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Optimal dispatch model of adjustable resources in a power system with high proportion of
renewable energy for flexible ramping product
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(1. College of Electrical Engineering, Shanghai University of Electric Power, Shanghai 200090, China;
2. Shanghai Key Laboratory of Smart Grid Demand Response, Shanghai 200063, China)

Abstract: With the integration of a high proportion of renewable energy, the fluctuations and uncertainties bring a higher
demand on the flexible ramping capacity of the power system. This paper proposes an optimal dispatch of adjustable
resources such as conventional generation units, energy storage systems and flexible loads of the power system for a
flexible ramping product (FRP). First, an estimation method of the flexible ramping requirements considering the
uncertainties of the day-ahead forecasting net load is proposed according to the start- and end-time net load and its safety
margin to quantitatively estimate flexible ramping requirements. Second, based on the generated uncertain scenarios of
the net load, it proposes an optimal dispatching model of the adjustable resources with a two-stage mixed-integer linear
programming approach. The dispatching model is implemented from the day-ahead unit commitment and real-time
economic dispatch. Finally, four typical cases are considered to compare and validate the optimal dispatching model based
on the IEEE-RTS-24 bus system. The results show that the proposed dispatching model can effectively improve system
flexibility and reduce operating costs.
This work is supported by the National Natural Science Foundation of China (No. 51977127).

Key words: renewable energy; adjustable resources; flexible ramping product; mixed-integer linear programming;

optimal dispatch

EEWH: BRAARMAFEASIE K (51977127); LETHFRAEEE A LETHRAE LR S “BhitR]” R
B #8h (208652); £ FAAHLIE T I R B K8 Q1VF1414700); LATHEER A LETHRE LEA
A4 “RAFR” F|E F8h (21C0A64)



MRS, 55 T ) R E IR S5 1) ey A8 T REUE P 70 28 4 vl 37 BRI A i AR Y - 91 -

0 38

P NE 2 H AL R DLB e s O AR P B L ) R
i, FHESNHL ) R G n) R RS 5 L AET REVE T
)Yt . 2030 AR XL BRI A 2L R
LB 1240 kW, 5 Eu g HT B IR 4 AN B ) R4 %
EREBATH R THR,  RIEVERN RGBT R
HIARZ AR . L) RS RGP AREN 2 — &
G FEVERTSE T, FRGuilid i Bl iy 5%
Yst, LS BT A AR SIS TR) RUBE B8 £ SR AR A A AN 52 1
g M. S I ) R G RE M, T
BEUS U A 1) R AT B AT+

RGP E R RGAEARFIN Z] AE—H AR
FEN BAEAI 710 b, 5 R B RS R A T
RIGNCH T K e R I e VK -F o RS TE
7 Rk B A gar ST P AR B R R B R AN e M B
SR RGN IR BN. BT RGrH E—K
K FH & 8 % H#3.414H (conventional generation, CG). {H
52, WMERMH CG RnaghndLEs, LA
A ) G R A SR R A CG AL A ZE i
R R MR B . R, BEE B REIRIEA
Ee@lrsgn, 1CRH CG LA & DR 2 85 1) R
TEIEALSS . R, DA RE . 7RI BEIE
] e At g FLBVR AR TSR R G0 RE NS B
BV AN S 1 R T B N AT R 4R
M, HTRZEFETIF, (ORI T RIEAA
RAAREH R RRIR ML 2 8 [ C Y RE 77, TEHE RE
AR 2 T BT IR T AR REVE T HI k-

RGPS E AL T I 9] N RS TEH
% (flexible ramping product, FRP)™, {7 R4i1E %
FETRIRZE ] P AR RRIR DS IS LR, AT
THIR TR 2 N — AN Bt AR B 7R K
PrbE 2R G0 0 S~ . H AT Y FRP AR 8 —A
22 DX [H) [n) R, 7 8 BE IX[A) 2 0 45 S Amr AL AR AN o
1o BA WA FEAEAG T RIS TC I 75 SR I 1A 2% L8
FEE FF U (8135 A7 Amr B ANBf E 1, 5 B00 R T8 757
SRR STHRI91% FE 1 IXUHRL I 43 A S Pk
M T RATENE, /T —FETHME
L L) 2 I Bl IR 77 V5% FRP /5 3K
5, SCRR[ 10132 H —FFFE T Gumbel-copula [ 41 fif Al
JRCH HH TR0 R 22 KA MR SR o A Tk Al T FRP &R
Ko SCERITLTHE H—MpoR FH 22 M AR i 22 Bl BLYR B
HUREIN T EEN RS R G R K. SCHR[12]
T L) RGBT LA ] A BRI ) o
HOTEH, e KRG REETR. FiRF RSOl T
RIGNCH T RAG V732, [R5 08 1 VA FE I B 46

AZE A Z 15 57 s I ANEA E 1, (HIA % IR 2 Re &
VA EE O R S B8, BN RIEEH R
Pt TR =, RARIBAT AR = -

FE AT BEIEAAG TR FE T T, SCHRIS T KUK &
NXOR R R, B THE AT RS AE AT 2 R
ZE L. WA FRP INEHFRE. SCHk
[6,13-1410F 5T T CG HLAHIR Mt FRP (15 M, (HIEER
SEOLT, UK CG HLALIR ML FRP n] 2> 5200 R
Giazh. SCHR[7,10,15-2110F 58 T fffe . FahiR4E4E
B AR, EErE s, P e
A A SR FRP BB OL. SCHR[8,22]42 HE7E
H i di iz At FRP JRFE 732, (AR T itise
A1 CG HLAHAE AT BEUs,  ELA B A Ta] RUBE
1 h. FRP [{IE B [A] SRR 5 min, PR3 (H] KRS
KT FRP i B2 8] b AT g 2 S BOCE 78 S LR
SCHR[23142 T — PR S ATE PE ALY, Refe b
[k RE AT FRP DA A2 9 5 (e S sl e, (EI Y
PR SR L . SR, B 9T FRP R 70 22
A% B — R 4 AT A A T, s R
fE A AT s w2, B e R BT
AL BRI R AN 2, SERE T FRP W] RE
EERFARIGERE TR Kk, TEFZEZ M
W ERY CG ML SLFRISEft FRP, Jf# FRP £)3H
G\ TR FE AT S U B

T 17 vy LG T RE VR R ) R RS TE IR %5, 4
H— 5 i R G0 R TG 3 55 SR 1 m 1 B R AR A 1A
FERAY, FETTEREFE: 1) 0240 R IEEH, 75K
vt B e R, S — R R TR 7R SR A T T
R AT — R I 5 tramy it e, LU R d AN 45
SRS 221 )45 87 A B 22 M BE )RS, RIS o f g
HIFE T CA 2 F N ATEsh, BT RGN
RGN TR 2) FeT B B 3 P B R 53¢
BB A AR B A AN e 3 5, LR BUEAT
RN ES, @57 1A T2 XA 2 20 0)
(1) H BT LA ZH & A Sy 22 5% U R ()T 6 RE A 4 1 R0
RIRERY, X CG L4l Hibfi# B R 4i(battery energy
storage system, BESS). fili7K & f(pumped hydro energy
storage, PHES). 1] 7 W 71 faf (interruptible load, IL)+
A F-#% f 7 (shiftable load, SL)A% AT 1 5 JAEATIL
I o

1 SEBFTREIRISE T RIEMCHKTF K

1.1 ROEMRE R KA 75 7%
ARG R 755K 32 2 m] A pe s e U AN
TR RAE . B 1 Dy BB BEIRIE N T R s



-92- B 2GR 54

ARG YRt b o N Sy < R T B S )
R G AR RIIRZ 7, 5IRMG 5 #h4
FALE, 25 REB BEVRIR N i R4 A7 e i e sk S o
EIH MR L AR, SRS RIECHH
KA.

A= = g
i 2SN

0 i)
E 1 SthfFErgERENTRE AT E%IEE
Fig. 1 Profiles of load and net load of system with high

penetration of renewable energy
K R MEI 75 SR RE SO LI 8] 43¢ B i RO IS
TS =, AR5 1R 73 ) b RT3 75 KA 17
T RIENCH AR, Wikl 2 fros.

A gt g A i Aig

up up
u, u,
N N
L L,
dn u™® dn
u, 11 4 u,

1 1 » 1 L »
o -1 o -1 .
Ui © !t
(a) (b)
A oA A A7 A
u/‘ipl
L,
u®™
u'® u,”
I I r
ud u”
1 1 » | 1 »
o -1

Lo 0 -1 tﬁﬂ‘lr‘tﬂ
(©) (d)

B2 RERFBRKFRTEE

Fig. 2 Diagram of the flexible ramping requirements
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Fig. 6 Comparison of flexible ramping requirements

estimation results
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Table 2 Comparison of day-ahead operation cost
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Fig. 7 Comparison of FRU dispatch and load curtailment for

different flexible ramping requirements estimation methods
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Fig. 8 FRP day-ahead dispatch schedule in case 4
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Fig. A1 Load and RES profiles of the reference day
WRB SHEE
% B1 IEEE-RTS-24 iSRG EMIASH
Table B1 Conventional unit parameters of IEEE-RTS-24 bus system
MUA RS RN e 2 /MW RN IMW HAALIBAT AR/ (TT/MW) =L loTw JE3/(MW /min)
gl 18 400 100 150 1500 47
g2 21 400 100 150 1500 47
g3 1 150 30 80 1000 14
g4 2 150 30 80 1000 14
g5 15 155 54 100 500 21
g6 16 155 54 100 500 21
g7 23 310 110 140 500 21
28 23 350 140 150 1000 28
29 7 350 75 150 1000 49
gl0 13 600 20 80 1500 21
gll 15 60 12 160 500 7
gl2 22 300 60 160 1000 35
# B2 IEEE-RTS-24 Fi S R G &S H
Table B2 Line parameters of IEEE-RTS-24 bus system
¥ Aty FH#i/p.u. KE/MW i Ky FHHi/p.u. K E/MW
1 2 0.0139 175 11 13 0.0476 500
1 3 0.2112 175 11 14 0.0418 500
1 5 0.0845 175 12 13 0.0476 500
2 4 0.1267 175 12 23 0.0966 500
2 6 0.1920 175 13 23 0.0865 500
3 9 0.1190 175 14 16 0.0389 500
3 24 0.0839 400 15 16 0.0173 500
4 9 0.1037 175 15 21 0.0245 1000
5 10 0.0883 175 15 24 0.0519 500
6 10 0.0605 175 16 17 0.0259 500
7 8 0.0614 175 16 19 0.0231 500
8 9 0.1651 175 17 18 0.0144 500
8 10 0.1651 175 17 22 0.1053 500
9 11 0.0839 400 18 21 0.0130 1000
9 12 0.0839 400 19 20 0.0198 1000
10 11 0.0839 400 20 23 0.0108 1000
10 12 0.0839 400 21 22 0.0678 500
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