRERIEARE, BXRILRIEG =85 15
Hsmi K, &R a g A,
ARG AN A2 SR F2E, WEZREE
HE, X ()—0) iR, EREELENG =%
W H MR EA B Z RIPME, SCEERENGS
BOR . HARRE SRR T R

1) S AW R AEARBE X = (X1, X, X} A 2
I3 B SN p B [1, vl Z 8] E 1S,

2) REARMMSHE LA, ULGERERBRZM
/N HARREL, R EDLS R A R %)
SRS TR BN E . Hh, AR HEE
feg Ak A B A BURFPRE R, JHH—1k
b ans (3) Frn o 50 bR ERORT 3 4k 28 =X an
R @G6) iR,

i T
X = X, 1
G ]._m;z (M
L
o= —S (X1 -X 2
G j—iz( 1 —X1) (2)

t=i

AW, A1,2025,42(2)  http://xddl.ncepu.edu.cn  E-mail:xddl@vip.163.com



o542 4 5 2 1)

R A T R AT R S PP A DR £ P TR AN 211

D(i’j)zi<Xt;(kf(c>2+(LtikI:G)2 “

t=i

k
LIb(n,k)] = > D, j6) )
G=1
{L[p(n,zn = min{D(i1, j1) + D(iz, j2)}
L[P(n,k)] = min{L[p(n,k—1),k— 1]+ D(i, jr)}
X B n DEFREAT N kK, 58 GREARH
FLAEREARAX Xivr, - X Xy X RN G
RS LBV REAR I 5 [R5 G AN FEAR L
MEEARIIEBEEL s DG HERRE G A LIS
B ZREREAL; LI ) F R K n DAL
IY N kR —Fh I35 pn, k) FoRTERTIR ML T
145 LIb(n, k) e/ N — T e D0 A
3) FFRANTE 4328 75 20T X Y $8 RS AR AL,
T E fe AL 0 ) OB S B, 5w H S Y 1
ir G S B B e A i g 5 . R R B
JWHEN[-1,1], HIsEBOEE T 1, RRRERK
Slhr, A Ch
b;—a;

1
€= n ; max{a;, b;} ©)

K o W5 DA RE B JE 09 28 Al Y
MREE B B8 s b3 i DAEAR R B I E 2K
FE ] B b AH 2 04 28 rh BT AT 5008 S 2 R i B i
/ME
1.2 ffg-FeERE=mERE

A7 07— fi U R B 48 I A AN L 5 A7 A 1Y) 2
VIR, MBS R RR IR T T H R sl 25 R
KEYFFAE . T, A5 & Je i 6 fmp 37 5t A7 40
W, DAk e MR A R EREN R BRR, 456
OB R B LUV RSB H AL, AR R
st =R E, UL . BEfs, #
FHAA S R e Brae IR 2 s e, 456 k-
means VL X BT RE IR & s S i — 2 o R R
W a5 00 0 NS T K 67 far T 7E TR
Yy s A aE 3 o B ARAR W R AN B SR 1 A1 IR .

2 TRIEEFEHMEITME
X AR P AT I A A R
SRR IRz —, AR S S LS )

WA AR AR BE ST, SPBIRRIE L R4S
BT WA R RS A LR

©)

M, AREXAFEIE IR SRR G AL, 456
YLl D AL RE LSS 99 S0 iR 5 K RoCoF 115
D7k, I W S S A Pe bR, HE R
FHTHRI B 071 s 108 o 3 55 M VT A ik
21 TRMIMES T KRYHE R K RoCoF
HE
TE VR B sl R0 R By B2 TR A, hNE R
BERI S D R0 i R S LA 1o AR SCHE
B FEA 2 FE s A A R R E, B R—6
MLLH 15532 BB FIUBT BRI 1 ) Wi 22 A 2,
T AL SR A0 B9 AT S iR K RoCoF 1f
=R/ W
1) BHIEHE A e -
A SCERXFBEHL P 2 R 3R 7 51 58 R R IG A4
%, DA Sh UG 3800 A Sy & 45 0F, makdhae
RAFH A sh I AR I BEMLEE A, KR A it
BT REFE AL M e PE TR R
XK AL T, A SCH F oo ik s
MEULIEL R, R FH S HIOE 23R 0 A PR IR S Ll s
FOAN, EAEET LA 0~1 Z [A] i — > Fifi
MLEL, B E B Fh BEAILEON B —FP TARIRZS, WL
i 2 2 (7) B HOR A K] 53 Ayl R A B E H TAE
0, 0<Ri, <px,
St = {1, P <Rk|il @
AP Sy, FaRToH b W TAERE O, HBoRFIE
WUAE, B ARREAEMEE; p, 7 H A B
FIMER ; Ry, ZR XN TCH Ky S BERLEL
XFF T RE VR XU H 3 B R 25, AR SCR HIE
07 A A R M R 43 A 01T T4 3l 43 A B
(-1, LIV BBl N 2 ) ) — A B ALER R, U B ML %5 4
B N LS BRI 3l /N o e R S8 9 E il
2) 1A WIR K RoCoF 15,
ARSCH EAFEG KL R ERLIE S AL
e AR R At e e B 5 ] DLBR A5 B IR A Y e X
SRR o AR R B0 D) 30 B = R B e U8,
B RG A S kZ BRI APJG , TEM
S0 R AR B B, 72 W B L %) A A R I 8% 1)
M, R R D) R R T S
YeBh i k Z 18] i) [A) 20 e o & 8 M, A 43 Be, 7
BB BE & HL ML SR 45 i AR sl AR, G PR A )
B ROR W N BT 43 4 Bl TR

AW, A1,2025,42(2)  http://xddl.ncepu.edu.cn  E-mail:xddl@vip.163.com



212 B K B A 202544 H
AP; = M; AP, @) T S B AT S P SR KN s mo TR 3 B2 0 A B
> M PeshiE .
= 22 THAEIEEEEEITEMG
M = E;UBijx co8 6 ) hbESenr s, iSRSl K

A AP A ECR B S T R RN
M IS i HPEEN T R ke Z AR [R] P T AR R
B EOMBRE AR Ui kY
FEs Ba Sad3 il BRSPS S kTR
HLNRIWI IR A RE 22 o 27 7% 18 2R 40 R s A 0 L Y
U, ATRAE AR, B A 5 s s i AU
BIBGI , RPR ST AR o 4H RO 10190,

TESEPRL T R G, ML BT R AR 32 (4 4 A8 A8
AR, 322455 73 A 2 P70 4 20
55 W ULZEL T A2 AR A2 A AR B8 A BR 21, i & By
BN IE o3 A AL I R, f5 o ke S [) AP AL AR
MG, BURREEPLNTREH . — R IE R X
SRz AT 7 TR, W IR 7 T ) 4R RoCoF
BUIMHEAE N R G R FLVF RoCoF 245, B4 gl
ST, R TURT R, BIR K RoCoF 1] it
B

_AP M
=0 2Hi 2Hizn:1Mjk
=

‘dAﬁ“) AP, (10)

dt

ZANIAENET , A SR A4
SIF AP BB MER, W A1) PR,

m
Ky AP
O R = an
dr =0 2H; 2H;
M.
Ky = —=% (12)
5 s
J:

AP HZRoR i R B U5 I T I A B 1 s ]
K R 155 0 i 50319 Ak Z B Y 300 i
FE; AP, B R Y A TR B iR B B T
FNREIRBIER ;. m KRR ABH .

it — 2 B IR R R, G
X (1)—(12), W5 i B 46 e K RoCoF A] T4
.

my my
Kit, Sk, P, + K, R Py,
’dAfpi(l‘) _ ]Zz:l ik 9 ki £ ky g::l ikp 1 j ks

o 2H; (13)
e P, TR BRI SR B &y IR A
Py, F 7R 2 B2 53 A i AT SR ky WO B RARL s my 3

RoCoF 73 i fE i, A PP d B i g vk, AR
TE VT A IR B K RoCoF 8 FRHE Ry, 175 55 ) i
1 K RoCoF 22 6, 8 hn iE 47 22 ik o
SE PR R 48 E R A 80 J5 W0 4 e K RoCoF J /T
FRAE, PPARFE AR BEIZ 1 5 40 U B K RoCoF J&
PR, 7R AR PR T SRR B K RoCoF i fR
BERN=C (15) frs e o —J7 i, PLal)a 419 A4
95 K RoCoF “F-¥7K - s B 1115 i sl & A= 4
WK TR LE B RE T, TR SUHE AR T A5
W1 K RoCoF HEE N (16) iR, [RIAS, AR 3C
PIRUEE 2250456719 S 01 4R e K RoCoF ik B AR = Al
RS bR a2 ST SR W 25 A A B 0
HER/RTT P S R R, BUEVER A (o, 1],
T BRI e K RoCoF i BRMER A, YI(E 1) 22
K, VAR, A S R T i
HEE . Ho, FRPRAE RECR R JT R SR R
55 PEITAL B R [ FE AR AN AR, AT AR S
7N R PGS B L A2 1 7 28 B A TR 5
Yi — Ymin 0; — Omin

Oi=w +ws 14
I 4 Ymax — Ymin Omax — Omin ( )
yi= 2 (15)
Protal
Ji
Z—:l RmJB./
o ="1 7 (16)

K y R A IR 5 K RoCoF i FRA% 22
Ymax + YminZe A VAL A W) UG e K . B /)N RoCoF
AR AR 5 6,388 17 8L i W) 45 e K RoCoF 122
H; Omax Ominte/ N PEAG PRI R AR . f2/]y RoCoF
WA ;s wy. w38 ¥ UG B K RoCoF ik PR 2
Kb e K RoCoF JHEEE AL E B8 @ity
R0 B RO AR AL 2 BRI FE IR B pow R
NS BRI S REL 7. B iR s B h ek
RoCoF 732 i IX [ £ H A1 IX 4B 5 R, R X
[ j N4 46 5 KX RoCoF 1 [H]{H .

3 BT RAMREEE MR AR M
A R AR
FEUR IR G747 TR P18 D7 540 B P

AW, A1,2025,42(2)  http://xddl.ncepu.edu.cn  E-mail:xddl@vip.163.com



o542 4 5 2 1)

R A T R AT R S PP A DR £ P TR AN 213

AT, AR AS IR0 R 1 SRk MGB AT RHIE, 14
LA IR ) ook i far 7 R TR o e 4
T R R R, 45 A BT AS AR E iR TR
31 RUBERERERAR

AR SCAEAL G R ) o B ) R A0 SE Atk 22 |, 5 0E
Bt Rese e, s BRA/N K EALA. Hd, fif
B 2 5 R R A SO R fap 5, DA H BT i U
Wik . BIRIDL R A /N HbR, LS80 ik
BUAR Cinvest « 384T AR Coperation A S 7 KUK 1] i A
Cpenatty » W13 (17)—(22) Firs o Horpr, $egg iz
AR B RA . ML O A | i fE
AR R B A B AT A AR LA R H
A, e HLA B ARG AT AS L AL A5 AR
BB ALY A

min(Cinvest + Coperation + Cpenalty) (17)
GWFZ<quﬂZﬁwﬁ
1€ \ g€ leQ;

(18)
Z Cénzv Ve, + Z Clr?zvyr,t
ecQ, reQ,

1€Q ke, heQy | g€

Coperation = Z Z dk Z { Z [Cgppfk,h +

su & g su & g
Cott (M=t )+ Cottyy (L= )1+ (19)
0 e,C e,d op,,r
Z Cep(Pt,k,h + Pt,k,h) + Z Crp’"t,k,h
ecQ, reQ,

Coenaly = D 3 > CuPl =Pl (20)

teQ; keQy heQy,

. Ky .
Can = Cll’lV 2 1
! (l + drate)t_1 ( )

dy =365 - pi (22)

X o0 ke R SARLRIAE . B H . HINE
NI RS Ebr g, rooel DO RREE K HLBL

M. FPRCE/NCRPLEL . FRAARERE . RR AR
RG] QRRS TR DI ES; V. oV

S Ay A A T 8 RS B A A
COP L AR AR | e I o AT T
BB TR BRI s R REG due
TR pe. dederm B k % A B B o
BIHIFREC P, P st 91 37m koplal . K

AR F7,2025,42(2)

LR/ 15 Po, Piﬁ,ﬁ%ﬁﬁ%ﬁ%ﬂ—%ﬁd\
0 L S BT R s P 2R IR LA T i g
Vet AR TUIF R B 0-1 AR R 5wy FrR B/ NI
PEE IR IR 0-1 22,

FEARA R TT R AR YR
W R AR . MLALE 12 R A ] i
FE M2 LA At RE R R Y A s, LA DL B SR
B (B1)—(B22).

32 HERTRABREFFSETFMNRERTRERE K
HEigA =R

B2 AT, T A A 5 R A2 Y AR R Y
BAMBE . REMKELIRE R RGN
MR 22 R LR e, 7R AR i 2 rhowfE D) A
G AR G . AR AT USSRV
PE B PR AR A R R B R AR, A
[WEASESOp B ES A TR

1) M IR .

TSGR FOAR AR A2 SE PR AT R A Y
BRI RO R B R RO, H R L
2H N R AR AP H R 1 G e i 34 m R A5t o

SRy N 55 Y AU R A N R T, W A =X
R R IPAR BRSSO R R A AR
FEMBEZ L, @t BoE T AR IR 2
JE ) R B R IR O, =k (23) P
HBEARE Ry, 98 i 785 ¢ R840 A
dT RGEAES ¢ FLR AR SR G 15 0 LB . R,
B 1 S R TR B R B B e, KT T
158 1 55 99 a5 R A QR B AR A R R
Witk , X FAEB R S HUE R 0, AN ESER ]
WA, ARSI S BHEE R4

zg (HF PRy + HI Pyyrs+ H PYy, )
g,r,ee i

His = (23)
YOS HEPSye+ S HIPyt Y HEPyes
8€Q, reQ, e,
Mit 2,Ui,t,set (24)

s RN A i R R s 1 R R IR A
Q, F7R A 1 S PR B Rl PR PR AE S HE
HY . HYBARa R LA . fRelis /N pLgl
FIVRE i B2 B ) A I sk ] 5 2

2) ZepgHix.

BT B SO AR AR, R R 2 A R Y
MUY, A R AR R R ORTR T A
WL R BE T, 5 WS P o &R R sh o
4 43 i 7 3

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com



214 K B A

202544 H

ATSCNAT A LR R AT, H IR
9 A5 FE SR B T B T R B U B Y
SBESZERE IR R . T AU S T
JE&TLAH 18 i 5 RS R AR Z M
FEIRE TR, sl 25) s . & iR (e i
K, TP SHAT SRS IR
A5 i B SR B v, T AR AR S {5 4K
AT AR, sk (26) Fron, HotBEE#OR, K
W IR R . Hoh, HAR RS
Z2 50 HA Y 5 TR f e A T T LA S T L TR
EHBAPLZ; jequitt TN, BUE LTINS i iE
A B LB TR S YT A S Y A R 2,
RS E B, oW ST CRE LR, W
X @27) Fim.

— R U, FE SR AR S R R, PR
SRR B M, AR S SRR ) W s 1024 R
SCHEE U AR BE Y R T, 22 1L R R R
XERLRI AR s, sk (28) B, T A AR
AR, BRI, Hat A
A, Hob, e AR S ARG E
5 RN S BRI 3h 5 I B WS AR T A, R
Ae+ =1, ] iR ZPFAR SCH R AN D3 B2 e
(EAEATHUE . IR, B 7 B # I - A%
I‘Eﬂ{ﬁm,nset s lg_\:.’ﬁ‘:jj‘it Iﬁ],ui,t,set s /E\"M: W, 3.3 ﬁﬂj ?
58] {16 1E 3B 43 o

N
é‘:i,t = 1/ Z Zij,t,equ (25)
i=1, j#i
Q
xie=1/ ZZik,t,equ (26)
k=1
Zijequ=Zii—Zij) = (Zij = Zjj) 27)

Nit = (/lffi,t - /l/\(Xi,t)/(/lfgt,max - AxXt,max) (28)

Nit = Mit,set (29)

N Eomax v Xomax PN FANAES ¢ LRIAFE, R 4L

HR BT A T R E SR A e R AE M B Y5 L <

PR IR KA s Zi v Zj o3 R 19 5 i M 5 1Y
FIBHYT; Z 20 d i 599 ) B BT

01, = Oset (30)

2.2 Ay R RS LR A AR I T 0

W rl, ) FR G ¢ FLRIAE AL 7 2871 7 Bt o v s

PR, HARDBOR R B Y A5 4 X 07 A8 79 A5 S

TIBHESS o Que T LA MLRI N SR R GEIB 1T 28

55 DA B Aok 2 G it dk S KO 2SR R A E S8
BUE . X 78 B2 A v 9 55 SRR ) AN
JEFLSRI S, T ZX T S IR i N Tk
R B i s 2 2R B DR P2 AR BB s e A T 1A
B, HETTER R R 55 1 e o DY R U R I 4 2k
AR SE, BRI 3.3 5N EEBIER .
33 ST AREEHEIEANIEMNEHRMLTEE

B T2 (23)—(30) 7 PR -2 A0 1 {7 e 45
TSI TEVEAR G5 R, FETE AR MR G AR,
D] AR SR B A P S 4 R i ok R 0 S T
SR ES MEIEAN 5 AR O SR i, E A
REHEHNFRERBIE, B2556 RGN0 ER
N BRI 7 ZE o PRI AR L LB SR 5T A2,
HAAEBAR .

1) WILREES A o B A48 0805 1R 2 0 A =B
ReliY . FEMRITE R . NS, sy
A7 R 2 S B B

2) RLRRE SR AR L AR ) e A B ]
FoR MR, RBARYGERMRI T, Hr,
F2 1) DR 7 958 1 I T 1 L ) R B BT R
PEHAUE 0 ERIEART, SRR PR 0,
AR R TG 43 A A e 2 SRR A )

3) FRRINEE FATAL o AR A ) 45 6 AR IR ik
AR R T A K] Ty 8 AT A5 9 TR A
1S BN VEAL R F-45

4) HFBIEEIE . MM A URGE AR I PEAl 25
SABIEAA T SRR A, I g R (R A
HE IR 10,115 LRI BR e 7T 152 47[0.01,0.1], X
VAL EE RAFF A ZOR I e M e BUME, TS
s BUE, BRI IE AR HE — A B E 5L
B, PR FRFLIEEE, H IR AR R 4575 55
B AR B U BN A5 A SR A D0 BRI AT
A AN R TG ZE R A R0 2 280, BT A
TR R VPR R, W SRAR RO R % & ]
TIffIE, JHFER 5 2,

5) BARUEHIWr . ) S PR AR EOE
IRTREER, AR BER, WERIH 6 &, #k
TREOR, WARZE gl E T, R 2 2

6 ) IR HIfif i o DT A St T A R 1
IR 9@ N TR S TR ESE RS Ave o)

4 EBI5H
WREA SO A e, A SOR I BUR

AW, A1,2025,42(2)  http://xddl.ncepu.edu.cn  E-mail:xddl@vip.163.com



o542 4 5 2 1)

R A T R AT R S PP A DR £ P TR AN 215

() IEEE24 15 55 R G dE A7 B 0 b o A7 55451 2%
i 1 16GB N f£, i7-4790CPU HY 64 {ii Windows
AN NHLIK, 7E MATLAB R2018a iz 17355 T #1] H
kSR iR #% CPLEX #EAT3R %

1624 J5 1Y IEEE RTS-24 £ 4t fu 45 24 45 5
38 SRk, 26 GEAMLAL. —EXH I, —4ib
BHIATT S 19 BEENLLL . 48 KL L
24 fikfnede s, Hrph, XA &
19, BETBRAFEAT S 17, FEAEREY N 500 MW,

W BRIAERR R S A, s, XU RN B
BRAIAERS KR H0 10%., 15%., 10%. 4R
55 AR O EE 225 S0k [25], Hh R
JE Sk Y 8 4% LLIE S TEEE24 5 5 R 48 . hEREHE ¥
BATLTFS LR [13], FUE HL i 200 MWh,
i 8 IR R BCH Ry 24, HILLH Pl 2 5000 SCik [26],
HLAL 5 48 % % 98 32 47 48 U 2 8000 SCik [27-29],
IEEE RTS-24 % %t J: Al 2 80 WL SCHik [30],  FR A6 KL
FLAE 51 B AS B 100USD/MW ., i3 6 i fikg 4% 45 4 5
SR g5 —80, HAbERE RN & SO S5
LRNE R R LM T AL, BT £ 5045 DL
S A3 DL I P B R AR A A R L A
LU P A o B IR T I 5 2 A5 S 00 UL i SR
A2,
4.1 FHEGHRSH

TE HRCHE Ml X 42 A7 R HE T % 67 g SR AR S R
Z N AT S R W B E iR e N E S &
8%, W ML B AR LKA, I T T E P R
FAEUGIOR, B A RIS R

B 1L RAGGRA TR,

B 1.2 RS R ik U4

B 1.3 RAZGERERSEHIE,

14 3 R A AE T RS T Y R AL )
TS H SRR, 3MTERERES
PIFESECH R VEILM SR A4 N 1 TR
SEG) 1.1 M, B 1.2 B B R B TR B
WK, BYIE SBT3 T 1.83 %,
J& 82 0 st i R KR . ) 1.3 &
e B R B E S B AR TR L n T
0.67 £, HEPLICE REBUEFTIAEA] 1.2 /17 96.9%.
RISR AR SCHR MR A el adt D v, ol AR SR I AH X 458
ATE] S E BB BT 18 B AR BRAR A RO .

WS AS RGBS A3 SR T B 1.3 T f
SYENEN, B SR A6—AT 45 T AR R 3 X

AR F7,2025,42(2)

F1 3FFEBRERIILE

Table1 Clustering result comparison of three methods

ATy ik It b)H 4 E I %e 8 4K
G 6 0.673
A2 17 0.816
GRS 10 0.791

N7 ) 70 fr XL RS2 SRl e L I ) £ fr 3R
KL LA R — 3 508 iy il 228 AL RRAE AR
oL, eI AR B G R) o3 A PR

42 TRIFEHEBHETESW

Sk B E T A A 5 R TEAR O R R R
A5 7F IEEERTS-24 R AV IR 36ab 1, K45
95 R L HLIS PR B ()5 E0R 0 20%, X 4% 1 L)
fi K RoCoF #7113 Ar . PPAL IS, fliFE k%L
BEHL 50000 vk, WUHL TR 22 RN IES A, &
JE ELI P R IR 0-1 43 .

WE s, 7E = He B P B 5 e B XL rL i3
RS IERT, REAFTT SR EREK
RoCoF MR MHNEA BEER . %K [31]
P 5E RoCoF FRAE N 0.25 Hz/s, Z 40K K 15 2
RoCoF #7041 AN BRAF B0, 40 A7 A 2R (B AH
XPHE /N, T A 16 B A 18 FATE R E R, H
MR AR R A X HE R R, T RIS T R G 15 AAR
BN ENA—, SHEFLE, AEEE
R T X Fh 22 Sk . R G015t T 580 e P K A 4y
MFHAE 2 R, WIREBEERE, RESMA
S S AR R WO, g th A—D &

0.04 - 0.04 b
x x
i 0.02 i 0.02
0 : : 0 : :
-1.0 =05 0 05 1.0 -1.0 =05 0 05 1.0
WAL 3 /(Hz/s) WAL R /(Hz/s)
(2) RGN (b) 17 ri2
0.04 0.04
X X
= 0.02 = 0.02
-1.0 =05 0 05 1.0 -10 =05 0 05 1.0
AREARAL 2/ (Hz/s) ARAAZAY 22/ (Hz/s)
(c) i 16 (d) 15518

1 REEERT m¥HREKX RoCoF XS
Fig. 1 Initial maximum RoCoF probability distribution of
the entire system and nodes

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com



216 K B A

B2 RAETRREFRSESGUSHAE
Fig.2 Thermal diagram of fitted vulnerability distribution
for system node inertia

REAR
43 TRV ABEEBEIFEMENE R B
MXIER TS

R 43 BT AR S5 9 A AT 2B e 2 R S PR ARCR
DIRRIME S AL . 2R . e B o Hnl,
LR 3 A B ARG T -

B 3.0 FERRIBIA, R R R

B 3.2: IR,

B 3.3: R AR AR L

K3 45 3 PRIy R R R, FLA 45
T T LI S 26 A4, Hid oo s ek i gt
KPP 5 6% T8 1 MRERHE, &6 3.1
F1 3.2 1 AU G R TEAG 25 0T L UL R S I A8

& 345 ) 3.1, 3.2 J 3.3 By LRI KD J
AN, TEANZE SR ULH SRR A4, BB 3.3 MIA TR0
3.2, HEHEFEMERNKNELT, YL L6E
AR E A A 2, 15, 16 M2 18 H s, £
S35 3.3 1T LAAE U Bl 25 /K- Rl Ji e e |
%mﬁﬁ%ﬁﬁ {15 2R 45 A A5 17 g
BRI, BeAh, TR D E, BB 3.3 A
&?%M3M&WB2%& B L, ki E
b A ] 5 S X, X R BH AR 3.3 ML
T 3 1 IR EE A B A R R e O v T
SUPBE R AR . SRR A4 L E TR R B
X BLAS, WA M ERE, X RGN E
YRR T E TR, A 3.2 K& 3.3 MHE
TR 3.1, HASRSAA g n, 6335
) 3.2 BASAH I, 3 3R IH 2 R I v

2025 4 4 H
@ Cfkmba @ 3.0 Wk @ 33 Hikee
K orRuna @ s2menm 3.1 Wi
A CHEERRA @ 2w 3.2 B

3.3 WLk

@ 3.1 @Al @ 3.3 FE

1§ @T?

21;1 @’ 22 @ )

sele nct o
B3 &Ef3.1. 3.2 %33 MRNEREE

Fig. 3 Planning result comparison of examples
3.1,3.2 and 3.3

TPAR SR, AT 25 B AR b SR 29 OO ARl ok
3 A N
4.4 ARZBESSIEAZID

FBEFETT B A AR, ARE RS
E R AR BA R, AR SCIRE LU 34N
LT R, FLrPHLA s T8 £ X SR R g R
T REAE L S SRR I HE 2K, AR
MR A% /N Y KRR LR AR AT e @Eﬂﬁ%@ﬁ
ORSEHEA T, PR AR g 1

EM4L‘k%mﬁ\%%WHﬁﬂo

B 4.2 FERA] 4.0 RS BT AR RE LA

B 4.3 FEFAE) 4.2 (LRSI AL e .

Kl 4 245 1 3 Py 8 m B0 S AR5 AR X LE 2
o B AS g5 AT B 0 I Y B AR R R T
A

LK 45K E AS, AL KB G 43,
42 HETHG 41 ARES S, FFREET A
B A (R RS, B 4.3 45 HLA ks o
HZ5, Hratftaess s, SR d At
SFEAR . WA, B 4.3 59 FERIE S A A T
) 4.2 BEINIEEEAR /N, ORI SA] 4.2

AW, A1,2025,42(2)  http://xddl.ncepu.edu.cn  E-mail:xddl@vip.163.com



R A T R AT R S PP A DR £ P TR AN 217

0542 45 5 2 1
3.5
mm F 4.0
o 30F . Hl 4.2
3 — = Hbil43
225
=
é 2.0 +
§ 15t
=
= 10f
0.5 - ’_’_‘
o Ll . 0 Bee

sk R4l BEhEAE HLALEOE & T A
B4 Efl41, 42, A3 BEREEETIRARERITLE

Fig. 4 Construction cost and penalty cost comparison of
examples 4.1, 4.2 and 4.3

Sy i RERE S BRI SR, X T R R X
THIAFR A — M ERETC A, XA IURA
i 5 ABLH SO HAF BRI, dL R TR A
AT A . BEAORE , 2P BRI R ALK
BA WU 25 048, A EZAE R h 585011 K
A Ui B LA A T H A5 R, DU TR 163
e A5 S FEAR T

5 #it

AR A B K W 28 AR FNRFAE kT I
S PRI AT AN, R LA R R A ALK
R 2 e T R B R A 4 I K
ey BRI R LR T 3k e oAt A RE U 0 S
WOk a5aR0ntr, M2l

1) S50 S RETIEMIL, AW
R SR T5 1 T LAAE S AR X & /D U s 8 H Y
0L N B B AR A REBOR, H g sm R s
AR A S 0 ey e XU R 9 AR A 3

2) GALGEIRMf U (R IR T ik AR, T K
G A IR Y 55 PP 45 2R (A 300 A AR 1Y IR
RN RE AT S EOR, BEAR T ORI T ARG
IFR A0 XUBS: o AR AR T2 R A v U 24 T A &)
Jivk AR SO 7 T LAH 3o YA B IR A oL B
LR PR EER W g A T B R R L RE T
56 AE DX 48k RoCoF i FRAE 3 K SR B

3) Z2 P BT IR b UE LS R AR R AR G MR
REFEE . B Ak AR ] DURR AR5 KR A1 AR
TG AR S, BORIR B R T 20
A o K B ML O 0 H — i R AT AR 23
i, AR SCERBOR, AT LA — 2D B R
PRIAS

AR F7,2025,42(2)

AR SCOTEAE AR P B 2 G800 A 2B i iz
R, AR AT ARE— 2% JEAE R it B AR

R 25,365
(AW S35 DL PO, ERRIARG )
S 2% Uk

(17 FEHEEPR, Wk R . m He ) ] A RE IR L ) RGeS RL 2
)5 S HFTEAESE (). 1 RS A 31K, 2017, 41(9):
2-11.

KANG Chongqing, YAO Liangzhong. Key scientific is-
sues and theoretical research framework for power systems
with high proportion of renewable energy[J]. Automation
of Electric Power Systems, 2017, 41(9): 2—11(in Chinese).

(2] sdRTE, 53T, /MR, 5. 1R LB AT FEAE B R L ) R4 ¢

R R MR PR (7], H 1 R0 A Bk, 2021, 45(09):
171-191.
ZHUO Zhenyu, ZHANG Ning, XIE Xiaorong, et al. Key
technologies and developing challenges of power system
with high proportion of renewable energy[J]. Automation
of Electric Power Systems, 2021, 45(09): 171-191(in
Chinese).

(3] skFees, Mims, BRIt L, 55, 5 R 20 W ) RG]

S A w5 R B (0], B4R, 2022,
46(01): 250-265.
ZHANG Chengming, LIU Lu, CHENG Haozhong, et al.
Review and prospects of planning and operation optimiza-
tion for electrical power systems considering frequency se-
curity[J]. Power System Technology, 2022, 46(01):
250—265(in Chinese).

[4] TENG F, TROVATO V, STRBAC G. Stochastic schedul-
ing with inertia-dependent fast frequency response require-
ments[J].
31(2): 1557-1566.

[5] TENG F, STRBAC G. Assessment of the role and value of
frequency response support from wind plants[J]. IEEE
Transactions on Sustainable Energy, 2016, 7(2): 586—595.

[6] LIUY, DU W, XIAO L, et al. Sizing energy storage based
on a life-cycle saving dispatch strategy to support fre-

IEEE Transactions on Power Systems, 2016,

quency stability of an isolated system with wind farms[J].
IEEE Access, 2019(7): 166329—-166336.

[7] WOGRIN S, TEJADA-ARANGOD, DELIKARAO-
GLOU S, et al. Assessing the impact of inertia and reactive
power constraints in generation expansion planning[J]. Ap-
plied Energy, 2020, 280: 115925.

[8] WANG Z, WANG J, LI G, et al. Generation-expansion

planning with linearized primary frequency response con-

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com


https://doi.org/10.7500/AEPS20200922001
https://doi.org/10.7500/AEPS20200922001
https://doi.org/10.7500/AEPS20200922001
https://doi.org/10.1109/TPWRS.2015.2434837
https://doi.org/10.1109/TSTE.2015.2505085
https://doi.org/10.1109/TSTE.2015.2505085
https://doi.org/10.1016/j.apenergy.2020.115925
https://doi.org/10.1016/j.apenergy.2020.115925

218 K B A

202544 H

[9]

straints[J]. Global Energy Interconnection, 2020, 3(4):
346-354.

WANG Y, SILVA-SARAVIA H, PULGAR-PAINEMAL
H. Estimating inertia distribution to enhance power system
dynamics[C]//2017 North American Power Symposium
(NAPS). IEEE, 2017: 1-6.

[10] i'J?‘J“% B, XI5 EE, . 5 IR AT A SEL L )

[11

60—67.
LIU Fanglei, XU Guoyi, LIU Jiahao, et al. Inertia distribu-

tion characteristics of power system considering structure

MR (7] 0 RS Bk, 2021, 45(23):

and parameters of power system considering structure and
parameters of power grid[J]. Automation of Electric Power
Systems, 2021, 45(23): 60—67(in Chinese).

1YOU S, LIU Y, KOU G, et al. Non-invasive identification
of inertia distribution change in high renewable systems us-
ing distribution level PMU[J]. IEEE Transactions on Power
Systems, 2018, 33(1): 1110—-1112.

[12JGU H, YAN R, SAHA T K, et al. Zonal inertia con-

strained generator dispatch considering load frequency re-
lief[J]. IEEE Transactions on Power Systems, 2020, 35(4):
3065-3077.

(130 sk, R, IR, 45, 2% e sh A4S B i ek ht 2
AR 5 0. b E B P TR ), 2023, 43(7):
2708-2721.

[14] fu ﬁﬁ%

(15] SRME, £ 7500,

ZHANG Zhi, ZHOU Ming, WU Zhaoyuan, et al. Energy
storage location and capacity planning method considering
dynamic frequency support[J]. Proceedings of the CSEE,
2023, 43(7): 2708—2721(in Chinese).
T, ARG B T S B R 1A Y R
3. Gt 515 Bz, 2020, 35003): 9-13.
HE Hanji, DENG Guangming. Discussion on ordered clus-
tering method based on trending metric[J]. Statistics & In-
formation Forum, 2020, 35(03): 9—13(in Chinese).
IR, S5 KHLAEREIR & R GTHYIR G JH B
YRR (9] B AL T AR, 2013, 33(13): 10-17.
WU Xiong, WANG Xiuli, LI Jun, et al. A joint operation
model and solution for hybrid wind energy storage sys-
tems[J]. Proceedings of the CSEE, 2013, 33(13): 10~17(in
Chinese).

[16] X =, Wi, ARG, RITR B 1 R GEWRERE 7 i

SEHOT R LR KRB (1], W) A S ki, 2020,
40009): 211-222.

WEN Yunfeng, YANG Weifeng, LIN Xiaohuang. Review
and prospect of frequency stability analysis and control of
low-inertia power systems[J]. Electric Power Automation
Equipment, 2020, 40(09): 211-222(in Chinese).

AR F7,2025,42(2)

[17] FRilR, /S, ™IE, %5, fE

[18] iH, FIME

IRFEANT 5 R RGN E
P KON X 5 IR LRI (7). W0 R GE A sk, 2021, 45(16):
2-13.

XU Xiaoyuan, WANG Han, YAN Zheng, et al. Overview
of power system uncertainty and its solutions under energy
transition[J]. Automation of Electric Power Systems, 2021,
45(16): 2—13(in Chinese).

ER, R, 55 WIRIX IR R G TIR AR LI
P S 5 0 fE T (0], P A AL TR AR, 2010,
30(19): 1-6.

TANG Yong, SUN Huadong, YI Jun, et al. AC tie-line
power fluctuation mechanism and peak value calculation
for two-area interconnected power systems[J]. Proceedings
of the CSEE, 2010, 30(19): 1-6(in Chinese).

[19] VITTAL V, MCCALLEY J D, ANDERSON P M, et al.

Power system control and stability[M]. New York: John
Wiley & Sons, 2019.

[20] PMEZR, V5, 050, 4. DL “8-9” KA FHl i M

XF A AR R R s (9], R R BL T AR S 4, 2019,
39(21): 6183-6192.

SUN Huadong, XU Tao, GUO Qiang, et al. Analysis on
blackout in Great Britain power grid on August 9%, 2019
and its enlightenment to power grid in China[J]. Proceed-
ings of the CSEE, 2019, 39(21): 6183—6192(in Chinese).

[21] YAN R, SAHA T K, BAIF, et al. The anatomy of the 2016

South Australia blackout: A catastrophic event in a high re-
newable network[J]. IEEE Transactions on Power Systems,
2018, 33(5): 5374-5388.

(22] Wb, XUKIL, (1], 45, 2 R R S 4 I 0 4 b33 73

Ay & B TR M (0], b L TR e 4, 2021,
41(20): 6886—6900.

CHEN Baorui, LIU Tianqi, HE Chuan, et al. Distribution-
ally robust coordinated expansion planning for generation
and transmission systems with demand response[J]. Pro-
ceedings of the CSEE, 2021, 41(20): 6886—6900(in
Chinese).

(23] HRTAR, ZEfIAR, 4RME, 25 T Ry R B 9 52 24 vl I S

s (0] T R B TR A AR, 2014, 34(01):
146-152.

TAN Yudong, LI Xinran, CAI Ye, et al. Critical node iden-
tification for complex power grid based on electrical dis-
tance[J]. of the CSEE, 2014, 34(01):

146—152(in Chinese).

Proceedings

[24] WU D, JAVADI M, JIANG J N. A preliminary study of

impact of reduced system inertia in a low-carbon power
system[J]. Journal of Modern Power Systems and Clean
Energy, 2015, 3(C1): 11.

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com


https://doi.org/10.1016/j.gloei.2020.10.005
https://doi.org/10.7500/AEPS20201017005
https://doi.org/10.7500/AEPS20201017005
https://doi.org/10.7500/AEPS20201017005
https://doi.org/10.1109/TPWRS.2017.2713985
https://doi.org/10.1109/TPWRS.2017.2713985
https://doi.org/10.1109/TPWRS.2020.2963914
https://doi.org/10.3969/j.issn.1007-3116.2020.03.002
https://doi.org/10.3969/j.issn.1007-3116.2020.03.002
https://doi.org/10.3969/j.issn.1007-3116.2020.03.002
https://doi.org/10.3969/j.issn.1007-3116.2020.03.002
https://doi.org/10.7500/AEPS20210301003
https://doi.org/10.7500/AEPS20210301003
https://doi.org/10.1109/TPWRS.2018.2820150

o542 4 5 2 1)

R A T R AT R S PP A DR £ P TR AN 219

(251 ZHRIL, EARTR. 1 KA S AN P ) XU AR FiE

ARG RARALTC B [7]. & TR AR, 2022, 48(06):
2037-2044.
YUAN Tiejiang, CAO Jilei. Capacity optimization alloca-
tion of wind hydrogen low-carbon energy system consider-
ing wind power-load uncertainty[J]. High Voltage Engin-
eering, 2022, 48(06): 2037-2044(in Chinese).

[26] & AT, BAPEAR, AKAE. & LT A Sl v I h 2R IR AR BIL
ALBCERTTE [1]. FIMER, 2019, 43(04): 1151-1162.
ZHAO Boshi, HU Zechun, SONG Yonghua. Optimal plan-
ning of quasi synchronous condenser for power transmis-
sion system with infeed HVDC[J]. Power System Techno-
logy, 2019, 43(04): 1151-1162(in Chinese).

(27] W RS, ZEnTH, A58, 55, B BB SR A i L 19 5

filf BED 8 & HE LI (9] ¥ 7 WL R, 2019, 13C€03):
25-32.
YE Jianmin, CAI Jingtao, WANG Ruoyu, ef al. Expansion
robust planning of transmission network and energy stor-
age considering wind farm integration[J]. Southern Power
System Technology, 2019, 13(03): 25-32(in Chinese).

[28] KAZEROONI A K, MUTALE J. Transmission network
planning under security and environmental constraints[J].
IEEE Transactions on Power Systems, 2010, 25(2):
1169-1178.

[20) BT, XU %, SR, &5, % B B 55 Was ik RE 5 2k
FL AL SR 3 M 0 B KR T 12 (0], M MR, 2023,
47(4): 1350-1362.

AR F7,2025,42(2)

YANG Xiuyu, LIU Xueyuan, GUO Qi, et al. Coordinated

planning method of energy storage and flexible retrofit of

thermal units service
income[J]. Power System Technology, 2023, 47(4):
1350—1362(in Chinese).

[30]HE C, WU L, LIU T, et al. Robust co-optimization plan-

ning of interdependent electricity and natural gas systems

power considering ancillary

with a joint N-1 and probabilistic reliability criterion[J].
IEEE Transactions on Power Systems, 2017, 33(2):
2140-2154.

(31 VA, RN, AR, 45 IR SR AR N

& EAN R R GG JR BE AR 7], FE R0 55 T RE
IR, 2022, 38(12): 115-123.
XU Danli, GU Huijie, ZHOU Huafeng, et al. A short-term
optimal scheduling model for the wind-solar-pumped stor-
age complementary power generation system considering
dynamic frequency constraints[J]. Power System and Clean
Energy, 2022, 38(12): 115—123(in Chinese).

i EH: 2023-03-01

EERIA:

K22 (1978), &, A, #az, BTN RGO
5¥5ii, E-mail: Zhulant@]163.com;

PLEAT (1998), B, WiHWrsd, @EES, B5Eirmh
MRS, E-mail: 945651722@qq.com;

KW (1998), 55, WUERESEAE, BFSED5 ) R G0
BPA R B, E-mail: zhangxuehan0717@163.com.

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com


https://doi.org/10.1109/TPWRS.2009.2036800
https://doi.org/10.3969/j.issn.1674-3814.2022.12.015
https://doi.org/10.3969/j.issn.1674-3814.2022.12.015
https://doi.org/10.3969/j.issn.1674-3814.2022.12.015
https://doi.org/10.3969/j.issn.1674-3814.2022.12.015
mailto:Zhulant@163.com
mailto:945651722@qq.com
mailto:zhangxuehan0717@163.com

220 w R B A 20254 4 H
M A
4&@” ‘Hﬂﬂ.
WG AR R, B N
S %ﬁﬁgﬁﬁgﬁ¢ﬁ§
v TEPE L B AT BTA {5 B
Dlgr A B 2 AN AL L b e
24 2R S b [ s B E TR s |
Y R RGT R TR
% — v
SRR IA?
! RS
2 SRR B
L I ZER BRI A, LUk v
e AN R AR B o & WOFEARNGE RS Sﬁfﬁéﬁéﬂ‘?‘f’fif AR SR
AR AR S EAG R i, L | L B
VAT Y %g%b B e )2 W g T IR
oy
v ! Bt 5 A2 5 B

PRI SR N T REIR AN E 2>
BT 5 SRR B B

v
M PAL €1 iR e T AN =R
i FOHE I

“—

o

T B BN TR

K SR an o0

TR L

=N
=
WE IR IR A T REE R, 4ha
T RGOV SR & 5k

B Al ff-HeeiRsRmRRE

Fig. A1 Load-new energy scenario reduction process

PRI IR ?

IEARUBGE T
LT ?

MRTAT i A R 2835
mITT %
v
it BT %6 Bk
URCEES

A2 TR RREE ST IER S E LR R

Fig. A2

Generation-transmission-load collaboration

planning process considering node inertia
vulnerability evaluation

Bl A3 &S IEEE RTS-24 R& 451
Fig. A3 Modified structure of IEEE RTS-24 system

AW, A1,2025,42(2)  http://xddl.ncepu.edu.cn  E-mail:xddl@vip.163.com



55 42 % 5 2 ) R 2R TE R R S TP A4 50 i DIl 7 L) 221

3000
2 800
2 600
2400
= 2200
E’F 2 000
& 1800
1 600
1400
1200
0 1 1 1 1 1 1 1 1 1 1 000 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 22 24
PIEN=Y g 55 8] /h
B A4 B 11, 12, 13V EHEBEREBEHEXE AT BEGHEIWMMATERLER
Fig. A4 Relationship between the number of segmentation Fig. A7 Corresponding load clustering results of scenario 3
points and contour coefficient of Examples 1.1, 1.2, 1.3
@ Ak
A A A F H @ ARG
A T
/)
2 400 ¥3@ ... ..
F4100 000
5 ...................... ..
= 1234567 89101112131415161718192021222324
g 2000 HAg 3.1
e 1000000000000000000000000
= 120000000000 ..............
\ 3@ o0
1600 E 4@ o ....
:000000000000000000000000
1234567 89101112131415161718192021222324
54 3.2
1200
20000 4000 6000 8000 A8 HEfI31 R32HABERBETHEERIL

IS A)/h
Fig. A8 Comparison of weak evaluation results of node

B AS Ef 13 amRELER inertia for examples 3.1and 3.2
Fig. A5 Load clustering results of Example 1.3

1.0

0 1 1
0 5 10 15 20 25 0O 5 10 15 20 25

ES LY 282 I [Al/h
@1.0 .
N
2 05¢
2
S
0 A 0 A
0 5 10 15 20 25 0 5 10 15 20 25

243 B [H)/h 754 B} [E)/h
W

oL L
0 5 10 15 20 25 0 5 10 15 20 25
255 i A)/h 26 I [Al/h

B A6 fififm 3 MM RBEREER

Fig. A6 Wind power clustering results corresponding to
scenario 3 of typical load

A E F1,2025,42(2)  http://xddL.ncepu.edu.cn  E-mail:xddl@vip.163.com



222 K B A 2025 4 4 H
T Al FEMYEESHEEFEITHXER
Table A1 Candidate planning equipment parameters and corresponding relationship with bus
KHMAHFS 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
PRS2 1 1 2 2 2 7 7 7 13 13 13 15 15 16 20 21 23 23 23
ZAH/MW 300 300 200 200 400 300 400 500 500 500 500 300 300 400 400 500 500 400 500
PR ESs 8 8 7 7 85 8 85 9 9 9 9 8 8 85 85 9 9 85 9
LRl g 5 1 2 3 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
YRR 5% 1 1 2 3 3 3 4 4 4 5 5 5 6 6 7 9 9 10 10 11 11
LR 2 3 5 4 5 9 9 9 9 10 10 10 10 10 8 11 11 12 12 14 14
A®|/MW 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175
AMEKEE/Akm 5 22 34 35 55 55 15 35 30 25 25 25 35 35 35 20 20 15 40 40 40 40 35 35
T R 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48
Y SRS 25 12 12 13 13 14 14 15 15 16 16 17 17 18 18 19 19 20 20 21 21 22 22 23 23
LB 23 23 14 14 15 15 16 24 17 19 21 21 21 21 21 21 23 23 22 22 23 23 24 24
AE/MW 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175 175
LPAE/km 40 40 30 30 30 30 25 15 10 15 35 35 15 15 35 35 25 25 15 15 25 25 55 55
YOEPLSHSY 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
X g 2k 1 1 2 2 7 7 13 13 15 15 18 18 18 21 21 21 22 22 22 23 23 23
ZAH/MW 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

xR A2

BERRNEREXSE

Table A2 Faults and predictions and other
related parameters

R A4 EBI31, 327033 MYERRAAI L
Table A4 Comparison of planning results and costs of
examples 3.1, 3.2 and 3.3

SR R AT SHE R Hfi3.1 3.2 3.3
. G G G G G G G G G
mtﬁ,ﬁ{)ﬂﬂﬁéﬁ,ﬁﬂtﬁ My 0.020 10,1 9,2 » 19,3 1,1» 9,2» 13,2 1,1» 10,2 12,3
. N BHPLA Gias Gisar Ges Girozs Gisgs Gos Guaa s Gigas Gujs
IR TR 22 Bt 2 ar 0.067 Gips Gis G s
s b L s Ly, Ly, L
LI P B R Py 0.010 srapohpe Lisas Lass Lass Lips Lagrs Lag sz‘ L34~‘ LW
- - = 18,3» 253> 26,45
RoCoF B 27 & wy 0.600 Lysss Lagss Lasa Loz, Lazz, Luss Lyras Lina
RoCoF¥ Ei61» Eig15 E
oCoF AR Ws 0.400 " Es;» Ei, Es,. Egi» By, é(,l Els,l EIS,I
AR A EERE A 0.500 EpsEss Enyo, E73, Eiss 21’3’E12’z’ >3
AR SR A A . AT ’
. ! 0500 37(1715%'( 29375 29.147 29.203
SERE ] & 0.010 Sl
YA R T BRA Qv 0.300 /(x10°$) 32.291 32.675 32.982
R A5 HF4.1, 427043 AVNER BB AT
F A3 HH 13 AR ERFSIRER Table A5 Comparison of planning results and costs of
Table A3 Load clustering time sequence segmentation examples 4.1, 4.2 and 4.3
results of Example 1.3 P (5141 (5142 L f64.3
et th et t/h Gois Goiy Guai Guys Gops Giasz Gips Goas Gips
LA Gis1> Goas G3a Guags Gios, Ges  Giaar Gioa
1 1~480 7 4632~6120 Ges» Gis» Gips Gys Ges Gas
2 480~984 8 6120~7488 Lyi, Ly, L
LZ'] LZ(’I Ll3'2 Lyis Lagys Ligs Ly, Lsgis
3 984~2304 9 7488~7992 kg 8 4 I3 oo, Losss Logas Loga Losss Logss
Losa» Lss, Logs ’ ’ ’ ; ’ ’
4 2304~3168 10 7992~8304 Lys, Ligs Lyas Lo Lisa Laoa
E E E
5 3168~3960 11 8304~8760 . 161> =181 “IS1 g B E
6 3961~4631 Kikffe - Bass Baso Bys 7 gt
- Eis 3
Méﬂiﬁiﬁ — — B13,1q B]g,l
BITIAR
/(x10%%) 29.359 29.203 29.287
R
/(x10°§) 33.328 32.982 32.731
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1) WA

Vei-1—Yg: <0, g€Qy (B1)
V-1 =Y <0, reQ, (B2)
Vi1 =y <05 L€y (B3)
Yer-1—Yer <0, €€Q, (B4)

2) TS IR 2R
Z Tk~ Z Pl = Z P+ Z Plnt Z Piiat Z Plin— Z Plin (BS)

meQ,, SEQ deQy reQ), g€ weQ,, ecQ,

e my s PRI AR S Dl R A% i 1) K i 9 M 32 0 1Y R IR B R T |5 Py, WERER S e
TERTBE h M FE RN A d FoR T R A BR R,
3) WS A LR

1= (L= )M<P ;. X1 = O - O )<L =y.)M, 1€QcL (B6)
=PIy S Py <P yis L€ QoL (B7)

—PY Xy = (O, — O ) 1 € Qe (BS)

R (BY)

R XM BT MO — BB s PPl 2k B I LW Qe 0% EU R B
Qo FAR TR BAEA s 67, O, S0 B H L LR 005 S 5 2 0 IR s . O Ao 43 ]
SR IR S E TR

4) BLALH A1 0/ N BT 258

PIR<PS <P g€ Qpg (B10)
PRn<P{ <P geQcg (B11)
h+T8,~1
Tgn(”}g,k,h - “ik,h—ﬁg Z ”}g,k,h (B12)
I
h+T8 1
oty gy =ty )< Z (I=uf ) (B13)
h
1y Ve 8 € Qg (B14)

Arre ppin | PR gy FORILA g W ) R BRIE; TS TSpor MIFRRALL g X I A e/ N AL [ il
AMEHLIE] s Qg . Qea 43R B8 & HULZ FUET & LA Y 4R &
5) R S5 AT B 2 B
0P} W <P} . weQwe (B15)
Kb PR KW B J) 5 Quwe Fom KREBHLAES
6 ) fift RE$E B 7 H 2 R
Eep=Eep1+Pjiy (B16)
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e = NoMe e USE, POSR AL - nigMd,e,h U PoiR A (B17)

UgS 5+ Ul =<1 (B18)

MMM, < ME (B19)

MP< My, < ME (B20)

EMN<E, , <E™™ (B21)

Eq<Eer (B22)
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AT R B BE b (TSR R ARAS B 0-1 A5 Tk s 7S nd 43 B A ZR A e FO 75 F FUHCFRL 0«
At RSB BRI ITCRE, o 1hy PSR, PESR A B RERE R GE e MR F0H RO IR s Mo otk
BERYE e TERTEE A IY AT AARG MO | MO SRS Mo B9 FF WA Mo O ARESE B R 2 o 2R
B h OO TR MD | MDS SR M0 IR, R PS50 E L F IR Euo
Ecr 5Y 3 h 5 B AR R o B
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