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Abstract: In view of the increasing trend of renewable energy
generation and flexible resources in the power grid, a robust op-
timization method for day-ahead dispatching considering the
flexible resources of both source and load sides is proposed to
cope with the challenges brought by the uncertainty of renew-
able energy generation to the dispatching operation of the
power grid. Firstly, according to the response characteristics of
reducible loads and shiftable loads, the influence of compensa-

tion price on the maximum reduction capacity of the former and
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the acceptable translation period of the latter is analyzed, and
the flexible resources model of load side is established.
Secondly, considering the uncertainty of wind power output,
based on the model of deep peak regulation and flexible re-
sources on load side, a robust optimization model for day-ahead
dispatching is established, in which the compensation price and
adjustment quantity of flexible loads are jointly optimized. Fi-
nally, the effectiveness of the proposed model and method is
verified by an example analysis. The results show that the dis-
patching method considering the schedulable potential of flex-
ible resources of both source and load sides can effectively im-
prove the robustness and economy of power grid operation.

Keywords: reducible loads; shiftable loads;

shaving; model of flexible resources; robust optimization
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Table 1 Optimization result comparison of each scheme

ﬁqjlﬁﬁﬁimﬂww&/ﬁﬁﬂmﬁ‘ /O v HETT 2R
USD USD  §iA/USD i A/USD j§A</USD .Z%/USD

1 2456740 140000 0 113788 0 2710528
2 2495107 35000 29208 121482 0 2680797
3 2448155 35000 29208 115461 13980 2641804
4 2449892 0 25226 125020 24928 2625066

x2 BAERBEEAXLE

Table 2 Comparison of risk and cost of each scheme
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Fig. 8 Output of unit No.7 during certain periods under
Scheme 1 and Scheme 2

Tr%E 2 BARMEIN T R PRI R A, (HHHLAL A 15
AR N, BARE GRS %E 1 AR

AN, LS 5WEMES, WMAKTRE&
FHZS[R], (A5 DX 3 e o A DL A B8 o el 22 g XU FL
Wz, DRI RS AR 52 P B 0 R R 3, MR 4
K2 LEN, MHILTIHEL HE2MFRE
W/NT 02% A7, KEIHABE 1A B & .
43 FHELREXRSGEEETHEMN

SR 7 thr g€ 3 HAgHLAL & iR, AL
T2, JrEE 3 i TR A AT H0 s 67 far DA 4R
T 8 SHLARFFHLE A, AFR 1 WA LLE Y, A
YT HERVMFTRE2, FEE 3 A HIE A 5 5
SRR T — WA, (B8 T K AL AILZH i SR A
A . FLAKREY, %8 3 e T e £ ey 11 ek i n
K9 s, WTLAEH, TERTE 35~50 IR B: 60~65
A far R W, U BE v IR R AT IR £ ey LAY R
Gzt

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com



541 45 55 4 1 SRRRAT A T B g LA B T R A DX 3 R PR e A Ak A 609
300 ¢ 350 ) 34.0
G R o
250 | 300 b —e— LMK 335
33.0
200 250 -
; Z 200 25 8
<150 | = I 300 &
ﬁ 5 150 32.0 g
100t S 315
100
50l 31.0
50 30.5
0 10 20 30 40 50 60 70 80 9096 30.0

At B%/15 min

B9 AR3HAXMTHIRAETHBE
Fig. 9 Adjustment amount of reducible loads of type A
under Scheme 3

i), MRER 1 ME2TLER, HFE3M
FZEME G R AZS B, Wb T R
it N T L, R TR N T
P HE3TWANEBM RGN & HEREWE 10
e S 2ME, JrE 3 fERTEL 75~85 Mtix
BT RGeS, AR X A L
DR EE A 2 e R B RS
200 |
E 150
iz

& 100 |
iy
R
50 |
60 65 70 75 80 85 90

i /15 min
B10 AR25ARIDBOMERELERRE

Fig. 10 System reserve capacity during certain periods

(=]

(=}

under Scheme 2 and Scheme 3

44 EZEFUAEARAEENNREFAEZTH
=)

XTI 7 TS 3 55 R 4 MJCGRPLA
PRI, nTRIABE, J5i% 3 8 SHLATER B
70 Hij J5 T B IE AL LA R X G A 0 g 0, TGO
S8 4 i DR — s 97 A Rl S LA S A5, O
D THLHR A . SaR IR R, R4
(9 HOATIE BT SRas AT AR TOr 56 3. ARy,
T 5& 4 vl s 6 4y B e B AME S AR A 11
fiRe ATLAER Y, (e S FH A2 04l D 67 e
W, PR O R AR R B AME AR, ST 2
FERTPEBETE Sy o VR B rpo de o AN B RS A0 R
SN T SRS R RGO, S T8O RAE Y

WA E Fy,2024,41(4)

0 " n n n L " "
0 10 20 30 40 50 60 70 80 9096
I B¢/15 min

B 11 A ZERTHIR 7R & B RAMEN R R HLR 2
Fig. 11 Compensation price and adjustment amount of
reducible loads of type A under each period

R

BEAh, P12 5% 3 500 4 TR
TSP RS SURTIE DR TBLTR L ERE4S R
B MRS 7 4 1 AT R SR 17 ]
B0 ) T BT A B LB
TR R 3 T

= SR 3BT R IRIEAT IR TR 4 18T IR
220 ¢
200
180
160
140

S 120
i:i 100
=~ 80
60

40

20

26 28 30 32 34 36 38 40 42 44
i B¢/15 min

B 12 7RI BHRLFAEBRHE
Fig. 12 Shiftable loads under Scheme 3 and Scheme 4
MR 1 ME 2/ LR, 5R2MITE
3AHLL, L5 i K HL AL T T e 0 0 2 e £ Ay
AR BET T 5 5 4 iR AR H AT T SRas AT A
i SEAE IR KBS A T7 TR A BT, SRR
MO R DR, AH T REFFLERER
Ao AT ULAS SCHRE H A 3 B2 AR 55 7 1 0 5 AN f
PENZR I R G B A7 AT —E AR 3 3

5 #ig

AR SCAR H Y 25 PR R XU S8 B IR A H R R
JEE AT s, 3 a %o ok H ML T iR U K 71
Ay {0 SF PR R R BV B A BRI, 4R T TR

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com



610 /I L

B 5h 2024 4 8 H

FERL BT RE S, ST 2R -
BRIl , A RS R GE 57 MR Tt
$ETH H FTR BT SRATTE . A SCHFFE R X ik
BRI AT L R O A s AT BAT — @ 1 2
SCo AHHRTASCAL IR T H R i ] )RUEER Ja i 5
PEBEIEXT AR G LB AT A2 MR, AT S B H -
H N PR DA ] B SRR 2 — 25 5 B TR
CAS TR 53355 DL R 48 b, BV R R )

Sk

(1] EZKReHEJR. 2021 44 F L ) Tl g8 i %4 [EB/OL.
(2022-1-26)[2022-4-15].  http://www.nea.gov.cn/2022-01/
26/c_1310441589.htm.

TYRRZE, . AR ELIR ML ST IRl & s i ) Ay
BB SRR [ T E LT R, 2021, 41Q2):
486—496.

YIN Jijun, XIA Qing. Conceptual design and exploration of

(2]

multifactor integrated high-elastic power grid in energy in-
ternet[J]. Proceedings of the CSEE, 2021, 41(2): 486—
496(in Chinese).

W, B UC, ZE, A T TR PR A K L R TG
WOERLRIRRY [1]. #8158 A 2k, 2021, 45(17): 79-88.
YANG Yinping, ZENG Yuan, QIN Chao, et al. Planning

model for flexibility reformation of thermal power units for

(3]

deep peak regulation[J]. Automation of Electric Power Sys-
tems, 2021, 45(17): 79—88(in Chinese).
WANG J, ZHANG S, HUO ], et al. Dispatch optimization

of thermal power unit flexibility transformation under the

(4]

deep peak shaving demand based on invasive weed optim-
ization[J]. Journal of Cleaner Production(S0959-6526),
2021, 315: 1-10.

g, JEER, MRz, 4. 2580 SURERE S K R 5 R
1 H - H NP BOR sh e ia = (] s MEOR, 2021,
45(1): 10-19.

CUI Yang, ZHOU Huijuan, ZHONG Wuzhi. , et al. Two-

stage day-ahead and intra-day rolling optimization schedul-

(5]

ing considering joint peak regulation of generalized energy
storage and thermal power[J]. Power System Technology,
2021, 45(1): 10—19(in Chinese).

Foy, Wk, Wk R A, S ) R A R Y 4Rk
[J]. S R GE A Bhik, 2014, 38(20): 127-135.

WANG Ke, YAO Jianguo, YAO Liangzhong, et al. Sur-
flexible
technologies[J]. Automation of Electric Power Systems,
2014, 38(20): 127-135(in Chinese).

BRAHMAN F, HONARMAND M, JADID S. Optimal

electrical and thermal energy management of a residential

(6]

vey of research on loads  scheduling

(7]

WA E Fy,2024,41(4)

energy hub, integrating demand response and energy stor-
age system[J]. Energy and Buildings(S0378-7788), 2015,
90: 65-75.

EICH, Pert, e, 55, 25 I8 A B SR A N A 58 LR
A e H A LR R BE (7], M EE R, 2019, 43(5): 1675
1682.

WANG Wenchao, PANG Dan, CHENG Long, et al. Op-
timal dispatch approach for hybrid AC/DC distribution net-

(8]

works considering price-based demand response[J]. Power

System Technology, 2019, 43(5): 1675—1682(in Chinese).

DAVID A K, LI Y Z. Effect of inter-temporal factors on

the real time pricing of electricity[J]. IEEE Transactions on

Power Systems(S0885-8950), 1993, 8(1): 44-52.

[10] KIRSCHEN D S, STRBAC G, CUMPERAYOT P, et al.
Factoring the elasticity of demand in electricity prices[J].
IEEE Transactions on Power Systems(S0885-8950), 2000,
15(2): 612-617.

(110 X322, e tut, 2, 45, 25 IR0 By 75 SRR G e R AR
e X 255 IR RGBT SR B ST (9. PR f bl T
TR, 2022, 42(2): 573-588.

ZHAO Haipeng, MIAO Shihong, LI Chao, et al. Research

on optimal operation strategy for park-level integrated en-

[9]

ergy system considering cold-heat-electric demand coup-
ling response characteristics[J]. Proceedings of the CSEE,
2022, 42(2): 573—588(in Chinese).

(12] ERERE, INTFZE, 24, AN 5 SR e i A7 v, T AR

SRR R RN (0], BT R SE A Sk, 2015, 39(10):
93-99.
WANG Beibei, SUN Yujun, LI Yang. Application of un-
certain demand response modeling in power-score incent-
ive decision[J]. Automation of Electric Power Systems,
2015, 39(10): 93-99(in Chinese).

(13] 3R, bR, WHE, 5. i K P 2 58 0E T K

i o7 SR R Ak T 1 (0], HL R, 2018, 42(5): 1588-
1594.
PENG Wenhao, LU Jun, FENG Yongjun, ef al. A demand
response strategy optimization considering user participa-
tion uncertainty[J]. Power System Technology, 2018,
42(5): 1588-1594(in Chinese).

(141 N, SN, HONIUMR, 55, 25 R P Jo R A 2545 55 R

Wi 7 A A S SR [J]. P AL TR 2R R, 2022, 42(4):
1402—-1412.
SUN Yi, HU Yajie, ZHENG Shunlin, et al. Integrated de-
mand response optimization incentive strategy considering
users’ response characteristics[J]. Proceedings of the CSEE,
2022, 42(4): 1402—1412(in Chinese).

(15) e, Xy, kot ], 45, Z2 b ] RUBE DRI ) SR S Ay
EL 0 O R RE AR S SR (0], TP AL T AR 4R, 2014,
34(22): 3664-3673.

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com



o541 % 54 ERRT A%«

% U5 o X A

G DX FL [0 P I A 611

YANG Shengchun, LIU Jiantao, YAO Jianguo, et al. Mod-
el and strategy for multi-time scale coordinated flexible
load interactive scheduling[J]. Proceedings of the CSEE,
2014, 34(22): 3664—3673(in Chinese).

(16] X2, R, F o, 5. BN SR WA 2 VY

22 I I JROBE B R IR AR (0] LT R G A Bk, 2019,
43(22): 21-30.
ZHAO Dongmei, SONG Yuan, WANG Yunlong, et al. Co-
ordinated scheduling model with multiple time scales con-
sidering response uncertainty of flexible load[J]. Automa-
tion of Electric Power Systems, 2019, 43(22): 21-30C in
Chinese).

(17] ENI, e, 0, 55 7 MR & i — ks

A AL EE R AL (7], 8 ) R gE A B Ak, 2017, 41(14):
105—-111.
WANG Gang, DONG Yihua, WANG Ke, et al. Compre-
hensive optimal scheduling model for integration of power
generation and consumption considering network con-
strains[J]. Automation of Electric Power Systems, 2017,
41(14): 105-111(in Chinese).

(8] WFIR, TAEE, 2545, 5. FIBKMBK A AT 2

P 1] FRURE 75 5 i 17 5 5 M 00 A ) P sl DR EEASERY (0], v
FE AL TRE#4], 2016, 36(17): 4589-4599.
BAO Yuqing, WANG Beibei, LI Yang, et al. Rolling dis-
patch model considering wind penetration and multi-scale
demand response resources[J]. Proceedings of the CSEE,
2016, 36(17): 4589-4599(in Chinese).

[19] iy, ZEAeim. KA ALA RGPS LR Jas A 7455 BEPL

DRALRHY (). B A, 2020, 44(12): 4626-4635.
XU Hao, LI Huagqiang. Planning and operation stochastic
optimization model of power systems considering the flex-
ibility reformation[J]. Power System Technology, 2020,
44(12): 4626—4635(in Chinese).

[20] B #%, Brag, SO, 55, 3+ Rl WU i & L s A XU B

MR P BE AL AR ] I8 AR TR [J]. E R, 2020, 44(8):
2883-2890.
HUANG Miao, CHEN Xin, WEN Xu, et al. Stochastic pro-
gramming dispatching model for wind and photovoltaic mi-
crogrid integrated with electric vehicles considering mar-
ket risk[J]. Power System Technology, 2020, 44(8):
2883-2890(in Chinese).

(21] s, X5, HAEfh. i R G RATTIRE (—) Bib AL

fit (7). HS1 RSG5 H sk, 2013, 37(17): 37-43.
WEI Wei, LIU Feng, MEI Shengwei. Robust and econom-
ical scheduling methodology for power system part one:
theoretical foundations[J]. Automation of Electric Power
Systems, 2013, 37(17): 37-43(in Chinese).

[22] JE Y, VAT, 5k42 B, 45 & 2255 RETRIBC AL AU 13 o0 Fry i
HLH A R DL AC R (0] P E AL TR SRR, 2020,

WA E Fy,2024,41(4)

40(14): 4473-4485.
ZHOU Dan, SUN Ke, ZHANG Quanming, et al. Day-
ahead robust dispatch of distribution network with multiple
integrated energy system-based micro-grids[J]. Proceed-
ings of the CSEE, 2020, 40(14): 4473—4485(in Chinese).
(23] SKAEH, sk, KR, 45, T XURS H RO 4 ) g -
ME R G R ILICIHEE 7). B0 R 58 A 3L, 2020,
44(4): 44-53.
ZHANG Yachao, HUANG Zhanghao, ZHENG Feng, et al.
Distributionally robust optimal dispatch for power-gas
coupled system based on fuzzy set of wind power output[J].

Automation of Electric Power Systems, 2020, 44(4):
44-53(in Chinese).
[24] Eillz, 354, RAER, 55, 1T L K AL TR g A

B R AR XL H, I P DL IR B [J]. HB T R %
2020, 44(1): 118—125.
WANG Shuyun, LOU Suhua, WU Yaowu, et al. Robust

optimal dispatch of large-scale wind power integration con-

tH 3,

sidering deep peak regulation cost of thermal power
units[J]. Automation of Electric Power Systems, 2020,
44(1): 118—-125(in Chinese).

(251 SR, VERT A, S48, 55, Zf ) R i ) R Ge 5
JEWFIE [J]. FURIHE R, 2017, 41(5): 1576-1582.
FAN Liuyang, WANG Keyou, WU Wei, ef al. A study of
multi-time scale robust schedule and dispatch methodo-
logy[J]. System Technology, 2017, 41(5):
1576-1582(in Chinese).

[26] JLAFBR, BRI, 220, 45, JET Al ARSI i) 25 S8 XU A
R N AP 45 BRI AT (0], vh AL TR
2, 2018, 38(11): 3184-3194.
ZHANG Menglin, HU Zhijian, LI Yan, ef al. A robust op-
timization method for unit commitment considering wind

Power

power and demand response based on feasibility testing[J].
Proceedings of the CSEE, 2018, 38(11): 3184-3194( in
Chinese).

[27] DEHGHAN S, AMJADY N, KAZEMI A. Two-stage ro-
bust generation expansion planning: a mixed integer linear
programming model[J]. IEEE Transactions on Power Sys-
tems(S0885-8950), 2014, 29(2): 584-596.

K BHA: 2022-08-17

EE BN

AT (1998), 55, WULBREA:, WRSE 7 I & Ak K
SR ZE S AR I RN, E-mail :
edu.cn;

R (1972), F, WAL, B, d@EEE, O E

szliang@mail.hfut.

WIS RS . MHLYORE SO Ehe | mib2e > RIEE
(iR fb) 2% > S Be AL 5450 /7745, E-mail: htang@hfut.
edu.cn,

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com


mailto:szliang@mail.hfut.edu.cn
mailto:szliang@mail.hfut.edu.cn
mailto:htang@hfut.edu.cn
mailto:htang@hfut.edu.cn

612 K B A 2024 4 8 H

[

@30 %
25 15—1—‘—— “q-*ll— J.QT-J—
T o

35—

17 Gy

¢ 3 ‘ 18
39

15

7]

=5 - —
Py s Y _$ 2
} J_ 12 19

L1 22

r =20
¥ i mT - <5
—| 31 32 g3 3
&
ME A1 RS
Fig. A1 Topology of the system

Mk Al BFABIASH

Table A1 Parameters of each unit

ML S5 R H/MW s/ M /MW P /MWsh! ydown /NMWeh! a/$sMW2eh! b/$eMWleh! c/$eh!
1 1040 728 260 260 0.0004 16.19 370
2 646 452 200 200 0.007 18.19 370
3 725 507 240 240 0.0006 16.19 370
4 652 456 200 200 0.007 18.19 370
5 508 355 160 160 0.0014 24.19 500
6 687 480 200 200 0.007 18.19 370
7 580 232 160 160 0.0014 24.19 500
8 564 225 160 160 0.0014 24.19 500
9 865 346 260 260 0.0006 16.19 370
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