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Fig.1 Frequency dynamic response process

RYUR AR5 IR — I IR PO T e, B3k
RARAZ IR IR g M T . FER B S R Ge b, A
AN 22— "R S I R, SRR F
RS, HAEPRE , IR EZENA — A
AE B , dny e ML A & TN L S B 28U R T
IR SR R SR IR AR AE ) s KB T sl el sk A2
Il R PR R B R A AR

b X B R g AR G 2 A e BT A I 5 T
24T T e — SR N FL ) AR G 2 axia AT I A R
&, T TR RGBT A Y
TE AN s TR RGN M B
T RGR L VAR B ) R T R T i 2 1
AT 73 M
2.1 MEREFEIER

WA 22 A F T 32 AT 55 Sl 2 e R R4 T



%9

SRR A 10 BT AL ) R P R TR (115

FE R TR T R A R AR 5 O, LM
N RZGE T A DT i FHARRAE I ELE e S g i

X5 T B AT —BE 5T TAE AR, H HAY
GRS ey A S g (1l S

1) RoCoF, BV 2y Ji5 %) 1f BsJ [0 32 iy 1 46 A% b 3
J& . RoCoF 7EFFUR B AR K, R I 38 20 sk /N , e LA 4n ]
T HRCH 1530 7% B[] 5 3 s ) B, S — AN 7%
% A [ 8

2) A AR, BIATR 7E o) 245 o R 0 R A i K
Holi i /IME . 75320 R G0, WS R B IS /AR
TV 26K P AL o e DX Sl 28K 17T S O AR A5 FL
T [ (% 091 Dok 2% 1560 {1 Ky 49.0~49.2 Hz, G4 245 v M Ky
49.0 Hzo JIT LA, 300 25 i {1 02 0 32 O T 1R 00 38 42 4
febr .

3) B ek A2 T TR, NI 3l T 1 380 00 5 8 T A
BT ]

4)BFCREEASE MR Sh A R P RUS IR B R R
BE , T E— B ERAE 49.5~50.5 Hz TE A .

TEBLILA 2 b, AR AS R) 0 AR ol 7 R, SOk
[38 ] 254 I F% M (AR iof [|) , B2 1 1T 25 R R AL
N BT SRS G bR . SCHR[39 JEE S T — & 41 i
BRI 25 o0 A 22 AL RR BE (i AL 38 AR o bAb, T a]
f LB s s e AR R R G, R
FH T 0] 42 8 2 A i R G0 AKCE R FE A, W R S8
LRI K HL 1B 8 A0 BT[] 25 A ) e 2 5 R
SECE I AR AR AR AR PR AR 2
S KU R R RE ) 0 0 i B A 2 A5 SCik (43 ]
T [ AN i LA AR T SR PR AL Tk AT T AR
PRLAE D SE A bR T R ) XI5 [ R L
SCHR [ 44 158 0 T AT LS AR fie KA A% 19 B 75 TR
JFE Z B HR AR LA B i A0 5 S 24 AR A 38 1 Bk v W
ZBOFEAR . SCHR 45 15 XL Ge iR 2 A PRk A
B ZAh 42 T — Fh ek B0 R 2 A PRAL 48
577k o SCHR[46 17675 18 T W30 25 70 A Rk i 3
filh b ZEPIIX R G 4 1 R4 T T XU R 4
fehr.
22 FRZEITLIERHNITE

TENT R 42 448 s B s AL VAR O T, & A O ik
FKARTT 532k 3 Fib

D5 BT 1199 TR 19 4 28 40 501 5 M oy A5
Y38 o B 3 LB BT T SRR G A 2 e
SR G THR R PR R

2) 771 2, BT SFR A5 AIK i 2 14 At 6 i) 7 A5 784
B A% 3o PRV, oF HLAHEA TR P30 i A e, AR A AT ik
BT B2 pR B S & A8 AR T R A

3)J5 R 3, TS £ B & LI AR R
i o7 2 (LA 0 (i ASF BT ) ) 5550 5 Ml 22 1) A5 b A
PRSI R e i L 2R MR a3 ) LR R AL

A1 M 7, DATTH PR A% 33 bR BG40 IR AR B, 315 11
AR AL I e AR R A5 2 48 hr

AR VAL T, TR 2 3T R
N BT DS ERITUR 2 AR AR I E 26 AL TEA -
23 MRREHMOH
2.3.1 HLEEE S

HL ] RGNR G A ARk, RELRIAE LT L
A1

— = HL BB BB VR R i e BT AT,
EROINT RGO o ehid . HATHATST 322
A TR B BB IR DB S X A R R I 1 S i A AT L
B AE R 5 R 5 R LI A EL A AT XU T4 3
W AT A5 7 T o SCHR[ 50 ] MBI 22 55 A FE AT T
BREUR DR B %) B ) RGEMR I RZ I . SCHER[51 ]
2 SRR BETR 7 AN A MR R R LI s A T YR
FIAS AL, T T I A8 38 15 8 2000 A S RS 74k
F%o SCHRLS2 120 Hr T Fp 0 g e S 0K T ARUXU L IR
J 25 B FRL PR B, I 4 TR R A
it

TR e P R A R G E K
SEN R RRE 008 REIR T R G A A S R
J1o HETHRFGY 24 e i LB i ) i T A
N 25 R 1 5 T 3 A LR S R SR
R A N AR X WL | R G AR A
GO . SCER[53 N R G2 XA [ T kA T
RIS 48 250 H ) 2R G0 0 S5 AL e 2 K
O3 ZR ELI AR 5 BT R AR [ s e )R HoA & AT
P Y A R = PR SY . SCHR[54-55 1S
TS A E ML AR R ALER 2 M T S A LA L
T ) B AR R AE | FEXT I Sl Bk ] 1 RoCoF JLF- AN
YER AE AT B R e R S S i, Bar, e
P PPAL 7 VR FE I TR S B Ak 1 vk e DL A S
TR S i 0 ZR et (0 Al B vk e (E H Fixt
TR AL PR BR BT AN AT K M8 T JA AL
55, XF T H T 2 A AT S 0 A R AR A B B
A B, X IE SCHik [ 61 182 Y T —Fp 4% 4 R Gedi %
FEME S ) BT R R R AR R R I ELS T T T
JAERVE A RE AT T L 7 HL X AT R A 5

10 N B s W F 2O A 7 I I N LTS
FReRd 043 DT o B far T SE B A fif R
) [ A8 FL S T ML /L | DT 3 30 3R G O o P
1%, P — 25 IR T AR 2 AR
232 BR KBS

S RER G TR N R R T R
W B RANASE IR LG RG4S TR S8

KM FES SR SR, HEESH
SRy 5 B ) R — R R R BB e R B, R
MLABT A ) ] 3 %k 32 ZE52 ) RoCoF, & HLAIL— YR R A5



119 ® 0 & % L %

%43 %

FRAN T B R e R R Al 22 FIAR AR AR 22, MK
L HLRHE 8 AR EO0 4 AR PR A E I B8/ . BRI
Hb, K HLIRARARPE Y 28 4L, TR BE X — U A3
BRI B0 FR G 2 RS 2 0 A v AL A R e
SEUR, HETT S e AT AR 2 dE bR . U0 SR [ 64 42
T — P R R MR PR 19 1 58 RE TR A R AR AR Y
A S G BRI R T IS . SR (65 ]
FEH T —FhiT R — UL X 5 BRI 0 53842 42 2
SROAREHY DT B Ry A A 1 2R G I A3 g

H 3 S 2 R GE IR 8 53— D7 T, X R G
A N B B, BN RGR ) . X
KL 66 | LA—>fa] SR 58 0 17 57 , 22 1 12 o 3 0 A
TGRS BRE RIS o 53 A A E B A AT
DA B, G A0 3 20 K 67y Sy R Sl AL L 9] R g
H Sl ML A BT I ] 3 ORI 8 22 S F R AR AP A — o 52
i), {EL S Rl AH RS T FLAILAER AR /N

T A bR A F B A 67 A A A 1 2 B T )
BT, SCHik[ 26 ]38 55 138 FH SFR AR | Xif 444 R G i Al
th 3 AN HE B R GBS RO R AR AR 1 52 e P
PEAT T EMEAE f B oA o e 2R 8 AR AT N 1]
TR R 2 R GE R I K, X RoCoF A 2 7%
S, i o 1B T (] B BRI, RoCoF WY Sk 384 K 5
FR G B RAON AR A A 0 I 3 AR TP AR A A, X A5 B
BRI A S, 22 e BE e R HO0 R KA g
22 VPR 52 I ] 52 000 B K 5 R G VR AR R U s ke 1 K
P A — YA RE 7, 5 I e KO 48 i 22 AR 2
AR A 22, W) AR AR 22 A TS R GE R e R 4L
REBCHA TR , 32 8 3 g 3 AR 1 B 520, % i RO
P 22 RS2 MR /N T R GEBHE R B, AR EL S HO R
LA TRBR R AR EE XS LL AR 2 s o

R2 HEESYRRERR BRI A3 B

Table 2 Influence analysis comparison of model

parameters on frequency security indexes

BRI S HO W32 A 1) R M

BESH R oF  BARERE BERRRE
MR K i /N
ARG 7N N N
CREEREN b x K

TR AR 22 A b 14 0B A ST A E A Bl Y
Senih b, (R R B RE RN Gfr 449 H g2 3400, fe
ZG PR REALIC S H R . AR SR
S AR RENLA B A gl o PR B A5 P sl R R A
LA, X RRRZ R B 8 252 4, Sk 67-
68 JEF XS REALIE/ NI Bl 5 | A R GEMR B REAILE 30, fF
FE T RGUBR BN R B, 4R T TR BEAL
PLBhT i) R G s A% 4 R GRUR BN R 15
b, RIS T REPLIE SN T SFRELRY, JF4E S T RS0
WA BN R AT Ao FER AT 45 R AT LR 3

B & B, 76— A Z N, RGEIR B AR 4
A X AE—EFR R LR T SEBR e o H R SR
e BERLIE 3
24 WMEZESTHRRE

FE TR ET R ) R G G R i R v BB R Gt
o A R AT RIS T 2 R A R A o T B g i A 3R
A PEAS 8 BN TR BR T 2.3 745 v 3 Y LI $
bR, T X IR T 2 ROE 2485 04T
AT AR B33 56 0 107 o 8 v A7 7 B4 8 22 Ak, B3] i 3
B IR BRTE PR RS T EN AR R, B2 B A
5 B 1 45 b B FR A, TE BT RL L ) R GE R TT fiE
[ e

[ B, B T TR 8 B o T R R RO R sl 3
BLRPE T3 A 4 il 4 sh A (115 R SR A 1Y
TN 2%, O i i SR 5 1%
Gl B HLAF R 25 57, HL A R R A RN R Bl 5 5
TEA T ™ 5, SRR LR sh A RRAE , 3G n 1T %F
RGO PR M

B A [7) g 40 597 ) S gk TR it Xof A0 3R Bl 2 BT
PR BN AT SO H R e A RE A T AT
Ao X T A P9 A B 3 A B, T I R AT
BRI R 5 X8 T v N R AT, T B TR R
P TL 2L 9080 25 R 40352 i) 5 6 r A PN 8 B 3
B, 75 225 FE AT FR T (52 ), 5 AN AE “ 42 45 919”7
G S raor L A D IRAER T e e S WA Al N 9
B — UK VERAIBE T AN A2 B8 T R A HERE . i
72 A 15 AN AR X 48R Bl 2, 38 3% A 46 X
B S 25 43 A B2

KU ZRHET R AU 3 FEXF RoCoF | i fik
R A 0 R A 1 R sl 2 e I 1) 4 AR A B I
SEMR) , FEAT R 0 B B A PP R 2. SR
T, AT A9 00 23 0 iy 45 AR TR 53 AT i R P (5 O
RGN D - | AR RE T B R R Y R
M o L, PO P 1 R R 0 A S A R T R i
G OLT B SRR AR 25 5 R R AT
PR AN T AR B A5 (40 5 e [ 55 780 v SRAE FE
JE R S 0 M FEE L TR I o] 2 R ) 7 S
RS T K L PR PR B 52 0, DR IE AR 22 4 PR {5
B AR AR TP RS B (E AR TR AIESY o

R e N I L ) R G % s T — R
R AR , T2 i —E ISR R fra{b
PPAR AT 28 G5 AR A RE A T 3R VEAR
3 HBEBNRGIMERZEES

HAY L ) R GUIR R e N ] Xl LR
BURPINHIE . 3% 1 RE VR 9% R 5 7 oK a0 7] 43
A, BT LA 28 300 B B a0k SR D) 28, AT IR B I S 1Y
“REUE 2T — BRI R B, <2k



%9

SRR A 10 BT AL ) R P R TR @

5% S B A AR AR SR A BB ik S 2
AP TR PRBTY, 5 ZEFE S vy 3 077 5 T 32
Ui IR /INT SR R R, 7 B0 A A R AT

R TR AR L A AR, A G 4 A T B R
A S FLHILRT A | AR ABT 00 S5 It , ELAOA Sk 24
X LA AL 5T R L ) R AR e R TR 2
I, T T R FL 7 2R G R o S B Y T R R
TREH (0 BE FEA , DU~ i 25 75 1142 41 94
WG RS EL A ], Xt T O R R ) R G AR 2 4
ST BRI IRBRAt 22 5 R e A7 H 2 il P
W SN E
3.1 EBIREMIES

G D R LG K T KT K E
NP AL UL E E PR ol IR E S ol R I
i AT LA 2 A E R oty | U R A LA % I IE A A
FEHHTRETR A i 2 5 TR

WU T R G S RS ) R G IR A A 4
il 88— R DCIAE FAR PR S B Be . e TR RE TR HL
R A i I, HIoe 28 5 i RO a4
TEBEAT B 417 00 B I LF-J0k i) B I S G5
SCHE T AS TR AR 3 — B B AR kv 1 2 e

7 LU T L 7 R G A BB S A A A R
AR PR R , B — UCRBTRE D 7 hT, 2 T — 4
BT . HHEC TR, R HLAL B i B R, — Ui A
AIZ AT T R, SCHR[69 132 T —Fh ik T2 R
JEFE 25 DR ) 23 9 B R 4 ) O 0k, i — 2 A2
T KRB A A fE

FIXT X 2 1T —Leff 58, —Fh B R
TORBLEE T I ZhBE , 1 an XU % 1 sh e ], Jeam i
E BRI 7 SR , AT ik 2§ I 9 o R 5
FERF Y, B AR T 42 | FEUIBE P42 1 40 K 42
FIPHLEAR . Forp R i R TAH 22, i
— M IE T2 )R, T 1 D R B i b 4
] T Bl AT AEAEIX, ELA S I AR X, — e
T — U B 5 REAU P42 256 T RoCoF, fil
H—ANIE HLTF RoCoF By Z R, LA D) 3R B, FLni
JO7 3 JRE PR TR A B bl LSRR Y
AR SCHE  AELSEBR I v E 2 AR B I A, A
L T — YR B BE 5 HE AU TR 28 LB AR I R 4
il B, BN R AP AL MR R , il 2 B A LT[R 2
HLEREAE , DT A B 75 K A 2 A0 Bl e B i S 1158
MW E W . SCERL70-71 058 T AL 2D HL AL
A8 B R AP LA AL A e, R AR A
i B R IR R P ML 15 BHL e A T H e 3
RSB AT AN AT Ik B £ B DR SR H
(1, Joie R AEEIR XU A RE L 2 T e MR A T R
89 R RIS 5 SCHRL 72 [ 7 — 2% JE AL 2 a] 34 93t
fIE 7 22 5 (0 R SDUABE o P [ s ) SR et bl e 5 | A

SIREVEAN BT FNAR i i 25 o R ol B 7 AR B T 2
W, 0] DUTE 7870 A ¥4 HILAEL VR4 68 7 %) [] Ao ok 4 22
GEATR ) RIS PG

M 5 — ol SEL B 2 O B D35 Y 497 Gn A 2 1 £
a5 ) R0 3 s v 3 i B o sl R e A
1y 7 Aok g i KU AILZE B A Dy B i Hh AR T fe R 2D
R IREERLTT ik T T & A . o
N VST R ST A S A E
P BRI R . SCER(73 182 T —Fh 387
SR T 5 W o 55 AU 4 i AH B A 98/ TR R
S A I 2 e e Y =R G 11, 1 i Y =B ) e 2
P B B IR PR A AT LR R T IR Y
SR AR T AR R R ik . SCERL 74 LB X C i fg
TROER A — R AR RGN T 2
PR 300 e PO 4 T R S P A SRR O T T
B AP B 2 ORI AR 8 AR TR D48
FHA T B S FEAOG AR Ha 3l 9 2 FL SO, IR BBk
FH 3 2 55 B T A R A
3.2 TS

0 e 0] F) 32 4 R e 2 ) e . RS
“— 71917 AR XU B A 2 S B A L R AR
AN B S, by M5 b S 1 £ for AE R 8 A B S s ol op
138 7ok ng N

EX bR DR Ll SR NG o 4R N B 115
ey 55, 4 Tl S AERE 2k L FL 3R R Rk
FH P 28 PR DA S LA s B ey . FEL A Rl 355 S
HPZETT A [R5 Z e I 30 B A B for 25 1 — 2 1Y)
AMZE R A0, SR P AE R B s ] 422 BEFEL )
VA FEFRT T4 A 8 3 o AR 25 I 1 IR L T AR
vt FL R FL B PR Y sE FL T TR 4, S0 b el AR £ ey
F RN, AT 2] T s G far B VE . X R4y
WU, — Bl R R e S 5 2GR
38 2 Z2 M A ar , BT DAAE SEAR AN I P A R Y 4k
PR XA e AT, B ST L H P RIS
SEAR AN, ROt 22 7 A 2 FEL DX — A BT A T
U5 e B 2w A S i .

AN Tr) b X EL AT AN ] B9 9% R S, Hh I T B
S RN TS RO R = R E S XN 17 9 & N
A1 My SE AT AN BB DR 22 40 110 22 A R [m) L, W) 75 22 1)
BREB ot far . B2 S far s e —FE el
AR T B, DI 0 ey AT 4k £ ) )
fof S ARG R ok 28 3 Fh 2 Y, A 42 Hr B U 2L A5 i
oy 38 PR A TG A, — M p R PO R, T B
B MG SISl (5 s IR B, P s
A B o B3 ) 1 ey B ETA 2 R vk — iR
P 9 B o o 7] A7 Ay 5 SR R B Ay 4 o b
Lo, B fa H ] s AR SR S i s Y B far 455 1 2
W FH P N 4 B O, DB A N 2 1) 6 o7, 358 i KS



i1 ® 0 & % L %

%43 %

VLT 18 5 5 — b e vy 91 rP O AR U R L VE B9
PR P 4 N IRFE 4, AR TT 26 I ol 2 FR AR T 6
IR G a3 B R PRAEG P Sk . ARG &
IR E I, R RS R E — P4, SR
O RAI T LT, e fioh 2 AT M1 e 9 2 5 )
1, VIR TG 5 2 1 B fr

SR BRI R G et e v, L
JUR AR T Y 2 B, 3T B i R G, iR
T B vk A TC IR X R G R R
G R Ge 0 R E I, RIE R G N HAb B A5 1Y
GAIBAT I P B I ) R s T R AR
PFo Mk E ik B AR, REEL R Gad 75, i A L E Y
ZEUR PR s SUBLBT 1 HE B R AR B AL, 53K
RGRFaSETH G R I, 28548 F LA 45 F
Pl - B, PR Gl I I HLRIE 24 i 8 ohl o, JE U ds
LY A2 i 2R G AE N HE D) JR 40 s O A )
M, SCERL77 13 T — MR e 40y Brds il N P
W2 FL TGN 5380 9 5 far 4 AL SR W, FE 225
PERAL I ETER N ORUE TR RO . SCiik[78 ]
PR T PR 7 1 far SR DR AR T R
SIAE SR, Sy B g 3 ) PR ) R 07 % R ) 2R dile 2k
BET RIG %

F A B Z RGOS U A fr a7 T Y
a3 A A B8 5 8 B far S A AT DUAE ORI P 2
AT R T S 505G . SCHk[83 1 & &
TR e e L™ R S DA Al AT b W £ A
FEHERE S S A far P i R e, BT S AETLI L M)
BERARIE , SEIE T 3.5%10° kW b2 i S i 45 )
10° kW 2R & 2 il g
3.3 gl

SR ARAI B RE R G2 ) R G 0 B
gy, e E W B R AERE S R AERE R )
P, v DR P T B AT P A
e o 3 B AT R B UL S L E 2 A, R — R
R R SR R . DR A RE— e /N, T
Fp Sk i) 6] 2, DRI AS 38 A 7R HE K B (8] %) 1) 26 8
1£%

oK 75 REHL i e 2 == UK RE S RE 1 LA IE &R
GEHATRE R B i BB RO S AR 4
F AT UM RE B, ] TP R A I 45
2. [HRE B BE 2R 40 A0 2 5052 21 B 45 PR A IR
i, — R BHE PBEE . TR B i e
i HAT B IRBUNARE 208, HBEE BOR Ry iE
A A RE R THL Y T 0 RPN LR W e, 0T 4
KA BRI IZ B .

SCHRL84 JH Y 1 — b TIRZSHLAY IR 4 ) 5K
W, 25 T ) A R 37 A R A 2 ORI T A FE AR 6
ARPIRZS DA T S F5 KU 2 L 37 B AR RE g o SCHR (85 ]
P 1 — ol RE T IXGE T B AT 1 KU IR 5 At 42 o
TR, BEAT Ol — R AR . SCRRE86 1R H—
Fofr ey IXUFL V2 25 56T LASI A< ) 1oz kg R ) 2% 1 F) 6 A2 F
PR S T SR A RE AR L IRC B 7 1%, RERS A 3k
W R IFRIIREE . SCHR[87 [ T —Fh Lis 4T A
AR Fb5 X it BE 25 EA 7 D0 A ) XURH IR 15 T8 A3 54
W, 7EPRUE TSR A SRt b R 1 RS
3.4 thEFEH

S SCAR B B4 ) 75 3% B 9 ) DI R e A2 e 1
R FAXS N2k 3 Bz o

IS 2, H AT B 2 i Jr A 228
—JE A PR T B i 2 B L R R A R BLZE Y
— UL, LR BT A HE At R S o 390 78 i S92 B
PR AR e o7 A7 ), B 6 R o] R LS ) L
OLTR] 242 ] 25, AR R AR A A #4322 5 RoCol
A LA B st ] s — R A rp s AR B I A, A
ELUR A G A0 UIAL ORGP 4 A BT
SRS VR BT IR TR R SR, e B (S )
J& T B AR

R 1o BRI A ) T B, FE LB R i
AR LR 207 PR BT, IR BN R SR
PR . SCRRL90 I ZT7 R4S 1 M & 207
VRV R ) B T A 30 ] (fast frequency response,
FFR) W 75 AR . SCHR[91-93 | ER R GL i E
PEANE QRS FIRE 1 B AR IR i R G
FREEMEZAEM . A, bl @ I8 T BOk i

®3 EHIHEE

Table 3 Comparison of control methods

R s B SRR Ak
Rt T . RO, L PR
i R PR IR b, T LR DR 78 ! g
S R T R T 5 1 e g
VKR TTLUEH SORBULIROGE AE TR TEEARAEEN NMRALR B8
THESEE AR R A RIS g T o ML BT e
e ORI YRR SORRTIE A DR R R, g
BUOE b E a, RE R AR NI REARIRN G
s R LA I 15 L RS BT, R BB R (AR, "
He AL g LSS H

T AR i e

— KPR TR




%9

ERPEE A5 L I )BT ) R SRR TR LR S e (119

TEATUR Y 22 4 AN SCHk[ 94 T3 T — Bl it Bl far A
ff 52 Mk SR e i L ) R GEIX R AL IR B T 3k
TEPRIE R G & AT I iR T RReR.

7R M H AT B BGE TR R
] A DR R A DR T A B 67 £ 4 4 2R H R A
RELAMIERI R . R EEAE 3 MERZ
9%, BIPIMA Sty P S0k M o, SR AR
B2 Ps e BRGE KRR IR | DM S o AR A0 2 3%
WU DL, 1l 8 D12 SCPE R AL 3 R 3 3 2 4 il
FEE CELAL A ) i 28 DA | 2 PP IORG i S fr i) 19
AP, IF T R A5 UM 20k s D% o R4 D
SCHETT SRR X R Se Bt AT S oS, 3 T &
P T LA T

P
VIESZE IS QN RIE YW
BSLRTI SEIFICE

PRI E TR YA KRR YIS | e
EVIESII-VIE S E WIVE S vE ISR
| [ER P [REEME T [ArRO GO T
R s N IE S0 O A LRIk 3
KLk AL HeUIE || KA Al Y67 i
T P e e ;;MBE
Tt JHE A | WML S Ty
Fed

[ A 44 v BAS M T
Ll o DT S K
LT K W B A HIT

| AT A AT

B2 FERZJIDESREEFIRRRE
Fig.2 Control decision-making flowchart of frequency

emergency coordinated control system

35 MEREEFHARRE

T LA, 5 ZEBIE S Q] 2E— 2547 4 K F AL
i — RS S . BEE LR G REIRI A J , i 2
WEFE LR REIR S 5 R 19 F-Be o Besh, infar by
1L BE PRL AL A A0 R g o R e I - 3 F
TR S ] ri, o8 £ 452 v Sl ey R A A e T
IXCHL 37332 B2l B I, 210 5 | e i S ) [
TE ST 55 A58 AT — 28 s xeh ) SCA A Y
RS, DUl ST R g BEAL , HE AnAR Fdi
ARG AT IR R T R S o AR BEN , BEE A4 RLRE
PR AL R RE B AR — 2D AR, AR BE
figg 31 (bR Ty A ST AR 1 HL AL S i RE T LA B R
IR BRIELASE  FER T3 76 [ A Y & B i Ak T
AL B B, R 5 e 157 9 5 T 4 B BE AL R — R
i

e WM 22 07 P AT IR 07 T, B T IR B LA
i Al DI A b AR RE RSV SR 4 ) SR A
FEL IR0 R A A 3 T ) A O BT, A =X
fif e (f 75 20 Al SO IRER SRR ) A Fh A 6 45

R LA HR 2 3w o A HE 202 5 o A I A o
SR, LI v g 23 A 30 D BT ST, SRR I
Gt a5 2 A7 AR 5 O e |
RO IR o RN (55 G i 5 0] L TR S
A LR R A IS A A U PR A AT 4 4 X
WA K AR R S S 28 AR A T
Pl AR ABEST

TEAE i ST T, R 22 4 5K SR v 4
S JEE R Tl R Ak R A v o TR X AR L L
191760 0 2% B Ut i v A A AR T T B 2R 2 s L Y
] RE LAY AR B R AR O ARG B SR
T Ao R TUA, SEm DR ™, B SRSB4k
PIER S0 RGN R 193z 47 77 XL R I B
T BB BEAT B AR, 08 e 2 o) B S A T DR SRER
TELABATIN , $ S PR T 0L R B 5 DR SRR AT I I
ARAFAICIRIR . SR, RSG5 U , AN Rl REAR
Dy AR AP AR O BE B 2% LBk = A VL R T A )
o [RI, BUA AOBIESEAE B LT I, B2 1 fa] AL
BY PR AL SEAT Dy =B A 17 22008 FL R X L2
RN BETR R 5 22 4 22 8 TR AL I 3 7 B 25
JE ST AR MELATE R IV T o FEAL ST Y DR
7 A L 5 RT3 2 2 8 A ) A 38
JEBORIAFOLT , w55 T R AT X 1 B v A1 52
FIRDHE YA DI S 100 090 3R 22 A R 2R DTAk A5 4 ) e 38 )
FC, SRRy I PRI RS

4 #ig

WA 22 4 2 R B [ P g AR G TR O T I )
ZPRAR . F AT R G OB REIR K L EE BN A
S LI RSN O i 5713 N AN [T ¢
R ) ZR G T RE IR FRL LU ADRE S T i 4 ik
e L A9 T RE DR R LRI g P T IR R B E
J1 RGP A A IR IR R R AT, HEAS
T SCHEAY [ AU “ B A Rl N, 2%
S HL A RIS 5 R TR ROBE T 5
FEOR R, AR IR
J1 R GERIFEAZOR MR RE B 0L IE W17

B E ) B G AR 2 A B ST A2 A A P
RS IR . o, PR EE T, B A A 3
Jrie . Ho GBrREIRUR BB TH IR RE Sy BEE
T RETR A HL L1 ) AN W 2 7, S S R B R g
SRR o F RIS KR K IR, 2
PETHIRE RGP RES . AR IR AL IR AHEE 0 E
HZRGREIR, BRI S IR RE /. K,
M AR RV R B A i o R I
AT GRER T VA A SRR L0 A OB
REVR S , i R R A KM ATATVE T, 2 5 R 50
PR . R e T, B A



@

% 0 & % ¢ & %

%43 %

=N
Ho

AL LA SCHA A R S B A £ fiE L 22T

Z 5 REERAIRE ) . B, T8 L R A REAT
AP A B IR B ) R G AR A
HLBLAVRRYE , 2 T8 B i ) RER L 4K, 25
Je— B o E TR N A

S

(1]

[2]

[3]

(4]

[5]

[6]

(7]

[8]

(9]

[10]

[11]

EXEERR . ERAEER KA 2022 452 F 5 Tk g5
[EB/OL]. (2023-01-18)[2023-02-15]. hitp: /www.nea.gov.cn /
2022-01 /18 / ¢_1310691509.htm.

KT ENIR, DRIEE BRI, 55 R LURTRE IR R B AL
ARGMERATIELT]. P T RERRE, 2021,23(6) :61-69.

SHU Yinbiao, CHEN Guoping, HE Jingbo, et al. Building a
new electric power system based on new energy sources|]].
Strategic Study of CAE,2021,23(6):61-69.

IO, ST, R, . 919" IR LU UM P4 2 i
FE IR USRS B B BB (D] O RS 91k, 2017, 41
(7):149-155.

LI Zhaowei, WU Xuelian, ZHUANG Kangqin, et al. Analysis
and reflection on frequency characteristics of East China grid
after bipolar locking of “9:19” Jinping-Sunan DC transmis-
sion line[J]. Automation of Electric Power Systems, 2017, 41
(7):149-155.

RSV, I 2Rk A L SRIRIIE 9+ 287 R A L S 3 BT S o
E R M R % AEIE,2017,41(13) 1 1-6.

ZENG Hui, SUN Feng, LI Tie,et al. Analysis of “9-28”
blackout in South Australia and its enlightenment to China
[J]. Automation of Electric Power Systems,2017,41(13):1-6.
IMER VPV SR50,4F . DR 897 K45 B F L A BT Kkt b
R[] P E AL TARSR, 2019,39(21) :6183-6192.
SUN Huadong, XU Tao, GUO Qiang,et al. Analysis on black-
out in great Britain power grid on August 9th,2019 and its
enlightenment to power grid in China[J]. Proceedings of the
CSEE,2019,39(21):6183-6192.

ST, 3T FEIRI, 2 UUR; L ) R GEARR A A ] IR K
FOWXTFEAELT ], LR 4R, 2022, 42(1) 1 1-25.
ZHANG Ziyang, ZHANG Ning, DU Ershun, et al. Review and
countermeasures on f{requency security issues of power sys-
tems with high shares of renewables and power electronics
[7]. Proceedings of the CSEE,2022,42(1):1-25.

JEl R UM 5 AR TR L. W R G R Bl SRR AT Y
[J]. HLRIHEA ,2009,33(16) : 58-62.

ZHOU Haifeng, NI Laqin, XU Taishan. Study on power-fre-
quency dynamic characteristic of power grid[J].
tem Technology,2009, 33(16):58-62.
L =L B L RGAUR L i S (M.
e Bhef A, 2022:46-65.

XY SET RS, S ek U il R G s A B
AR ]. Wy B ki, 2022,42(1) :164-170.

LIU Haoyu, LIU Chongru, JIANG Siwen. Dynamic additional
frequency control strategy for VSC-MTDC transmission system
[J]. Electric Power Automation Equipment,2022,42(1):164-170.
AL i N SR P S 1) O S =Y R ER NG A )

Power Sys-

WA SR AT D). ) TREOR, 2017, 36(2) - 27-
31,109.

LI Hucheng, YUAN Yubo, BIAN Zhengda,et al. The frequen-
cy emergency control characteristic analysis for UHV AC /
DC large receiving end power grid[J]. Electric Power Engi-
neering Technology,2017,36(2):27-31,109.

X R, B, A . IR R G R B AR S S 05

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

FOHTL0]. A m O i CH AR ) , 2008, 36(2)
139-146.

LIU Lei,DU Zhaobin, GUAN Xiaohong,et al. Simulation analy-
sis of slow-frequency dynamics for interconnected power sys-
tems with preserved network structure[J]. Journal of South
China University of Technology(Natural Science Edition),2008,
36(2):139-146.

ZEHWL, 0 B SR, A5 . BT B R A ) R G )
BESP 7 [T ]. P E AL T 2441, 2009,29(34) :36-41.

LI Changgang, LIU Yutian, ZHANG Hengxu,et al. Power sys-
tem frequency response analysis based on the direct current
loadflow[J]. Proceedings of the CSEE,2009,29(34):36-41.
SR B RGN RS AR AT D] SR
IR, 2007.

ZHANG Guoheng. Investigation on dynamic load flow and
network topological analysis[D]. Jinan: Shandong University,
2007.

FMEw, Bre, X ek . B R G Sl R A AR O ek
SCHELT]. WU RSB F BT, 2010,22(4) : 1-5.

WANG Xiaoru, RUAN Zheng, LIU Ketian. Improvement of di-
rect predictive algorithm of power system steady frequency
after disturbances[J]. Proceedings of the CSU-EPSA,2010,22
(4):1-5.

WO, £ e, XITIR . BT v-SVR 1 J) R G 3l e Mk
AT )], g E Sk, 2015,35(7) - 83-88.

BO Qibin, WANG Xiaoru,LIU Ketian. Minimum frequency pre-
diction based on v-SVR for post-disturbance power system
[J]. Electric Power Automation Equipment,2015,35(7) :83-88.
S AR, 2 TR SRR SRR B A
BHURBINSE ] W RG A, 2017,41(13):92-99.
Al Peng, TENG Yufei, WANG Xiaoru, et al. Prediction algo-
rithm of steady frequency after disturbances considering emer-
gency DC power support [J]. Automation of Electric Power
Systems,2017,41(13):92-99.

EAAE, TR, SO, A5 BRI Y 52 BRI IR R g R R
PR RASIER BN )], By A S e, 2018,38(11)
35-42.

HU Yi, WANG Xiaoru, Al Peng,et al. Prediction algorithm of
steady-state frequency after disturbance for hybrid AC /DC
power system based on wide area measurement [J]. Electric
Power Automation Equipment,2018,38(11):35-42.

CHAN M L,DUNLOP R D,SCHWEPPE F. Dynamic equiva-
lents for average system frequency behavior following major
distribances [J]. IEEE Transactions on Power Apparatus and
Systems, 1972,PAS-91(4) :1637-1642.

ANDERSON P M, MIRHEYDAR M. A low-order system fre-
quency response model[J]. TEEE Transactions on Power Sys-
tems, 1990,5(3) : 720-729.

NAKIGANDA A M,DEHGHAN S,MARKOVIC U,et al. A
stochastic-robust approach for resilient microgrid investment
planning under static and transient islanding security con-
straints [J]. IEEE Transactions on Smart Grid, 2022, 13(3) :
1774-1788.

ZHANG Ziyang, DU Ershun, TENG Fei, et al. Modeling fre-
quency dynamics in unit commitment with a high share of
renewable energy[J]. IEEE Transactions on Power sSystems,
2020,35(6) :4383-4395.

LI Changgang, WU Yue, SUN Yanli, et al. Continuous under-
frequency load shedding scheme for power system adaptive
frequency control [J]. IEEE Transactions on Power Systems,
2020,35(2):950-961.

SHI Qingxin, LI Fangxing, HU Qinran, et al. Dynamic demand



%9

ERPEE A5 L I )BT ) R SRR TR LR S e 2]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

control for system frequency regulation: concept review, algo-
rithm comparison, and future vision [J]. Electric Power Sys-
tems Research,2018,154:75-87.

AR, RIS . B RS BFESECRG WL ]
LA ,2006,30(24) : 26-30.

HU Jie, YU Yixin. A practical method of parameter aggrega-
tion for power system dynamic equivalence[J]. Power System
Technology, 2006 ,30(24) :26-30.

R FRIGE I B, A5 HL T R AR N A AR R A 2
HAGIHLI]. I3 TR, 2019,38(5) :85-90.

LI Donghui, ZANG Xiaoming, JU Ping, et al. The improved
model and parameter estimation for frequency response of
power system[]J]. Electric Power Engineering Technology,2019,
38(5):85-90.

JU Ping, ZHENG Yi, JIN Yuqing, et al. Analytic assessment
of the power system frequency security [J]. IET Generation,
Transmission & Distribution,2021,15(15):2215-2225.

SRAR , SRAEE, AN, 2 RIEESE e ) R GRS
i R ZEIR ()], P AL T R4, 2021,41(10) :3392-
3406,3665.

ZHANG Yi,ZHANG Hengxu, LI Changgang,et al. Review on
deep learning applications in power system frequency analy-
sis and control[J]. Proceedings of the CSEE,2021,41(10):
3392-3406,3665.

GENC 1,DIAO R S, VITTAL V,et al.

preventive and corrective control

Decision tree-based
applications for dynamic
security enhancement in power systems[J]. IEEE Transac-
tions on Power Systems,2010,25(3):1611-1619.

PADRON S, HERNANDEZ M, FALCON A. Reducing under-
frequency load isolated power systems

IEEE Tran-

shedding in using
neural networks. gran Canaria:a case study[J].
sactions on Power Systems,2016,31(l):63-71.
WANG Q,LI F,TANG Y,et al. Integrating model-driven and
data-driven methods for power system frequency stability
assessment and control [J]. IEEE Transactions on Power Sys-
tems,2019,34(6) :4557-4568.

Sl ATRER AR T ZEMIRF I RS
WA e Al k)] TR A R, 2019,43(1) :133-140.
WEN Yunfeng, ZHAO Rongzhen, XIAO Youqgiang, et al. Fre-
quency safety assessment of power system based on multi-
layer extreme learning machine[J]. Automation of Electric
Power Systems,2019,43(1):133-140.

W, FNICTE BT, A5 . ST AELORAL 2T XL R B2 A T8
PRSI ] RS A 21k, 2020,44(12) : 74-83.
YANG Li,SUN Yuanzhang, XU Jian,et al. Adaptive load fre-
quency control of wind power system based on online re-
inforcement learning[J]. Automation of Electric Power Systems,
2020,44(12):74-83.

[ ErIE SN B | S e B A = L BN B R A
MR R R TR 1], T E AL TR AR, 2019,39(14)
4104-4118.

HU Yi, WANG Xiaoru, TENG Yufei,et al. Frequency stability
control method of AC/DC power system based on multi-layer
support vector machine[ ] ]. Proceedings of the CSEE,2019,39
(14):4104-4118.

SRR, RER, B, 45 . B IRAIUR TR B9 R SRR T
filti B AL IR Z Bt ()], iy A48 A 84k, 2022, 46(8)
11-19.

ZHANG Wenxin, WU Chen, HUANG Wei,et al. Evaluation of
system frequency characteristic and parameter setting of fre-
quency regulation for wind power considering secondary fre-

quency drop[J]. Automation of Electric Power Systems,2022,

[35]

[36]

[37]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

46(8):11-19.

WL EEENE . BTSSR M AT 2 M AT ()]
1758 31k, 2002,26(19) :7-10.

XU Taishan, XUE Yusheng. Quantitative assessments of tran-
sient frequency deviation acceptability[J]. Automation of Elec-
tric Power Systems,2002,26(19):7-10.

RAKHSHANI E,GUSAIN D,SEWDIEN V,et al. A key perfor-
mance indicator to assess the frequency stability of wind
generation dominated power System[]]. IEEE Access,2019,7:
130957-130969.

SRAEE, B LRGSR BT RGER S AT TR S AT
J7 e SR EFR [T]. IR R 24l (T2 D |, 2021, 51(5)
42-52.

ZHANG Hengxu, CAO Yongji, ZHANG Yi, et al. Review of
frequency dynamic behavior evolution and analysis method re-
quirements of power system[J]. Journal of Shandong Univer-
sity(Engineering Science),2021,51(5):42-52.

SRAEE X F B A . 2 R RO (01 6 Al B 4 A P
PRI ]. IR SEA 311K, 2010,34(24) :5-10.

ZHANG Hengxu, LIU Yutian, XUE Yusheng. Quantitative as-
sessment of transient frequency deviation security considering
cumulative effect[J]. Automation of Electric Power Systems,
2010,34(24) :5-10.

SRAEE 0 I Ay ZR G B ARSI WA B 2 A3 A R A A
W] A E LT R, 2009, 29(7) : 64-70.

ZHANG Hengxu,LIU Yutian. Quantitative description of space-
time distribution features of dynamic frequency responses[]].
Proceedings of the CSEE,2009,29(7):64-70.

0’ SULLIVAN J, ROGERS A,FLYNN D,et al. Studying the
maximum instantaneous non-synchronous generation in an
island system—frequency stability challenges in Ireland [J].
IEEE Transactions on Power Syslems,2014,29(6):2943-2951.
PULGAR-PAINEMAL H, WANG Y J, SILVA-SARAVIA H.
On inertia distribution, inter-area oscillations and location of
electronically-interfaced resources[J]. IEEE Transactions on Po-
wer Systems,2018,33(1):995-1003.

R ACRY], BRI iR, 5 5 IR 20807 5 R R E 2
FOREL R EAE S e kL) / OL. Wy A ahfbisess . (2022-
12-22)[2023-02-15]. https://doi.org/10.16081/j.epae.202212016.
X J W AR, S5 LR AR IR R ) FR e e 4
M B AR S BT R A SR (1], 7 A S ik, 2021, 41
(12):1-11,53.

LIU Zhongjian,ZHOU Ming, LI Zhaohui,et al. Review of iner-
tia control technology and requirement evaluation in rene-
wable-dominant power system [J]. Electric Power Automation
Equipment,2021,41(12):1-11,53.
PR, VI , AR , 55 L BTARIR L ) RGBT
B HARFERARL D] thE LT R4, 2021, 41(3) :890-900.
GAO Huisheng, XIN Huanhai, HUANG Linbin, et al. Charac-
teristic analysis and quantification of common mode frequen-
cy in power systems with high penetration of renewable resou-
rees[J]. Proceedings of the CSEE,2021,41(3):890-900.
HOMERE e, BT, A L BTRE IR i L AR R TR
B RNEREPFAT (1] HLRI4EAR,2019,43(2) :621-631.
CHANG Yekui,LIU Rao,BA Yu,et al. Frequency control mode
and performance assessment in UHV grid with high propor-
tion of renewable energy resources[]]. Power System Techno-
logy,2019,43(2):621—631.

FGRAE  XITE 2R AR A L 5 BRI (] I 2R R T e de 2
TR X B R G A (], i) A 3 ki, 2022,
42(11):167-189.

SHEN Jiakai, LIU Yang, LI Weidong, et al. Unit commitment



@

% 0 & % ¢ & %

%43 %

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

considering safety constraints of frequency and inter-areal tie-
line power in two-area interconnected power system[J]. Elec-
tric Power Automation Equipment,2022,42(11):167-189.
EGIDO I,FERNANDEZ-BERNAL F,CENTENO P,et al. Maxi-
mum frequency deviation calculation in small isolated power
systems[]]. IEEE Transactions on Power Systems, 2009, 24
(4):1731-1738.

FAN Chengwei, WANG Xiaoru, TENG Yufei, et al. Minimum
frequency estimation of power system considering governor
deadbands [ J].
2017,11(15):3814-3822.

ZHANG Yuqian, GUO Qinglai, ZHOU Yanzhen, et al. Online

model

IET Generation, Transmission & Distribution,

frequency security assessment based on analytical
considering limiting modules[J]. CSEE Journal of Power and
Energy Systems,2021,8(5):1363-1372.
RV 5 R A VRO WA S W =g T AL ]
mE )] RS A, 2014,38(14) :1-8.

DING Li,QIAO Ying, LU Zongxiang,et al. Impact on frequen-
cy regulation of power system from wind power with high
penetration[ﬂ. Automation of Electric Power Systems,2014,38
(14):1-8.

EAR B VB AF L TR A BRI S AT X
o R RIS E PEPEAL (D] WD RS I H Bk, 2019,
31(1):99-104.

WANG Chunyi,MOU Hong,LIU Lu,et al. Reliability and sta-
bility assessment on regional power grid considering the inte-
gration of renewable energy and UHV[J]. Proceedings of the
CSU-EPSA,2019,31(1):99-104.

pAIRE N o I =K 0 B A o e S N AV A ER (A DA RS
FCT ERL BB R BRAA 0AT AR LT ). HL IR, 2021,45(9) ¢
3505-3514.

LIU Yang, WANG Congying, XIA Deming, et al. Influence of
large area wind power low voltage ride-through on power
grid frequency caused by power grid faults[J]. Power System
Technology,2021,45(9) :3505-3514.
IMVEAR, EFW, 30, 55 He il g 7 s R G AR
B A R R AT L], o [ H AL TR A=, 2020, 40 (16)
5179-5192.

SUN Huadong, WANG Baocai, LI Wenfeng,et al. Research on
inertia system of frequency response for power system with
high penetration electronics[J]. Proceedings of the CSEE,
2020,40(16):5179-5192.

CHEN Lei, WANG Xiaohai, MIN Yong, et al. Modelling and
investigating the impact of asynchronous inertia of induction
motor on power system frequency response[J]. International
Journal of Electrical Power & Energy Systems, 2020, 117:
105708.

FET, NI Sl AL HL I [R] RUBE A 5t ek Al K T
A RRIEOR M R GRS IsZm ()], B E LT R4k
2018,38(24):7258-7266,7452.

WANG Ding, YUAN Xiaoming. Available inertia estimation of
induction machine in electromechanical timescale and its ef-
fects on frequency dynamics of power systems with rene-
wable energy [J]. Proceedings of the CSEE,2018,38 (24) :
7258-7266,7452.

SUN M,FENG Y,WALL P,et al. On-line power system iner-
tia calculation using wide area measurements [J]. Interna-
tional Journal of Electrical Power & Energy Systems, 2019,
109:325-331.

GU H J,YAN R F,SAHA T K. Minimum synchronous iner-
tia requirement of renewable power systems[J]. IEEE Transac-

tions on Power Systems,2018,33(2):1533-1543.

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

VM , Mt WA A A DB A T ) FR SRR 1
PEE TR ] ITRSEA 31K, 2018,42(8):31-38.
HUANG Linbin, XIN Huanhai, HUANG Wei, et al. Quantified
analysis method of frequency response characteristics for po-
wer systems with virtual inertia [J]. Automation of Electric
Power Systems,2018,42(8):31-38.

YOU Shutang, LIU Yong, KOU Gefei, et al.
identification of inertia distribution change in high renewable

IEEE Transactions

Non-invasive

systems using distribution level PMU [J].
on Power Systems,2018,33(l):1110-1112.
ZHANG J B,XU H C. Online identification of power system
equivalent inertia constant[J]. IEEE Transactions on Indus-
trial Electronics,2017,64(10):8098-8107.

GAO Huisheng, XIN Huanhai, HUANG Linbin,et al. Common-
mode frequency in converter-integrated power systems: defi-
nition, analysis, and quantitative evaluation[J]. TEEE Transac-
tions on Power Systems,2022,37(6):4846-4860.
U, g, BRIGEAR . (R B ) R GRS 1
ilBrsegRis SRR, My A Sk, 2020,4009) :211-222.
WEN Yunfeng, YANG Weifeng, LIN Xiaohuang. Review and
prospect of frequency stability analysis and control of low-iner-
tia power systems[]]. Electric Power Automation Equipment,
2020,40(9):211-222.

RIS A B, SRR . PR ) AR SRR )RR T 5 R T
TR, W TREEA,2020,39(1) 2 1-9.

CHEN Xuemei,LU Chao,HAN Yingduo. Review of power sys-
tem frequency problems and frequency dynamic characteristics
[J]. Electric Power Engineering Technology,2020,39(1):1-9.
BV B 5L SRR LRI A S T RS
AT AT e S T (T ). AL AR, 2021,45(12) :4603-
4612.

GONG Haoyue, ZHOU Qinyong, GUO Qiang, et al. Improve-
ment and application of frequency analysis modules for po-
wer system in high proportion of renewable energy situation
[J]. Power System Technology,2021,45(12):4603-4612.

I 2 TUAR AR A5 L T D — KRB X 5 B e 55 L
BRG] RGEHLAA S [T]. IR, 2022,46(4) - 1326-
1337.

SHEN Jiakai, LI Weidong, LI Zhengwen, et al. Unit commit-
ment of power system with high proportion of wind power
considering the deadband and limiter of primary frequency
response[J]. Power System Technology,2022,46(4):1326-1337.
Y-, EH IR . FL T SR 14 SRR A o (AR 3 B2 152 )
BrL L W2 (A AARERRD , 1989,23(5) :750-760.

JU Ping, MA Daqiang. Effects of static and dynamic loads
on the damping of low-frequency oscillations in electric power
systems[J]. Journal of Zhejiang University (Natural Science),
1989,23(5) :750-760.

ARULT W R 5 BEFLIEON T D R G SRS
WRARERENT TR ] PR TR, 2015,35(14)
3561-3568.

LI Hongyu, JU Ping, YU Yiping, et al. Bounded fluctuations
region and analytic method of intra-region probability in po-
wer system under stochastic excitations [ J]. Proceedings  of
the CSEE,2015,35(14):3561-3568.

LI Hongyu, JU Ping, GAN Chun, et al. Analytic analysis for
dynamic system frequency in power systems under uncertain
Variability[]]. IEEE Transactions on Power Systems, 2019, 34
(2):982-993.

s IR IV R BT 2 RO B A2 IR Y K AL
— YRRk ). Wy A Sk, 2022,42(2) :194-200.
SHENG Ju,JIA Qingyan,SUN Jianjun,et al. Primary frequency



%9

ERPEE A5 L I )BT ) R SRR TR LR S e &

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

regulation control method of thermal power unit based on
multi-scale morphological filter[J]. Electric Power Automation
Equipment, 2022 ,42(2) :194-200.

ZHONG Qingchang, WEISS G. Synchronverters: inverters that
mimic synchronous generators [ J].
dustrial Electronics,2011,58(4):1259-1267.

EUEHS BT X A LR D LR e A T R G Y
RIS PR ). LT B2 4, 2017, 37(2) : 349-360.
LU Zhipeng, SHENG Wanxing, LIU Haitao, et al. Application
and challenge of virtual synchronous machine technology in po-
wer system[]]. Proceedings of the CSEE,2017,37(2):349-360.
PR, ER L Rl 45— o B X e 3 R 4005 o P ) 42 )
HemsLl]. mITRG A B, 2015,39(5) :27-33.

CHEN Yuhang, WANG Gang,SHI Qiaoming,et al. A new co-
ordinated virtual inertia control strategy for wind farms[J].
Automation of Electric Power Systems,2015,39(5):27-33.
WANG Siqi, TOMSOVIC K. Fast frequency support from wind
turbine generators with auxiliary dynamic demand control [J].
IEEE Transactions on Power Systems,2019,34(5):3340-3348.
TELLIE, JEl B e, 45 . etk A i FR G0 — UM AR A [l o5t
SRS AR ),2022,35(1) :11-21.

WANG Hongbo,ZHOU Qiangming, LIU Hengyi, et al. Review

and development trend of primary frequency modulation tech-

IEEE Transactions on In-

nology in photovoltaic power generation system[J]. Guang-
dong Electric Power,2022,35(1):11-21.

Fz AR DA B R SR R IR S R G AR
S PR TR, 2016,36(8) :2142-2150.
WANG Yun, LIU Dong, LI Qingsheng. Modeling and control
of flexible load based on hybrid system in active distribution
network[J 1. Proceedings of the CSEE,2016,36(8):2142-2150.
AN, L B OF A T R R 7 1R R AR B
Pt ems (T ). P EALT RS2, 2018,38(1) :51-60, 342.
LI Shun,TANG Fei, LIAO Qingfen,et al. Intelligent frequency
emergency control strategy considering demand response in
the micro-grid[J]. Proceedings of the CSEE,2018,38(1):51-
60,342.

Z AT VI 0 55 SR A B T AR D) S P
PRALsRmE D], w1 A ki, 2022,42(7) :261-268.

QIN Chuan, REN Wei, JIANG Yefeng,et al. Coordinated opti-
mization strategy of wheel load shedding under frequency
safety subsection control[J]. Electric Power Automation Equip-
ment,2022,42(7) :261-268.

PERIE , 37, AT, 45 . R IR BRI T A3 e i 67 o 2R AR
oIk ] ) A gk, 2020,40(2) :182-188.
TAO Sumeng, WANG Qi,ZHAO Qi,et al. Aggregation mode-
ling and decentralized control method of frequency response
load under severe power shortage[J]. Electric Power Automa-
tion Equipment, 2020,40(2):182-188.

TR B, PO, 55 . RO R R oot
TRENALI]. ) TAHAR,2018,37(1) :45-50.

REN Jianfeng, YAN Yunsong, LUO Jianbo, et al. The design
of millisecond-level precisive load control system and engi-
neering application [ ] ]. Electric Power Engineering Techno-
logy,2018,37(1):45-50.

BEIL I,HISKENS I,BACKHAUS 8. Frequency regulation from
commercial building HVAC demand response[J]. Proceedings
of the IEEE,2016,104(4):745-757.

LIU Hui, QI Junjian, WANG Jianhui, et al. EV dispatch con-
trol for supplementary frequency regulation considering the
expectation of EV owners[J]. IEEE Transactions on Smart
Grid,2018,9(4) :3763-3772.

CAI J,BRAUN ] E. Laboratory-based assessment of HVAC

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

equipment for power grid frequency regulation: methods, regu-

lation comfort and
efficiency[j]. Energy and Buildings,2019,185:148-161.
WA AR VUG 4F L TR R A U 0 1 AL U L B
KiEr R R GE [T ], Wy TAEAR ,2017,36(1) :25-29.
LUO Jianyu, LI Haifeng, JJIANG Yefeng, et al. Source network
load friendly load
based on stability control technology[J]. Electric Power Engi-
neering Technology,2017,36(1):25-29.

TAN Jin,ZHANG Yingchen. Coordinated control strategy of a

battery energy storage system to support a wind power plant

performance, economics, indoor energy

interactive and precise control  system

providing multi-timescale frequency ancillary services[J]. IEEE
Transactions on Sustainable Energy,2017,8(3):1140-1153.
TR AR, B AE L IR R ARG IR SRR A U
PR (T ], ) A Sl B, 2021,41(7) :44-51.
JIANG Huilan, CAI Jizhao, XIAO Rui, et al. A wind-storage
coordinated control strategy for improving system frequency
response characteristics[J]. Electric Power Automation Equip-
ment,2021,41(7):44-51.

XVBER 5 IMA], 25 L R XU B R T 2 R H AR S AR
REYRERERGERCE L [T]. W01 A BBt , 2021,41(10)
36-43.

LIU Hongbo, ZHANG Chong, SUN Tong, et al. Configuration
method of energy storage system considering grid frequency
support demand under high wind power penetration[J]. Elec-
tric Power Automation Equipment,2021,41(10):36-43.

ARG, ZENLTE, BUAH 55 . 25 VBITUA IR L R ) KU IG5 3143
Ems M AERE RGOS AT ], sy A s ki, 2021,41
(10):28-35.

ZHU Ying, QIN Likuan, YAN Quanchun, et al. Wind-storage
combined frequency regulation strategy and optimal configura-
tion method of energy storage system considering process of
frequency response[J]. Electric Power Automation Equipment,
2021,41(10):28-35.

SMR R R TUASF L W R LI AR L T AR
FEsems )], mREAR 2022,48(1):232-245.

WU Xian, LI Zifeng, LI Weidong, et al. An active frequency
response control strategy for back-to-back DC interconnection
system[J]. High Voltage Engineering,2022,48(1):232-245.
BOKG SRAEIE 5KAR S ZET RIS LA PR A5 R e i
FERITLL] TR A BIME,2021,45(19) 1 148-154.

CAO Yongji, ZHANG Hengxu,ZHANG Yi,et al. Event-driven
fast frequency response control method for generator unit[J].
Automation of Electric Power Systems,2021,45(19):148-154.
WRIR , ST, XM, 45 i LT PR A RIS HL ) R SRy TR
R N T 37 S 5 )] i R g A ik, 2021, 45
(10):174-183

CHEN Yiping, ZHUO Yingjun, LIU Yingshang,et al. Develop-
ment and recommendation of fast frequency response market
for power system with high proportion of renewable energy
[J]. Automation of Electric Power Systems,2021,45(10) :
174-183.

REA,EE B, 5. TRV p s LR RS
AR SR ik iR (], 1 A B ik B4, 2019,39(2)
84-92.

ZHU Lianghe, YUAN Zhichang, SHENG Chao,et al. Review of
frequency support control methods for asynchronous intercon-
nection system based on VSC-HVDC[]]. Electric Power Auto-
mation Equipment,2019, 39(2):84-92.

SRR B, 4R 5L AR R U R A A v TR A
WAGARENELT]. BR4AR ,2010,36(1) : 116-121.
ZHANG Buhan, CHEN Long, LI Huang, et al. Improving the



® ® 0 & % L %

® 43 %

stability of UHV AC interconnected system by the DC power
modulation[J]. High Voltage Engineering,2010,36(1):116-121.

(93] W Ek , 5k 58, N7 . IR i T R 0 R R SR SR g T 5
L], mJrAshiki 4, 2008,28(8):1-7.

XIE Huifan,ZHANG Yao,XIA Chengjun. Study of UHV emer-
gency DC power support strategy[J]. Electric Power Automa-
tion Equipment,2008,28(8):1-7.

[94] ARWET7, Aok, FE0s, 55 . TR ANH E M MO 48 4y
JIRGEK AR IE T ek ()], ) A ek, 2022,42(7)
212-220.

SONG Xiaofang, ZHOU Haigiang, XUE Feng, et al. Interval
optimal dispatching method of power system considering

source-load uncertainty and frequency security[J]. Electric

receiving-end system coping with frequency stability problem
[J]. Automation of Electric Power Systems,2017,41(8):98-104.
[96] SAJJADI M, SEIFI H, DELKHOSH H. A new approach for
system-wide power system frequency model validation via
measurement datalJ]. Engineering Reports,2022,4(1):1-24.

EHE BN
H$EFEFN997—), B ML RE, ELHE T G AR
W, ) R G R % A 4547 5 424 (E-mail : hhuhz@hhu.edu.cn) ;
HOFO962—), B HAE , HEHRAEFIF L, £
B9 7 1 ) B R ERE 447 5 42 4] (E-mail: pju@hhu.edu.

cn);

Power Automation Equipment,2022,42(7):212-220. F 3

(o5 Vol AL TH. 5. SERBATARIE g a1 (19817 SR R AR, £ R
FHUIHSI]. RS 1L, 2017,41(8) :98-104. AR SRR 415 4 B (E-mail: cqin@hhu. edu.

XU Tao, LI Gang, YU Zhao, et al. Design and application of en)o

emergency coordination control system for multi-infeed HVDC (gﬁiﬁ iﬁk'ﬁ')
Review and prospect of research on frequency security of new power system
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Abstract: With the accelerating process of low carbon transformation of power system, the power grid is
becoming a new power system transformation characterized by “high proportion of new energy” and “high
proportion of power electronic equipment”. The fluctuation of new energy output and the large-scale access
of power electronic equipment not only significantly increase the unbalanced power impact of the system,
but also weaken the frequency support ability of the system, which brings a severe challenge to the fre-
quency security. From the perspective of modeling, analysis and control of frequency security, firstly four
kinds of frequency response models of power system are summarized and compared,that is,full system de-
tailed model, linearized model, single-machine equivalent model and artificial intelligence model. Then the
frequency security index of power system and its quantitative evaluation methods and influencing factors
are summarized. Finally,the frequency security control methods are summarized from the aspects of “source-
load-storage” and its coordinated control,the frequency emergency coordinated control system is introduced,
and the aspects of modeling,analysis and control are proposed.
Key words:new power system;frequency security;frequency response modeling;frequency mechanism analy-

sis;frequency security control



