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ABSTRACT: In the low carbon transition of the energy system,
the shares of renewable energy and power electronics in power
systems are rapidly increasing. High shares of renewable
energy and power electronics (High-RE-PE) significantly
challenge the frequency security of power systems. In this
paper, four new features of power system frequency response
brought by High-RE-PE characteristics were first analyzed: the
scarcity of conventional frequency regulation resources,
differentiation of the spatio-temporal frequency distribution,
diversification of frequency control methods, and complexity
of frequency dynamics. Then, three mainstream frequency
response analysis methods: time-domain simulation method,
analytical model analysis method and machine learning method,
were compared. On this basis, this paper analyzed the new
technological progress of improving the frequency response
characteristic of High-RE-PE power systems from five aspects:
inverter control, under-frequency load shedding, DC power
mutual support, system scheduling and ancillary market design.
Finally, the frequency security issue of future High-RE-PE
power systems was summarized and prospected.

KEY WORDS: high shares of renewables; high shares of
power electronics; low inertia; frequency security; virtual
synchronous control

WE: EREEAGIRBR R AL AR, BRG]

e R L LT 2% LI B K, 25 91T T2
5 E A b L T 1 XU AR A sk R G4

£EWA: K ABMARRLINH (5100-202156290A-0-0-00)
Science and Technology Project of State Grid Corporation
(5100-202156290A-0-0-00).

AR TR . S e AT L) RO R R A
9 G SIS K 1 4 AT « 1 S VR VR
A BRI 2 A A B T B R R By
AHLELST Ze Ak . SRJENT L T IS0 200 R A0 BT AL 2
25735 3 KAV USRI RE S J7 05, FESLIERY b, Miids
S ARSURE AR . ERIIER IR RGAE BT
iRt 5 AN E AT T BN ) RGO S
e AR T P o 5 S S 5 ) 2R A 2 4 ]
AT R,

SEERIA: o HO T TR A o EO ) T A AR
A AL

0 3l

ERRIE 2060 FERPREEHHR T, REIRAR
G (AR B A0 5% BN 1 oy 3K BB YR & 40 1 B2 B K e
54 = = 1 WA s 28 B A P E A WS B b i)
NRGIEERAT % 2019 4, RERE
LRI OK BH B & FELEHL T 43 i)k 209GW 1 204G W,
Py R — B, EHx 2030 ARRRIKIE T A H
br, BETFRITE 2030 G206 R R BH A8 A BEHLEE T
£ 1240 kW, JEAb A BRI 9 o5 LR = E) 25%, JF
THRITE 2050 4 HF— 00 REVRTH 2 bl AR REUR L
IR TFZE 6006 LA 11, BRI AR 25 ) Bk vl F AR
RERCR 127 AN ) R G I IR R AR O 32 B
P, THANPTFAE BEIRAE RO ] B = A R [ 2 2
528,

JRHEL R Y FR 5 ) Bk T AR RE R CE R R R
FEEGED RBNEE R ENER, AHEAEL



2 moOE OB HL TR ¥ ik

542 %

B FT FRA BBV, R ) 2R GEAE YA X (U S TE 22 113 A TR
ZURAR AR, RPN, XU RGO 5 AT T A R
(BRI SR . BBl IR, 7548t ) i AR 28 S B
ML R GUIERY,  rIEINOR & )[R 2P K ATLIEAE B
W A7 E T BTBURYY: R, AT AR A
KRGS TR B S A G, H 3R AT A B
SR e R d el T 2 R N R A O U e e
Y, R BV A R . 2Rk B % PR (voltage
source converter based high-voltage direct current,
VSC-HVDC) M AT i B R SF K BE ] . KA
Sk BRI AR 7E 3R L R G KRN
FRTOL DI 2 b e J £ 78 b AT A R 3 s A
U b XU R A R T AR R, R X (K R R
ZIRE BRI T B, JPRIE R BRI R
WIZREEH I, FE G, LRI ARAR )
Bl TR HURBR SN 1 i 7 e M ARER I e e 38
Gt (0 EEB AR Rp SR T, e rp PRIEUR e 1) 70 A1 2K
e, et S R e ) S S A B R T
07 R P AR BE VR AU BN o VR DX i 0 P R R T
W R G R TRk B 2 I &
Rt

H, 3 58 G 1) v b A5 T A VR R e e 451 F )
HL B0 (i SR TR X R ) R 2 A A5 AR SR L &
GHERR. dB47 . EHIAIORA T Y 55 ) &
GAFER T, I B REFEMRL. B R
GrizdT T N Rl MEIRRAL . ) R GiAR
SENEE R g i P, Bh I REBIAN— R
FURH R, A O SEA IR 4
[F) BN R R 1 A A A S ) R G h CARAE ) —
i) T, AR A e A M AR R
W 22 A BOR L ) R GUAE X B ™ S H LA T
DKM G, RGWFERE RFF B S 3 o vFa
W, ARG TRIRR . VRN RS
B PL T — 28 5 XS R 1 DDA R A 2 e
. 2015 4E 9 H 19 H, HIiHreE K EIREH KA
WU P, 3.55% ) FEL Ty 2451 2K 36 i S 6 d A1k
V& 2 49.56 Hz, 2 240s IR B J5 r o 453 A4 MR ik
4% 50HZ"; 2016 45 9 H 28 H, MR R #H
W T XUE R T KIA 10h i ik, FhardE
[F] 25 & FL D) #4825l 80%, FEARAKIK & /K7 T H )
RYHR PR TR R R SR 2019458 A 9
H, JelE BB T i diil, g 1k 100 73
R, KB a KT 1.5h, FHigardERS &Y

LI 40%, SEARGIEV RMAL, JER R PuE
BRSO , X 3.9% (K 4 K FL T R
R G H R R BTN B TE % 48.8HZ™,

XA AR 2 A N R AR S R L R ST
e AN E VE RIS AR I B VIR, el A
FEANFH M A B 5400 ) R 2B
WRIZERE, RIS XU ) R GRS R SR L
HA — RBIRHRAE, B ARK AT RGBT %
S EANZE G R 2 5 o AR ) AT BE RN
TR ) R G BAR R BR A b SO, DT
XU L B8 G A 2 4 i e I AR S 1O R
TR . RSO A S BUE IRTTT, XEXE
NI RGN A AT VRIR, A SCIHEZR A 1
PR, T S VAN e L ) 3 G I 8 T PR R
P, PRI ERIE 3 LGP MR 5%, FEiE
Beat b, 32D X T ZR GEAAR I A
P I, AR X L T AR SR 2 4 ) ik
T di Mg

E1 WESBARGIMEREE)MATIER
Fig.1 Framework of frequency security issue of
High-RE-PE power systems

1 NESENRGIRERN N AFT T

T L 7 5 G 0 e ) I8 7 THD DRI 4R 1 T LS
NI 4 AN J7TH
1.1 G EIRRR

TEAEGE ) R, K ERIZK B4 [A) 20 H AL

R HEAIL IR R 00 RE 73 P 2K A% G 1R B R AR 4 3t R
W T L) RGO e AL AL i ) RGP AR
BRI B AKHRAK BRI HUR A, W) RS
RN T TR GRIIAR G . 78 PR



1

ST W L A GO 22 4 1) PP IR L L N 4 it 3

RAPBNNS, [0 R LI E 2 b 2 Rk A1k,
TEAEAE [F 28 R AL T 3 Re 2 5 v R AR R
B, TN RS E SR N —EFE
& ETE, B RGN G E n BE A  — Bl el AR
FLE R “fERe”, AR E RS
BRI, NS SR AT G BT ) 1T K
FK AL R AT BE ) S B T FE ) R G AR
ZRIERE 1, W RS, KEAKEZER D
WUZLBR T SR LI S P4k, BN KRGttt —
RIS — TR S5 o E TR B, [R5
REML2 B ES B SR 7, SR
e its . (H—UCRBURA 2, RINEER IE
BHGEE, ST RS, B AL AR 9 1
Hl R Ik B E 3h kL 3% il (automatic  generation
control, AGC)f5 5% 77,

{H Bl X L R G R D R LIE D B
TETREFTEAR, RGN B GRS J5E 0
k. BEFFSEFRRC AR ZHE KB RG 0
T I P [ X A, SCRR[22] % T 57 4% i1 [X 1996 4F Al
2016 M H) RA SR EAT T, SR ER
BRI AL, tH S H A 5% W 2 T T FE A AR AR B
KRBT BT E RIS, Heb, BN RS
PR PRME S ok, 20 SRR IR T B H2 R 20%,
A RARIRBE R NP IR R, Eik
60%. SCHER[23]%F R 5 [E 2030 4 5 &Kk AT
T, SRRUEE. BEAA. . FRE.
i [ 45 [F 7 AR 2 /D> 100 I 18] Y B R Gokas
MR EA LB (RS ENT 25). R
SR B A B [ H X A A AR T I 7 S AR AN 2
W)/, EFE ] AR RRYR AT A A X SR K 2 =
R B B8 TN 1) 52 0 FL I, IS R MR O 4R
SIS, T H A2 AR K TR R
AT ], AT AR REYR AN RE 2 3 2 5 2
HL) R GRS FR 2, N RGP AL AR
JIRH R 55T K FAIZK LS A0 R ALAE, Bl 1T 7
A BE R IR K RIS I I A% 5 K FEATLZH ) R SR A%
RAN FBHL AT AL A RE 0K B B R, RS
REEA R ZE IR S a8, S8R GAE a5
BAELAPRIE IR, 3K T A 22 A S R s A
1.2 MENT=TZIHERNK

W) RGeS G, RGN FT U5
RNAIIFE LR FRAFAEZE T, FHARIRTE T4
EhAFE N A D PR ), BT, 1E

) RS BRI, R ST B TE R
W) 3¢ 125 L35 2555 1 30 5 /B A S AT
SYTEIS, S 4 31 R R A WL e 2 ) A
WHRZE, SRR AR MBIER, A M
TEAR MR 2 R AL, T T R 4N M5
T, A58 RGBT BT, TR
MR B FIAL . £ RSB, RAK
Pl L 4 R D 2 2 S [R5 A
P25, HIRRE A F ARSI A, R
i) LR 34953 43 A UK 5 504 5 S
REAERT 8] E RO FISE, HE 514 RO I 44
i S

SR IR 2 49 A4 12 S AL TR 5 T 4 et
SV, T AR R R B R G A4 b
SRR BB ) A 5 2 B R OB,
G 1 R G S W ) R GE LR £ L
AR E LS, IR 2505 2 S A
Fh 19 28 S5 SR 0 K A

MG I RS, BRI 2 A 2 AL A e
BAENAFTE, (B0 T RGHEMRRT N . — 7T,
LG8 RGeS LR R S R A 75 2
ARG AN TR, T f b0 R ) R
BEMT IR AR, P50 R G
i 7 A 2 AL RRRE AR AR s 55— 7T, 7EA6%;
RS, K HURIK A B R
EEAKE, FTEGH N RGE TSR LA
i B AR AR 5 A& TR TR ML )
BN ATARN 5T, % 0 HLHS A R 22 R R
K TSR b 515 S 28 45 AT
RIS, 4% R S A i R R 60
) BRSPS M P P
mE

(BAEXU B E ) R R, B 28 A 2 AL
WO AN, o, ARG T M
WA E PR EIRIZL, T AR R R A P
T3 (7R $41 50 4345 T B 5 SO 3 W 301 4 2 3
S RAAE BB E S, R TR
oo, R T A s R
NSRS, BRIRBHUSME A 2 REAL AT R
% 55 REGHRADILALL P, BRI
HRK R TR T R AL A, o8 T ) RGHR
RSV 50, T ff B e el 5
EONMERLENEED, L=, Sl TR



4 moOE OB HL TR ¥ ik

542 %

S PP %) L 900 B A7 A (R AT PR AR KRR B bl A%
Hil77 phE, By R &S R S5 AN
[, XSRS R, 57 r AR 1 5
SR AL B ST, LD, T AR YR ) VR U B A
1395 DX I L ) P LR 25 4 22 S AL IR I, S IX B 4%
PRI S0 SRR 2o A ki RRAE, BRES
28 1 ) B D) PR 5% KT S R BT R 2 AL I R, 2
P X BRES LR B IR AN S 5 R AT, FEI 2 [ 1)
AR B, A5 DX I AT R B A i f = AR
%27,

XN RE T, RGIRN 2040 2 74k
AT REXT RGUANZ AT BT« (RIS 45 7= AR B 2 5
Wi, SCHR[30]4E Hi P sl H 0o 5 HAth Y 5 BIA R — 43
ZE R A] 7] B 7T A mrik 25 DAL, 34845 H X P ozt
Pl s AR B IR LA S 2 A FHORAER, 23
RGBMPMR T, 8K T KRG TIR
oy IXIR( “T AT 87 )2 RIS R S AL R
72 S PR AN [ DX 3 P (10 AT 7% 05 3 DA 78 40 ELF
B B 2 R SRR A R AR 2 4, R EL Y
W RIS AT AT
1.3 SRS FERZHL

A& G RS R AL R T R G £ ou ik
FIRATE RS 5 B KGR R, sl
HJH T RE RN B R R4 7 R
APEPE, B AR A MR R PR R
A5 75 58 IO A i % 2% P ) R AT BT R P AR 4R B Ry
PR 22 A R AT, 17 24 11 L) R G bR
Ji& () [F) 25 A0 0 2% ' (phase measurement unit,
PMU)R2V 0 ) 35, & | & 45 (wide area measurement
system, WAMS) 54445 K Hh 52 T X0 s L ) R4
AT, A Bh TSR R AT IR K o B AN, AT R
— B SEPUEE T KB b TS SRS S
A R ) 7 B,

BRI T B2 AR B XS L R
HIENFE, HEroA A% 2 BSCERITE 7L T iz 48
H, 77 22 G0 IR ) A i 45 SR 1 R0 )

FEPEM,  DAXCR RIS B AR AR 1 1) 8 v F- A
REVRCKE BN AR SR B ) R G (1 5 T fBIR, K
AR RGN R STE, 76 2020 ki E AR
(ARG A Fae SN F O Re & 37k
PR SR RE 3R e T SR O, T g e e
ARSI A B, BT RV R FEL3Z 0 R i R
5t Re Bk A8 17 55 2 F o7 Ko R G 52 4L I

SO b, R HL R 3 3R RS s UL i
H I 3 i SR B (3 S I R S 4 R, B il i 2
ik,

FERIM, W R T T B A B AN S
ACT L B ) AR A AT eI, AR —E
1 3= Bl ) 7 2R S T 24 % 9 0 DX 43 R, ] 3 530
WA AT, RIFRFEWMMR L2, H
VSC-HVDC H # # 58 i £ #) R & v, # H
VSC-HVDC 24t if b 4 Ff R 55008 g sy 1 H A
FARFHAH 2 B, &3¢ vSC- HVDC H
B, W 7 AFE T EEE] . A ) AR
()54 ] % 2 s )y QE49,

e, g £ RS 5 KGR
BEAE 2 B [ 2R F Iz M 1) kv E . KL etk
H 77 B Ta) T 5 AN e S T AR A ) R
BRI ERYME, AR ERR Rerk T2 H Al 3 2
B M2 3 3 25 PR 7 SR 944 da)
REEHEM ARG mEe, SiEeertE 4
I, FLRIEFU R G BE AR T H BN A TSR I 4%
U, TR RERE T S AR IR, oA
i (heating, ventilating, and air-conditioning) =zl
B RS HIFPBA XN H K, G5 e
B BERUE—RAER A AR B, Rt
Gb, ARG K R ZE G REIR R G, HHE A
AENZSHRMWE R 1. FRMFE3EHZ2 5
PRI — K EARME s AL T far A L PR,
MR F AR T A 4 A7 R A iR A
AR, e RO 2 R Ty ik, B0l B
(IR FIHAT T SR AP0,

i RE e ) RGP I Z T, 2K AT LA
TR ER L AT AR BB S, 25 RGTIHIE R, 18
AT PR RT LR X 2 BHLJE . IEZR AR BRI T, EH
MR AT T R B BRARFR AE AP . B F)
AR, A Re P N R G IR A FR B R N, — K
WAL —UCRBHE N I 2 MR AR SS, EF 5
AREIR LA 2 5 A (H5E T BE B A AR X
B, A RAEAE R RO P TR e ) 2R Y
P, TR A R P R g N AE T AP P
AR N AE H B i RIS 1) A B U 5 i e T
MITHER BTN R GRS A AR S, 2L
FACH R RE RS ERE, HAiseE o iy
o A DR A e B A Dy T — 2R B )l B R 9%
KA, FITFRTE RGO 22 4 EP,



1

ST W L A GO 22 4 1) PP IR L L N 4 it 5

L4 SRERAHIBERM

i L ) T 12 95 5 L 00 1 . T8 0
{1y RGO AN ASHLIE TN AL, X R
ORI ST 7 A T SR, 4 3]
PSR 050 R G U Y T B 5
SR

T A TR 775 L 5 45 ¢ K
HHEREER, WRT RGHRACE 5 UL 5
B, SEUEG AR AS DT T R A LT T
R F A G T A R O
P, RN RS R AR A, K
TN AR RSB, i i
S8 (B AT 50 N A 3R G5 AT £ o K
[FRE B I3 MU TS FT PR A
H 4 A SR RO, 512 7 0
L ARG G R 2 I B, (E
. 2L S5 5 LB fRPE A 2 B B
o) 2 SR 405, o G 13 RS LA
IS, MRKF(E H Y B e . 1R
KT 4R S5 B LS R SR B
BELREE, FRBE. RIS
S 2 I HIX K R S e, TR A T)
53 B R P Bl R B U B
FROR, (HRAE RS I T 2 RO VAT T R
I R R B s e R o S 2 (3 5 0
SRR AR, 3TV B AR R 8
{8 27 5L AT e 4 P 5 2 A O 2
B 4 RGERIRFSENT, TR T L,
W RGUEATIORTHE: T4 ARG MR ICI, B
11 A P SLAT AR A2, K R G BT S
IR,

{90 4 1 IR L 55 4 5 5 B
FEAFAERSE, SEURYEA T A LI
SRR, SIS 5404 R O B 0 8
E, LG R G TR R 0
KRB (EEHENRGET, FSHERSN
LB R T R RS B,
451493 FR 5 O S S 1 9 2 L3 5
PEFFURSE, 46 FUS LB PEARIE , I 2 A
S SALRIAE I, W OB L B 2 1
P, THRITRGIEA SN I . (B
RS RS, BT B B G 5
FEFHEY P EOE e E N Bl ate cha

o, R G PR e AR PR R ()5 A ) [R5 LR e
AR SR B K& 5 o A P s D) i 0 30 A0 5% 0 3 [
oM, SEANASHIR N B R B . BE
A] P A RIS I A B A e L I RF e T,
77 HL V£ K B XU L D R G N T ) I I ke
B, )R AR SRR S s ) B DA
X, HEHARACD MW 7 &M EEREH (grid
following, GFL)P™A1 H % 57 #4 71 (grid  forming »
GFM)PEIp b A s ok, X PR HTE T
TR 8% (AT SR S AR A RS [ R
GFL AR 25 A R 3 e BT AE 19 s B ER , T A 8
I BURH AR BB B A R, IR SR O i
DhZant) 77 sUIAIE S m Y A e, I R I f s
RN s T PR PO S 4 R 3 2% U R e s ) i PR
AHA B R BT AT UAER ) R DX R I HH P A U
e RS20 T sUP A RN B2 e 4T U R
IR R AR S A S R A E AR, SR
I 75 oA 25 A B s e BE N 2 . AR SR T
OB 5 A0 28 B 25 53 AT 7 V5 A B AR 1 A4 I A [+
TSRS 7 SRR YE B2 R, M DA AR
N 2% 22 S A ok S SO A TR A U S B i AR FH 1) 52
Wi, AR5 fE B Bk S E T O R TR —
NG MR, B R R s B R
20 AT R RS A A 2R R T

2 WEBHRGIMEMN I E

XL i L) RGN ZN A WL A% W E A
BN T R AL AT 0 N 43 BT 75 A SCRIE AL, AR
Je PO 3 FRARER N N 73 M T VERAT 4738, ARG %
3 AR B 43 BT VB AT R AN SRS AT, B
S 28— e A E IR A B 0 R AT U7 VAR H R )
AR T BRI () B AR AR o
2.1 BHE{AEX

A e N A b FR A 5 RR BT IR (1 3
AR, H5/NTHARE A ™R A8
R, HL o 3R G R 22 4k B 2 BB R T 0 W 4
AR R PR A 2R S G A T BRI o PR,
SR I 07 B IR P35 R G ISR AR A i 45
J& H iy EENURS i (1 R e 52 73 A 732, 2
FCAA 0 [ 37 5 R SRR B 2 . AN []
REE LTS, BRGERINENSUEIE TR E
AT EMVEE, BT Z A8 B E B S
H L35 PSASP. BPA il PSS/E, i DIGSILENT



6 moOE OB HL TR ¥ ik

542 %

JF % 1] PowerFactory T 5 L 7E A5 Z AH 5% (R 75 4
KELH.

i B ) AR GER IS 7 EEAR TR K
REFENP ) &% 5 22 B B A&
B, SCHR[5914 H 52 i A8 A R I PSS PR AN TR
B Al e 2z 51 K L AR R AR A R, W RE
T R G0 R B R R B L I B AR P B B
WP . X FPHE A 5] B A e R i
A RAR KPR, (AR A& G b L B A5 VG W A HE
DUERAR NI B0 L ) L & B TR R, ALF -
T 85 A5 VR B Al LN e DI — M AR AL T — Fh R
BRIV ZENL - SR AT D, SRR
Tt FL R R TR AL R AT B 7325, TN T B
FEL D) 5 F, ) T 2 SR R T A 7 L T =X
S H AR, R E S R L TR
T A EOAL AR A0 LA M, S T2 H
VTR L AT R e N PR ) AT, IR AT DL I £ i
FIATHE I 7 Xk — P4 TR & 07 047 2%
FIOU 7 HEAT AL 8 KB T A AR BRI K &
Gifii 5, NIRRT BRI SR R, W] DAfaib T
FAE BRI R HUALZE ) F g A B R ORI, TR
2 FE A HIIANT,  SCRR[62]%F KU HL AT G AR AL HE 3t
— ORI A5 14 e 1 PR 428 1) 7 Rk AT T SRR
2.2 BWESHE

54 Bk 2PN JE R G R sh A R
HIEE t 2 AR, ARk i) B AR T 380 i
BT FL VR GEAR Y i3 47 B R B BRI AT A4S 1 1
BT ) RGN AR, FE LA FA5 2R
BNASFFE 2 IR 2k e

TR 43 B ik v 38 3 >R FH PR — AN B = AR 1
OB (center of inertia, COIl), BIAN RGEH15 &
LT A ER RO B, RS YRS
MRS, MO B S5 ROk I ik 2 45 1) 3R
BARAARE, B

Wcol :(ZHia}l)/zHi 1)

ieQ ieQ
s oo B BHE RO s Hi Ml ey 73 59 #4715
FURE RN H YRGB E KD

H = Z H; (2)

ieQ
FER AR OB AT T, RN
SRR AT s 742505 FE(swing equation, SE)iHiiAR!

2H dwijotI 0 + Doy, () =Fs () P () -F.(t) (3)

X D ARG S /R Po(t). Po(t)
PL®) 7 R RGN K LU H T2, fger /5 SR T 28
GIE RS

B PP B 77 RE NG VE AN (1) 4 R B A B {4k N
—ANFEXS R BB T AR, HBR T L RGN
RLREIE A T A D D 2 1)~ Al o e o) & FALZE.
AT AR PE @A, T LA — 2515 2 AR 145
B ) TR I

Hrh i A% )2 P. M. Anderson T~ 1990 4E it
PEH M R G BB S (system  frequency
response, SFR)®, #1[& 2 iR, Hr R ARLGN
SERCT I R A AR R — MK B 2R VA 3 R AL
BERY, BT e A DA B R ST A I 2R B 35 R
B, WPRTRE Iz N T EE AR B AR R L )
RGO, B Ap e S TO s g A
(RIAH A 78 2

RAP
A (t) = DR+ K

[+ ae ™ sin(ot+4)] (4)

m

27 CHR[25] -
AP 1 A,
2Hs+D 4
AR Ko+ FuTes) |
R+Tes) |

B2 ARGInzEnmRE

Fig. 2 System frequency response(SFR) model

RNERE LB RGN, A AR
X SFR BLAYHEAT 1 bt . an b 3 BT 1) 2 LA AR
IS ASE IR R A AN [1] [ 2 L 3o 88 AR 1t o T 7 22
P, BRFE W RGN AFLE 2 AL AL ) S
BRIGOL: AH Z AL LAY & — A i i A 328 bR
B, TR, DL E AR BT R B
SRHER, W2 T ZHSRE RN . P
K2 WU R R R TSRS 2 B, SCRR[73] 904
T Z MRS R AT, AR
— it A 7 2 DA R e R A A I I 2
WEENLH 7. Rk R 22 HL e S AR R A ek
NITRE(B), Hr, Cri NAEHLHIB) G B Lt e
B, XIS BT AR S AT R, IF
CFE % F SOk P33 7 AL, H A3 o i 20
WK 4 Fros, XACR P A% 38 R U 9 T IR )
Ab 3 B 5 SCHR[ 761 52 1P 2 R G AR AR Y
(average system frequency model, ASF)#HiT, AEM%



1 KT R RGN 22 4 AT IA K L R X it 7
® L0 ) Moy IR ST VR TE . OR[N T —Fh e T 1
2rs+D VI H 7T R BRI LA T, I R
2R [ Kar R, ST LR B SR S, 7R b

R (1+Tg,s)

AP, | K@+FLTes) |
> R,(L+Ts) |

AR | K+ FnTanS) |
Ry @+ TgyS)

<

B3 SH RGN

Fig. 3 Multi-machine system frequency response model

AP N R 1 Ao
£ 2Hs+D
APy,
< —Cpy [«
AP, 4 E — 1
| 1, ~
z % —Ci, t : 1ADco,
€< -
| |
5 1A% |
AF’GN ~
< Adg, [

E 4 EUSHARGITRRNRE
Fig. 4 Simplified multi-machine system
frequency response model

WE BRI R Je . BRIATAL R 4% AR AL,
SCHR[771HE 7 — s 2 AL TR 2845 1 R A o
—RIEAR 1, ST 2 AL R G AR e B A [
SFR B BG4, BRI TR IR £, H A5 B
X —IEALRZER T 2%,
2H9¥%ﬂg+Dm%ﬂW:ZCﬂ—ﬂa)($

d ieQg

I8 55 X v P 7 3R 00 A 26 T SR AR 1 1 2 R
H, BRI HTERA T EE—P R E. SCER[T8]
P T —FETSEORR SO SFR A, $2F+ T
AR BN A543 HT (PAG E o SCHiR[64,66]181E T SFR #i7Y
DL 5E SR FH R 4L [) 20 44 1] 1 o] P A= e IR R F L2
HIVAR P o STRR[72)0F 98 7 WAl 75 SFR #5288 ik
AT A 1 e o SCHR[80-81] MU 43 il 7 SFR 7Y
RS T AR AR AR M RARE F o T 1) X s FL
ARG AT A REIR 1SR AN E P, SCRR[82)K
FABEHLIR S 5 FE KRR RA IR SIS R, Jhd
ST AR RGN E M BE AL SFR B, AR
Sem A £3 SFR AL REAS 5 ST 2 o AR I
BFE. BERER OB T, SFR &L
M 7SS 7Y S AN e A IS [ 1 i TR B 25 i 2 1 22
S, NI ESAE I T AN D 2 RSN A A AT R

B TFAL G A Bk, (HMA R B KRG i%
B 23 o0 A Rt I AT A . SCHR[B4] 4 H 1 434t
ZEHLS (frequency divider), BT X R G iEAT—
RANM A BRI AR AR & BEZR Y
AR5 KA R/, IR T R
PE T — S 2% AH MK B R (frequency  dependent
model), F T REMZRI 2 3 AR T %4
ST, SCR[86]%E L T WAL 11 R ZE KA
RN AR, FRHRAEHE S T AL ) KGR
AT RIE . SCHR[29] 8 F fd AT 4 5 5 H 2R
AHEE G 7 00 2 XS ) R G R 2R B S R
BT THEFE, gath T 2 XK ) REME 22
g5kt
2.3 HB{FEIE

B & WL H ) R AR B A LI S e B
EHRTE, NEISESEFHEE T RIS, B
B 53 BT IS vl et G b TS W A YT, PR A
Y NTIE BIRE B o TATER X B 2R IR RS2 1] R
AT 0 AR A A6 2 1 A R IR R R ML 22 ) 7 ik
R5RI, HATCA AN ZEVI TS S IR
H ) RGN 2 A I i R o SCER[BTR A 4
T X T RGN AR 22 A G AT TG TH R
W, I 2 kR SHLAE R AR T BT
RGIBATI A SCHR[88YFI FH A 48 o 2 fii ik
T ZGHIPR SR, IELRIE ) R G
AT R S AR A e B, BRI
AR T ) RFIBATHIRZM . SCHER[89]id i R
s AL 5 >0 A S B v R L R GRS
AFRHE, JRELT R SE, SEmiE-T X I
BRSNS . SCHR[90THF H 2 ZE AR R 2% STHLVEAL H ) &
G E R ARAS, AT N8 1k, T EAE
PRIFR MR B D [ B RO T VPA k% o
XA ELTR IR T RS,  SCHER[91]2E T3 1l &AL
SRt 7 S AR E T AR AR E A T =X
) T R 2 R 4 o) SR o) 1 = B R AR

S E ki DR
24 ZEHR

L6 IR 3 AR N Ay AT T VE AT T L
FLEE T o

FERHIX 3 M i 2 73 e 7 AT HL 0 R 48



8 ik I A = EwLE
S TESI DN K papes: kG ka2 21
Table1 Comparison of frequency response analysis methods
L IWIRES LI TR, WiE  HHRERE WyRE nfEREE EALRED
I 4oy Bk T HAE LR AR ER R = = [ LG i 55
BB STk I ERSIES (3 TS U HA B BN LEE fik B Ei i
PLEs 21k HUE WA B SRR & AT AR R D B R LG i L] L] £

R Ve, SR EIARE i,
I 305 FRAS B R R B B S5 A, T )
TE B BRBCAEAL, AR TR AL T LS 25
RASMTRIE, WAL 27 SHE R T K&
AR LR, NERIRINZREIREE, Hlasy ik
HAEAE R BUE L IR B SRR . T as it e
I ENEIE /I S TR S DN R s P
Sto BT H AR BUEACEE R, I i
WL 5 ST 00 20 i B Al 7T LR T 40 1) 8 2 9 2 5l
SRR, JFRENS LR (3 5 R M A sh A T A
M2 e, BABIFn e, SRR
SRR M. H—Jrm, Bt ss RiEw
HEERIER R AN R GRS E e, K
PR A3 S5 R AR A A0S ] T4 € S 80T 1% E &
gt AERETEATZALRE S g5 . MK IR PR AR A 7
BRI BRI, BRI HrUE T R0 s ) RGER
AR EESA, Wi, R E. S
JesE, W LAZE H R GRS 5 IX S B iAok
A, PIEAT PR 5 (S 3 E AT — LSRR AN R g 7
T, ELA B AT R A AL fE
25 ERZEVEIERR

HL ) 28 G AR i 2 ) A ) B A L AE 119 2
— RINE ) RGR R B PG TR AR, BE
NRRNFIBATIRAES % . W RN RS
ARG IEER, ORI RGRIIR 2 4
P, fEEG LRI RS AT R P % R 2
REZ 9 B AA AR S YA 46 R b e LA il S B
LIRS N RIS HUE, ik L)
SEMURT L RGEHIIAR A PE AT VPG . AR
iEf I PR A0 3 i 82 7 A 5 925 5N BE 2 R
VP TRRS, DLUSE L R GUBTRF X T R4t
kS eI A

A 8 R ATB R R AL (15 B O T R R Gt
BRI RSP R B R R, RO TR L )
ARG L VS EEZ bR, EREAR SRR
BN ARG PAE IR B A WAMS
RGHATAHC™, 180 KRG MRIAZAT H F

LW HNEMK R, REERDKEEZER
(system non-synchronous penetration, SNSP)/& H #if
133 )2 A% ) — 2K W) e i L ) RS R RSP
[RI4EFR, SNSP FALAESCHR[96]H # € S, ek 1 H
JIZGAERD KA (AR e 4 VR AR B 5 Bt
AN DIZ)FE G 5 K BT o B B, AR T A G
RS GRACAEE . SCHR[96]E T SNSP X %2 /K
2 HEAT T SRR AL, S5 A 5 TR, 24 SNSP
£ 50% LA RN, FL ) R G MR S AR S A% G L
ARG, X SNSP AU, 24 SNSP 1£ 50%31] 75%
B, H ) RGN SR S5 SNSP % D) AH
7, 4 SNSP 1E 75%LA b, FHAKHUH i, H
1RG0 A ARIEIBAT AR 1 AT, pka T
BT L) RGBS LI IR LT

El5 SNSP xE/R=ZEMNEREMEIFMN
Fig. 5 Impacts of SNSP on the frequency security of
Irish power grid

R RETBRZHEAFE TR RGN
PRURAIRRSE, AS[RIJR B3 YR EE BL AR BUIR 55 ) s 2
WMHEAREZER. EIRBEB RS, dFEEH
P iR G R ST P BE I PRAR, Pl Ja S AR AL R
Z0, M VA i 4 1R AU It 2 14t A2 0 22 1) I L
(], AR YL R D SIS TR RS AR SR HE ) R G AR
22 I EE T e s 1 DR RPN, SR A U e
AN S AN [ 38 A7 1) T B ) B B4R AR



1

ST W L A GO 22 4 1) PP IR L L N 4 it 9

SR 23 o AT 2 AR R HL ) R G A
P AT T RGN 22 A 1 R B 5 . SCHiRSE Hh
T—RhIET PMU 5505 5 DU R 0 15 B o AT FE A
(inertia distribution index, IDN)PY, %75 &5 IDI #84%
(10 B0 U T 165 28 R 20 J5 — B T P T U R
SRR ORI EE, 1DI BUE R %T A
9 1 B 0 PR R ACE B A HL T R T AL X 3 )
WEACFEAR . £ RS HEAE FHAH RN 2 5850
HOFIRAN A WINE b AU VA S oyt o/ SO 1
¥ (count of governors, COD) ] # 1 Ay Sz Wi 451 4%
FHAENLLELIR] 3 e 350 50 1k 1 2 B4R AR DO, o 2 e
AT R B 25 o A R I () B B (M 3R, SCiR[27]
BE T2 H 2 B AN R B U B s ST 4 4R b
BALIENR, FEE— NI RS 00 7 N2 b
H#moe TR SRR . A, S
R [101-102] £ 37 T — 22 Z1 i A7 2R 1 23 49 A7 ¥ 2 57
FE R R ALFE R .

3 WEBNZRGIMERNNRKNER

X LR HEL 70 2R 4T A% Gt R A I R R A AT
MR GESHE A s, BarA gl 7
SENRS AR A P I, DAFE 0 RIS D AR G
N 2P IRP B IR S R AR % et . AERER
RWAR AP RS B R S L
AT SHHLHX 5 ANTr T ARt g . Mo, AT=3&
JE T h T, 7R RS0 IS 5 R I R A,
8 G A G DU PR ;1 S5 7 SR U U A
Jit, E I Peh i A PN B A SRR T ) R G
PR MR RE ST o 1X 5 SRHCE F5 -5 0 HL ) R Gl
M L HTRFE R 58 R U] 6 BT

El 6 NESEBARGINENNLERETE
Fig. 6 Improvement measures for
frequency response of High-RE-PE power systems

3.1 MEERITHIEA
PRl OR S5 ) BV T A F YR 5 - SR B DA
AN BE ELRIF AL AP L, 75 A B A

T LI B RE T N e e . AT [R5 K HapL,
FL ) B T A e LR RE R, A B e, DAL AT
KH 2RI G B AT IR A8 A 4 i AR K
T4 MR GFL il GFM. GFL A8 38K
FHBUAE PR I8 % 5 R i F X A6, 6 o 42 i 4 A ik
(FI SHATURE T i 2R i e AR 28 e Th R, kT s e
PRI IR 1225 AR, P AR s i d i
LA q il LI, TR T GFL 38 AR 2% 48 I W41 -3
T — A ENS, GFL 2 HRT9ebr 24T
SRR B AR - 09 398 A 2 m b ik SR P (gl 7 =X, R
75 (F st S AR B O Dy« TETh B e i 0,
(B2 R R e ok T — & R R . —
J7TH], GFL 3675 38 /N B 4 il FL BT 7 5 o5 0 L R
S, HAREIEAT W AU A T E R R — AN A
YRS BT S, MERLMSTIEAT, fUKEE GFL
WA A A BE CRIE XU L R G R s 7Y
JiTH, GFL W25 25 16 3 PR ) s P ) R4, 1
AR ) N T ZR P PR AT, R 7 L o SR B R e
PRI ES T GFM A0 281, g fiiF HeAa e bk, %)
T ) 3 YRR DA ) i 2R A 2 BRI, sk
bR AR TP GRL 421 J7 V208 5 AR B il 5, 4
Frequency-WattM el i 15t & 7 i 1074

NFER GFL AR 3 R R, GFM HiAs
AT AR E AR T FE 3T . 5 GFL 5 il AR
P RN, GEM ELEER 30 48 2% i e F
IMEAE S ARA, DR GFM AU AR 2876 I W -
I EIRRRE, AT DA R G R R S
Sei, A ST AT, R L R R R T
RHARF, GFM 3 F 454 (droop control)),
K2 L [F) 2P 2 %) (virtual synchronous machine ,
VSM)MO, U4z (matching control) MU AN AT 25
% ¥ #1 (dispatchable virtual oscillator control)i*?
L IX A P AR g ) 7 SR AR R s BT [
TEEGIRES AR EESHEL
[ P i 22 22 P R YT R R AR, sk s i 7 e
N, (BT S, e sh IR
BB RGUIRILMAT J1 304, IR AR 2 G
VEFER S5 s R0 R 20 4 b D)k I 7 O A 1R
FIRERLAL LD HUREE, O RGIRHE S RIS HUAHILT Y
WS P AR S5 s DCECPHI R T As 8 B
BELE R 5 R HURE R R AR, & AL
BB T RGA NI ZRATEFERE, I fE VLA
Pl s ST T BB R R R RAR



10 moOE OB HL TR ¥ ik

542 %

T F5 428 il 9 20 77 390 A 25 sk e B s o 42 o 14 e 1) 52
W, PRICE RSN N BA RS S R
PRG 1 0 E E 2 TR 2 AW AR SR AE A A
AR R v, XA RE S S
AT DAFE A ORAIE 1038 48 7 1E 9 1847 (1) 42 JR
ERaE M. SCHR[L05]6 L T ZFHEIE T 4 #F GFM
IV AR BE o

TR 2 WA gl ik, VSM HR 15 2
TN A2 %, FRE—SRIE TR AR T
WP, skIEROEERTE TAEC T 2017 44
K5 118MW ML VSM. 12MW Yafk VSM 5
10MW fi#fig VSMIRL, bl Rl HLAG 98 AR A 7E T
H 5 &G F K BHLEA SR I R IR,
T A DA AR F E A e e i s A i T ] 2P
BLRE AT B EAR AR 720, RERS BN sk
IAEG ] KRG AR B RS E. VSM H
A SE B i FAE SCHR[114-115)42 , AEM R E2E R
AR . HET VSM [ — 45+ n
Bl 7 fhos, SB[ HUHE IR, VSM
TEAR KRS HESE TR RIS . 45
[FD AL B e T A TR, FEPHLE 7928 T
BB BE 7] TARAS i L P e B % U 4 T R, VSM Y
) “REALE 7 M2 LA ) H 0 AR 38 A% L H
FEER 7, SCEL T BV L B E TS I L n) AR I
ML, [P T aT LASEE 3 2KIhfRE: D W
WU FREE S MR 2) fEMRALET, i@
i ¥ A ae AR ISR RS S HE s 3D D
TS SR RS F7o 7E VSM P U3 i 42 1) 68
Iy PR ERTT L AT 42 1) R R e 4 ) PR T A T —

FLE B>
“HEE T

-
1]

i j A I e e i
i ELITRFR AL c Jm “HRET
I o :

] |

‘ PSEI) fﬂ
il
“ AT

E7 EERSHREE
Fig. 7 Diagram of virtual synchronous machine

A R T, DRSS R U E 5 AR Y
gt

HIR VSM 5 R HUE I MR R A AR 2
RIS, (B B i B S Y EAFPE (4 VSM
i HE ) CME”. H—, BT
Wi ML PR, ], R SR E R
P67 H 2R, SCHR[116]5E 1 —Fh B IE R i
HEE AR S B AR L5 s SCER[1L7]45 t
it o 2 2 1 4 R R A (1 R DU R K /N AT B 25
RIT RGBT AT k. H =, BAETIREX
Tk RO AR OB, VSM R 2T It i
3l FE BR A PR 5 081, bR o T 3 e 97 o
FREE SR F IS T RN, HZ T RELFEEE LI
ke H=, SRR Z 2L K
FNYILRE R HI 20 F, VSM 252 B i 36
TRER 2, SR R 2 KB HORE B.325 52  VSM
FIBhaSHFIE, SCHR119] 32 t i) B [F)25 RE U F) 25 30
Apds, W MRRRHEE T VSM T RIRI RS
T, BORIRTH T VSM B AR I, SRS
PUB A N e R T T3 BEANF, VSM Il 22
T RE VR HEL o R B Y ) B il e RS AT 1 U K
RARPEBVEN NI RER, XIS, M-
ENBNRE] et — P B 25 I E B RUR, ELX A iR A
Rtk 2 52 BURWLEARF I A BR H1], HTRER R R4t
BRI —RERIEM . T A R A D S 4R T
T KUHL S DR (AN P A 36 S iy 212042,
32 BEMRSURE

TR AT 2 A2 HL 77 2R AR 22 A P ] o (Y B )
—IERTLRIA, RAE R IE  B LL B A A
LA R i, AL, ARAIRR Ry 5 B i BoR A
IR, PORATEE, SRR, iR
ORI A 2 B R ATR R 7 RU2, 1E 1%
TP, BRI S B R SR A [ E AR
{1, BARBUE B E AR R T B Re A +—
RIVITL GBI LE X i ) R G,
AR AR R R L 0 B RN E R R G I E 2
TR mIs AT 5, A e D) Fas 7 SR
e R b7 557, IR L 70 R G AR A
Jti3 B R K

T X ) RGBS U R 2 AL 1R
P, IR OIS R e D) AT X R ST E AT
VPR G IR BURK, 1A% SR 2 IR D) D T Sk
Z X RGO MR BE T RN ST, SRR R L



1

ST W L A GO 22 4 1) PP IR L L N 4 it 11

B LT B T B A R B B, S T AR AR
HoOT R MZFE, T EAE AR B 5 s
B T V) ST BRI 2 IR of 2R 45 2 4 P PR Bl o 3899
RGN T 5 I R L R TR AR
TR A B R R . 0 AR R B N
2% 2GR A B 0 B I B A 5 R TR AR
12 1) T BRI 2R B4R W B ) RN Sy, ik
T 1 325 7 0 A T A ) £ A B B ) 47 for B (128120,
T [ 38 S B D) A A B T AR TR AR
Fe v R 75 SR P 2 e VR B UT) A A HE 4 T et — o
R4y M4 & R RN R . K B IE R 2R
PRI T R T 2RI BRI AE S, Eid
B 5 26 AR A 6 O N TR B % R TR I B A
IO~ 5 AR 7 5 0 13 R
RN 0 B 1) SR A A, 5 A HL X (4
125 1015 B SR AR BT, (HE Ty % PR £ S
TR R S50 AR T4 1 & AR A
PRI TT R AT SR FH 22 S IR AR B 7 26, T 2
M B o R R S S A e R
fftiit, HET BB E R ) e . X R 4R
VEROM T AT PRSI B S, 55— R R x i
FRA R B 0 T R AR AT A -, T S U0 4 g
FE U2, R R R AR B 2 i AR AT T
W, TR A 57 g 32134 4 5 AR AR
e AT ASEEL Y A B, A&
I EHERRAI A, (B R G R RLE(S AY
SRt M AT S LS . AT E
SRARHIR B T7 R SE PR KL bk ki T
WAMS 95 JRFI T R G005 BALFR RS g e,
XU HL 3 2R e AR I A 4 A B 2 AR R T
SRR AR A A A K R, HE Y) SAr B AR R
K A IE RARSUR AR EEAT % . H AT E 2
WRE 5 1 S R A Bk D) i A, S
E R WA R R PR AR, RS
R T N ARG RIS R TR R, — RIS,
TERGAREN G, PRBh s BT F) Hh J 3l 3 L3824,
PR T T4 S o A 7 5 5 ST 22 S5 70 A7 7 46
SR (139 5 8 50 S5 AN 1745 5 60 v P A A T2 2
B S IR %, TR SE VIR B
T L YN IR =R b P | %7 e B b i TR AR i) e
Wbk, AT S L M) 2R SR R 8 R . S
R [ 142 V0 1) ) Ty 22368 B 1 43 W7 A5 22 4 W ) 4%
TR 2, DA A I B A I )

FoF T o SCHR[143]42 H T — P B 28 1 SR A R VT C
AR ER 7 %, T B 28 B B R Th R AL B 45 2
DI B AU RO TR, TELRIY Btk A7 ks 2
HER, TLRCAIE Y] S TR
33 HRERAEIE

LIS EAE I P R L & S VAR
G EBRHE . XSHRE MR RAM S, BRI
RATFE AT SR Z IR B3, (A AR
R G AT H O T ) 43 AT R AS B TR R X 2R 4 g i
JSC R AT P IR AE DX 38 W ) (A3 &) o0 AT, PRl S
FIX RS L T RAEREER, ML
FXIRSR IR TS 5. Kk, HERESE
SRR TE Y FE X L ) R G AR 2 A v R
Sk L E A

58 A L AN E, HVDC % FEL 2R 7% (1 A6
ThERAS B PR Ui A8 U R G (M D) F e T A e 7 ) 46
Tl 2 ga e, WmAT Ll ESS 55g
NARGHESE 2 d . HVDC g2 EH T &2
VAR, —J51H, HVDC il o o 7 115
26 T 1 e 7 3385 26 TR T A8 L AR G 1 LA
LA ) 8 5 B vy, AT DA S IR 52 38 2R 49 ) R AT R
PRI PR ELE, S ) e X A 2R B AT ) S
A —J7TH, HVDC %iH R 408 B4 — @ i fififis
1THE 77, FE HVDC 28 1% 18 % ] S 2 h 1) 1.05~1.1
I S AT 12 AT AN 3s 9 1.2~1.5 f5JE Tt i figiz
PRSIl HVDC 2 (i 1 TS AT RE IR T TR
HUR SO B RS i 2 0

TERFM S R4, 24 HVDC B4 i H
Xt B B B, T e e B R SR TR HVDC 1)
FEE T ZR, SILEYL g 0] v Do) R A 5 %o i e 0 P
SCAR o I X HVDC % F 2 5 BN 3@ A% 4
AT, HVDC i FL AR G0 AT DA A Rt Fe o S A5 12k P
JSE T — R, 5t R ) R R £ R 5 A
P, X+ VSC-HVDC, BT H i R sl stk
i&wf DLE— ok H R R B ), S VSC-
HVDC Xt i N IZZ i & 4t 28 5 R LA IT
(R PR L2 R[S0 0 1 — s R T R AR
Pl A, RITERRS) 5 8 I A 5 T B R s i
RGN RS GIRSE BRI D R R, I8 RS 4R A E
B DX RS IR 78 7 EBLGF,  BRARATUCR IS 25 70 A
72 S A 3 R R A R e NS R D R s . 7
HVDC #HT EHIRIIR LR, HVDC R4 5735 &
G2 18 LA S 22 A~ HVDC % F 28 4% 2 18] AR AR B Bp i %of



12 moOE OB HL TR ¥ ik

542 %

TH RGP 2288 BREE . SCHR[151-152]
Jrale T B R SR I 1M 2 3k i B R A
BARKIA — A e bn, XLEFEAR AT N I & d
HVDC fiti 42 5 X2 R 3R IS %
3.4 HEMERZEMENRGFEMNL

Bt X L R GUIR SIS R 248,
T 25 DI AU 1 8 5 PO 4% P 3 SR X LA IE X ey R
NARG RS, ERESIN R RS TT
T R RIS T 2 4 PR AN 22 B 1 P O ) Rt
i AR A RIS AT rh R R G R A LR
PSS AT e ) RGBT ) 22 Ve S 4.

SCHR[A53] B AE L ) RN AL A A R o
B R W N ARFPE RO TE 2 —, BT FUREPRIE R 4t
— R = R AT I FE I, (HAZ T Y
BB R RGN A RS A 0 AR AR B
AT RE PRI AR R SCHR[A54]5E T T —Fh 5 &
R AR IV AL SRR, (HZ AR rpox b Ja
PR B AR R RIS TR T 7 Se s, AMETHE 40
J&o M, AT T 1 3 TR ik K A
R EYVFABATRM, fE RGIBATHRR 5] ABIFR
AR R AR AR SR A R, H
HH ) 2 B S AE TR R R R LR
T BN Z8 498 s FEL R A O 7 14 9 o 28 4 1k O I
AT, STHR[7S]HR Y T 25 RE AR 2 4= 20 TR ) i
PURATEAE R, IR T 52 B i J) R GEARIE 1
FETTVEMIER o SCHR[65]4E T F Gusi e i A Y
ENTALTH S T RGBS P IR AR AL, JER
7 B Ve TR 2 T iE & T AL S A
LM Z LR, )R AANHLRGIRIE 1Y
A Rt . SCHR[B3]EAL T 21 R GEIR % 4
A, IR I F BB 2 SRR 2 v SCHiR[64]
PR TP 2 A R RO SR B AL T R G
HRMNLAE ST, FFERAR TR 22 e A JEE AR 2
ELH, ST T BT A R L R G
R EVERIENT . TR S REA T E—A
BrAE Aoy TR, BTSRRI FUAE T RO A M1
B LV RIS AR 34T — RV Bl efFite, 3
BR[1B5]FE T — B 2 2 R TEREVEAE HESE,
TR KIPF O F AR AT B A DAt AR 2 e 2 RN AS L
PRsF PRI S

A7 SCERIT L T Z AL IR S 5 )
AGRAC T R 2 T e . SCHR[64,66] 2 7E
WU A 5 A58 2 v A8 17 R R AL ) 22 42 ol B ]

A REVR R ML, IR VPN T IR S R R
RGBS o SCHR[156]142 H T 2% He ik B Bo 4
MR E ST ML AR, T AR AL 4T T
ik Be 2 5 IRAMTE SR T+ H ) RGO 2 2 M7 T I
YEF o SCHR[L57]38 3 A 26 22 4= 24 SR AT LA 4 A B Y
W T AR AR R R LM B
Rt o SCHR[L58] MK ST AT BLE 1 75 SR ANy 43R £
o b, JEIS TR H RS AT AR R R L T R IR 6 A AR B
Tt RGAR 2 4 L RN .
3.5 A4EBNAR S THIAMLEILTT

Wb R E B I REA KR SE T, A
I B ) i A K S DA #RL T I LR 1 A R
wit. REETHRAETY, ETHAH
M5 M A . 5 BE 2 PT 72 BB IR 7 EU IR 328
i, AR AR R T RS, TN
FHAGENFENH MRS HHE 2 LT
A0 ) A 45 T 32 VR R R SR AR e X R A
RGN 2 4 ) J ) R AR

VA AT B R 5% L 2 1 B A B I R R4 AL
), AT RN 113 37 Y 1R 35 SRR AT o R ik v S
B 110 R AL B IR 25 91 51 5 0T AR YRR L H
O S, T B AR 2R 40 HE AT R 2 4 il 83 ) Ak
Ko IO RGN 7T, SCHR[160]%F HL A7 T
R VR AU B AR 5% B RRAR AR B B AR AT TS, 4y
B T REMRBE AR, XNt %S
S5EWRE R TAEAT TS, T —8H
AT B AR 2% BCA () PEALAR, SR T BT 51 R 5T
(VAT AR 20 3« SCHBR[161]42 ) T —Fh ] F2E fE IR
ANA TN M B AS TR ITVE, W] B A REUR 1K) I
W FEL AR AR T 7 3 2l P R B AL B O
BN AR 55 A, W RE RS 38 il mT 75 A2 A U
kb H T Bl . RS 2 AR AL R AR B R A
HRNIRSS 7T, SCHR[162-163]43 IR 9T T U] 78 H
71 Z G0 it L Bl R ZE RV R AR AL 4 A0 B R
AT A ERAME T B A BRI ARA 1 2 5 B L )
RGN . IR R AE T
N RIEHER—IORIR, PN R SR AR &
55 2 MR BB IR S5, SCHR[16418F 78 T R L)
FITHALE P U AT A 55 1 8 A 37 SRS

A 5 1 R ATURN 2% FH 5 B R 5% 32 SR 0 1 2
A B f T 25 R ML 2 R T R B S5 R T
RaltOS, (E 7R X R G, SRR Eh AL A 4
FERESRTE, — WA FE Hh A9 22 4 e JH H 23



1

ST W L A GO 22 4 1) PP IR L L N 4 it 13

(O, BN ERE A S RE 7K SN L R ST
R EARBRBEUR,  Eh K FAIK B S5 G Rl AP L ZH 2
PR H 2 M B 1) A 8 1R 0 58 AR A 58 4 DR s vl
RGIR b, X DUHOBR Stz 17 22 5F
P, 75 LI 1A X FE D 2R G v L S A A A il B
Ji 35 SRR BRIV E O IS HL . SCHR[166-167] 2>
BT 1A L T R 5] N R A B IR 55 1 a0
o SCHR[S6]FE HY 1 BH5xT— R AR Dl e 55 R b
SEMT SRS, BRI I S B B oA, R T2
T ARG R R BB U R SR E T 1 S DR i
AU S (R E 5 20 SCIRR[168] 5L 17— B33t
— TR — TR Al B e 55 58 A R TR AL AR . S
WR[169]HF 7T 1 iy LU i) v 75 A BE PR I X HL T R G 14
RE B 5 YRR B A 55 10K & e At i T 3 S L gl
Bt

4 MRRE

FEREUR A AL “BRePA” BRE SRR, Xt
A RGN RS R R ke s . H AT AR At
X LR FEL 77 8 G I B 2 4 ) N 22 A T TR
JE— RS, WAS T IR, EiARIE
JRRAAN ST I EAE 5T R, A SCA T B AE
W WA 5 T DI R ST
4.1 ZHETB/MEIHERAR

& G2 I M 122 48 T T BOR A s 8 2 4
5 B RE L B XA % 1A o) BV A 2 S i
Rz EATRE LN B R g8 (HAEXU T R 58
AR SR BT FE LR O RGN 2
FEIREE,  Z G i R R 28 ey DAL 25
HLPRRE Fe A2 1 B i AR g A R R i i iy o 18048
A4 A BIE 7E A R 75 B AR Dy e 4 o 0 AR R
FEJ S — NP L RE ) AL 5 R X L R G AE
RIS HERE ) R IR, FE T AR GEAIT 70 I B T 2
A IE AR SR AR A RE SR BB H AR, H
RGN FREHLE L D, I ) BLE AL
LI RGRIFT TR RS FTRE 2 R — R B, 4
GFL HUiiAg dsxE AMSTIZAT, HJH AR R
o7 R N R I R i S b S e
TIRGHBAT AR A R BRI Bk . Ak
B X i L ) R G ) 2 R A8 AT, AL BRI IT
ESULIERYNE 2R UR S JyN VL EE s % NP 4l
1, ANFEEAR S P SR v A EARER
A, AT B ZE AL R RS P, AEAS TR A

M= TS AI0S, ALENRGZEH ST &
AR B P H AR MERC I 5, WE R RS
ANTRL R B BT AN [ 42 il S s 10 A8 4 1A B AR I L
W E ASEI AT AR RIS A # T GFL Al GFM 4%
A LGS WOSATETH, AHET RS R,
HL AR B B e B R M SRR, AR
B () A g R AT, (5 B E TR v L
TR & B RRIEAT R RIE R ERIINE, 7T
BF 90 5 T4 B0 B n T2 22 28 003 45 B v s
T WIEHIET, BT N3 80E T34
%, RIMAEAKE ) RGO AFAE I B AR LS,
Vg 5210 25 (A LW 5 B — AN A B 1 B A
A W BRI T A 4y A B 23 A 200 0 AR A 4 o)
JiiE, FEniE— Pt 5 2 W AR AR R S H0N B A
R
4.2 REESIZRIRAEREEF S TIESR
WA F R 2L ERRUEENRAN
H R . BLEIUAA W IT A [V AR O U 1 AR
AZFUHE, XER RGBT
S WL A A TR ZEARYE A [ 2R B g R A S IR kAT
B4 Bevt, M RLEAT S R AR B U R 2% AR AN
s VPAL o T ARSI RS, H LB
JOR AT TR 38 P A AR A MRS o X R AN
T HIEEN TR R E R S s, T
ARSI T 7 o R A B R 5 A% RPN A RO
15 ARSI R IR AR SS 3%
WA IR B IR E S, 40 RGuigTix s
SRR R P R 13 o, T R AT FE A A
HR, ST IR A B R R AR P R O BRI B 1) S Y
H5HRER, i E R R TTIR R RS o Hr
W, LRI R TR AR TR R L A A s
ATREAY, ST S R R AT R 1 4 R
4.3 EBFEREMABELINERNN 25 E
A3 B A5 AT B AT 29 A 5o A3 2R i 1. 43 A 7 1 4
S SR H AR b RSB
WSS RSN, (HIEARETE 2 2 AR
1 L) ZR G AE A A IS 43 A 5 T PR S PR AR .
—, R E N RGPRIE B S ER SR IE)
Je WA Bl S N R B, DR SR AT e 82 43 BT 7
EAAIRENREE, L, WEHEIRGENEEE
B2 A ARG YR, A6 8 43 B 7 v T
JEPERRH T BR, RESITEF RS E R EZEA
FREIE AR 55 . =, ArAE AR = AT e T



14 moOE OB HL TR ¥ ik

542 %

XA RGUR VIR NZATIR, X AE
Yy S BEAT R B RIS A R ANELSE, TR E
D)5 B AW S 73 A 5 9 RE s e A — £ BT R
FERETERISE 1R . 9l R W B ) R G SEBR R SK
A b B — D IRTPIAR N BT T3 L RS E S AT
JEPEANTT A REE o — A mT AT ) B B A R AR A BR 3 5
R O B 45 ke ok T, SR AR S A B
— RIIAE L5 K 51 LA 5 1 P B4k
MRS, $RETHEE T LA 5 2T IO AIA i 15 73 #r
LRI R
44 WMEMEHUEARNSXEBENDRSZET
E

A 2% 0 AT 22 A2 X RF PR R H 2 %
() —AMRFAE, H AR FC A A3 2 B 23 ) A 22 7 AL
HISGEEARRT AL, X SR A AT A M i AT Ao
WEFEAEE . — 7T, 7 BT SR I 2 A Rk
SRR BRE A 5, H AT I 23 3 Ay
P B A AR R DR 3 A T S A e B B
B 358 05 BLI% 45 B SRR 25 M D010, e DAt i
SEFRAR HEAT PO PP AN R B, 3 Fias g ]
A A AR — ) A — T A7 BB, 53— T,
FI T R 0 28 G0 20 A o A3 B 25 0 A1 R 2 D 5%
TR, AR AR TR AR AR AR R B
HANE BRI ARG, MR S0 5 R 27
AEIE BRI ZE S, ANRETE A SEDAS A X 380 A 5 I
MIELHE, FTREXS L R GUH) & AR BRI A AL
SO o A B — D W TR I SR LR 2
X skt R BB AT L T
45 BHBRFURBEAZRGHAINEELR

A Th T A LI 17 /2 W ) R G Ia AT IR L A
WIREAIES . EEGHIRGH, HERF RGN
Ja B T AP EAREE KL KA RS R
HLALR T I ULHEC g, (RS HLRO W EEALEE P 3L
WA IR BT RS RGN 2 AR RR
f “RIPE” SC &, DRIMMRAR B AR O R G 7
RGN ARE FHA DEH R EZE AN, RGO
AR AR G DI R AR, R —
B UG = YR AITRT AR L SE B 25 I TR R
& _EAT ThIh A A4 . (EXE X0 ) R G
o REFZEHL IR B #i Mok, & 2KEE
X i i A0 B 22 A5 P R 1 8 5 %) 3 ) R 1 R 4
FERGUNSE A DT, T & oy RS
WEERGFMRE. BT RN YE N

ek, A BRBAHIFR SR Z AR “ NI
PE” R, FREHIIAAT 22 A0 B TH s n] RE A3 AR
S HA ZRLRIAE DD AR, BRI R R
L) R G Dz i =, B AE PIRl
BIRANIF] A R BR 2R, X HEL D R SR D2 L2
K= EAR KT

55— R R AT BRI A KT 73 1A s
WAEGE R AU ket R A R R 2B ], otk
i ARG Dh D3R AR EZHEHIN 5, 1R
RN B SRS ARG ER AR, R
J& LA AT AR GE i 2 R 2D LI IS AT 2 SR
ARG 772, T ASEEIAE Gt v ) 2R G ) X e L D &R
G I . IR RS, REHIAH hiz
HINLBIF A RANE AR, H RS8N RS R
2= WA, SR EDE HURR P AT BE I A R AR I
73, IF AT REXS T4 SR ST U5 R4 i £l 1 7
FEARBAR LN RIS AT L = A ORI 2

B MR % DM R TS 0 A AR B4R B
HEE R A5, AS PSR AR 880 AR A B -
PRI AR, T I R4 T2 85 T A R A B 5 Y
PERBASEAL A28 05 30, BEMTIRTT R G Dk 4%
FIRCR s AERXRRJEFELT, RGUH DR G
Z IR MIPERS & AT RERAT B, RS0 DR 2 AL EE
R Tl R Gl B RS RASE R4
A DR O T E I BOR B, 3 AT g
i B A TR RSELBUE G RGN
R RIIEE: 1D RBCRGEH TR R,
2) 5l 3 RIEMERIRS 5A . X— “T7
AR RGN HL I AR R . R EAR A, B
LeBRA T, BONZ MBS EEE . W
HL) R G AT D 45 07 20k 5 BIrade B ey <7 SOM
HORHEE YIS, & T R W] kA R G
WA T PG &R, WA AL o /) R G 240
HFERIG, & ) R R T KGR
I DR &, MISEAT AT RER I o0 A AN B =
AP R AFBOR T Bre H ) BB i s dit g
TR g5 T R, FeR A A4 S s AR
AR AT SN 5 AR

R 7B ) B Sl el P el 7 Sy AN o
AR LN 2 BURFAE A A% S8 0 R GE A D%
Jr s BT DASE BRI AT HE ) st & 9 RFAE
R0 L g 2 G, BB BOR P AT LR AR RIS AS
IR N, HRz 05 302 — RS AT T A



1

ST W L A GO 22 4 1) PP IR L L N 4 it 15

T VR R T i A R B e R T AT R R 8 A A
friE— DRI WA A E AR, FRE R RS
To Ve MR SR R385 MR 2 RO R AR BRI
A, BN AR R R A TP 5 2 A AT
PRI FE & BRI s AL B A2

5 #5iE

B I i 1T AE B B ] L ) AR G AR A e A
AL I I 1 2 B . AR SC AR AR I )L
AR A S R, T T R L R G
JEF) 4 ANETREE, SRR EL T 3 AR e B
NIk, AR B B 1A B PR e R
PE) 5 ANJTTH SRR, JRAESORBISE 4 SBTRE
P50 2R SR X ey L 7 2R G 2 2 2 ) el () FE AT
TR, A BASCRENIRTI X L RS
MR LG R 2%, B3R E R
HAT H AR SE L

B35 3R

[1] 2. FRH T HEEEERRGIHT & R AR 5RE0].

rREREJR, 2020, 42(11): 40-43.
AN Qi. Policy frame and measures for constructing an
energy technology innovation system under the new
situation[J]. Energy of China, 2020, 42(11): 40-43(in
Chinese).

[21 REEJR, WhRAE. &) al AL R R o ) RS SR
v S EIS W FAELEN]. B RG AN, 2017,
41(9): 2-11.

KANG Chongging, YAO Liangzhong. Key scientific
issues 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).

[B8] whE g abIE . T E AT R R AR
2020[R]. dbxt: wEEM Tk HheE, 2020.

China Electricity Council. China Power Industry Annual
Development Report 2020[R]. Beijing: China Building
Materials Press, 2020(in Chinese).

[4] EFRERREESEGSAETET. FE 2050 &L E)ay
AR R R BRI AR]. b EZRERK
RS RRIRWTFCRT, 2015.
Energy Research Institute of National Development and
Reform Commission . China 2050 High Renewable
Energy Penetration Scenario and Roadmap Study[R].
Beijing : Energy Research Institute of National
Development and Reform Commission, 2015.

[5] FAZFAE, BRiiE, S5, PR 4 AR R R 1 [l

g —— b =AM ). o E By LR, 2013,
33(22): 1-11.

ZHOU Xiaoxin, CHEN Shuyong, LU Zongxiang. Review
and prospect for power system development and related
technologies : a concept of three-generation power
systems[J]. Proceedings of the CSEE, 2013, 33(22):
1-11(in Chinese).

[6] F/NW], FERA, %K. R TARIRGEE RE
WL R T A ARG E MR [0]. b E AL LR 224k, 2016,
36(19): 5145-5154.

YUAN Xiaoming , CHENG Shijie, HU Jiabing .

Multi-time scale voltage and power angle dynamics in
power electronics dominated large power systems[J].

Proceedings of the CSEE, 2016, 36(19): 5145-5154(in
Chinese).

[71 #MEZR, EFM, 230k, % mifR e TE IR
G N (R R BT[] b E AL TR AR
2020, 40(16): 5179-5191.

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): 5179-5191(in
Chinese).

[8] #TENI%, REWI, FWEIME, 5. HEEFEHA R R >
r BB AE T 7L 1] L AR 224, 2017, 37(1):
1-8.

SHU Yinbiao, ZHANG Zhigang, GUO Jianbo, et al.
Study on key factors and solution of renewable energy
accommodation[J]. Proceedings of the CSEE, 2017,
37(1): 1-8(in Chinese).

91 #RE, R&h EEIK & RREEEREMNKRREE
A43HT ). E AL LR 244R, 2014, 34(34): 6007-6020.
YAO Liangzhong, WU Jing, WANG Zhibing, et al.
Pattern analysis of future HVDC grid development[J].
Proceedings of the CSEE, 2014, 34(34): 6007-6020(in
Chinese).

[10] VAT 48, DEME, BUZ M. Seithse Eami v HoRTE o 11
REEHMNAP]. PEEITEYHR, 2016, 36(7):
1760-1771.

TANG Guangfu, PANG Hui, HE Zhiyuan. R & D and
application of advanced power transmission technology in
China[J]. Proceedings of the CSEE, 2016, 36(7):
1760-1771(in Chinese).

[11] JZAE, S, XU, 5. o OR ok s ) A R AR
AR [I]. P E BN TSR, 2014, 34(29):
4999-5008.

ZHOU Xiaoxin, LU Zongxiang, LIU Yingmei, et al.
Development models and key technologies of future grid
in china[J]. Proceedings of the CSEE, 2014, 34(29):
4999-5008(in Chinese).



16 moOE OB HL TR ¥ ik

42 %

[12] xIese, 5kT, BRER. B RGBT RS 5 2k
Tl Y [3]. o [ L TR 224, 2017, 37(12): 3361-3371.
LIU Jingkun, ZHANG Ning, KANG Chongging .
Research framework and basic models for cloud energy
storage in power system[J]. Proceedings of the CSEE,
2017, 37(12): 3361-3371(in Chinese).

[13] =i, MURNR, SE, 4. Tin) & by B A feiR

HARGZETI MR GRS REN]. ARG HS)
1, 2020, 44(19): 194-207.
JIANG Haiyang, DU Ershun, ZHU Guiping et al. Review
and prospect of seasonal energy storage for power system
with high proportion of renewable energy[J]. Automation
of Electric Power Systems, 2020, 44(19): 194-207(in
Chinese).

[14] BRyE5, £ BUEN, &, BR P2G ZUEMEREALU
W H AT SRR A GE A SRS AT AT [3]. b L AR 24,
2017, 37(11): 3067-3077.

CHEN Zhaoyu, WANG Dan, JIA Hongjie, et al. Research
on optimal day-ahead economic dispatching strategy for
microgrid considering P2G and multi-source energy
storage system[J]. Proceedings of the CSEE, 2017,
37(11): 3067-3077(in Chinese).

[15] LI Jiarong, LIN Jin, SONG Yonghua, etal. Operation
optimization of power to hydrogen and heat(P2HH) in
ADN coordinated with the district heating network[J].
IEEE Transactions on Sustainable Energy, 2019, 10(4):
1672-1683.

[16] Eo=AH, 2R, FRA. bl v A AR VR I I ) HL g
ARG RGN 5P AHLEE]. B E AL TR R,
2017, 37(1): 9-19.

LU Zongxiang, LI Haibo, QIAO Ying. Flexibility
evaluation and supply/demand balance principle of power
system with high-penetration renewable electricity[J].

Proceedings of the CSEE, 2017, 37(1): 9-19(in Chinese).

[17] Seege, /TR, BUERE, 5. bR s IR AN o A
T A% BT R G SE IR G 0T T SRR [9]. v B F L AR
4R, 2020, 40(15): 4720-4731.

MA Ningning, XIE Xiaorong, HE Jingbo, etal. Review
of wide-band oscillation in renewable and power
electronics highly integrated power systems[J] .
Proceedings of the CSEE, 2020, 40(15): 4720-4731(in
Chinese).

[18] ZJkfH, REE, AL, 5. “9419” fIr HRXUR
PRI S it 2R R R R 0 A A BB 0], L RS
ik, 2017, 41(7): 149-155.

LI Zhaowei, WU Xuelian, ZHUANG Kangin, et al.
Analysis and reflection on frequency characteristics of

East China grid after bipolar locking of “9-19”
Jinping-Sunan DC transmission line[J]. Automation of
Electric Power Systems, 2017, 41(7): 149-155(in
Chinese).

[19] &4 0E, Fhig, ZREk, 5. ORI “9 28”7 KiFHIHK

ST R R R[] T RGE Bk, 2017, 41(13):
1-6.
ZENG Hui, SUN Feng, LI Tie, etal. Analysis of “9-28”
blackout in South Australia and its enlightenment to
China[J]. Automation of Electric Power Systems, 2017,
41(13): 1-6(in Chinese).

[20] J7 BB, DR “8.97 15 L SO AR AR 8 R H R )
JER[]. ARG A, 2019, 43(24): 1-5.
FANG Yongjie. Reflections on frequency stability control
technology based on the blackout event of 9 August 2019
in UK[J]. Automation of Electric Power Systems, 2019,
43(24): 1-5(in Chinese).

[21] KUNDUR P, BALUNJ, LAUBY M G. Power system
stability and control[M]. New York: McGraw-Hill, 1994.

[22] FERNANDEZ-GUILLAMON A, GOMEZ-LAZAROE,
MULJADI E, etal. Power systems with high renewable
energy sources: a review of inertia and frequency control
strategies over time[J]. Renewable and Sustainable Energy
Reviews, 2019, 115: 109369.

[23] European Network of Transmission System Operators for
Electricity . High Penetration of Power Electronic
Interfaced Power Sources(HPOPEIPS) : ENTSO-E
guidance document for national implementation for
network codes on grid connection[EB/OL]
(2017-03-29)[2018-09-14]
https://consultations.entsoe.eu/system-
development/entso-e-connection-codes-implementation-g
uidance-d-3/user_uploads/igd-high-penetration-of-power-
electronic-interfaced-power-sources.pdf.

[24] BHEAR, 2 ibmk. KB AT FAERRIRIEAN S SR EBIK

miEH T ARIUR S REN]. ARG AL, 2018,
42(8): 2-15.
HU Zechun, LUO Haocheng. Research status and
prospect of automatic generation control with integration
of large-scale renewable energy[J]. Automation of Electric
Power Systems, 2018, 42(8): 2-15(in Chinese).

[25] ANDERSON P M, MIRHEYDAR M. A low-order system
frequency response model[J] . IEEE Transactions on
Power Systems, 1990, 5(3): 720-729.

[26] MA Ningning, WANG Delin. Extracting spatial-temporal
characteristics of frequency dynamic in large-scale power
grids[J]. IEEE Transactions on Power Systems, 2019,



1

ST W L A GO 22 4 1) PP IR L L N 4 it 17

34(4): 2654-2662.

[27] FRADLEY J, PREECE R, BARNES M. The influence of
network factors on frequency stability[J] . IEEE
Transactions on Power Systems, 2020, 35(4): 2826-2834.

[28] MARTINEZ-SANZ | , CHAUDHURI B ,
JUNYENT-FERREA, etal. Distributed vs. concentrated
rapid frequency response provision in future great britain
system[C]//2016 IEEE Power and Energy Society General
Meeting(PESGM). Boston: IEEE, 2016: 1-5.

[29] BADESA L, TENG Fei, STRBAC G. Conditions for
regional frequency stability in power system scheduling—
Part I: theory[J]. IEEE Transactions on Power Systems,
2021, doi: 10.1109/TPWRS.2021.3073083.

[30] &R, BHE, WrlHi, &, KRINFBGET FahF
ma A% HIRTER[I]. HLD R G E B4k, 2018, 42(8): 22-30.
LI Weidong, JIN Cuicui, WEN Kerui, et al. Active
frequency response control under high-power loss[J].
Automation of Electric Power Systems, 2018, 42(8):
22-30(in Chinese).

[31] ZokfH, TTHAAN, WA, &, KGRI PEX HRME
W5 B 2RISR RERD]. B RG AN,
2020, 44(22): 31-36.

LI Zhaowei, FANG Yongjie, HUANG Hui, et al.
Coordinated control of cross-region DC frequency control
and emergency power support in system protection[J].
Automation of Electric Power Systems, 2020, 44(22):
31-36(in Chinese).

[32] EEMIE, FllE, 2R, &, —Fic b oy m e bR R

A0 AH B S RSB 3]. H MR, 2019, 43(3):
753-760.
WANG Yinfeng, LU Chao, LI Yize, et al. A high-accuracy
and fast-response synchrophasor algorithm and its
implementation for distribution network[J]. Power System
Technology, 2019, 43(3): 753-760(in Chinese).

[33] XUFLR, Fheah, HIHIE. BT MBI Rk
B JE B ARE M. b E YL TRk, 2014,
34(13): 2188-2195.

LIU Ketian, WANG Xiaoru, BO Qibin. Minimum
frequency prediction of power system after disturbance
based on the WAMS data[J]. Proceedings of the CSEE,
2014, 34(13): 2188-2195(in Chinese).

[34] MR, XA, HF. HARMARLNE SV HEE
TR R LAE AR R P R 3] MER, 2019,
43(7): 2376-2383.

CHEN Guanhong, LIU Dong, WENG Jiaming. Cyber
physical modeling of power frequency control system and
its application in fault-tolerant control[J]. Power System

Technology, 2019, 43(7): 2376-2383(in Chinese).

[B5] ik EEEAR, ExirMiEmEns.
GB38755—2019 HiJj R4 4xfaE FM[S]. Jbnt:
[ bRyt AL, 2019.
State  Administration for Market Regulation ,
Standardization Administration. GB38755—2019 Code on
security and stability for power system[S]. Beijing:
Standards Press of China, 2019(in Chinese).

[36] B, PR, 5, 4. FETAIREAEFCRKH

25 B AT ) SIS [0]. FE TR AR 4], 2019, 34(5):
1013-1024.
ZHONG Cheng, ZHOU Shunkang, YAN Gangui, etal.
A new frequency regulation control strategy for
photovoltaic power plant based on variable power reserve
level control[J]. Transactions of China Electrotechnical
Society, 2019, 34(5): 1013-1024(in Chinese).

[37] TAN Jin, ZHANG Yingchen. Coordinated control strategy
of a battery energy storage system to support a wind
power plant providing multi-timescale frequency ancillary
services[J]. IEEE Transactions on Sustainable Energy,
2017, 8(3): 1140-1153.

[38] #h#4, 1&7K, MR, 5. IR TIhEEM XN B

Rl R RIE[I]. T E AL TR, 2021, 41(2):
506-513.
SUN Ming, XU Fei, CHEN Lei, etal. Optimal auxiliary
frequency control strategy of wind turbine generator
utilizing rotor kinetic energy[J]. Proceedings of the
CSEE, 2021, 41(2): 506-513(in Chinese).

[39] LI Yujun, XU Zhao, GSTERGAARD J, et al. Coordinated
control strategies for offshore wind farm integration via
VSC-HVDC for system frequency support[J]. IEEE
Transactions on Energy Conversion, 2017, 32(3):
843-856.

[40] LU Zongxiang, YE Yida, QIAO Ying. An adaptive
frequency regulation method with grid-friendly restoration
for VSC-HVDC integrated offshore wind farms[J]. IEEE
Transactions on Power Systems, 2019, 34(5): 3582-3593.

[41] NANOU S I, PAPATHANASSIOU S A. Frequency
control of island VSC-HVDC links operating in parallel
with AC interconnectors and onsite generation[J]. IEEE
Transactions on Power Delivery, 2018, 33(1): 447-454.

[42] CAO Yijia, WANG Weiyu, LI Yong, et al. A virtual
synchronous generator control strategy for VSC-MTDC
systems[J]. IEEE Transactions on Energy Conversion,
2018, 33(2): 750-761.

[43] LOPES J A P, SOARES F J, ALMEIDA P M R.
Integration of electric vehicles in the electric power



18 moOE OB HL TR ¥ ik

42 %

system[J]. Proceedings of the IEEE, 2011, 99(1):
168-183.

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

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

[46] CAI Jie, BRAUN J E. Laboratory-based assessment of
HVAC equipment for power grid frequency regulation:
methods, regulation performance, economics, indoor
comfort and energy efficiency[J]. Energy and Buildings,
2019, 185: 148-161.

[47] ZHAO Changhong, TOPCU U, LI Na, etal. Design and
stability of load-side primary frequency control in power
systems[J]. IEEE Transactions on Automatic Control,
2014, 59(5): 1177-1189.

[48] DELAVARI A, KAMWA | . Sparse and resilient
hierarchical direct load control for primary frequency
response improvement and inter-area  oscillations
damping[J]. IEEE Transactions on Power Systems, 2018,
33(5): 5309-5318.

[49] MARINELLI M, MARTINENAS S, KNEZOVIC K, et
al. Validating a centralized approach to primary frequency
control with series-produced electric vehicles[J]. Journal
of Energy Storage, 2016, 7: 63-73.

[50] LIN Yashen, BAROOAH P, MEYN S, et al. Experimental
evaluation of frequency regulation from commercial
building HVAC systems[J]. |EEE Transactions on Smart
Grid, 2015, 6(2): 776-783.

[51] DIVYAK C, STERGAARD J. Battery energy storage
technology for power systems—an overview[J]. Electric
Power Systems Research, 2009, 79(4): 511-520.

[52] AKRAM U, NADARAJAH M, SHAH R, et al. Areview
on rapid responsive energy storage technologies for
frequency regulation in modern power systems[J] .
Renewable and Sustainable Energy Reviews, 2020, 120:
109626.

[53] TENG Fei, TROVATO V, STRBAC G. Stochastic
scheduling with inertia-dependent fast frequency response
requirements[J]. IEEE Transactions on Power Systems,
2016, 31(2): 1557-1566.

[54] HOU Qingchun, DU Ershun, ZHANG Ning, et al. Impact
of high renewable penetration on the power system
operation mode : a data-driven approach[J] . IEEE

Transactions on Power Systems, 2020, 35(1): 731-741.

[55] HOU Qingchun, ZHANG Ning, DU Ershun, et al.
Probabilistic duck curve in high PV penetration power
system: concept, modeling, and empirical analysis in
China[J]. Applied Energy, 2019, 242: 205-215.

[56] LI Weifeng, DU Pengwei, LU Ning. Design of a new
primary frequency control market for hosting frequency
response reserve offers from both generators and loads[J].
IEEE Transactions on Smart Grid, 2018, 9(5): 4883-4892.

[57] DU Wei, TUFFNER F K, SCHNEIDER K P, et al.
Modeling of grid-forming and grid-following inverters for
dynamic simulation of large-scale distribution systems[J].
IEEE Transactions on Power Delivery, 2021, 36(4):
2035-2045.

[58] MATEVOSYAN J, BADRZADEH B, PREVOST T, et al.
Grid-forming inverters : are they the key for high
renewable penetration?[J] . |IEEE Power and Energy
Magazine, 2019, 17(6): 89-98.

[69] BRETT, kB, M7, 5. & KEHIEREE LR
MG ARG 0 ELERATT AT [I]. s MR, 2020, 44(4):
1203-1210.

CHEN Xujiang, ZHANG Xing, TIAN Fang, et al.

Electromechanical-electromagnetic  hybrid  simulation
technology with large number of electromagnetic HVDC
models[J]. Power System Technology, 2020, 44(4):

1203-1210(in Chinese).

[60] xilvtik, Wk, VR, 5. ZZEIRECRZNLE— R

BHREHETAL]. WO RGE MR 54EH], 2019,
47(17): 39-47.
LIU Hongbo, BIAN Di, SUN Li, et al. Electromechanical
transient-electromagnetic transient hybrid simulation of
AC/DC hybrid system[J]. Power System Protection and
Control, 2019, 47(17): 39-47(in Chinese).

[61] SHU Dewu, XIE Xiaorong, JIANG Qirong, et al. A
multirate  EMT Co-simulation of large AC and
MMC-based MTDC systems[J]. IEEE Transactions on
Power Systems, 2018, 33(2): 1252-1263.

[62] DREIDY M, MOKHLIS H, MEKHILEF S. Inertia
response and frequency control techniques for renewable
energy sources: a review[J]. Renewable and Sustainable
Energy Reviews, 2017, 69: 144-155.

[63] NAKIGANDA A M, DEHGHAN S, MARKOVIC U,
etal. A stochastic-robust approach for resilient microgrid
investment planning under static and transient islanding
security constraints[EB/OL]. (2020-07-07). https://arxiv.
org/abs/2007.03149.

[64] ZHANG Ziyang, DU Ershun, TENG Fei, et al. Modeling



ST W L A GO 22 4 1) PP IR L L N 4 it 19

frequency dynamics in unit commitment with a high share
of renewable energy[J]. IEEE Transactions on Power
Systems, 2020, 35(6): 4383-4395.

[65] AHMADI H, GHASEMI H. Security-constrained unit
commitment with linearized system frequency limit
constraints[J]. IEEE Transactions on Power Systems,
2014, 29(4): 1536-1545.

[66] PATURET M, MARKOVIC U, DELIKARAOGLOU S,
etal. Stochastic unit commitment in low-inertia grids[J].
IEEE Transactions on Power Systems, 2020, 35(5):
3448-3458.

[67] EtH, WA, SEM. KX IR AT 85D
BIRLRHLHAA]. BRHEA, 2020, 44(7):
2513-2519.

WANG Bo, YANG Deyou, CAIl Guowei. Dynamic
frequency constraint unit commitment in large-scale wind
power grid connection[J]. Power System Technology,
2020, 44(7): 2513-2519(in Chinese).

[68] SHI Qingxin, LI Fangxing, HU Qinran, etal. Dynamic
demand control for system frequency regulation: concept
review, algorithm comparison, and future vision[J].
Electric Power Systems Research, 2018, 154: 75-87.

[69] PULENDRAN S, TATE J E. Energy storage system
control for prevention of transient under-frequency load
shedding[J]. IEEE Transactions on Smart Grid, 2017,
8(2): 927-936.

[70] WANG Sigi, 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.

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

[72] WANG Guannan, XIN Huanhai, GAN Degiang, etal.
An investigation into WAMS-based Under-frequency load
shedding[C]//2012 IEEE Power and Energy Society
General Meeting. San Diego: IEEE, 2012: 1-7.

[73] EGIDO I, FERNANDEZ-BERNAL F, CENTENO P,
et al. Maximum frequency deviation calculation in small
isolated power systems[J]. IEEE Transactions on Power
Systems, 2009, 24(4): 1731-1738.

[74] TENG Fei, TROVATO V, STRBAC G. Stochastic
scheduling with inertia-dependent fast frequency response
requirements[J]. IEEE Transactions on Power Systems,
2016, 31(2): 1557-1566.

[75] CHAVEZ H, BALDICK R, SHARMA S. Governor

rate-constrained OPF for primary frequency control
adequacy[J]. IEEE Transactions on Power Systems, 2014,
29(3): 1473-1480.

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

[77] SHI Qingxin, LI Fangxing, CUIl Hantao. Analytical
method to aggregate multi-machine SFR model with
applications in power system dynamic studies[J]. IEEE
Transactions on Power Systems, 2018, 33(6): 6355-6367.

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

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

[80] XU Ti, JANG W, OVERBYE T. Commitment of
fast-responding storage devices to mimic inertia for the
enhancement of primary frequency response[J]. IEEE
Transactions on Power Systems, 2018, 33(2): 1219-1230.

[81] MU Yunfei, WU Jianzhong, EKANAYAKE J, et al.
Primary frequency response from electric vehicles in the
Great Britain power system[J]. IEEE Transactions on
Smart Grid, 2013, 4(2): 1142-1150.

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

[83] ZH W, X EH, sRiEM, 5. BT ERERKHE R
SRR B4y AT A7 VE[]. h E L R 4R, 2009,
29(34): 36-41.

LI Changgang, LIU Yutian, ZHANG Hengxu, et al. Power
system frequency response analysis based on the direct
current loadflow[J]. Proceedings of the CSEE, 2009,
29(34): 36-41(in Chinese).

[84] MILANO F, ORTEGA A. Frequency divider[J]. IEEE
Transactions on Power Systems, 2017, 32(2): 1493-1501.

[85] MILANO F, MANJAVACAS A O. Frequency-dependent
model for transient stability analysis[J] . IEEE
Transactions on Power Systems, 2019, 34(1): 806-809.

[86] SHEN Jiakai, LI Weidong, LIU Liu, et al. Frequency
response model and its closed-form solution of
two-machine equivalent power system[J] . IEEE



20 FoE B AL

T B % ik

42 %

Transactions on Power Systems, 2021, 36(3): 2162-2173.

[87] GENC I, DIAO Ruisheng, VITTAL YV, etal. Decision
tree-based preventive and corrective control applications
for dynamic security enhancement in power systems[J].
IEEE Transactions on Power Systems, 2010, 25(3):
1611-1619.

[88] PADRON S, HERNANDEZ M, FALCON A. Reducing
under-frequency load shedding in isolated power systems
using neural networks. Gran Canaria: a case study[J].
IEEE Transactions on Power Systems, 2016, 31(1):
63-71.

[89] I, FhCi, 1R, . FETHELIRE KL R

45 HE N AR 0], B RSGE Sk, 2020,
44(12): 74-83.
YANG Li, SUN Yuanzhang, XU Jian, et al. Adaptive load
frequency control of wind power system based on online
reinforcement learning[J]. Automation of Electric Power
Systems, 2020, 44(12): 74-83(in Chinese).

[90] LU, BASRER, WA, 4. FET ZEMIRE TN

L) R G 2 VA T[] B0 R 4G A Bk, 2019,
43(1): 133-140.
WEN Yunfeng, ZHAO Rongzhen, XIAO Yougiang, et al.
Frequency safety assessment of power system based on
multi-layer extreme learning machine[J]. Automation of
Electric Power Systems, 2019, 43(1): 133-140(in
Chinese).

[91] W8, Emean, TR, . BT ZECRRAENNE

B P AR A R[] P E AL AR R,
2019, 39(14): 4104-4117.
HU Yi, WANG Xiaoru, TENG Yufei, etal. Frequency
stability control method of AC/DC power system based on
multi-layer support vector machine[J]. Proceedings of the
CSEE, 2019, 39(14): 4104-4117(in Chinese).

[92] DU Ershun, ZHANG Ning, KANG Chongging, etal.
A high-efficiency network-constrained clustered unit
commitment model for power system planning studies[J].
IEEE Transactions on Power Systems, 2019, 34(4):
2498-2508.

[93] £ M. HARGRAABIIM]. JEH: AR DI H AR
#, 1990: 183-223.

WANG Xifan. Power System Optimal Planning[M].
Beijing: Water Resources and Electric Power Press, 1990:
183-223(in Chinese).

[94] ZOGRAFOS D, GHANDHARI M. Estimation of power
system inertia[C]//2016 IEEE Power and Energy Society
General Meeting(PESGM). Boston: IEEE, 2016: 1-5.

[95] TUTTELBERG K, KILTER J, WILSON D, et al.

Estimation of power system inertia from ambient wide
area measurements[J] . IEEE Transactions on Power
Systems, 2018, 33(6): 7249-7257.

[96] O'SULLIVAN J, ROGERS A, FLYNN D, etal. Studying
the maximum instantaneous non-synchronous generation
in an island system—Frequency stability challenges in
Ireland[J]. IEEE Transactions on Power Systems, 2014,
29(6): 2943-2951.

[97] &k, akt, ke, 5. RS IHAENLIG R ) RS0

PEAI S SR e S I 7 S R3] O RGEE S,
2020, 44(3): 1-10.
CAO Wei, ZHANG Tian, FU Yesheng, etal. Research
and application for increasing inertia and improving
frequency response of power system by using
synchronous condenser[J]. Automation of Electric Power
Systems, 2020, 44(3): 1-10(in Chinese).

[98] SENEVIRATNE C, OZANSOY C. Frequency response
due to a large generator loss with the increasing
penetration of wind/PV generation—a literature review[J].
Renewable and Sustainable Energy Reviews, 2016, 57:
659-668.

[99] PULGAR-PAINEMAL H, WANG Yajun, SILVA-
SARAVIA H . On inertia distribution , inter-area
oscillations and location of electronically-interfaced
resources[J]. IEEE Transactions on Power Systems, 2018,
33(1): 995-1003.

[100] MILLER N W, SHAO Miaolei, VENKATARAMAN S.
California 1ISO (CAISO) Frequency Response Study[R].
New York: GE Energy Consulting, 2011.

[101] BKIEJE, XIEH. 7RG H)AINAN RN 7 0 A0 R
AESEAHIR]. o [ AL LR, 2009, 29(7): 64-70.
ZHANG Hengxu, LIU Yutian. Quantitative description of
space-time distribution features of dynamic frequency
responses[J]. Proceedings of the CSEE, 2009, 29(7):
64-70(in Chinese).

[102] ki, TRIEE, ZEHENI, . W7 RGIMFM R
FILBACHHA[]. T E AL TR, 2021, 41(17):
5877-5887.

ZHANG Yi, ZHANG Hengxu, LI Changgang, et al.
Power system frequency responses pattern and its
quantitative analysis[J]. Proceedings of the CSEE, 2021,
41(17): 5877-5887(in Chinese).

[103] LASSETER R H, CHEN Zhe, PATTABIRAMAN D.
Grid-forming inverters: a critical asset for the power
grid[J]. 1EEE Journal of Emerging and Selected Topics in
Power Electronics, 2020, 8(2): 925-935.

[104] ELKHATIB M E, DU Wei, LASSETER R H. Evaluation



ST W L A GO 22 4 1) PP IR L L N 4 it 21

of inverter-based grid frequency support using
frequency-watt and grid-forming PV inverters[C]//2018
IEEE Power & Energy Society General Meeting
(PESGM). Portland: IEEE, 2018: 1-5.

[L05] TAYYEBI A, GROR D, ANTA A, et al. Frequency
stability of synchronous machines and grid-forming power
converters[J]. IEEE Journal of Emerging and Selected
Topics in Power Electronics, 2020, 8(2): 1004-1018.

[106] HOKE A, GIRALDEZ J, PALMINTIER B, et al. Setting
the smart solar standard: collaborations between Hawaiian
electric and the national renewable energy laboratory[J].
IEEE Power and Energy Magazine, 2018, 16(6): 18-29.

[107] DUCKWITZ D, FISCHER B. Modeling and design of
df/dt-based inertia control for power converters[J]. IEEE
Journal of Emerging and Selected Topics in Power
Electronics, 2017, 5(4): 1553-1564.

[108] PATTABIRAMAN D, LASSETERRH, JAHNST M.
Comparison of grid following and grid forming control for
a high inverter penetration power system[C]//2018 IEEE
Power & Energy Society General Meeting(PESGM).
Portland: IEEE, 2018: 1-5.

[109] DE BRABANDERE K, BOLSENS B, VAN DEN
KEYBUS J, etal. Avoltage and frequency droop control
method for parallel inverters[J]. IEEE Transactions on
Power Electronics, 2007, 22(4): 1107-1115.

[110] A R3L, BRokZE, BRR—, 5. BMFERD R BEILEAR
JJRE[]. ARG AL, 2015, 39(21): 165-175.
ZHENG Tianwen, CHEN Laijun, CHEN Tianyi, etal.
Review and prospect of virtual synchronous generator
technologies[J]. Automation of Electric Power Systems,
2015, 39(21): 165-175(in Chinese).

[111] ARGHIR C, JOUINI T, DORFLER F. Grid-forming
control for power converters based on matching of
synchronous machines[J] . Automatica, 2018, 95:
273-282.

[112] COLOMBINO M, GRORD, BROUILLONJS, etal.
Global phase and magnitude synchronization of coupled
oscillators with application to the control of grid-forming
power inverters[J]. IEEE Transactions on Automatic
Control, 2019, 64(11): 4496-4511.

[113] MR o K400 R0 AL 6 A e Ut ol Ve A B 32

$LIZ[EB/OL]. (2017-12-27)[2021-06-08]. http://www.gov.

cn/xinwen/2017-12/27/content_5250835.htm.

YANG Fan. New energy stations with virtual synchronous
control were put into operation in Heibe[EB/OL] .
(2017-12-27)[2021-06-08] . http://www.gov.cn/xinwen/
2017-12/27/content_5250835.htm.

[114] BECK H P, HESSE R. Virtual synchronous machine[C]//
2007 9th International Conference on Electrical Power
Quality and Utilisation. Barcelona: IEEE, 2007: 1-6.

[115] DRIESEN J, VISSCHER K. Virtual synchronous
generators[C]//2008 IEEE Power and Energy Society
General Meeting - Conversion and Delivery of Electrical
Energy in the 21st Century. Pittsburgh: IEEE, 2008: 1-3.

[116] LI Dongdong, ZHU Qianwei, LIN Shunfu, et al. A
self-adaptive inertia and damping combination control of
VSG to support frequency stability[J]. IEEE Transactions
on Energy Conversion, 2017, 32(1): 397-398.

[117] CHU Zhongda, MARKOVIC U, HUG G, et al. Towards
optimal system scheduling with synthetic inertia provision
from wind turbines[J]. IEEE Transactions on Power
Systems, 2020, 35(5): 4056-4066.

[118] GUAN Minyuan, PAN Wulue, ZHANG ling, et al.
Synchronous generator emulation control strategy for
\Woltage Source Converter(VSC) stations[J] . IEEE
Transactions on Power Systems, 2015, 30(6): 3093-3101.

[119] ZHONG Qingchang, NGUYEN P L, MA Zhenyu, et al.
Self-synchronized synchronverters: inverters without a
dedicated synchronization unit[J]. IEEE Transactions on
Power Electronics, 2014, 29(2): 617-630.

[120] YOO J I, KANG Y C, YANG Dejian, et al. Power
smoothing of a variable-speed wind turbine generator
based on a two-valued control gain[J]. IEEE Transactions
on Sustainable Energy, 2020, 11(4): 2765-2774.

[121] YANG Dejian, KIMJ, KANG Y C, etal. Temporary
frequency support of a DFIG for high wind power
penetration[J]. IEEE Transactions on Power Systems,
2018, 33(3): 3428-3437.

[122] 266, TTHEA, TR, 5. BRI T R
Bz R =BT R T I]. B RGE S,
2020, 44(8): 1-7.

LI Zhaowei, FANG Yongjie, L1 Wei, et al. Discussion on
application of electrochemical energy storage in three
defense lines of power grid frequency[J]. Automation of
Electric Power Systems, 2020, 44(8): 1-7(in Chinese).

[123] E Z B8l 7. DLIT428—2010 HiJJF 48 A S it
AR MELS]. dbat: I Hi L, 2011,

DL/T428 — 2010

Technical rules for power system automatic under-

National Energy Administration .

frequency load shedding[S]. Beijing: China Electric Power
Press, 2011(in Chinese).

[124] TERZIJA V V. Adaptive underfrequency load shedding
based on the magnitude of the disturbance estimation[J].
IEEE Transactions on Power Systems, 2006, 21(3):



22 e LI £ R EE R )

42 %

1260-1266.

[125] MILANO F, DORFLER F, HUG G, et al. Foundations
and challenges of low-inertia systems(invited paper)[C]//
2018 Power Systems Computation Conference(PSCC).
Dublin: IEEE, 2018: 1-25.

[126] A5, XUHEE, FREN. X b ECAR T i e Ay
T Il RE R [3]. B 71 R Gt H 34k, 2010, 34(11): 48-53.
ZHAOQ Qiang, LIU Zhaoxu, ZHANG Li. Discussions on
the several problems of under-frequency load shedding
scheme in China[J]. Automation of Electric Power
Systems, 2010, 34(11): 48-53(in Chinese).

[127]HOSEINZADEH B, DA SILVA F F, BAK C L.
Decentralized coordination of load shedding and plant
protection considering high share of RESs[J]. IEEE
Transactions on Power Systems, 2016, 31(5): 3607-3615.

[128] CHUVYCHIN V N, GUROV N S, VENKATAS S, et al.
An adaptive approach to load shedding and spinning
reserve control during underfrequency conditions[J]. IEEE
Transactions on Power Systems, 1996, 11(4): 1805-1810.

[129] ANDERSON P M, MIRHEYDAR M. An adaptive
method for setting underfrequency load shedding
relays[J]. IEEE Transactions on Power Systems, 1992,
7(2): 647-655.

[130] AIK D L H. A general-order system frequency response
model incorporating load shedding: analytic modeling and
applications[J]. IEEE Transactions on Power Systems,
2006, 21(2): 709-717.

[131] BANIJAMALI S S, AMRAEE T. Semi-adaptive setting
of under frequency load shedding relays considering

generation outage scenarios[J] . IEEE
Transactions on Power Delivery, 2019, 34(3): 1098-1108.

[132] RUDEZ U, MIHALIC R. Wams-based underfrequency
load shedding with short-term frequency prediction[J].
IEEE Transactions On Power Delivery, 2016, 31(4):
1912-1920.

[133] REDDY C P, CHAKRABARTI S, SRIVASTAVASC.
A sensitivity-based method for under-frequency load-

credible

shedding[J]. IEEE Transactions on Power Systems, 2014,
29(2): 984-985.

[134]RUDEZ U, MIHALIC R. A novel approach to
underfrequency load shedding[J]. Electric Power Systems
Research, 2011, 81(2): 636-643.

[135] TOFIS Y, TIMOTHEOU S, KYRIAKIDES E. Minimal
load shedding using the swing equation[J] . IEEE
Transactions on Power Systems, 2017, 32(3): 2466-2467.

[136] ZUO Yihui, FRIGO G, DERVISKADIC A, et al. Impact
of synchrophasor estimation algorithms in ROCOF-based

under-frequency load-shedding[J]. IEEE Transactions on
Power Systems, 2020, 35(2): 1305-1316.

[137IMANSON S, ZWEIGLE G, YEDIDI V. Case study:
an adaptive underfrequency load-shedding system[J].
IEEE Transactions on Industry Applications, 2014, 50(3):
1659-1667.

[138] TANG Junjie, LIU Jungi, PONCI F, et al. Adaptive load
shedding based on combined frequency and voltage
stability
measurements[J]. IEEE Transactions on Power Systems,
2013, 28(2): 2035-2047.

[139] HOSEINZADEH B, SILVA F M F D, BAK C L.
Adaptive tuning of frequency thresholds using voltage
drop data in decentralized load shedding[J]. IEEE
Transactions on Power Systems, 2015, 30(4): 2055-2062.

[140] HOSEINZADEH B, DA SILVA F F, BAK C L.
Decentralized coordination of load shedding and plant

assessment using synchrophasor

protection considering high share of RESs[J]. IEEE
Transactions on Power Systems, 2016, 31(5): 3607-3615.

[141] SAFFARIAN A, SANAYE-PASAND M. Enhancement
of power system stability using adaptive combinational
load shedding methods[J]. IEEE Transactions on Power
Systems, 2011, 26(3): 1010-1020.

[142] SHEKARI T, AMINIFAR F, SANAYE-PASAND M.
An analytical adaptive load shedding scheme against
severe combinational disturbances[J]. IEEE Transactions
on Power Systems, 2016, 31(5): 4135-4143.

[143] SHEKARI T, GHOLAMIA, AMINIFARF, etal. An
adaptive wide-area load shedding scheme incorporating
power system real-time limitations[J]. IEEE Systems
Journal, 2018, 12(1): 759-767.

[144] SMEZR, ERMH, WHT7, 5. i EERRE R
GiM]. dbut: HhE D A, 20150 89.

SUN Huadong, WANG Huawei, LIN Weifang, et al.
Multi-terminal HVDC transmission system[M]. Beijing:
China Electric Power Press, 2015: 89.

[145] Be®e, By, sk, 4. BHHMPERE 2%
SCERIFE[]. HMECR, 2012, 36(2): 104-108.
DUAN Yao, CHEN Long, ZHANG Buhan, et al. Research
on emergency DC power support in central China power
grid[J]. Power System Technology, 2012, 36(2):
104-108(in Chinese).

[146] SANZ | M, JUDGE PD, SPALLAROSSACE, etal.

VSC HVDC

interconnections for frequency support[J] . IEEE

Dynamic  overload capability of
Transactions on Energy Conversion, 2017, 32(4):

1544-1553.



1

ST W L A GO 22 4 1) PP IR L L N 4 it 23

[147] YU Mengran, DYSKO A, BOOTH C D, etal. A review
of control methods for providing frequency response in
VSC-HVDC systems[C]//2014  49th
International Universities Power Engineering Conference
(UPEC). Cluj-Napoca: IEEE, 2014: 1-6.

[148] CAO Yijia, WANG Weiyu, LI Yong, et al. A virtual
synchronous generator control strategy for VSC-MTDC

transmission

systems[J]. IEEE Transactions on Energy Conversion,
2018, 33(2): 750-761.

[149] #hoNiE, #A3RhE, ki, %5. VSC-HVDC 32l
B2 5 BRI VSG 2 K& L Sui EED]. FE
HLTRE2AR, 2017, 37(2): 525-533.

YAO Yuzheng, YANG Meijuan, ZHANG Hailong, et al.
VSG control and its modified algorithm for VSC-HVDC
inverter participating grid’s frequency regulation[J] .

Proceedings of the CSEE, 2017, 37(2): 525-533(in
Chinese).

[150] JIN Cuicui, LI Weidong, SHEN Jiakai, et al. Active
frequency response based on model predictive control for
bulk power system[J]. IEEE Transactions on Power
Systems, 2019, 34(4): 3002-3013.

[151] Sk, BRpE, 206R, . ETHRIFERET
5 SUEIRD F SR SRR FE[I]. DU 24l TR
BI£RR, 2011, 43(5): 175-178, 196.

ZHANG Yingmin, CHEN Hu, LI Xingyuan, et al. Study
of emergency DC power support strategy based on DC
power support factor[J]. Journal of Sichuan University:
Engineering Science Edition, 2011, 43(5): 175-178, 196(in
Chinese).

[152] B, X, BUESF, 4. ZRAMBERESIEM
BRI IERE]. BRMEAR, 2013, 37(9):
2416-2421.

CHEN Jing, LIU Dichen, LIAO Qingfang, et al.

Assessment index of emergency DC power mutual
support for HVDC transmission system with multiple
sending ends[J]. Power System Technology, 2013, 37(9):
2416-2421(in Chinese).

[153] RESTREPO J F, GALIANAF D. Unit commitment with
primary frequency regulation constraints[J] . IEEE
Transactions on Power Systems, 2005, 20(4): 1836-1842.

[154] CHANG G W, CHUANG C S, LU Taiken, et al.
Frequency-regulating reserve constrained unit
commitment for an isolated power system[J]. IEEE
Transactions on Power Systems, 2013, 28(2): 578-586.

[155] ZHANG Ziyang, DU Ershun, ZHU Guiping, et al.
Modeling frequency response dynamics in power system
scheduling[J]. Electric Power Systems Research, 2020,

189: 106549.

[155] WEN Yunfeng, LI Wenyuan, HUANG Gang, et al.
Frequency dynamics constrained unit commitment with
battery energy storage[J]. IEEE Transactions on Power
Systems, 2016, 31(6): 5115-5125.

[157] ZHANG Xi, STRBAC G, SHAH N, et al. Whole-system
assessment of the benefits of integrated electricity and
heat system[J]. IEEE Transactions on Smart Grid, 2019,
10(1): 1132-1145.

[158] TROVATO V, TENG Fei, STRBAC G. Role and benefits
of flexible thermostatically controlled loads in future
low-carbon systems[J]. IEEE Transactions on Smart Grid,
2018, 9(5): 5067-5079.

[159] 2=, £EFIG, (T4, 5. B aoC e

IR 55 T L Rt e 2 5 S B IR 55 I 2 BRI L[] °E
JrBEVREE Y, 2019, 6(3): 132-138.
LI Ming, JIAO Fengshun, REN Changxiang, et al. China's
power auxiliary service market mechanism and the
economics of energy storage systems participating in
auxiliary services[J]. Southern Energy Construction,
2019, 6(3): 132-138(in Chinese).

[160] frf7Kk 75, JANE, Pedkfk, 5. Breoc FEET 50K THE

PR A B R 55 AR 3 RENL AR B TE 9], FB I R G E Bl
1k, 2019, 43(18): 88-94, 144.
HE Yongxiu, ZHOU Li, PANG Yuexiao, et al. Design of
causing responsibility based cost allocation mechanism for
frequency regulation ancillary service in new electricity
reform[J]. Automation of Electric Power Systems, 2019,
43(18): 88-94, 144(in Chinese).

[161] Fgf-ug, Z=RGw, i, 5. FETHBIRS D

PERFTREIR ) AR SIS THE TTVED]. MR,
2020, 44(3): 962-972.
TAO Renfeng, LI Fengting, LI Yanging, et al. A dynamic
tariff calculation method of renewable power plants based
on ancillary service cost allocation[J]. Power System
Technology, 2020, 44(3): 962-972(in Chinese).

[162] Fivezs, AR, MEEME, &, WIiTERARBIR
FMAEFHESNTI]. B RG AL, 2013, 37(14):
43-49, 58.

LU Lingrong, WEN Fushuan, XUE Yusheng, et al.

Economic analysis of ancillary service provision by
plug-in electric vehicles[J]. Automation of Electric Power
Systems, 2013, 37(14): 43-49, 58(in Chinese).

[163] B = M8, k=%, 5KFF, 5. A&MAERM IR i Ge
B 5 A B RS T 3 s R AL 9] . b E R
FE2E4R, 2020, 40(S1): 167-180.

XIAO Yenpeng, ZHANG Lan, ZHANG Xuan, et al.



24 moOE OB HL TR ¥ ik

42 %

The coordinated market clearing mechanism for spot

electric energy and regulating ancillary service
incorporating independent energy storage resources[J].
Proceedings of the CSEE, 2020, 40(S1): 167-180. (in
Chinese).

[164] £ EEL, VIIRSE, RfL. EBEEEHT 2307

Al FRIC RN T 7 B SRS [D]. FB I R E Bk, 2020,
44(22): 143-151.
Yl Zhongkai, XU Yinliang, WU Wenchuan. Market
clearing strategy for distribution system considering
multiple power commodities offered by virtual power
plant[J]. Automation of Electric Power Systems, 2020,
44(22): 143-151. (in Chinese).

[165] Wik, BRE#E, HiF, . WAl RERE Y
M55 HAMS. BB S5 ). E BT
FE2E4R, 2017, 37(11): 3057-3066.

GUO Hongye, CHEN Qixin, XIAQing, etal. Flexible
ramping product in electricity markets: basic concept,
equilibrium model and research prospect[J]. Proceedings
of the CSEE, 2017, 37(11): 3057-3066(in Chinese).

[166] ELA E, GEVORGIAN V, TUOHY A, et al. Market
designs for the primary frequency response ancillary
service—Part | :
Transactions on Power Systems, 2014, 29(1): 421-431.

[167]ELA E, GEVORGIAN V, TUOHY A, et al. Market

designs for the primary frequency response ancillary

motivation and design[J] . IEEE

service—Part 1l: case studies[J]. IEEE Transactions on
Power Systems, 2014, 29(1): 432-440.

[168] ZHANG Guangyuan, ELA E, WANG Qin. Market
scheduling and pricing for primary and secondary
frequency reserve[J] . IEEE Transactions on Power
Systems, 2019, 34(4): 2914-2924.

[169] RAYATI M, TOULABI M, RANJBAR A M. Optimal
generalized Bayesian Nash equilibrium of frequency-
constrained electricity market in the presence of
renewable energy sources[J] . IEEE Transactions on
Sustainable Energy, 2020, 11(1): 136-144.

[170] AL, 45K, 2 REANR D HLIFIN R G DR 1
0[] Hh E E AL R 244, 2021, 41(19): 6570-6581.
QIN Benshuang, XU Yonghai. Modal analysis of
multi-virtual synchronous machine grid-connected power-
frequency oscillation[J]. Proceedings of the CSEE, 2021,
41(19): 6570-6581(in Chinese).

[171]CHU Zhongda, TENG Fei. Short circuit current
constrained UC in high IBG-penetrated power systems[J].

IEEE Transactions on Power Systems, 2021, 36(4):
3776-3785.

[172] k7, SEH, SOKNI, 5. A FE R R
W], PEEBEHL TSR, 2021, 41(4): 1274-1283.
ZHANG Ning, MA Guoming, GUAN Yonggang, etal.
Panoramic information perception and intelligent grid[J].
Proceedings of the CSEE, 2021, 41(4): 1274-1283(in
Chinese).

[173] 54, FWEIP, RO, . Bl - mRERE RN

A1) BT[] P E L LR AR, 2019,
39(15): 4406-4415.
SHANG Yuwei, GUO lJianbo, WU Wenchuan, et al.
Machine learning methods embedded with domain
knowledge(Part 1): model analysis[J]. Proceedings of the
CSEE, 2019, 39(15): 4406-4415(in Chinese).

[174] ¥ RA%, BR&E, R4, 5. WA RGRREIHEL

ST R AR AR ST 9], b AL AR A AR
2020, 40(13): 4122-4130.
HAN Tiansen, CHEN Jinfu, LI Yinghong, etal. Study
on interpretable surrogate model for power system
stability evaluation machine learning[J]. Proceedings of
the CSEE, 2020, 40(13): 4122-4130(in Chinese).

WA HHER: 2021-08-11,

WS HER: 2021-07-04,

(EFEME

KF(1997), B, WLEtRE, MR
i AR AR RRR, BRI RS, B
HNARGEMENEIE1T%E, zy-zhangl19@ mails.
tsinghua.edu.cn;

EEEE . TKTH(1985), B, BIHIZ,
AT AR ZREIER S B
71 & &M R K38 AT %, ningzhang@
tsinghua.edu.cn;

FIRIN(1992), B, BIEEIS G, FEH
BT ARREIREBUCR . ek TR
SRR BrAedRESY, duershun@tsinghua.
edu.cn;

FEEK(1969), 5, HIR, WHFITmN
HLTHLRI S I84T « AT AR RR IR SRAe TN
Rk L /13 R %%, cgkang@tsinghua.edu.
cn;

FA4(1981), 55, WL, WRAIIAN
M RS HR), wangzd1981@163.com.

(RERE

KT

T~ EA)



Extended Summary

DOI: 10.13334/j.0258-8013.pcsee.211425

Review and Countermeasures on Frequency Security Issues of Power

Systems With High Shares of Renewables and Power Electronics

ZHANG Ziyang*, ZHANG Ning", DU Ershun?, KANG Chongging®, WANG Zhidong®
(1.State Key Lab of Control and Simulation of Power Systems and Generation Equipment (Dept. of Electrical Engineering,

Tsinghua University); 2. Laboratory of Low Carbon Energy, Tsinghua University;

3. State Grid Economic and Technological Research Institute Co., Ltd.)

KEY WORDS: high shares of renewables; high shares of power electronics; low inertia; frequency security; virtual synchronous

control

In the low carbon transition of the energy system,
the shares of renewable energy and power electronics in
power systems are rapidly increasing. However, high
shares of renewables and power electronics
(High-RE-PE) significantly challenge the frequency
security of power systems. Several power grid outages
were recently caused by severe frequency deviation,
such as the blackout in Great Britain power grid on
August 9". Thus, it is necessary to review on frequency
security issues of High-RE-PE power systems and
discuss the countermeasures.

The High-RE-PE characteristics will significantly
increase the uncertainty and reduce the synchronous
inertia of power systems. Consequently, the frequency
response characteristics of the High-RE-PE power
system will be different from the traditional power
system. This paper summarizes these new features into
four points: the scarcity of conventional frequency
regulation resources, differentiation of  the
spatio-temporal frequency distribution, diversification of
frequency control methods, and complexity of frequency
dynamics. Under these new features, High-RE-PE power
systems set higher requirements for analysis and control
methods of frequency response.

Then, this paper compares three main types of
frequency response analysis methods: time-domain
simulation method, analytical model analysis method,
and machine learning method. Time-domain simulation
is the fundamental method of frequency response
analysis, which provides very accurate numerical values

of frequency dynamics. However, the weak
interpretability and high computational complexity are
essential obstacles to applying the time-domain

simulation method in a High-RE-PE power system. On
the other hand, the analytical model analysis method can
derive the analytical expression of frequency dynamics
with some assumptions and simplifications. As a result,
the analytical model analysis method has great
interpretability, computational efficiency, and
generalization ability, while strong assumptions limit its
accuracy and scalability. The machine learning method
mainly estimates the frequency nadir or rate of change of

S1

frequency (RoCoF). The machine learning method trades
between accuracy and computational complexity, and its
performance is between the two methods above. The
main concern with this method is its generalization
ability. Moreover, this paper also investigates the
improvements of these three methods to adapt to
High-RE-PE power systems.

Further, this paper reviews the new technological
progress of improving the frequency response
characteristic of High-RE-PE power systems from five
aspects: inverter control, under-frequency load shedding
(UFLS), DC power mutual support, system scheduling
and ancillary market design. As renewables replace
thermal units, power electronic inverters will play an
increasingly important role in High-RE-PE power
systems. This article analyzes two typical modes of
inverter frequency control: grid forming and grid
following and introduces the virtual synchronous control
in detail. Furthermore, improving adaptability is an
essential development for UFLS to adapt to the
complexity of frequency dynamics. Three main groups
of UFLS are compared, including traditional,
semi-adaptive and adaptive UFLS. In addition, this paper
highlights the benefit of DC power mutual support in
mitigating the impacts of differentiation of the
spatio-temporal frequency distribution. The above three
control methods aim to draw frequency back to its
nominal value after contingency, while system
scheduling and ancillary market mainly focus on
allocating frequency regulation resources before
contingency. The main modification of the scheduling
model is the formulation of frequency dynamic
constraints related to system inertia. This paper lists
some typical frequency-constrained scheduling models
and discusses their applications in evaluating the benefits
of varieties of frequency regulation resources, including
renewables, energy storage and demand response. The
development of the ancillary market is two-fold: 1)
introducing new ancillary services; 2)improving the
cost-sharing mechanism.

Finally, the frequency security issue of future
High-RE-PE power systems is summarized and
prospected based on four new features.



