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Fig. 1 Implementation procedure of the virtual power
plant with flexible resources in the power
market environment
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Fig. 2 Aggregated architecture of flexible resource
virtual power plants
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Fig. 3 Market operation model of the virtual
power plants

FLTOE EL T T T AR R R A AU T
1B EFHAEERM AR SEhrJrk kg, b
i ik i Mgk . iz T, X
AN T) 28 51 4 ST PR BE DR PR R L, 45 S R R
WEVEBTIR A PSR, AU L i
AWM TEAR TSR, LR B W E R B H R e, 3L
Hik [56] % i T 8 B 4 MR 8 Hh b2 20, Dl
KA iz & A s e/ MEIs & A Sy A ks, it 2
i B IBe 2 U0 A AR A5 g 40 ) B e T 35 Y
AL . SCHR [57-58] 22 1R T I A
A, I 8 B0 0 Al e PR A O Rl )
i E RS O I A B o W R R K
B B A AR DR, 1) g r g T S AR
REE A MR 55 o 10 B A S i BRI M JL R )
B AT P —F LB b B, R AR T R
ST A H T R BB AR S AS o ST [59]
BT PR SR B AT R AL DTk, TR T 22
BEWAW B ER, #MBSETHSLS .
i 2R WA U 2 R AU HL TR N AR R Y A i
e, SCHR [60-617 K HE UL HL T 4 D A% 42 32 3 I Y
TN DA HEAT TSR, RO Ml £
32 RBIRBRIEAENSEENRRBMNAE
AR RO, R T
OV LA I, AT T A E M 2 S
ZHB NG Y. EXMET, YRz
B AT DR N RGP “ R 7 sedn ok

LEEE: THRETREEREEMUER BERAEXBRARR

W, [ ) 2 T g 4R 5 g0 i R R A LA O3
Bk, “HREmMM 7 WHSEARITEA LR
3 Fh.

1) 2T AR s BEAR AL 8 52 bR 07 1 o

i o K AU T R A A e B B
e, nTLAFRAS 5 AU ) bris A7 A — 20
B fh e, kT H SR 23 BOSAR i 26 2R A7 58
Praw A T AR R kg 40 T Wit AR E , BRIR T %
ZH5HEAN TR AT PRI i LR AT R
PR, T—ERE LR s e R,
AT AR SEAR I AR o BEAh, XA T AR U Ik
X R iE S E W S R RN, AA T Y
2 5 F ARG LB IH R A AR AT AR, A
WL T 132 8 R s T LS B R

2) ETHEIAREIR T

Oy EARALTT I H T E T R
W7 SEhRIT S, LA LR T AR R T g
Wesi o B s, LJRBERH] T 0010 B 40 T 5 b 3
W, NIRRT PR A TR F SR T T
(32 5 8k 4 o T 0 R DAL T i X e R 23 LS
filf RE B A 04 Tolk G P 1690 71 2 E 2R 5 g o067 =
SR sE bR T AT, BED] R
%% 5 H B R R IS B A A . SCHK [68] 78
TR T X R A R AR R A SR AT AR
e TR TXUR AR T R G R e bR il . 3L
Hk (651t XoF ph 7 SR A0 w7 A RT AR B PRAL 4 2H
AR, R T B IE M A R d R 2
Z 5 HTEARRME , XA [E] 5 5 it XU WA i R
MBCRIEAT T 0B o SCHR [69] $2 1 T %5 18 85 X
5 1Y) RE UL HL T PR B RS A1 I T 18 U S b R
W o X LET7 ik BN — AR T T R AR Rk
R, AR UR T RES RIS T ST . S
PO AN A% AT R PR, TR TR
ARG TR SRV . e R T R G
WP, SR SE AR 7 5 R AU R T A TR
WL SR sl T A A Al B R G A 1 E
I, BE A% SR IR R S A SR et A0 5 R I A

3) B TR IO £ A SR T I

M C AT I £ S e T R R L 2 TR Y S IR
KA, BPMHTREGM RS, A 4L G
KRR AR AR E U2 M s U SR 2 2R R
PGSR sE AR B2 rpr o JE 5] A RS R R My B

87



AL DTk, T LUK A% O A il 2 e 40 i SE B AT
PRI b B A B R R, e LT S
HEEANFTEART T B LR, o
A7 AE 76 L T 3 O AR R AR U AL, X
Folt 75 12 %0 T 35 v 5 e 0 AR R R OB RE BEAIG, 3
BESHENRZL | TP MG RHLEL R J) 17 3 3
B B R

RIGHERBREM B IETERDIA

AR HE LA T iz 8 S R E MR R R A
MBI AR, MELRL ) RE B4 BRIz A7 #2107 i n]
PLorh 2260 55 1 28R —F R A — F s il
TRATRE Ik, H2REN T H N EARNE
VRS BLT B PRI I2 & D7 vk o RE AL T 00 H i i 4R
R oA A RE IR BE IR, AR IHAE . XURE . i AE
S5, U B R St AT U Rlis B MR HEL.
LB BREgka), HEREHSEfT
VAP T ARV 5 FL ) R G 22 I Ta) RLJE 9 B AR L
A, AR R TN e i Bk 0 e P 5, R AUl T
J7 328 i A P S 4] 4 P

——

- AL VA BE =
e — B

i PR HERIE

TRBN RN ERarSuiy ThERAELALIE

! 15min|

: o [15min  epragg
 BBLEEOAG (o s (ma| wgkse
1 T 2 Il 1T
HORERRURE) || iy (| LA

H&%H%ﬁgj_tﬁ Hﬂ‘? i Hﬂ‘}? HEIE
T P AR Y prehis R b biid FEAVEHE AT [
F 8- F - 54 T I 434 YRS THRAE )
\iﬁm@ﬁﬁ | AERAT &&E%%/

__________________________________________________

\
1
|
|
|
|
|
|
1
|
1
|
|
|
|
|
|
1

’

AT RE IR E AR

4 EHE] FFEHEIFIERR
Fig. 4 Progressive control mode of virtual power plants
in time series

41 REEBFETEMB BITEHNFTE
HREER R & H B 2 EE8% %
M, R iEEE S RIEER RS BA
HAIR) AR G5 URSK R AU R T AT LB 1) 4% 3 1
BEIRBE A T R B AR U0 SCHk [76] $E T — b
% R ST A NI RE R OR 29 ARG H I ST 9 R 7
%, R SR 2 AE . SCHR [34-35] 70l

88

o B Ll

#5575

F TR0 B 20 O 4R T T [ R SR R R RS R
1) 2 M O I 38 B SR IS, S B B0 fof 3R A R R I P
BAT o SCHK [57-58] 43 B HESE T RE 400 H T 1L Ha
B PG4k 8 BE A AR e ] R T £ . AR RE G B
A4 A 2 H R PR R R, S B AE R T 3 e A
R R R w1 0700 G R 2
BN VR T H B s U580 [ R AR LS SRR B, B AU
FL T 2 S R AR Ak R T M R Y P O v A
RARZAEF UG AH BT B

WA, HTREHFREMEEZHE SR
RGP Z MG, AR 1% 68 5 A0 B Al 55
KA V8 B 1% O 3 A Ok I BIF S ARG . SRR [81-
821 F IR T RE T b7 . W% & H i 7 A k] 45 1l &5
MG CHR, RABMERER BN T RE Rt 2
M55 o SCHK [63] LA /METLHL R Giiz & A8 B
bo, WItECR MNP S I RIIEE TR, R
- 2 F X AR T SRS Al e A £ FH AR 55 . Sk [83]
B THERE . W . BOE 25 0
TR Y R AOLH T 2 e ) R R B AR R, R R
PUE 38 5 R B A i R T R ST T
., ZERETYSHRS MG AR,
S 0Tl B AR 55 R A 4 A R A A R X R ABL R P
FUR AR, SCHR [84] $2 Hh T 1 S il 2 42
2 oI UL EL T BE R A B IR 55 B A o R e U O
JIE AR RN ARG SR/ S TR R A R . b
Gh, BRI S 58 -kl . B-ZIET S A
22 5y 5 98 B O T AF 9T TR R S 0 A SR i AR . S
ik [85] 51 A S iE - e HE 55 A HC T8 HIL T LA 5 30 4 ik 28
Oy MR AE 5y W15 Hz , 4 0 — b 5 il - ik - S iE 1T
Yifh A el X 25 & BR VR R 48 H R AR £k 08 B A A,
SCHK [86] K S IE -1 38 5 5| A LG S0 4% 0 Al Al
EHT LG AREIR ARG AR . SCHk [87] &1k T fE
U AL B8 A 9 HE K/, I Sk 1K Bl % Uk RN Rk T
Yy, 50 Ay 50 BE 056 1 RE K T RS i R DA S P
B 43 Bic RN 23 UE 3R B

BEE ) S50l . B-GuEdigK s
2 oy 5 R SOk 3 D7 R MR W . 7E H AR pR BT
THT, R - I A R R 2 A I L R ) Rt 5 e
HeBOM OC ) H A pR %, 34 2 B bR AR Ak 8 &
ZBE, B bR REGE I BT AS S . W HE RN
F HE O G ) 1 1 S AR AR DT,
A B SR T 24 R A% (4 T T 34 20388 I ket sk HE ik 24




128

FORN 55 29 3R A 5 R SR A 7 vk 0 1, LR
25 M-, B-SE T A 5 S 5 R
BRI R, SIAEZIRAEEAE R, X
B Je B SR A ROR AR T R, SCHK [88]
ST B AR R Z UL ST 3 A F S EE
A Ty H . ARG R BRI EKE, 5IAT
B 22 R G R R R Ak T RBAR Ay B R A 1Y) TR
AR R ) R, AR T AF 9T TR A R BRI Y 43 S
FE R R R SR ORI R AT R M

ZEA BRI R TR R AU L
PR, R B Ok VR A S H U R B 2 A )2
Mo PRI, 25 A R A B8 R Y A FRRAE R B 2
PERRE AT, 0 i % ik . B B AT L G A
LT L g AN I R R R R

1) &FXF gl T R XU . SRR SRR R IR
Wi HIL 35 2 St B4 FL VR AS i o 1k TR AT, B R L
LT 3B A7 3 i vk 32 R R A 180001 B L
AL HLos 0200 S 07 3k FE S LA T
T, 5 G0 1 BB B W Ak 18 32 445 SR TG Tk DR IE A
wfE LR 2T, LR B = A T B B
A0 AL 8 B R AL 0N SRR [90] 5 1 B Be - 4 1 1k
PR T N TR AR T SR, (A5 R U
FL TR B e SR B R N XU R R E 1 A
BEHLOL AL D5 10, SCHR [91] 2R H BEHLAL 1k 4k 31 £
AN e PR ), L TR ST vk AR B i R AL
S, M R R BE N 2 R AR T 2 U
R, FEALZS T I, SCHR [92] #5712 T XL
JA A AL 2% 24 TR R 1 R 400 F ) O A T R AR A
SCHK [93] SR FHAIL 2 249 5 R0 R g A5 K 4 38 ey il 1L A8
AR REE M, B X HL S 2 H K] Ab B op R
P B 1 2R B fr XU, O A N KU S Ak AE A

2) b X UL HL T 2R P R A5 AL B BOR
B . MRl B 5 A 2 T AR TR I 25 A ), A A
B s irER Tk EERHE R, B E
B R IE S k. BRI T I 3 R AR E
— i B AR KO R AR R] SR, 3 R g 1 A
J5 ZE R L X 67 A A0 AS B 2 o O X S E 3 £ B
Al 2 A5 O s v 7 R T AN B A T L R R, S
ik [94] 45 H T 2% BB O oy U R B 2 M O B RE S
S R ] SR VR Bl R A 2k a] R A
V1) 7 2% 2R g XoF S A ) ) AS B L LR O IS
DURHE 28 5 P A SR AR U B 1 . SOk [95]

LEEE: THRETREEREEMUER BERAEXBRARR

LR T R AME IE LR G, & 15 min TR —
YR 1 T S T R — A R B4 6 A
WA RAGME, ROBTRSIE J7 ik AR 3 i 0L i ) i &
[ 52 I AE AT AR AR S A BT AL AL, DA 0 % 57 £ A
i 1 5 4 4> 22 8] A7 76 i 22 19 [l 5, SR [96] T
Tt e R A Y H bR ok BCH H ET A H N LA ES SR
SLEF AGC #E il 48 A Z MR A iR 22 48 5 /0N, E
S I RS 7 A 5 K A B

42 ZEEHETEMB] BSITEHFE

24 R M B R A RN R AL T 0 B AN [ )
AAEN, ZHZBFERN G, N EAENE
BRI FRURR, 05 A EE R LR T R I
PR B IR 5 A 1 Rk g AR, R A B A A A R O
W R 25 43 BE AL ) S B0 — 3 i I R4 4L -

W L T2 B O AR A TR RN A RV o R R A
TR LRI 3 ) B TR FE )2, a2
AP 3 W N 1 Fe = e TR 7 N B = g
M. WA Z AR Ly R UF 225,

1) AW AT B AL T T2, & RIG
PRI AL AL AL e T LR, R T H -1
B R R Z B B ZR i, ot N2 Z AR
Bk, MRS A S 53 B0 094 3
M, TRk 2255 Z R 22 2 S br
A ] o798,

2) FHAG BT RS T L2, £ R
PER R LA AL E TR 2, R RGeS -£
B R R E IR R S AR S
M, LM ETNERE T RERLNME L BEY
i, W TR R R A & F s A B )R
R 0L FEL TR U BE T 0, AE SCHR [66-67] T, R A
T Ao 7 A AR YRR VR AN AR, IR 2 2 Uk
HL & I RB IR AL 45 i 4k, SC i fIL R D E .

ME AL SR REAZLIMAR N Y, Kk
AR BB 0 E TAFRM TS ST, 48
SR E ol IF i UB Ty NG AN 35 iKY W o I i
FIE T I e = P 98 400 1) ) R, OB AR M IS FH R ok 2
LR Wi . A Z A B R TR
Flzs, SCEZ BB WIKEGHEEET, 21
EAMRE M, 2B G EH S HEA
2 EWR g vh & SR 2 il . 2 ERZ G R
B RALR A . SR 7 ik R LT o A AR b R g
W LSRN . W AR A ZRES 2 B

89



)@, ZE LA 24N )

1) 732 R4 IV 58 70 75 JE e FL PR T P9 R SR P R
URR I BRARIE , AAUNZETE AR, iR ABOAR A
5 R AL R T X TG R P B R, 22 B A O A f AT
A SR s T B 2 X6 AR iy TAC FiL I 22 20 47 3 A 3 10,

2) Z Wy Bt ORI HL R 5z R A 22 1 U
HLT R 2 b, R ALY 5 A T O
By, Z AT Z 18] 51 T 2 R i e H
12 5 T LA B E o

5 MBERAABHNREHELSG

BA B T7 15 FE AR T BU AR A7 e LU T = R
PRI FEAE R, iRt — A R

1) F iR % P BSR4 T AL 3 B4 R 4R
HIFE il Dy E B BE R IR R N, BB IR S
iy i S b RAE PR IR A P2 200 . B AL
PER . AT NS, W& UE MR G4 A AR
B, RAGPE BT IR A A B A R T
FORBA . M RBIAE BT, —J7 il LI g5 A
MY A RN AL, O B A A R B BRI, 3T
5B E R A B B R B T R
IR BT I 2R 5 4 A B i Rz B A s 55— T T A]
PAAE2E 55 B i TR R B R ARl &,
I M BT IR L A R AR AT A £ S 1Y) AT AT A
AP RT AR ST o X A AR R R A B RS B HE
(AT I SRR S A 2 i, FER A AR, I
T HE T S ORIV IR B2 5 AL A% o7~ T 9k A T
SR BEURAE R B S AR, R A T
A B ) FAT AT S8R A Sl 2 A RORS T AN, 3R AS b
T S A R0 T A B B AR Y S ], B
Tl R S B A G R

2) WA T S 4 i RN A B IR 55 T 52
BIH HAE 3, A7 b2 K RE & -l B I 55 i
5 2% 2R A [ A 5 VR SR B9 HE DL T SE AR 3R
WM Tk N B ML AT SR R, AN
I P RURE UL PR T 22 0 H g T B PR 5 B4 R
R, AL ) A B i 2 S ) P s G A
G155 AU 1) 22 o0 B[R] R 22 D BE B AN 1Y Bk
o weAh, TR AR b o iR I R Y
REZORIE TR M, s Bl iy . e
PO 42 s | R UL R T 32 7 R R T PR W R B A

90

o B Ll

#5575

Jit J& 5 45 F AR 0 5855 75 U8 M 22 )= 9 R A0 Ak i
ittt — LT

3) A e PrastT Al BT IR Y 52 PR
Hh 1y A ) 8 > 22 18] E TR A7 A A A k5 00 i 22
FEIB AT Pl J2 0, N BT R AUl A T 2 I ] R
PR, HE— 20 4R R R A 52 4K 3 1 R AU
LT RE R BRSO i, A TR R Y
Az 7 LR R R 2 Xk SR A T R A 4 A T R
S HH MR, $R IS AU 2 on
BRI 25 5 Ty R O Al 2 R 2% 08 A7 PR Y R T
PR PR IR 40 07 1 o BAT RAE PRI R LA T
ANTEIH Sy HE DL R T MRS 25 i BE 1 4 ) B B Y i
BRI TSRS B R R, BUA R TR
HhOIEE /N A Y R PR S i A (2 G S A i
REREE A . N TR B BRER
Jav S ) PP U R BETE A E A A A
e D B R O N S AP X o [P Y A AT S Y
SR RGBT RS KRS
FREAR S, Bl I k400 e T B R 9 1) 3 K o
K

6 4515

ERZ7EZ WA SR AT Y £ VNN ANINE SE gk
() AT 47 of B 22 AR 50 R TR SE BRI R R, AR
SO FRAEPE BT T R RS A e bR
Hr AT 3 A HOR U Y OB R R AT T R
Gitkor2k . RRALAM S MR, TRtk
TRARMEINENAR MG 5. &5,
SEE T SR R BT IR AU AT SR T I A — SR R
L, 25 T SR P B R UL R T ROk B F Y
FOE AR GERT5 ) o 380 5 A SO0 237 1 % 10 R 0L
J7AHSC AR DT A A A B, AT Bl AH DG 5T Y
PR GEN GOR Ol A TR B B A TR
HE DL R T G ) 25 B R T i, DA RSk IS 05 1)
FHEARTT BRI S %

5% 3k
(1] ERGEBR. D o ST SR R, S A

[ TF A W R (5 FH BT 6 R 9K 45 75 % [EB/OL]. (2024-01-25)

[2024-05-15].  https://www.nea.gov.cn/2024-01/25/c_1310762007.




128

(2]

(3]

(4]

(3]

(6]

(7]

(8]

[9]

[10]

htm.

Ty Al 2. P A TP AR B AR 2023[EB/OL.
(2023-08-07) [2024-05-15]. https://cec.org.cn/detail/index.html?3-
322624.

HE G N, CHEN Q X, KANG C Q, et al. Optimal bidding strategy
of battery storage in power markets considering performance-based
regulation and battery cycle life[J]. IEEE Transactions on Smart
Grid, 2015, 7(5): 2359-2367.

Mook, Sk, EIRFR. A FRZSRR A g L RS
R AELELA 7], P HE LT R2EHR, 2023, 43(1): 15-28.
CHEN Huilai, ZHANG Haibo, WANG Zhaolin. A review of market
and scheduling characteristic parameter aggregation algorithm of
different types of virtual power plants[J]. Proceedings of the CSEE,
2023, 43(1): 15-28.

CAMAL S, MICHIORRI A, KARINIOTAKIS G. Optimal offer of
automatic frequency restoration reserve from a combined PV/wind
virtual power plant[J]. IEEE Transactions on Power Systems, 2018,
33(6): 6155-6170.

PONOCKO J, MILANOVIC J V. Forecasting demand flexibility of
aggregated residential load using smart meter data[J]. IEEE
Transactions on Power Systems, 2018, 33(5): 5446-5455.

EHEIC, XE. RS 5 MEE ST %iE 8RR 5 5%
B [0 L RS0 A Bk, 2022, 46(18): 158-168.

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

B, S, RO, A5 AU )2 BB S AT (R S S HEAL
W5 [J]. T RS0 A 9k, 2022, 46(18): 118-128.

YIN Shuangrui, Al Qian, SONG Ping, et al. Research and prospect
of hierarchical interaction mode and trusted transaction framework
for virtual power plant[J]. Automation of Electric Power Systems,
2022, 46(18): 118-128.

SIS, R, WRVE, S BT AR IR AL R G A
SEERFEE [J]. T E AL TR, 2023, 43(2): 604-619.

YAN Xingyu, GAO Ciwei, CHEN Tao, et al. Framework design
and application prospect for digital twin virtual power plant
system[J]. Proceedings of the CSEE, 2023, 43(2): 604-619.

TR, 542, 2REAR, 45, F BRI RL Y AL ) R HL B
FELEIR [J]. LT RMIGE 3, 2019, 21(3): 2-6.

XU Feng, HE Yujun, LI Jianbiao, et al. Review of research on

commercial mechanism for virtual power plant considering demand

LEEE: THRETREEREEMUER BERAEXBRARR

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

response[J]. Power Demand Side Management, 2019, 21(3): 2-6.
SONG J J, LI X. Review of research on optimal scheduling method
of virtual power plant[C]//2023 7th International Conference on
Smart Grid and Smart Cities (ICSGSC). Lanzhou, China. IEEE,
2023: 647-652.

[ S5, FEAk, SRV, 55, ML) X431 U R IR AN 5 BLAN EL 5y
HURIBFFTLEIA [7). HBIEEAR, 2020, 44(6): 2097-2108.

TIAN Liting, CHENG Lin, GUO Jianbo, ef al. A review on the
study of management and interaction mechanism for distributed
energy in virtual power plants[J]. Power System Technology, 2020,
44(6): 2097-2108.

2o, i, AL, A SCEUE I S (E SR R
WF5E R [J]. B RIEER, 2022, 46(5): 1761-1770.

LI Bin, HAO Yihao, QI information

Bing, et al. Key

communication technologies supporting virtual power plant
interaction[J]. Power System Technology, 2022, 46(5): 1761-1770.

T, WRIEDE, M, GF. S A TR A IR S
[ 34 2 BF 50 £33 M Jre B (7). 4 BROGE IR 1K R, 2020, 3(6):
539-551.

WEI Xuan, PAN Zhaoguang, WANG Bin, et al. Review on virtual
power plant resource aggregation and collaborative regulation using
cloud-tube-edge-end architecture[J]. Journal of Global Energy
Interconnection, 2020, 3(6): 539-551.

SIKSNYS L, VALSOMATZIS E, HOSE K, et al. Aggregating and
disaggregating flexibility objects[J]. IEEE Transactions on
Knowledge and Data Engineering, 2015, 27(11): 2893-2906.

YI Z K, XU Y L, WANG X, ef al. An improved two-stage deep
reinforcement  learning  approach  for  regulation  service
disaggregation in a virtual power plant[J]. IEEE Transactions on
Smart Grid, 2022, 13(4): 2844-2858.

RIS, ZE 30T, B, A5 1T BOANH B KUK RN 22 A DR E] ) kg
HUT 2 5 4TI S LA SR [J/OL]. s REER, 1-16 [2024-
09-15].

LI Xiaozhou, QIN Wenping, JING Xiang, et al. Joint optimization
strategy for virtual power plant participation in primary and
ancillary markets considering uncertain risks and multi-agent
collaboration[J/OL]. Power System Technology, 1-16 [2024-09-15].
HEEE IR, BJa 2%, 2561, 45 Bl ) R GEHARAL R BEUR kR 100 A
] BRI S BTSR[], TR GE A Bk, 2022, 46(18): 3-14.
KANG Chongqing, CHEN Qixin, SU lJian, et al. Scientific

problems and research framework of virtual power plant with

enormous flexible distributed energy resources in new power

91


https://doi.org/10.1109/TPWRS.2018.2847239
https://doi.org/10.1109/TPWRS.2018.2799903
https://doi.org/10.1109/TPWRS.2018.2799903
https://doi.org/10.7500/AEPS20220422007
https://doi.org/10.7500/AEPS20220422007
https://doi.org/10.7500/AEPS20220412001
https://doi.org/10.7500/AEPS20220412001
https://doi.org/10.3969/j.issn.1009-1831.2019.03.002
https://doi.org/10.3969/j.issn.1009-1831.2019.03.002
https://doi.org/10.1109/TKDE.2015.2445755
https://doi.org/10.1109/TKDE.2015.2445755
https://doi.org/10.1109/TSG.2022.3162828
https://doi.org/10.1109/TSG.2022.3162828

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

92

system[J]. Automation of Electric Power Systems, 2022, 46(18):
3-14.

X, AR, WS, 55, XHBEHARTEBIAT 225 gAML H]
ZEVR (7). BB SR, 2023, 44(4): 130-144.

LIU Chun, WANG Shijun, ZHAO Yanling, et al. Review of the
application of blockchain technology in virtual power plant
transactions[J]. Electric Power Construction, 2023, 44(4): 130-144.
HU Y, LIU D N, JIA HP, et al. Review of game theories applied to
virtual power plants[C]//2021 International Conference on Power
System Technology (POWERCON). Haikou, China. IEEE, 2021:
887-891.

ZHANG J, LI W. Review of revenue allocation method for virtual
power plants[C]//2022 IEEE International Conference on Power
Systems and Electrical Technology (PSET). Aalborg, Denmark.
IEEE, 2022: 430-433.

AR, SRARAR, XU, 5. SR P T 2 BB 25
HL 3 T S 9 00 A U B SE AR SR W [9]. K HOR 2023, 44(5):
634-644.

YU Haibin, ZHANG Yuchen, LIU Yangyang, et al. Optimal

dispatching bidding strategy of multi-agent virtual power plant

participating in electricity market under carbon trading
mechanism[J]. Power Generation Technology, 2023, 44(5):
634-644.

VRETTOS E, ANDERSSON G. Scheduling and provision of
secondary frequency reserves by aggregations of commercial
buildings[J]. IEEE Transactions on Sustainable Energy, 2015, 7(2):
850-864.

FE KRB IR . [ SRR IR R G T ED & (2023 AR RE R M 8 T 1F %
#) BYIES0 [EB/OLY]. (2023.01.04) [2023.11.23]. http://zfxxgk.nea.
gov.cn/2023-01/04/c_1310691552.htm.

WPEA REIR. G TEN R (bl ) a2 A BIILIE 4 )
/Yy 3 1 [EB/OL]. (2022.06.23) [2023.11.23]. http://www.shanxi.
gov.cn/zfxxgk/zfxxgkzl/zc/xzgfxwj/bmgfxwjl/szfzsjg_76500/sny;j_
76509/202301/t20230128_7876895.shtml.

TRYINRF DA . BN T M 8L 38 A7 5 & 3C#F & A [EB/OLY.
(2023.07.17) [2023.11.23]. http://www.sz.gov.cn/cn/xxgk/zfxxgj/
zwdt/content/post_10716888.html.

PN Tl A0S AR O T ER & (7 M7 He 4L F T St 2
Iy 38241 [EB/OLY]. (2021.07.08) [2023.11.23]. https:/www.gz.gov.
cn/gfxwj/sbmgfxwj/gzsgyhxxhj/content/post_7364052.html.
(GBI, VRERSE, S3CHl. IR ) 22280 07 B C L
737 H T SR (7). BT AR SE A Blifk, 2020, 44(22): 143-151.

o B Ll

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

#5575

YI 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.

NGUYEN D T, LE L B. Joint optimization of electric vehicle and
home energy scheduling considering user comfort preference[J].
IEEE Transactions on Smart Grid, 2013, 5(1): 188—199.

ALI SAJJAD I, CHICCO G, NAPOLI R. Definitions of demand
flexibility for aggregate residential loads[J]. IEEE Transactions on
Smart Grid, 2016, 7(6): 2633-2643.

ZHANG H C, HU Z C, XU Z W, et al. Evaluation of achievable
vehicle-to-grid capacity using aggregate PEV model[J]. IEEE
Transactions on Power Systems, 2016, 32(1): 784-794.

MULLER F L, SZABO J, SUNDSTROM O, et al. Aggregation and
disaggregation of energetic flexibility from distributed energy
resources[J]. IEEE Transactions on Smart Grid, 2017, 10(2):
1205-1214.

YIZK,XUY L, WANG H Z, et al. Coordinated operation strategy
for a virtual power plant with multiple DER aggregators[J]. IEEE
Transactions on Sustainable Energy, 2021, 12(4): 2445-2458.

XU Z W, DENG T H, HU Z C, et al. Data-driven pricing strategy
for demand-side resource aggregators[J]. IEEE Transactions on
Smart Grid, 2016, 9(1): 57—66.

XU Z W, HU Z C, SONG Y H, et al. Risk-averse optimal bidding
strategy for demand-side resource aggregators in day-ahead
electricity markets under uncertainty[J]. IEEE Transactions on
Smart Grid, 2015, 8(1): 96-105.

BAROT S, TAYLOR J A. A concise, approximate representation of
a collection of loads described by polytopes[J]. International Journal
of Electrical Power & Energy Systems, 2017, 84: 55-63.

ALTHOFF M, STURSBERG O, BUSS M. Computing reachable
sets of hybrid systems using a combination of zonotopes and
polytopes[J]. Nonlinear Analysis: Hybrid Systems, 2010, 4(2):
233-249.

YI Z K, XUY L, GUW, et al. A multi-time-scale economic
scheduling strategy for virtual power plant based on deferrable loads
aggregation and disaggregation[J]. IEEE Transactions on
Sustainable Energy, 2019, 11(3): 1332-1346.

CHEN X, DALL’ANESE E, ZHAO C H, et al. Aggregate power
flexibility in unbalanced distribution systems[J]. IEEE Transactions
on Smart Grid, 2019, 11(1): 258-269.

MUELLER F L, WOERNER S, LYGEROS J. Unlocking the



https://doi.org/10.12096/j.2096-4528.pgt.23004
https://doi.org/10.12096/j.2096-4528.pgt.23004
https://doi.org/10.1109/TSTE.2021.3100088
https://doi.org/10.1109/TSTE.2021.3100088
https://doi.org/10.1016/j.nahs.2009.03.009

128

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

potential of flexible energy resources to help balance the power
grid[J]. IEEE Transactions on Smart Grid, 2018, 10(5): 5212-5222.
ZHAO L, ZHANG W, HAO H, et al. A geometric approach to
aggregate flexibility modeling of thermostatically controlled
loads[J]. IEEE Transactions on Power Systems, 2017, 32(6):
4721-4731.

MADIJIDIAN D, ROOZBEHANI M, DAHLEH M A. Energy
storage from aggregate deferrable demand: fundamental trade-offs
and scheduling policies[J]. IEEE Transactions on Power Systems,
2017, 33(4): 3573-3586.

HUGHES J T, DOMINGUEZ-GARCIA A D, POOLLA K.
Identification of virtual battery models for flexible loads[J]. IEEE
Transactions on Power Systems, 2016, 31(6): 4660—4669.

YI Z K, XU Y L, GU W, et al. Aggregate operation model for
numerous small-capacity distributed energy resources considering
uncertainty[J]. IEEE Transactions on Smart Grid, 2021, 12(5):
4208-4224.

INARTT, 58, AN, 55 ZE T 2 MEAE SR R R TG
PERALIFAL 7% (9], TR L), 2024, 57(9): 146-155.

SUN Donglei, WANG Xian, SUN Yi, et al. Polyhedral uncertainty
set based power system flexibility quantitative assessment[J].
Electric Power, 2024, 57(9): 146—155.

Bz, 2, THER, 5. B TSR SRS R
T R RE 1 S TEAN [7]. BT R GE A Bk, 2021, 45(1): 150-158.
CUI Yifeng, LI Zhenguo, JIA Qingquan, et al. Dynamic evaluation
of response potential of thermostatically controlled load based on
parameter identification and state estimation[J]. Automation of
Electric Power Systems, 2021, 45(1): 150-158.

CONTRERAS D A, RUDION K. Computing the feasible operating
region of active distribution networks: comparison and validation of
random sampling and optimal power flow based methods[J]. IET
Generation, Transmission & Distribution, 2021, 15(10): 1600-1612.
AGEEVA L, MAJIDI M, POZO D. Analysis of feasibility region of
active  distribution  networks[C]//2019  International ~ Youth
Conference on Radio Electronics, Electrical and Power Engineering
(REEPE). Moscow, Russia. IEEE, 2019: 1-5.

TAN Z F, ZHONG H W, XIA Q, et al. Estimating the robust P-Q
capability of a technical virtual power plant under uncertainties[J].
IEEE Transactions on Power Systems, 2020, 35(6): 4285-4296.
CHEN L, TANG Z Y, HE S J, et al. Feasible operation region

estimation of virtual power plant considering heterogeneity and

uncertainty of distributed energy resources[J]. Applied Energy,

LEEE: THRETREEREEMUER BERAEXBRARR

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

2024, 362: 123000.
CHEN X, LI N. Leveraging two-stage adaptive robust optimization
for power flexibility aggregation[J]. IEEE Transactions on Smart
Grid, 2021, 12(5): 3954-3965.

CUI B, ZAMZAM A, BERNSTEIN A. Network-cognizant time-
coupled aggregate flexibility of distribution

systems under

uncertainties[J]. IEEE Control Systems Letters, 2020, 5(5):
1723-1728.

WANG SY, WU W C. Aggregate flexibility of virtual power plants
with temporal coupling constraints[J]. IEEE Transactions on Smart
Grid, 2021, 12(6): 5043-5051.

WANG S, WU W, CHEN Q, et al. Stochastic flexibility evaluation
for wvirtual power plant by aggregating distributed energy
resources[J]. CSEE Journal of Power and Energy Systems, 2024,
10(3): 988-999.

KARIMYAN P, ABEDI M, HOSSEINIAN S H, et al. Stochastic
approach to represent distributed energy resources in the form of a
virtual power plant in energy and reserve markets[J]. IET
Generation, Transmission & Distribution, 2016, 10(8): 1792—1804.
SONG M, AMELIN M. Purchase bidding strategy for a retailer with
flexible demands in day-ahead electricity market[C]//2017 IEEE
Manchester PowerTech. Manchester, UK. IEEE, 2017: 1.
MASHHOUR E, MOGHADDAS-TAFRESHI S M. Bidding
strategy of virtual power plant for participating in energy and
spinning reserve markets: part I: problem formulation[J]. IEEE
Transactions on Power Systems, 2010, 26(2): 949-956.
NEZAMABADI H, SETAYESH NAZAR M. Arbitrage strategy of
virtual power plants in energy, spinning reserve and reactive power
markets[J]. IET Generation, Transmission & Distribution, 2016,
10(3): 750-763.

REETE, WALy, EOIBE, 4. 3T 22 B0 10 fe 4l e 30 bRk
A bR B M 2 AE J7 1 [J/OL). HL R AR - 1-11 [2024-09-16].
https://doi.org/10.13335/j.1000-3673.pst.2024.0892.

SONG Yiyang, SHEN Mengjun, WANG Jianxiao, ef al. Analytical
characterization of marginal cost function for virtual power plants
based on multi-parametric programming [J/OL]. Power System
Technology: 1-11 [2024-09-16]. https://doi.org/10.13335/5.1000-
3673.pst.2024.0892.

JRBE, WEIR, IV, SF. BA0E S Sk SRR T b
[RIfEALsRERE [3]. P IEl L7, 2024, 57(1): 61-70.

ZHOU Ting, TAN Yudong, SUN lJin, et al. Collaborative

optimization strategy for virtual power plant participating in energy

93


https://doi.org/10.1109/TPWRS.2017.2674699
https://doi.org/10.1109/TSG.2021.3085885
https://doi.org/10.1109/TPWRS.2020.2988069
https://doi.org/10.1016/j.apenergy.2024.123000
https://doi.org/10.1109/TSG.2021.3068341
https://doi.org/10.1109/TSG.2021.3068341
https://doi.org/10.1109/TSG.2021.3106646
https://doi.org/10.1109/TSG.2021.3106646
https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0892
https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0892
https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0892
https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0892
https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0892
https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0892

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

94

and ancillary service market[J]. Electric Power, 2024, 57(1): 61-70.
K, TR, TRIE, 5. T I 2 AE IR A MR I RE ) B EAU
BT MR [J/OL). B R AR : 1-13[2024-09-17]. https://doi.org/
10.13335/j.1000-3673.pst.2024.0140.

GUAN Yiwen, ZHANG Chen, ZHANG Zheng, et al. Virtual power
plant planning considering multi-dimensional generation-load
correlation and peak shaving ability [J/OL]. Power System
Technology: 1-13[2024-09-17]. https://doi.org/10.13335/j.1000-
3673.pst.2024.0140.

LI T, SHAHIDEHPOUR M. Strategic bidding of transmission-
constrained GENCOs with incomplete information[J]. IEEE
Transactions on Power Systems, 2005, 20(1): 437-447.
BAHRAMARA S, YAZDANI-DAMAVANDI M, CONTRERAS J,
et al. Modeling the strategic behavior of a distribution company in
wholesale energy and reserve markets[J]. IEEE Transactions on
Smart Grid, 2017, 9(4): 3857-3870.

CUI H T, LI F X, FANG X, et al. Bilevel arbitrage potential
evaluation for grid-scale energy storage considering wind power and
LMP smoothing effect[J]. IEEE Transactions on Sustainable
Energy, 2017, 9(2): 707-718.

KAZEMPOUR S J, CONEJO A J, RUIZ C. Strategic bidding for a
large consumer[J]. IEEE Transactions on Power Systems, 2014,
30(2): 848-856.

YAZDANI-DAMAVANDI M, NEYESTANI N, CHICCO G, et al.
Aggregation of distributed energy resources under the concept of
multienergy players in local energy systems[J]. IEEE Transactions
on Sustainable Energy, 2017, 8(4): 1679-1693.
YAZDANI-DAMAVANDI M, NEYESTANI N, SHAFIE-KHAH
M, et al. Strategic behavior of multi-energy players in electricity
markets as aggregators of demand side resources using a bi-level
approach[J]. IEEE Transactions on Power Systems, 2017, 33(1):
397-411.

NS, (R, 252K, 5. ZoCEE TSI T i I RE A -
TCL PRI A TEAR SN [1]. L FTE B, 2024, 45(10): 146-157.
SUN Yong, YI Zhongkai, LI Baoju, ef al. Active and reactive power
collaborative bidding strategy for the power aggregator in multiple
categories of retail markets[J]. Electric Power Construction, 2024,
45(10): 146-157.

MK, BB, EE T, A5 5 I XU Y R L XU S bR R
W [7]. H H 3, 2020, 41(6): 28-35.

YE Fei, SHAO Ping, WANG Xuanyuan, et al. Bi-level bidding

strategies for virtual power plants considering purchase and sale

o B Ll

[70]

(71]

(721

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

(81]

#5575

risks[J]. Electric Power Construction, 2020, 41(6): 28-35.

SONG M, AMELIN M. Price-maker bidding in day-ahead
electricity market for a retailer with flexible demands[J]. IEEE
Transactions on Power Systems, 2017, 33(2): 1948-1958.

DING H J, PINSON P, HU Z C, et al. Optimal offering and
operating strategy for a large wind-storage system as a price
maker[J]. IEEE Transactions on Power Systems, 2017, 32(6):
4904-4913.

SHAFIEE S, ZAMANI-DEHKORDI P, ZAREIPOUR H, et al.
Economic assessment of a price-maker energy storage facility in the
Alberta electricity market[J]. Energy, 2016, 111: 537-547.
ARTEAGA J, ZAREIPOUR H. A price-maker/price-taker model
for the operation of battery storage systems in electricity markets[J].
IEEE Transactions on Smart Grid, 2019, 10(6): 6912-6920.
KOHANSAL M, MOHSENIAN-RAD H. Price-maker economic
bidding in two-settlement pool-based markets: the case of time-
shiftable loads[J]. IEEE Transactions on Power Systems, 2015,
31(1): 695-705.

SHAFIEE S, ZAREIPOUR H, KNIGHT A M. Developing bidding
and offering curves of a price-maker energy storage facility based
on robust optimization[J]. IEEE Transactions on Smart Grid, 2017,
10(1): 650-660.

AYON X, GRUBER J K, HAYES B P, et al. An optimal day-ahead
load scheduling approach based on the flexibility of aggregate
demands[J]. Applied Energy, 2017, 198: 1-11.

NGUYEN D T, LE L B. Risk-constrained profit maximization for
microgrid aggregators with demand response[J]. IEEE Transactions
on Smart Grid, 2014, 6(1): 135-146.

VAGROPOULOS S I, KYRIAZIDIS D K, BAKIRTZIS A G. Real-
time charging management framework for electric vehicle
aggregators in a market environment[J]. IEEE Transactions on
Smart Grid, 2015, 7(2): 948-957.

SARKER M R, DVORKIN Y, ORTEGA-VAZQUEZ M A.
Optimal participation of an electric vehicle aggregator in day-ahead
energy and reserve markets[J]. IEEE Transactions on Power
Systems, 2015, 31(5): 3506-3515.

VAGROPOULOS S I, BAKIRTZIS A G. Optimal bidding strategy
for electric vehicle aggregators in electricity markets[J]. IEEE
Transactions on Power Systems, 2013, 28(4): 4031-4041.

ZHANG T, CHEN S X, GOOI H B, et al. A hierarchical EMS for
aggregated BESSs in energy and performance-based regulation

markets[J]. IEEE Transactions on Power Systems, 2016, 32(3):



https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0140
https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0140
https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0140
https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0140
https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0140
https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0140
https://doi.org/https://doi.org/10.13335/j.1000-3673.pst.2024.0140
https://doi.org/10.12204/j.issn.1000-7229.2024.10.014
https://doi.org/10.12204/j.issn.1000-7229.2024.10.014
https://doi.org/10.1109/TPWRS.2017.2681720
https://doi.org/10.1016/j.energy.2016.05.086
https://doi.org/10.1016/j.apenergy.2017.04.038
https://doi.org/10.1109/TPWRS.2013.2274673
https://doi.org/10.1109/TPWRS.2013.2274673

128

[82]

(83]

[84]

[85]

[86]

(87]

[88]

(89]

1751-1760.

HE G N, CHEN Q X, KANG C Q, et al. Cooperation of wind
power and battery storage to provide frequency regulation in power
markets[J]. IEEE Transactions on Power Systems, 2016, 32(5):
3559-3568.

YI Z K, XUY L, GUW, et al. A multi-time-scale economic
scheduling strategy for virtual power plant based on deferrable loads
aggregation and disaggregation[J]. IEEE Transactions on
Sustainable Energy, 2019, 11(3): 1332—-1346.

YIZ K, XUY L, WEI X, et al. Robust security constrained energy
and regulation service bidding strategy for a virtual power plant[J].
CSEE Journal of Power and Energy Systems, 2022, PP(99): 1-11.
B, R =, AR, 55 B BREIET RN A Y b X ZR B R
TR ARG H AT [0]. B J7 3%, 2023, 44(12): 43-53.

LIANG Zeqi, ZHOU Yun, FENG Donghan, et al. Day-ahead
optimal scheduling of park-integrated energy system considering
electricity-carbon-green certificate market[J]. Electric Power
Construction, 2023, 44(12): 43-53.

XBEZE, U, A, 6. el del) - kG BT
FIEBAIE-IRZE 5 ML 256 REIR R GUIRBRE IR L (7). v R4
R, 2023, 47(6): 2207-2222.

LIU Xiaojun, NIE Fanjie, YANG Dongfeng, et al. Low carbon
economic dispatch of integrated energy systems considering green
certificates-carbon trading mechanism under CCPP-P2G joint
operation model[J]. Power System Technology, 2023, 47(6):
2207-2222.

g, ok, E 8, 55 IR SE RSN S AL I XA
REUR R ek (9 B2 (7). b A HL R 2 4, 2023, 43(12):
4508-4517.

CUI Yang, SHEN Zhuo, WANG Zheng, et al. Green dispatch of
regional integrated energy system considering green certificate-
carbon emission equivalent interaction mechanism[J]. Proceedings
of the CSEE, 2023, 43(12): 4508-4517.

R, VKW, AR TS, 4. 1T DU B R 38 B R L
2H R i R X 25 REUR R SUARBR AL (7] HL IR, 2024,
48(1): 61-73.

ZHOU Wei, SUN Yonghui, XIE Dongliang, et al. Low-carbon
dispatch of park-level integrated energy system considering
improved ladder-type carbon trading and flexible output of
combined heat and power unit[J]. Power System Technology, 2024,
48(1): 61-73.

AN Y, ZENG B. Exploring the modeling capacity of two-stage

LEEE: THRETREEREEMUER BERAEXBRARR

[90]

[o1]

[92]

[93]

[94]

[95]

[96]

[97]

robust optimization: variants of robust unit commitment model[J].
IEEE Transactions on Power Systems, 2014, 30(1): 109-122.

NING C, YOU F Q. Data-driven adaptive robust unit commitment
under wind power uncertainty: a Bayesian nonparametric
approach[J]. IEEE Transactions on Power Systems, 2019, 34(3):
2409-2418.

A, AUB L, BBk, 45 B TSN SR B AL S L I
DHEIE S SR [7]. W3, 2019, 40(6): 74-85.

ZHU Yu, YI Zhongkai, LU Qiuyu, ef al. Collaborative pricing
strategy of virtual power plant and distribution network considering
typical scenes[J]. Electric Power Construction, 2019, 40(6): 74-85.
BeRl, R4, X 3 T SUZBO L2 2SO0 i )
PEALTHEE [7]. H TR, 2016, 31(9): 58-67.

DUAN Pian, ZHU Jianquan, LIU Mingbo. Optimal dispatch of
virtual power plant based on bi-level fuzzy chance constrained
programming[J]. Transactions of China Electrotechnical Society,
2016, 31(9): 58-67.

TERATH, SEF, B, I THL S 2 ORI 4 1 00 e 308 B XU 53
W [7]. T UL TR 244, 2015, 35(16): 4025-4034.

FAN Songli, Al Qian, HE Xing. Risk analysis on dispatch of virtual
power plant based on chance constrained programming[J].
Proceedings of the CSEE, 2015, 35(16): 4025-4034.

B, AL, BREEE. 25 MG O A B2 P R TR SR hE A
BRSPS (7). L) AR GE A Bk, 2023, 47(10): 107-116.
BAO Yan, SHI Jinkai, CHEN Shihao. Robust real-time control
strategy for energy storage in fast charging station considering load
forecasting uncertainty[J]. Automation of Electric Power Systems,
2023, 47(10): 107-116.

ZHAO H T, WANG X Y, WANG B, ef al. A multi time-scale
robust aggregation model for virtual power plant based on rolling
correction[C]//2022 IEEE 6th Conference on Energy Internet and
Energy System Integration (EI2). Chengdu, China. IEEE, 2022:
2574-2579.

=108, B U, ARk, S TR b TR ST A A L) T
ZWRRE TS5 AGC AL BEE [7]. v 53 5 eI, 2023,
39(3): 23-32.

YAN Peng, ZENG Siming, LI Tiecheng, et al. Optimal scheduling
of virtual power plant participating in AGC based on improved
quantum genetic algorithm on multi-time scale[J]. Power System
and Clean Energy, 2023, 39(3): 23-32.

KHAVARI F, BADRI A, ZANGENEH A. Energy management in

95


https://doi.org/10.12204/j.issn.1000-7229.2023.12.004
https://doi.org/10.12204/j.issn.1000-7229.2023.12.004
https://doi.org/10.12204/j.issn.1000-7229.2023.12.004
https://doi.org/10.1109/TPWRS.2019.2891057
https://doi.org/10.3969/j.issn.1000-7229.2019.06.009
https://doi.org/10.3969/j.issn.1000-7229.2019.06.009
https://doi.org/10.3969/j.issn.1000-6753.2016.09.008
https://doi.org/10.3969/j.issn.1000-6753.2016.09.008
https://doi.org/10.7500/AEPS20220922005
https://doi.org/10.7500/AEPS20220922005
https://doi.org/10.3969/j.issn.1674-3814.2023.03.004
https://doi.org/10.3969/j.issn.1674-3814.2023.03.004
https://doi.org/10.3969/j.issn.1674-3814.2023.03.004

o [ L % 57%

multi-microgrids via an aggregator to override point of common based stackelberg game optimal operation of multiple virtual power
coupling congestion[J]. IET Generation, Transmission & plants[J]. Automation of Electric Power Systems, 2022, 46(1):
Distribution, 2019, 13(5): 634-642. 155-163.

[98] ASIMAKOPOULOU G E, DIMEAS A L, HATZIARGYRIOU N

EH BA:

ogpL (1995—) , %, #+, a3k, KFEEME
I RE\AERLEZHN, BHERNFMBEFI) T ELEE
A FZRF 6 RH %, E-mail: yzk article@163.com;

EMH (1999—) , B, WL, RFREMRT
RBOE Al )T A B 42 % 7 5 %, E-mail: houlangbol@
163.com;

3k (1980—) , B, @fE4EH, W, g, AF
W, 7 & GiE T4 #6095 %0, E-mail: ying.xu@hit.edu.cn.

D. Leader-follower strategies for energy management of multi-
microgrids[J]. IEEE Transactions on Smart Grid, 2013, 4(4):
1909-1916.
[99] DU Y, LI F X. A hierarchical real-time balancing market
considering  multi-microgrids ~ with  distributed  sustainable
resources[J]. IEEE Transactions on Sustainable Energy, 2018,
11(1): 72-83.
[100] FAAAE, skl R, 45, BET IXHEEA 2 4] AR
PEEAT [I]. LIRS A 3k, 2022, 46(1): 155-163.
ZHOU Buxiang, ZHANG Yue, ZANG Tianlei, et al. Blockchain- ( ﬁ/g-‘ % frfF %%%";S )

Aggregation and Operation Key Technology of Virtual Power Plant with
Flexible Resources in Electricity Market Environment: Review

YI Zhongkai', HOU Langbo!, XU Ying', WU Yongfeng!, LI Zhimin', WU Junfei?, FENG Teng?, HAN Liu?

(1. School of Electrical Engineering and Automation, Harbin Institute of Technology, Harbin 150001, China; 2. Quzhou Power Supply
Company, State Grid Zhejiang Electric Power Co., Ltd., Quzhou 324000, China; 3. State Grid Economic and Technological Research
Institute Co., Ltd., Beijing 102209, China)

Abstract: The rapid development and increasing number of flexible resource technologies offer immense potential for enhancing the
flexibility and economic efficiency of power systems. Virtual power plants (VPPs) provide an effective means for supporting the
participation of massive, heterogeneous, and decentralized resources in power market transactions through coordinated management
and aggregated control of these resources. Addressing issues such as the difficulty in efficiently managing diverse and massive
heterogeneous flexible resources within VPPs in the power market environment, benefit conflicts among different operating entities,
and the coupling relationship between energy and ancillary services, this paper analyzes and summarizes the technical challenges,
current research progress, and future research directions in the end-to-end operation of flexible resource VPPs in the power market
environment. The analysis focuses on three aspects of flexible resource VPPs: aggregated modeling, bidding strategies, and
operational control. It systematically summarizes the model characteristics, correlations, and applicable scenarios of relevant
mainstream technological approaches. This comprehensive understanding of the key scientific issues, core theoretical methods, and
mainstream technical solutions involved in flexible resource VPPs in the power market environment provides suggestions for future
research directions and technological development of flexible resource VPPs.

This work is supported by the Science and Technology Project of SGCC (Review of the Aggregation and Operation Key Technology
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