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Fig.2 Calculation method of flexibility deficiency probability
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Table 1 Parameters of power sources
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Table 2 Typical scheduling schemes
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Table 4 Power generation cost and spinning reserve capacity

15 min B AOJER%

WENSE TS bRfEE WA/($-h ) A MW
case 1 0 503.27 30
case 2 6.25 501.26 25
case 3 10.23 500.67 22
case 4 14.53 500.47 20

J1$%5 10 MW, case 1 7E 15 min B AT 4241 30 MW
B 2 T R, A R T i T T D e o T A, AT
LA R A EHEZE  DURYE B [H] 755K 15 min 24 61,
B T — ek 2 JRUHL T 2 F IR AN N (15,10.89) , LA
JEIEA AL AR K & H AR PP dE b, 4 Bz Scrh
BLZH ] | M€ 35 A JE Ak 28 S & W AR 48 A A 18D 5
FN o

EH case 1 B AT 5, case 4 AL, (H
case 1 JEWEAEHEE R 0, F case 4, 3X FE 2 H#K
S AILEE 20 T R IR A PR 4R LA B e B e

TENL AL T case 1T AR XS8R A0 b7 )

fi
20 ———
ﬁ oF A
45t LT TS

E P L !
5 10 15 20 25 30 35 40
B+ 18] /min
——case 1, ——-case 2, ----- case 3, case 4
B 6 M@ ERiEERER
Fig.6 Upward flexibility indicators
I 6 Hith 2735 AR 4% T B2 05 SR AE 22 I [a) RUBE
THALR R TG, case 1 AIFE 15 min WNEFSLIEHE
RG2S BEBE I [R] e MR i AR B SRR T
TERR X B AL T D A8 2G50 5 @ ik (] 4 J32
AN BRI R bR o Be K
R FF J 30 T KA B R 1 oK, DA R
I 1) 75 I B AR A e /ML, DA Bl R0 T A i 24
SR E I\ AL B S5/ IMEL, BIVAT B 22 o 6 B O R AR
WA B.C.DFRRAEBIEETT S, LhRIEER ]
2K 15 min, DTSRI 15 MW H 1) R 354
i, 4 R RE Dy 52 0 RTE AL 45 R )RR TE £
U LAFFEZESE . case 1 T FRFRAETFIIAPIRES 15
min I £ 48 BT B A 09 R 0% 1 45 B 35 B I E 30
MW ;case 4 W R GEAL T e L2 5F KA, 7E15 min I
A 20 MW 1 2 35 PE 25 BE ), 78 43 min I 47 30
MW HIHEZE RE Ty, 75 i R T 1 2 0 oK i M 3R A
fiE B R IEZS 434 N(15,10.89) , 715 Z B ] R
JET 2 VR 5 S RIS PEAS IR S5 R LA 7,




PV, 45 - 25 S8 SR P 1 S I 2 Ry el I B2 3 5 P A 173

F£7H
< 90
&
#
£ 60
g
S
=1 30 . A
Ha N 8
™ L NI
5 10 15 20 25 30 35 40
IR} [8] /min
——casel,——-case?2, ----- case 3, case 4

E7 RiEEHETEME
Fig.7 Probability of insufficient flexibility supply

H 7 AT UL, 7E 15 min B R 36 PR 25 2 4 4
Z5 3, case 1 IR IGHEAR EMFEH 0, case 4
ARG AR N 23.62% , 24 R 1% M 1L 45 i [a]
KT 5 min LAA = F 30 min B, R IEPEALA R B HE
BN AR 6 Rzl 595 P 25 25 5 22 S
BN, ALIE Ak R AN ARE R SO L 1) 0
o WANSHE FRAETFHES T B 5
Pareto FIVE 534 4N&l 8 itz

0.2 0.4 0.6 0.I8 1.0
B
& 8 Pareto BRILBTIB ST
Fig.8 Distribution of optimal Pareto frontier
FIh HEE DT 26 A AR, METTE D R
A SR AL I B ) e e, R 48 R Vs,
TS B .C A THE A EN R, RIE AL
R NEHRE ) o ZR GE AT Ja v, HILAH BT S 43 A 8
RE TS 815 1, B ELAG A (] fg o 1o IF i), A 2% 22
eV BE I 2 SO 25 fa i B A2, DT R 1 ML 20
] b @3, BAAL I [H] P R S IE 35 e 0 AR, 6 1 XoF
F, O 35z Sl T Ao T O SR, G LA i
APARAS  $ 8 2R G2 1 2 355 M LA D 107 X6 4 70 £ 11 90 3
P i B e Y T A s, O 22

6 #it

ASCHTHE A3 T R GE ) RS
JEE (AR FE SR, 70 X 22 R ) R I PR TR SR B, B
H 38 0 28 75 4 R VR A A A i A T N R, 4
Y RS PEFE AR AN R A A N B9 5 PE N R AR
Rk, M EEfT B - ENESE L, U
IEEE 30 15 Sl R 50 b ], vl 45 LU R 8548,

a. T AR AR Bt ey EAT ASE M R 0 H 1)
PR RIGEHETT R 2 S R TE T R A 4R e B s
B8] 5 T 2 i) 5 1 B SR PR 2

b. WA R G R A LA A B B, B HL
20 T B )4 BE 3G I, RBE ) ICHE e ) L R 1 M

i, R AN R BRI, B — 5 R
¥,

c. HLALCIHEAE J7 B4 i) SR R e 2 8] _E
SE I, L2 07 B[] 2 AN A 1) A S 2 i 20 6
LU ARSI 18] DAY o 7K P 9 TR P L B 3R 35 1
JEABHER

d. A3CH A R PEPFAN E R B AR R )
REAY , 244581 B T7 52 T $R A3 1y SR 36 4 A il A FL IR
1 AR SR I R 22 Hh BRI A A AR

ARSCIIT AR H BR8] B2 SR S R 8 B PR B BUR 1%
P FEHLHZ T 22 B NITRBU R R 215 21 8 1Y
RAGPEIR A SCS SRt i — WS rp o S0 8 i
)5 A8 R PR 5K, JF 3 T 1 SRS i 2y i
SLAH R AR ERLE

SE Lk

[ 1] MAIT,HAND M M,BALDWIN S F,et al. Renewable electricity fu-
tures for the United States[ J]. IEEE Transactions on Sustainable
Energy,2014,5(2) .372-378.

[ 2] Bith, Tk Mt 1% XU R )it sl 1 e e 2 R BE AL Ak
PRI, ER AL T AR 4R ,2013,33(1) :163-170.

LIU Jin, YU Jilai,LIU Zhuo. An intelligent optimal dispatch strategy
for spinning reserve coping with wind intermittent disturbance[ J].
Proceedings of the CSEE,2013,33(1) :163-170.

[ 3] KAMATH C. Understanding wind ramp events through analysis of
historical data[ C] // Transmission and Distribution Conference and
Exposition. New Orleans, LA, USA.IEEE,2010.1-6.

[ 4 ] LANNOYE E,FLYNN D,O’MALLEY M. Evaluation of power system
flexibility[ J]. IEEE Transactions on Power Systems,2012,27(2) ;
922-931.

[ 5] BH:, s B, & i ALL e R% % F 98 A 1k ot

BRI (=) MESTEARYER[J]. R HLT R 240, 2016,
36(18) :4808-4816.
ZHAI Qiaozhu, TIAN Jianfang, MAO Yashan. Spinning reserve wid-
th of generator unit ; concept, properties and applications , part I con-
cept and properties[ J ]. Proceedings of the CSEE,2016,36(18) :
4808-4816.

[ 6 ] ORTEGA-VAZQUEZ M A,KIRSCHEN D S. Estimating the spin-

ning reserve requirements in systems with significant wind power

generation penetration[ J]. IEEE Transactions on Power Systems,

2009,24(1) :114-124.

AT BB RO | 45 2 R R ) B AR R U A B

TR T]. MR 2016,40(11) :3348-3354.

ZHOU Ming, YIN Yucan, HUANG Yuehui, et al. Dynamic critical

peak price and its gaming approach considering customers’ response

[J]. Power System Technology,2016,40( 11) :3348-3354.

[ 81 FMEI, EARIR, KIG, 5. B RGBTS0 5 Ak
[J]. B TH AR, 2014,29(4) :173-180.

SUN Weiqing, WANG Chengmin,ZHANG Yan, et al. Analysis and
evaluation on power system operation homogeneity[ J ]. Transactions
of China Electrotechnical Society,2014,29(4) ;173-180.

[ 9] WANG C, LU Z, QIAO Y. A consideration of the wind power

benefits in day-ahead scheduling of wind-coal intensive power sys-

tems[ J]. IEEE Transactions on Power Systems,2013,28( 1) :236-

245.

X2l , Dk HEAF 4 TR 3-20 H A% KRB AR & LAY A

WZ TR BR 7R [J]. FIRIEIA ,2015,39(7) :1765-1772.

LIU Chun,MA Shuo,DONG Cun,et al. Review and experiences of

[7

[—

[10

[t



@ & 0 8 % w it %

=38 %

the European solar eclipse’s impact on power grid operation with
significant PV generation[ J ]. Power System Technology,2015,39
(7) :1765-1772.

[11] ULBIG A,ANDERSSON G. Analyzing operational flexibility of elec-
tric power systems [ C ] // Power Systems Computation Conference.
Wroclaw , Poland ; TEEE ,2014 . 1-8.

[12] #hiE X8 AAf. RGBT (—) BHRERI[J].

W RS ANk ,2013,37(17) :37-43.

WEI Wei, LIU Feng, MEI Shengwei. Robust and economical sche-

duling methodology for power systems part one theoretical

foundations[ J ]. Automation of Electric Power Systems, 2013, 37

(17) :37-43.

X, X, R, A 3T R A IR 3 AN E

FREBLSITM[T]. AR A B, 2015,39(18) :8-14.

LIU Bin,LIU Feng, WANG Cheng, et al. Uncertainty set modeling

and evaluation of wind farm power output for robust dispatch[ J].

Automation of Electric Power Systems,2015,39(18) .8-14.

[14] B, BEEAR, R 45, = il A R IRB 48 4 F 2 IR B %
ZEROE M ETFIREERRI)]. B RS H Sk, 2014,38(7)
1-8.

ZHAO Bo,XUE Meidong, CHEN Rongzhu,et al. An economic dis-

patch model for microgrid with high renewable energy resource pe-

[13

[l

netration considering forecast errors [ J ]. Automation of Electric
Power Systems,2014,38(7) :1-8.

[15] 25, B8 BRT 55, 25 IR0 5 22 43 A7 Rt 1 KUl S JE A

BETrk (0], hE AL R4, 2013,33(25) :27-32.
TANG Yi,WANG Qi, CHEN Ning, et al. A dispatching method of
active power in wind farm clusters considering probability
distribution of forecasting errors [ J]. Proceedings of the CSEE,
2013,33(25) :27-32.

[16] E5AH 2210 Fea. 2 v U]l P A AR IR ) R 48 R e

AR T]. B RGEA B, 2016,40(13) :147-158.

LU Zongxiang, LI Haibo,QIAO Ying. Power system flexibility plan-

ning and challenges considering high proportion of renewable energy

[J]. Automation of Electric Power Systems,2016,40(13) ;147-158.

EBILALER, 7 R SRR T R [ M. JEat Blee

At , 2006 121-123.

[18] ADAMS J, O'MALLEY M, HANSON K. Flexibility requirements
and potential metrics for variable generation ; implications for system
planning studies[ M]. Princetan,NJ,USA;NERC,2010:14-17.

[19] HrEsE, TR, WV R, 5. B0 RS R0 M ST £t ik
[1]. AR ,2014,38(6) :1569-1576.

[17

[

XIAO Dingyao, WANG Chengmin,ZENG Pingliang, et al. A survey
on power system flexibility and its evaluations [ J]. Power System
Technology,2014,38(6) :1569-1576.

[20] HiEse, FARR, B R, % B n f Ak g il o A1 52

PER AL IR R R ()] o A sl b4, 2015,35(7)
120-125.
XIAO Dingyao, WANG Chengmin, ZENG Pingliang, et al. Power
source flexibility evaluation considering renewable energy generation
uncertainty [ J ]. Electric Power Automation Equipment, 2015, 35
(7) :120-125.

[21] 2=, oAl Te, 55, OB KL IR [ i ol o RGEE AT R
IGVEITAG L] MR, 2015,39(6) :1672-1678.

LI Haibo, LU Zongxiang, QIAO Ying, et al. Assessment on opera-
tional flexibility of power grid with grid-connected large-scale wind
farms[ J ]. Power System Technology,2015,39(6) :1672-1678.

[22] TWI,ZEWIAE, B, %8, T 9 DS 1% BAILAL 7 B0l A X
FHURINRE AT 40 T ik OB T [ D). W3 [ B4k %, 2016, 36
(9) :67-73.

DING Ming,CHU Mingjuan,BI Rui, et al. Wind power accommoda-
tion capability evaluation based on sequential Monte Carlo probabi-
listic production simulation and its application[ J]. Electric Power

Automation Equipment,2016,36(9) :67-73.

EEE T

FMEW(1985—) , B, LA, 1 # %,
WL, ZEAFHRELARR & R%N
X 5 AR AR T @ 09 41 %2 (E-mail ; sidswq@
163.com) ;

H MG (1994—) , B, 7 & T3 A A
TR A B, EENFHALRIE S
B8 A R AE B AL 7 @ 69 AF R ( E-mail ;
myidtkp@163.com) ;

H—(1993—), 8, LHEAN AR E AR T @A
BB ZIKM W A R G4l 5 AR (E-mail ; camouflage _tan@
163.com) ;

PP &(1993—), B, LA AR A, ERANFR
Ww R b A G AR AL S @ 69 BT % (E-mail 470411478 @
qq.com)

FF i

Power grid dispatching plan and evaluation considering spatial and temporal
characteristics of flexibility demands
SUN Weiqing, TIAN Kunpeng, TAN Yiming, YE Lei

(School of Optical-Electrical and Computer Engineering, University of Shanghai for Science and Technology , Shanghai 200093, China)
Abstract ; The frequent fluctuation of high penetration renewable energy makes the power grid dispatching more com-
plicated , so it is necessary to make full use of the regulation effect of flexibility resources in the power grid. Conside-
ring the two-dimensional time-space characteristics of flexibility demands and the flexibility of dispatching plan,the
ramping time margins are proposed as the indexes to measure the ramping capability of the units, and the standard
deviations are adopted to describe the uniformity of the indexes. A multi-objective optimal dispatching model with the
consideration of the uniformity and economy is established. The flexibility of the dispatching schemes is evaluated to
form the flexibility evaluation diagram of power grid with caliper function. The dispatching schemes can be fast loca-
ted in the diagram according to the diverse flexibility demands,and whether there is a problem of insufficient con-
sumption can be judged. The simulative results of IEEE 30-bus system case show that the uniformity is important for
improving the flexibility of power system,and it is feasible and effective to obtain reasonable dispatching schemes for
different flexible demands.

Key words:renewable energy ; demand analysis ; flexibility ; uniformity ; dispatching plan ; models



