L F X R R

Automation of Electric Power Systems

DOI: 10. 7500/ AEPS20230912004

Vol. 48 No. 18 Sept. 25,2024

RMAB] TRiERIR % E R E 5

RHEA, ZRR, A

w,ovh WL, B0, ReEE!

(1. TR T R2EW % BE, T ARAT MTT 510640; 2. B T RAFEF BT RBERRAR, T-ARKAT M 510640;
3. AR MARTEAF MR, AR M T 510600)

WE. MAERREMER IS, T F AR 8 R R 338 e, AR SE 45 S AALLE R 97 B m £ 3 v
WHRFR, B, AT MRLEA,FEHNAS>HXNTR(DR) A5 AMMIRS , DR &4 &=
B LHAEAREARMER, A, ZETDROFRFHEZEFNFTE RE A TRES S
s DR AT RIS, DRE PR RME L FIFZ A M ERR L RMM RS ;R )G, 84T
H 445 B T 3% 5 % T 2 DR B At Wi 45 5 A 5 890 46 80 IR 469 7T AT M Ao A K, S A S B
MR E TG WA EARMEARTE RFAL PR AT T BiE,

KEBIR: ER, SHARNKTR; ZEFTR; WOAES,; SR RERES,; ARMEIRS; K

HHE

0 5l&

bR g 8 AL L ) FR G Rl Ik W - Rl R AT
Bl Z Y AT 55, LG IR 25 2 Y - I -y i Y
FERRE il H N FR G 4 X R A Y DR B e
e T B TR T TR N C A S I O DA 7SV - D)
J7 % P E BN LA ST TTH G T SRk R
]~ (virtual power plant, VPP) B AH L B % . VPP &
o B AfE B AR R G KRR
(distributed resources, DR) # 17 ¥ B bk R & 5
e Bl 2 T B R R H 7 AR e R AL Dk
Bl M DA BN 2 0 T 4 A R S e ST 1
B fe g ok J1 kLA R S BUR G A
W/ F POHE DA DR A 2R R e . U, B VPP IZ
s DX A0 R P ) 3R 5 U AV D AR H LB

g i 1 R Ge5E i [F P HLA i — = =R R A
A Bt . VPP R A 2 P 2 1 U8 IF 50t 4R
FEE D) S i I O LT R T R B B e R )
R R AR e A A N () i R A R TG 9 IR
ATUS 5 RS — =R — A B B, B 4%
Jh 2 2 B g mm B B[R] Y o A 26 e = 5 P
RS U R A B BE L 40 R H Sl YR R T R R A
4% DR Z 5l i\ VPP AR fE F110 5 = a4

A5 B B 2023-09-12; %@ B #: 2024-02-06.,

LR B, 2024-08-15,

T E & 5B RO R TN E EEAHE AR
(GDKJIXM20220333) .

76

BrBr, 2 RIEGIRY 25 e v 85 20 U ok o 4y
MR, 80 1248 DRV ), 82 S 80 M4 55 85 2
AESR , VPP IR 3Z 8] )2 6k, REE P&
VR VR AR Ty o 7 AR A RS A A s S R
P YRR 1y, SCER[11-18 1R 5T T
A LR Bl YR A A e A O IR I R A4 SR ¢ B X
BRPE A LA %S5 VPP M. SCHk[10,19-26]
WF 58 1 25 U L 3 75 2 R R S5 0 DR A% R A RE 1 AN
M) 7 R, 3 B Ak BB TT A Ry — U9 U, P SR
O HL A AL AS PR AT AR SR R VR B R, 3 AP R R hT 4t
(R 1 SR = R R A3 B8 U o A IR AR Wy T, SRk [ 27-
30 1R st A& UL Ak RL 7 B AR 2R 46 500k R R e i
SR, UK 312 L AiF i A 22 Bsf 1] R I8 40 O B, B
AR B T 5 4% gE 8 Ay 2R (R ) 9 A R L EL g e
VRS A AL 5, ELATAE B KRR AR ME 1
IR Bl 04k 8 U5 R R4 R R SRR
PR B A B R 5 VPP 2 N s o B B
AREH — 3, REBEIRTIA TAREZS [, fe 5 47
iy Ah B A (R RS A 2, HLA R A R
SCHR[34-35 P RIS AR R Uk 1
HAT v 5 0 A . 2 000 6 52 o P R T ¢
A, ) PR A S 1 2 SR s X DR #E 47 B o 1, fig
PRAUE S 8 AT > A B B A AT R A
Zi b, EEXT VPP R B 5w i AH S IF R R T
VPP ¥ DR 8 5 & o 15 HA 200 . {H )&, 78 VPP
B )i B L H Bl R4S T R A T s A A RIS B IR )
R B 1 R s A SC AR ST R A o AR SC R AR A ST



2 RN TE AR S A A REE DR S 5 — |
TSR R A R SR . T, M VPP 2 5
W0 3 IR 55 R S 23 B R A 5 FL O, 488 Y R T i
R 0 RS DU S S R R A A T A A R R b 9
P BERL 5 SR WIS R BT IR 2 5 AR AL 7E
T A2 R BT 55 1 i 2 T O Ak 6 BE 2 15 0 TR R R
(], /0 il BB 2 6, 2 BLIA USEAS 1O R AT, 42 w8 2 ¢
P s de i, 8 B 05 B8 R Rk B A AP R
i S

1 BAxX#H=

1.1 BITHEZR

A R DR 2 A E A RE R S E
P LA R AT 4 07 4, e rp AT 4 A G T B R A O
VPP 2 5 U B I 55 i AR an P 1 o B 5
W VPP MR DR A5 B, G145 2 Al B2 i 39 42
[N Sk VA I R i AR LT (R NS e e
Bk kb B GHE AP, VPP R A b R A
2 o TR BT £ N L T R Y R R IS a3
fift P IR D) A 73 T 28 A E L FL S 94 TS R B T 4
i 4 DR,

P fifE
SIS |
1 [ T%ﬁi?f¢ﬂ5¥é fffffffff LB
A | FEAE
1 R |

1 VPPSERMBHRS
Fig. 1 VPP participating in frequency regulation
ancillary services
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Fig.2 Flow chart of DR participating in frequency regulation

F1 FSMLERE
Table 1 Time of frequency regulation process
B L i 1] /min
— YRI5 0.5
TR 0.5~15.0
=R RS >30.0
2 thiEE
2.1 BEEN
TVW%%%%W%W 23 AR B A e

JO7 B ) o 7 S E LA K ] 5 £ B[] 55 22 DR R B2
HoZ 55 far Ffdly By i 55 o JHevl 980050 4l B i 55 5 00
T2 IR B WD 7 T AT O AR

T B E DR 25 P8 059 ¥ 1, 25 18K T
FTER ) DR AR S 2 AR 55, A AUA B T A%
JE A5 U B PR AR AS | 3 RE R v AR I R
ASCER T DRE GV fabr , L e 45 %L, mﬁ
M B IR 2 5 R UIR 55 B9 O Se AR B, AT LA R R R
oA DR B 7, B AR R GE IR B RAS |, 32 71 B A 9
IR 55 B o AR E PE o L, SE4F B A4S DR Y
VLR o s - S N B BB IR R R i & e S
.

Dz

H1FH P &7 3 B s 23 98 2 5 IR 55 i A0 2

78

Yoo FLEPIE L A i
S R B AV U B R RS
TAC - TA(‘,min f> 50.2 HZ

] Tacmm — Tae  f<49.8Hz

Ao Koo 2 W far (9 P SE RAG B Tae WENIR
BE 5 Tac,max T Tac, e 73 50 2 YT 18 52 52 1) 35 1 1
AR IR o . B, AE B ZE T L% R
P& I R X JA] SR 22~28 °C, 2445 % K T 50.2 Hz
B, T 2 140 A7 far 38 S 19 0 A 08 R AR
B A VFE F Y, BB AR R ARIR B R Tae —
22 °Co T 2 Fh 1 8 0 22 15 O, Kae PO E B K, B8 U5
FAR S S 5 R

2)H R I E R &

HL Bl 7 4 TG BE G Je S 38 B0 2 B B 52 A 72
R E . HEE IR EN SRS, 2ok H
L AN BB AR T B AR Ssoc, s X T IR — FEHLPE A7 R
SRR RV S = R N it & = = L

1— Ssoc />50.2 Hz

EV )

Ssoc ™ Ssoc. min f< 49.8 Hz
o Ko N LB B DS 938 205 Ssoc A HLBITR
TR R R B, 3 Ssoc = LI, RN HL B T
UG N, 2 R gl AR S B i AR 0, A B
AE T B AR 2006, AR /N T 49.8 Hz I, K

55 R BT RE 1 32 Y e i il



T T TP U N )RRV i oz N 2 2| 5 4 e o
W, GBS PO F B R 25 Bl Seoc — 0.20 X 2 Fi i
o 220 0L, Key MECR , WIRBMLEHIES S
SR i E I ) FARE N N Ny BN
ol B
1—e />50.2

KlfSi (3)
€ — €un [<<49.8

32 Kps 9 fiff BE R O0 56 948 B 5 e O ik AE 24 1 AY FRL
i, 2 e = 1, 7R ME I RE B B B 5 e AR REHL
I R AR AR, 75 B8 At B S Bl A i, R i Al vl
ABEAR T B ARAE . 0, 505K T 50.2 Hz I, Jif
8 B ARy 38 A 0 BE S FRL S A A R AR B A TS
LI VR SERL A 1 — eo X5 T 2 A A i
ZEME UL, Kes HOELAOR , B URUBLAL S5 25 I8 2 5 R A3
HL BRI A b B 5 SR SE AR R P AL B .
FEHLAE SR AR R 3 AP AL, TR H ) AR B
I, Ak TARES 9 FE W BEAL S F IE S 5. 7E DR
BT PR 6 R L 45 4 8 0 2 A3 T
45 DR, [ b 28 50 9% J50Ks 42 BRI 5 9 46 K000 15 40 A
N B DR, H R an B 5 A TS A3 I
2.2 thigEHIERE
ARSI 2 58 A AT 5 A A S AT XA L (E
PRELH
V&;( ka,r )= 0(/33,; lg ( K )P‘\(‘,,(l,mm — bCAc‘ Af ‘ /35,1
(4)
AV, (ko) oA e B 2056 6 6 25 98 B9 A0 {6 pR 5, O
W, ks S (20 ER 6 5 A8 PR I AL T DI o FL O R
18 IE ZR B85 Poaca,min M 25 V8 TR D 38 B /IMEL 5 cac
23 PH B AR R EL
LA ST R AN (R B
V,-,/(/@;,[):a(él_ h)kfzlg(KEV)min(PEV,mPEV.d)_
bewv| A |k, (5)
APV (ki) R e 2055 3 A 3l 1R 4 58 fl BE Y B
(ELpREL, vy O 2 5 220565 0 A L B IR FE AR Y
B AT DI 5 Py o Pry,o 7351 0 L B0 9504 70 HLAE
178 D) h(h=1,2,3) B SR 4 FT LAY
PR B0, PR L e 2 5 5 cev ) W RLENINA 5T
FLAE A JRAS B0, o cevr ey cevs 20 A L BN
A FTRAEAR b R P AL A AR R

G RE M E PR AN
Vj"(/ej'[): amin (Pgs ., Pes.a) 1g(K1§s )/Q/Zz -
bees| AF [, (6)

A Vo, (k) eI 20585 7 A4 i 6B A9 A fRL R 2, L

SEREAT, A ML S0 B 2 I ) R i A

H keI 25 G i RE Y SRR T DR P

Pus.o 53 901 R A BE 19 58 T0CH I 38 5 cps R fifE B Y AR
KA 1 pR B VR AU B IR 55, B A eR B SR

71N 2GR Al 22 BR AR A VR R I 0 M R R

Ko B

Vi(k)= > Vailko )t DV (k)T DV, (k)

W

D0 kot D kit D k= ks (8)
RIS i€ Sy

XV, (k) 2 020 AN B PR R, Hevbh &, R 2 ) 221
B Y DR 5 S A P R B 5 Sey R
HL Bl A SRR AL IR 6 B 5 Ses O H A BE R B B2
B3 oage, O LIS 20 S RS RS T

AR FA IR L B a8 3 7R, R SCRE AR S
17525 PR Y 5 A B3 W e 2 o ol R R AT R

“n DRI /|

N DR
K523
n,Af’ €am Enr . .
kn,t’ €n>Enyt ‘ ‘ kn,t+At’ Cn i+t Ent+At
1 1
t t+At Fif (i)

B3 KEHEFILRE

Fig.3 Process of state-potential game

2.2.1 JAdh A

FEYM R4, 22 8 | Bl YRS T b A g
P 4 A 2 R R e S S PR O, A PR H B
T 0L, T HE A B 2 5 0850040 B IR 55 (IR E . )=
N R F8 7R T 2R v Ak T A R b 7 B HLAT DR SR ALY
Z 53 0T DLl S [ O PSR R I K 5 ) A 1
FEMEE R, TE L R P e 3R R A
PR RN TR R R SR N DL KRR SR RN
2.2.2 RE=SAILE

MFERIER/PANS  REFTHELER
W NS 5 TR B R 55 1 TR BB DA B BR A

328 Ry v NI BT 1 YT T 0L R AR A5 A

kn},fAF(hv}PA(f,d,min (9)
ks, =0 (10)
ki,tAchv>min(PEV,mPEV.d) (11)
k., =0 (12)

k; AF 4o, = min ( Ps o, Pes.a) (13)
k=0 (14)

I AF oo 9 Z2 G2 f R SRVF A i 25
BT B8 D R A BR A 0 10 6 AL B i

http : //www.aeps-info.com 79



2024, 48(18)

PR o 2 VR Ry rp AR R 264
P,,=P;\,+ P} + P;, (15)
TAC‘mi < T\( /< T’\( max (16)

K P, o e B 2055 6 6 25 P8 B 0L B %5 PSP Ry it
2055 0 6 2 PR R AR DR P o eI 215 0 6
P E R I Z Py o B 2055 0 /23 I8 KUHL Y
ML Toae, o eI 20 % N TR EE &

PO ) PRV O i B A N TTI= N ) RV Bk
FEL A 1 2 RV 5 H S0 4 R R P A DG K B

P <P, <P (17)
ASZe..Si
Agjﬁi;gg;ggfn[ (18)
At
ASS5e.i.Sh
[%/gggggﬂﬁ;;gg; (19)
At

Kb P, Ry e 2055 A SRR SR AR AT IR )
P PR R i 25 A H Bl R G T H R 1) A
ANl R T, FERR T S AR 0 T R AST L
ASESe. . o3 5 Ry ¢ 2105 56 0 A WL B VR S L A %
B H, Bl VR4 fr L AR S AE A B/ e KB S, Ol o
2055 55 i A L B VR S R AT A R 3l TR A Y A
ZE L A R BRI [H] AR b
XA BE ey H T, AL T DRy

P <P, <P (20)

AESVE,,

L =P (21)
AETVE,

P, < 22

St TS N} ( )

KPPy Ol B2 AN RE I s Pl P A3 S
kB 205 G i RE Y B R O BRI T A
REM T2 S AET (AE T 4350 R ¢ B 20565 j A fifh g H o
AR BN R RAR S E R I 205 A it BE I A2
fos

i BRA TTRFE  J T R E A R BN 2 A A
o B2 (8) 1Y 2 o % 4 Oy 0 (23) Fn U (24) Rk 3k

&, B
Eﬂw+2k+2@2h, (23)
SE Sy JE Ses
zk4{2k+2@§yw (24)
0E S JESks

PRI, )P B B A 3 o =K (23) R (24) AT
Fm, B

258t 28t 2 0=

5E S €S
Z/eoz+ 2kt Sk b (29)
1€ 5 JE Sks

80

c AR UREFREMR] -

et Net e,

JES IGSE\
Roges = D kot — Zk — Dk, (26)

5ESac JESes

iUP:Ea,,\a,\é,,,ﬁj\jzﬂjﬂZHT?'Jﬁﬁ@‘A*ﬂ i
BT HAE A RE X 2 (23) 1 B BR A T
Hse, e e ORI (25 0 65 A A i A L B)
‘7%$3:EEE$I”\%]/l\ﬁﬁﬁﬂﬂ‘ﬂifi(%)E"Jf@ﬁﬁﬁiﬁ‘ﬁo
2.2.3 frahtk

XF3ERPANME THELERTASE
A B AR 55 10 A B LA R e PR A T Y R i

2SR NYAT B ane H
ane ={hoinyonn &, ) mac€N, (27)

EE@J‘Z%E?E%H‘)% TNIIAT BN awy A -

apy ={ ki €y e} mwEN; (28)

fiff e N AT B4R aes T

as={hy e ., ) msEN,  (29)

AP N A TR AR I, RR 55 0 s Il L fE E
A3 32 09 BT A 25 R 5 N, R fRL Bl YR 7 TS L A9 4 3
Fn 55 A B VR T R a1 I A O 0
A A N, OB BE AT I, R 558 A 6k e T
S M % B 1 TG R B s s, B, By 5 )y B 2056
RSN %M‘%dﬂmi%%*ﬁ%ﬂ%;’ ™ fi# fE 19
ANV I R AR s e e o il o F i (23) L5
(24) iy S BR A 31 2 0 BUAE 12 5 R AR O > miac i > my
= mes 5 M ERRE o BB IERL T mae 65
JH 5 A R B R TR AL B 4R 5 ey L BITR
70 W A AN i BE AL 38 25 55 ms DB RE I E T
AT (R 6 4T o

2.2.4 a5 KA
Ry T TR A Y T R RS SR R T A ER
T} PRE Y 7 A 3 3 2 R v Y S8 R R S 4 JRy B
BRI, B

Jo= Vs, (ks )— p[(max (0,e,,)) +
(max (0, e, )] (30)

Jo= Vi k)= p[(max (0,e,,) )+
(max (0, e, )] (31)

J.. =V, (k)= p(max(0,e,,)) +
(max (0, e )] (32)
$kya)=V,(k)— pug*(k,a) (33)

e T, (25 0 Z"*ﬂﬁ’]xﬁlﬁn@ﬁl 3o N LI
Z0 55 iAW BTG TS B R Y R A R T, O I 2 5
JAERE M AR RE e AT s (R a) 2 R 3

PRI ° (Rya ) 3B bR B (ke a ) BT



ﬁﬂTﬁ%ﬁl%ﬁ(ﬁka)%ﬁt AR IR R
@" (leya) Fe /IS, 30 2 AN BT 26 A, 78 D8l /) 533 701 71 (] B 3
RIFPREL
¢ (kya)= z [(max (0, e,,)

> [(max (0,
z [(max (

JESes

) +(max (0, e, )]+

e.)) +(max (0, e, )]+

0,¢,,))+(max (0, e ))]

Jt

(34)
2.2.5 REFLB R
KT IR EL Pk, @) L, B 2 A 1 230 25 oA
B Ko S AWE AT S LRSI, B E
B A T sl /N I B2 3 F O,
25 8 Ja) TR AR AS 6 4% R R

oy =k, + ks, (35)

G =t kot 2 Cu o™ D, Crvmy (36)

E&zzga,r—/;@"—k 2 ém“- .o 2 éa (37)

zttfn;/?.:.ﬁ YRR ke e BORASTERS AL

oy iy b0 5% R R E@zjmzxg-;;?ﬁ

»o“%%réﬁm,\m ﬂf? W S B

?ﬂ%ﬁ{m&‘ﬁﬁ%ﬁo

B S VR 4R FE MR R i AOIR S 54 78 e R

b= ky, ke, (38)

=8, Tk, D e, 2 & (39)

e, =e — kit 2 é 2 o, (40)

Ao ?Trmn»z%‘%ﬁ%mv/ﬁ%zﬁhiﬁ%ﬁﬁ%
25 5 A LB IR 4 T BE YOG T U TR Y
a5 o

fittAe Jmy h AR5 iR K -

¢ =e. */e,Hr z e
=j.t —j.t g

ﬁ%ﬁ‘éﬂ’]?é?ﬂ%{mf“ﬂ’ﬁ‘éﬁo
A b Ja i ACIR 2 e B R B0 e 1k 50 P AR
A R IR T B 1) O XA 2 AR Al B e i 5 2L
HOHATEI S a=({ k), {6, ¢ ) IMRERWMT .
ESLIEE NS

SEREAT, A ML S0 B 2 I ) R i A

>

ks =€l V], — 2p(max(0,¢,,)— max(0, ¢, ))]
(44)
max (0,e,,.,)) (45)
é,., =2eu(max(0, ¢, )—max(0, ¢ )) (46)
qre Vd,j\JVa,leT?'JE’JTE'F%Z se MR K
R B ST R R A

k,=elV/! —2p(max(0,2,,)—

e(;»,,,“, — 25/1( max ( O’ Et)“./ )7

max (0, ¢, )]
(47)

max (0, e,...)) (48)

max (0, ¢ ) (49)

Evs L

€, = 2eu(max(0,2,,)—
¢, ., =z2epu(max(0, ¢ )—
KA VIV AE e 20 5
fitBE R A
b,=el V] — 2u(max(0,,)— max (0, ¢, )]
(50)
max (0,e,.,)) (51)
e, ., = 2ep(max (0, e, =

e ., max (0, gmw,)) (52)
AV A V,,ftHT;UEUEFﬁ
3 RERESSAMKLIE
3.1 ¥k

B G2 RS A S S5 R B RS

M990 45 25 WAL B Nac W86 78 - HEEC H Ny 100 46
fEREEL B Nygs FoUR 1 28 25 V8 L 78 F A A4 BB ) P
N BRI UR B JET D)2 by o o T By o, I E B H B

.= 2epu(max (0, e;,)—

A3 BE 25 25 U8 L 38 F AR LA BB 04 SR L IR 1T ) 38 Ao

Rouger, o T Roges, o, VTR 328 Jmy v N B B BR A 14t o
€50 /Ca.o - kagrl,o (53)
€50 kagcl,() — koo (54)
ELO - ki,O - kagt?,o (55)
ﬁiy():kagrloikuo (56)
€0= kj, 0o kagcs,o (57)
gj‘():kag"%oikj,o (58)

e, fle, 2090 55 0 6 28 x50 (23) A1 X
(24) BRI IR BR R A 42k 52,0 Rl e 23 0 56 i 1B 3
PO FE A XS T 30 (23) 0 2 (24) B 400 Iy e BR AR 31
htseo file o33 o j A REXS T30 (23) Fal(24)
(9] b ik BR A Ak

o, T HEOIRAS B B oh BOCHDHT 45 Jm P N9 AT 3
AR 28] . K e, e, Mle, W NG 2RI 45
AEBEH Ro, o ors L 0

http : //www.aeps-info.com 81



2024, 48(18)

3.2 BHiIRE

R VR R S i i e e R
RS IR, R T R RS 2 e EL e )
JEPR A2 5 IR AT LA TR A R ] FE A fE RO
Y SR R R Al 22 [ R AR5 i E T 126 K 0 3 4
L E 70V T R P DU O R R 80 97 4 T R A S T
T VRS I AR 5 i AR — S 4R (R R R PR TR SR
2 [y B A e e, R Bl A S R A S R e AR
Pl R GE R 16 s P AR s AT A B — 5 B 2 R
BT O A R ST 2 B BORUR , R4
23 Y S e 0 AR i 22 78 A A B0, T AR B0 7 SR R AT AR
I A Je S B o O T AR IR A | R G822 8
/D ok RS 5 v ) i E B AR

A8 M VR IR 55 A AR DR AT HAD ) 4 5 2
T PE A X 5 A I, DRIB 2 R R G HE
A I B30 4 R B2 R A AR A 5 R IR i DR BIR A A
AL B B 5 AR AT SCHR 9 DR, 3 TR LA K B &
(B I AR 2 S PR R (AL A DR A BE L . X
T DRANA B BL , i F A B 2299 2 14 59 4l B
e 55 75 5K, ST ATE B AL (HR DR 72 R
i IR R 2 T BOL B AR R JE S AL Mk LURE 3t
i 22 BRI TE FL VR LN, 75 2 X2 5 U DR
HOF AL -

P, 2458 2 A DRI 98550 4 B AR 55 15, AR 3%
(59— (62) T8 MR A TH i b B . e,
5 n > DR HUHT B MRS 36

ey (t+1)=k, ., (59)
e+ 1)=¢k (60)
2zn>[:_kn,1_2n,1 (61)
LEN,

Zén >/:k”'/+€n.f (62)

N,
S B,k AR cF UREZIS 2 DR 38 %

4 11 DR IR Tt 2, e S ILIE 2, e,

S0 K e i 25 0 A DR X T R0(23) .2 (24) 1y B BR
115 5 &, o8 B 2055 n A DR BY S 1T TR N,
N n A DR B AR o

4 HOITERIE

4.1 BHSH

P B 5 2k B 120 min, B 2 95 e i
H=10, &4 fJe &% D=1 000, 7E I 4 4 B IR 55
IR R R AUV R AR 2 | AF . | = 0.2 Hz, it KL
fr 4 8 A 0.05 pou.. 2 5 9 4 B IR %5 19 DR
5 1042538 104 e AR AT 10 it g, R E S H

82

c AR UREFREMR] -

R 5 A A4 TR, DR AR HS 8 45 5 Bh Bl 55 i 4R
B A B AS R .

3R 304 DR K IR 2R Gt , R T A% B
16 o VE 0 R DY T B R AL Y T SRR R
2100 kW /Hz, A SCHUDR 9 H bR 847 35 D 2R
2 300 kW /Hz; % & 4 J&) Z 5% IE & 3 «=0.050,
b=2.275; AR K e=0.005; 51 F =15 ; B R A
T K B 6=0.15 AR R 3L cac . Covii s Covion Covisn
ces A 3.4.5.6.8 JG/MW .o Xf T 2 i [ia] )X 3
B 3 AN BE R IR E Ty T T T Ty 43 9 R 0,
35.40.160.180 s,

TE05 B A8 120 min &L 3 R B
1) 1, =40 min B}, 25 P8 4 (G 4 5 10) 38 H 00 B
2) 4 1,=80 min B, 75 B A 5 (9 U 4 5 14) 18 H
N 53) 24 ;=110 min I , fi# A& 8 (5% I 4 5 27) 1B 1hy
M) 3
4.2 HHIER

FE 2 5 1) RO AR B2 v, VPP 3R & 5 R A
[ 0~40 s N, fifs B8 4 THT B0 TR AR, 7R 2 A 38 4 £71
i 535~160 s I BE N , VPP 34 i d, 3595 42 35 i A 1
WM S5 4 GE 5 70 AT R A3 I8 3 [R) 7R P I A5 G
i , AE R RGN EEE s 76 155 s ZJa IR F R G
A 22 7E T LA RS2 BB 1 AT 4 R, VPP 3% e /0 i
A X R A5 A BT AR, T R AR RN A K A A R A
TEUR . VPP 236 A [ B8 U8 2 5 R A 0 R B L
TR GAR IR o H ARG BB s A B A6 A
AT R .

B S AR A6 FIEL A7 B, 76 AT 46 )5 19 T
40 s W, JIT A 1t RE 5 BB A T, 2R 0 00 R Ml 22 34 7
N AEATS R K B Fe IR 25V . 35~160 s Hif
BEVY, B B0 R 7 T E R R A 9 e A O R S
FE 155 s ZJ5 il BE 1 ST Lo B R AIG, B3 T s sh iR 42
FE HL AR R S R AT R B, S O 25 1 K R R
FEAE ARVF IS BN o XD SR W AT LLAE R IE R e itk s
2R B[R] B il 20 X6 A8 FeL O AR 425 48 LAt DR
AT 7

£ 120 min {9 05 B3 A8 rp, G 7 B 3l X &R S8 A
RIS L 3, A0 5% A IASFIIE A9 B o 4 1 o
U 2 5 SOME LT B, 23 3 O R D 25 8 1 ARV
Bl . BEAE T, T, . Ts B ZI 3 50 DRAB H 40 S
R GEVE YR8 T 0y AR Ak, A B 9 Y Ty R (E
Ak (H G AR B DR SR RS B EH S
55 AR B, AR I R IR BE AN (4 1), 4 4
FE 5 s o



R8I, LA 3 fiE

§ 2160
Zh2140
EZ2120 /
&
& =210 ‘ | | A
0 20 40 60 80 100 120
Fisf ] /min
(a) BT 2%
5 _ 800
;?j'g 780 4/
= 2 760
=2
& 740 ) ‘ ‘ | | A
0 20 40 60 80 100 120

i} [8] /min
(b) 75 P15 T2

450.0

BN TR
(kW-Hz)

4495
449.0 ‘ ‘ ‘ ‘ ‘ -
0 20 40 60 80 100 120
Fsf 1] /min
(0) FEHL LRI Ty
3 900.0
T2
E X 8998
£ -*i 899.6
£ T 899.4 ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 120

15 [i1] /min
(d) fEREMY I 1T
B4 ZEBREANBEATHERZNER
Fig.4 Variation of regulatory power with
consideration of costs

2300
= T 2200
IE
\3{- =~ 2100 ! ‘ ) ‘ ‘ )
0 20 40 60 80 100 120
f5} ] /min
(a) BT
M 850
=Y
= Z 800}
& 750 ‘ ‘ ‘ )
0 S0 40 60 80 100 120
15 [f1] /min
(b) 2SI D%
480
;H; & 470
Z = 460
=
=450 ‘ )
20 40 60 80 100 120
1 [A1]/min
(©) FEHLBE T %
S _ 960
25040
E 2 920
= = 900 )
0 20 40 60 80 100 120
15} (A1) /min
(d) BEAERO 1

BS5 REERANBETHEZHER
Fig.5 Variation of regulatory power without
consideration of costs

RSO T RS X6 YR E S . AR
T30 FEBAR R AR 22 R

SEREAT, A ML S0 B 2 I ) R i A

FREARVFIE B N o AR5 B A 5, 8 R 2
A AL TR I E & B DR AL AL A BB E R oy T
P2 o AR GE IR 22 TR, 2 0 Je e 3 AR B A A 23
TS 5 IRBUIR 55 , REOS A A IR 28 GE R 0 22 ,
WEsk A ATOFTR o 2245 % BB AN B G0 R TG 1 A
TR I 55 L AIG S e R AR LA B 25 9 . AR
W T, A RE AL SR 4 S i pE 2 5 R AT R 22 32
B —E BRI, X — R D TR AL s
A JEEAL R R 2T
A AT UL, DR 92 5 0] LR T R G A RE 7,
SN ) OE 2R S8 R o R 9 Y 2 R LR X R G
WRAR AL . DR 2 536 0] DU ) &R 58 10 205 P A2
TEVE MRS R ST A IR A T R 20 VAR AL &,
SE BT AR SR A I, 2 — %Taﬁ?%?fiiﬂ%ﬁéﬁ
25 b R R R AR SR Y TR I R ) fi e
HH IR, < RE HL B S R R A TR 2 S R _Iu
ol A it E 2 5 IR0 IR 55 1) TR BRI (] S B R SR
Miﬂ%ﬁﬁkzliﬂﬁﬁ%ﬂfﬁ,%%ﬁéﬁﬂﬁéﬁ%ﬁo

5 4%iE

VPPN, 280 al o s B AR 95 4 H %
PEEAT A, LR 25 VPP B RE . BEEW
DR B 5 & R M E , 3Tk, A SCHR T —Fh
DR A7 Uh 6l 2 50 Jr %, FELSB N .

1) VPPl i 40 K R & AR R 2SR % DR, B 4f
Hi IR X S B R R E AR . 28 DR 2 5 18 40 ik
55, 3 A e PR s AR T KR AR ) 1 DR, A
BB AR 2R G A0 el 2, i T ARG R AT R

2)FE Z2 1 1) RO R AR 3k B2 v, — WA A ] i
il VL DR S R A SR, LAl DR AE K U A R 1 A8
KRG VANTRE 1, = UR AR AR R i BB AR L R
G AR ARFEAE UV N, $5 = R G0 I A

3)EB 4 DRIR H RS AT i T BURAMIRE A L,
AR ARG IE X ol 42 DR AT R &, B DR AR 47
H Bk 2 A 32 59 DR gE A7 0 Ak e 2, PR 2 A A I
B

AR SCAN % B AE VPP A2 38 5 R 2 0 47 B
K DR Z 5850 k55, &% &6k % DR £
A7 " FITER 25 50 X U A SR B X R A B R S .
T2 AR TE SR T PN i BE IR S A AR
A6 o AN A SCIETF VPP B U 40 o6 g, B 9% 6 4 L
FH P A R e P 2 555 B VR R L A A UK B bR AR
Gk LA B AR S WL, AR SR ¥ %
Ge R LA BN AL FER o 5 S s ik — 2
% B AL 58 2 r LS TS B IR (4 B [ 9RO s IRk
RN CRY T AL G ARAE A o A o VR A

http : //www.aeps-info.com 83



2024, 48(18)

AT SNDS DNE 8L TRV R VA M R R NS
X AP BE B4 W, O 51 AR Ak Ak 2R A % RE A
SR D SR A5 % T 8 N B A S B iz
.

Bt 5% 0 25 1) X 48 R (http : //www.aeps-info.com/
aeps/ch/index.aspx) , A3 X E Jg Z 475 AT A B3
W 4% 2 3,

£ % x

(1] HeE Pe, BRI, #5845 B B s ) RGE N E R T ]
WA ,2023,47(5) : 1741-1750.
KANG Chongging, DU Ershun, GUO Hongye, et al. Primary
exploration of six essential factors in new power system [J].
Power System Technology, 2023, 47(5): 1741-1750.
(2] BREE P, BRJ 2, 95 81, 45 0 R4 s o) 28 50 IUBE Ak 21 % 50 At 0
R S RS HE R (T] 1 R 88 A Bk, 2022,46(18)
3-14.
KANG Chongging, CHEN Qixin, SU Jian, et al. Scientific
problems and research framework of virtual power plant with
enormous flexible distributed energy resources in new power
system [J]. Automation of Electric Power Systems, 2022, 46
(18): 3-14.
TR RE TR B R AL H ) R G AR B SR AT (] 4R B
1% ,2023,40(5) : 162-163.

WANG Wei. Analysis on construction strategy of new power

—
w
[}

systems based on new energy [J]. Application of IC, 2023, 40
(5): 162-163.
(4] B, i 0 72 . 38 T o A B2 H AR 1y KOOI At — PR AR 35T H g
ARG B L] T AR L TT, 2023, 36(10) : 39-46.
ZHAO He, SUI Zhaoxia. Cost analysis and comparison of
wind-photovoltaic-thermal-storage integration project based on
LCOE[J]. Guangdong Electric Power, 2023, 36(10): 39-46.
[5] Ry .Wm” HAr FB 8 ) RG Rk RikAz[T]. i 1 5Re,
2023,44(1):7-9.
WANG Xun. Development path of new power system based
under the “dual carbon” goal [J]. Power &. Energy, 2023, 44
(1): 7-9.
EEIC,XE ENBET S 5B MEE Sl En kRS %
LI 1 R 5: A 81k, 2022,46(18) : 158-168.
WANG Xuanyuan, LIU Zhen. Development and practice of

—
(=2}
[}

virtual power plant participating in power grid regulation and
market operation [J]. Automation of Electric Power Systems,
2022, 46(18): 158-168.

(7] Brbl s 50 € (s, % 2R B AL ) R s tT 5%
HILT). A E AL TR A4, 2023, 43(2) - 581-595.
CHEN Haoyong, TAN Bifei, WU Liang, et al. Operation and
control of the new power systems based on hierarchical clusters
[J]. Proceedings of the CSEE, 2023, 43(2): 581-595.

(8] JAP, BT, ERE , 5% . 3 fiff i 28 52 00 DX 4 e o DRl 980 050 42 1) 5
W L3]I Toll R 2274l , 2021,49(2) : 186-193.
ZHOU Dan, TONG Wei, WANG Lei, et al. Fast frequency
modulation control strategy of regional power grid with energy

storage system [J]. Journal of Zhejiang University of

84

c AR UREFREMR] -

Technology, 2021, 49(2): 186-193.

(9] BEH s sk, 2 b i, 45 T S I A SR IR i & 5

FL IO R A R A A R T k] A SRR 5, 2022, 41
(8):84-88.
SHI Jiafeng, ZHANG Hongjie, LI Zhongwei, et al.
Optimization dispatch method of temperature-controlled load
participating in secondary frequency regulation of power grid
considering distribution network constraints [J]. Techniques of
Automation and Applications, 2022, 41(8): 84-88.

[10] fF il SRS, B3cih, 5 MBI LR ES ST /5T

U GE R R [T]. i )y i, 2023, 44(2) : 1-14.
FU Zhuoming, HU Junjie, MA Wenshuai, et al. Review of
research on participation of numerous electric vehicles in power
system secondary frequency-regulation service [J]. Electric
Power Construction, 2023, 44(2): 1-14.

[11] B X B0, 9 25, 45 25 I G Ay kg 400 1R) 25 1L A3 6 Ay Wi 7 922
Hl AR LT ] d Iy R4S HE, 2019,21(6) : 55-58.

JI Kunyu, JIA Jun, JIANG Zhongjun, et al. Load response
control of air conditioner virtual synchronous machine [J].
Power Demand Side Management, 2019, 21(6): 55-58.

[12] B4t , w =oim , RAE 5 LR ERMRERLS HHRM—K

A SR s [T ] B 2 H R 5 TR 2022, 22(27) £ 11958-
11965.
LUO Weixiang, CHANG Xiqiang, FU Rui, et al. Electric
vehicle load clustering and primary frequency modulation control
strategy for participating power grid [J]. Science Technology
and Engineering, 2022, 22(27): 11958-11965.

[13] 250, 6 B AN, A5 . AT PR 7 0 v PR 250 2 1) i FE

RO —Imm g 1] 8 ) &S A P4k, 2020,44(19) -
63-72.
LI Junhui, HOU Tao, MU Gang, et al. Primary frequency
regulation strategy with energy storage system based on weight
factors and state of charge recovery[J]. Automation of Electric
Power Systems, 2020, 44(19): 63-72.

[14] ZEem, 5057 3 R sl A sE g i) 25 AGC
P A5 B FELT ] AL R, 2020, 44(7) : 2538-2548.

YUAN Guili, SU Weifang. Virtual power plants providing
AGC FM service considering uncertainty of electric vehicles[J].
Power System Technology, 2020, 44(7): 2538-2548.

[15] dk&FMG , HEAEE  tR AL A, 55 L KRBt BE 2 5 v 19 9 451 14 302

el e (7], A R S8 A Bk, 2020, 44(19) :55-62.
ZHANG Shupeng, DONG Shufeng, XU Chengsi, et al. Bi-
level control strategy for power grid frequency regulation with
participation of large-scale energy storage [J]. Automation of
Electric Power Systems, 2020, 44(19): 55-62.

[16] E#uE L fERE RS 5 R 5 — WIABHE S R AT 5 [D].
AR ARAE R, 2022,

WANG Mingqi. Research on primary frequency modulation
control strategy of battery energy storage system participating
system[ D . Jilin: Northeast Dianli University, 2022.

(17] 5, Wk 2% . 25 9 G air 2 5 e 00 2% 450 90 A0 0 ik B2 8% 2 {EL AR

Ryl e (7] 1 R4 A Bk, 2023,47(2) :69-78.
BAO Yuqging, YAO Zili. Probability control strategy of
temperature set-point for air conditioning load participating in
frequency regulation of power system [J]. Automation of
Electric Power Systems, 2023, 47(2): 69-78.



(18] el , £ 2445, e =« L BlVR 42 5 v 19 B AR 55 1 42 ol
e LRk ] ) R H Ak, 2023,47(18) :17-32.
PEI Zhenkun, WANG Xuemei, KANG Longyun. Review on
control strategies for electric vehicles participating in ancillary
services of power grid [J]. Automation of Electric Power
Systems, 2023, 47(18): 17-32.
[19] Dhua b, JH i TL 400, 55  AERE S 5 — U IR i B 1 s ol 5
WA 5T [T ). Wi ), 2021,40(9) : 3-9.
MA Junchao, ZHOU lJiejie, JIANG Quanyuan, et al. Study on
optimal control strategy of primary frequency regulation of
energy storage power station [J]. Zhejiang Electric Power,
2021, 40(9): 3-9.
SEPHPE S0, B AR AR . 95 SR R0 T S g AR B IR 55
B # AL 5 S 8 B [T] 1 R 48 H 34k, 2021, 45(6)
148-157.
WU Zhouyang, Al Xin, HU Junjie. Reserve optimization and

[20

—

real-time scheduling of frequency regulation ancillary service
with participation of flexible resource on demand side [J].
Automation of Electric Power Systems, 2021, 45(6): 148-157.
Wi i . 75 LB SR O B D5 B0 WA DR IR R BRE M [ D . Tt - AR
K2, 2019.

CHEN Yuchen. Study on source-charge cooperative frequency

[21

[

modulation strategy considering demand side resources [D].
Nanjing: Southeast University, 2019.

YRS 2B T GRS 5 L 0 TR 5 Y B R SR AT S (D .
B AR R, 2022,

LI Zhenxing. Research on coordination strategy of multi-type

[22

[}

flexible resources participating in  power grid frequency
modulation[ D ]. Nanjing: Southeast University, 2022.
(23] MREL, MAE A, TR I, 55 T S IR AR 45 14 e o0 9 - £ 3l 25400
RIAREWEFE[T]. vl AR RE IR, 2023,41(5) : 660-666.
LIN Yi, LIN Weiwei, ZHANG Jingxian, et al. Research on
source-load dynamic frequency adjustment of microgrid
considering frequency modulation benefits [J]. Renewable
Energy Resources, 2023, 41(5): 660-666.
[24] WEWIAS MR 0, £ 04 W3 B2 43 A 2 5 0 4 R 4 22 55 1 g 40
HLT R R S (). AL R g B4k, 2022,46(18) 1 108-117.
PAN Mingjie, XIE Da, WANG Xitian. Response strategy for
virtual power plant considering difference in regulation
characteristics of distributed energy resources[J]. Automation of
Electric Power Systems, 2022, 46(18): 108-117.
B ARR A AR A R R S T A ) — R S
PERFFELT] AR TR, 2021,44(17) : 95-99.
LI Run, XU Tiangi, LI Yan, et al. Study on primary frequency

[25

—

modulation characteristics of virtual power plant using different
control strategies[J]. Modern Electronics Technique, 2021, 44
(17): 95-99.

[26] YANGJ L, ZHENG QR, ZHAO J L, et al. Control strategy
of virtual power plant participating in the system frequency
regulation service [C]// The 4th International Conference on
Systems and Informatics (ICSAI), November 11-13, 2017,
Hangzhou, China: 324-328.

[27] FEIMG, ¥4 DR, 2 8k, 25 . Bk T ot it 7 s A2 S ik R Ul )
1EZ B R R 25 AGC It il B (7], da I 5 3 0 g I8
2023,39(3):23-32.

YAN Peng, ZENG Siming, LI Tiecheng, et al. Optimal

scheduling of virtual power plant participating in AGC based on

SEREAT, A ML S0 B 2 I ) R i A

improved quantum genetic algorithm on multi-time scale [J].
Power System and Clean Energy, 2023, 39(3): 23-32.
(28] 7R, 2837 5 5L T BCHE AL 7 BB vk v R A% A e 7 980 1 1)
HEABTTELT] RGeS 41, 2023, 44(1) 1 426-434.
LI Cong, QIN Lijun. Sizing optimization for hybrid energy
storage system independently participating in regulation market
using improved particle swarm optimization[J]. Acta Energiae
Solaris Sinica, 2023, 44(1): 426-434.
LIANG Y L, LIU F, MEI S W. Distributed real-time
economic dispatch in smart grids: a state-based potential game
approach[J]. IEEE Transactions on Smart Grid, 2018, 9(5):
4194-4208.
[30] Wb, =P, T4t , A0 B 1 /) I A5 T80 ot 222 ) 2% ) i 42 60 45 1
MR LT ] R R 88 A B4k, 2022,46(10) : 199-208.
YANG Jie, LI Zehui, MA Kai, et al. Optimal dispatch method

of thermostatically controlled load based on cerebellar model

—
Do
Nej

—

articulation controller [J]. Automation of Electric Power
Systems, 2022, 46(10): 199-208.

WRCT 2R TR UK 45 ST Z i (] RUEE (19 it B 9 0 )8 45
PR g [T B RGO 54, 2022,50(5) : 94-105.
CHEN Changqing, LI Xinran, ZHANG Bingyu, et al. Energy

storage peak and frequency modulation cooperative control

—
w
—

[

strategy based on multi-time-scale[ J]. Power System Protection
and Control, 2022, 50(5): 94-105.

[32] MONDERER D, SHAPLEY L S. Potential games [J].
Games and eco-nomic behavior, 1996, 14(1): 124-143.

[33] MARDEN J R. State based potential games[J]. Automatica,
2012, 48(12): 3075-3088.

[34] B 5 oK, XV Mg A R TR MR p b ) R i Xz
PV E[T]). RO 5 85,2016, 36(3) :413-425.
LIANG Yile, LIU Feng, MEI Shengwei. A state-based
potential game approach for distributed economic dispatch [J].
Journal of Systems Science and Mathematical Sciences, 2016,
36(3): 413-425.

[35] S, WA S0, IR BRI, 45 A RE 3R 2 55 4 B R 0K 55 ) b )
ARSI LT bl Bie 5 0, 2021, 38(7) : 1051-1060.
ZENG Jun, HU lJiajian, XU Mingkang, et al. Collaborative
optimization algorithm for aggregating energy storage in
frequency modulation service [J]. Control Theory &
Applications, 2021, 38(7): 1051-1060.

FEEFAA980—), ) WML, HRIRF, EEHREH &

LB ZARBAAEER EME ] (EARRAXS5E
474 . E-mail:llmo@scut.edu.cn

ZRR(1999—), B MM R AE, E LML F @ EE
J” o E-mail:742920392@qq.com

B (1981 —), B Mt , G R ITAEN, EZHREH G
WY B A REF EM ) %, E-mail: zhouliang@csg.
cn

Wik F(1975—), B @54k W+ Hik 2 2R F
WAL FE R AT B A E L EFEE MK E
W) AR ALK L RRE Y EMNE . Email:
eehychen@scut.edu.cn

http : //www.aeps-info.com 85



2024, 48(18) c B RERBEELB] -

Multi-timescale Frequency Regulation Control of Flexible Resources in Virtual Power Plant

MO Lili"?, LAN Junkun', ZHOU Liang’, YE Meng®, MA Li*, CHEN Haoyong'
(1. School of Electric Power, South China University of Technology, Guangzhou 510640, China;
2. Architectural, Design Research Institute Co., Ltd., South China University of Technology, Guangzhou 510640, China;
3. Guangzhou Power Supply Bureau of Guangdong Power Grid Co., Ltd., Guangzhou 510600, China)

Abstract: With the promotion of the transition of energy structure, the utilization of renewable energy is gradually increasing, and
it is difficult to meet the demand by relying on traditional units to regulate frequency deviation. Therefore, in order to solve this
problem, the use of distributed resources (DRs) to participate in frequency regulation auxiliary services is considered. The DRs are
mainly considered as air conditioners, electric vehicle charging piles and energy storage. First, the characteristics and satisfaction
evaluation methods of DRs are considered. Then, DRs are controlled coordinately based on the state-potential game theory and
centralized to externally present as a whole to participate in the frequency regulation auxiliary services. Finally, the feasibility and
effectiveness of aggregation and coordinated control of DRs to participate in frequency regulation auxiliary services under the
proposed control strategy are demonstrated through simulation cases, and the participation of energy storage, charging piles, and
controllable loads in the fast frequency regulation under multiple time scales is verified.
This work is supported by China Southern Power Grid Company Limited (No. GDKIJXM220220333).

Key words: virtual power plant; distributed resource; flexible resource; coordinated control; multi-timescale control; frequency

regulation auxiliary service; state-potential game
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