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Multi-time scale scheduling strategy for cascade hydropower systems with hybrid pumped storage
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Abstract: To support the construction of new power systems, the role of hydropower has gradually shifted from being
solely an “power supplier” to an “power supplier + flexible regulator”. However, traditional day-ahead scheduling
methods for hydropower do not account for short-term power balancing at intra-day or real-time scales, limiting their
ability to cope with short-term new energy fluctuations. To address this issue, a multi-time scale scheduling method for
cascade hydropower systems with hybrid pumped storage is proposed to fully explore the flexible regulation potential of
hydropower. First, based on the operation characteristics of hybrid pumped storage, its new energy consumption capacity
is analyzed, along with challenges in participating in real-time power balancing from both energy and water perspectives.
Second, a multi-time scale scheduling framework for an integrated hydro-wind-thermal-storage system is constructed. In
the real-time stage, the concept of an allowable fluctuation range of reservoir water level is introduced to limit the water
level fluctuation between the end-of-period and target water levels, thereby ensuring compliance with medium- and
long-term reservoir level boundary conditions. Finally, case studies are carried out on the IEEE39-bus system with the
objective of minimizing total system cost. The results show that incorporating hybrid pumped storage into real-time
power balancing improves the system regulation capability and facilitates safe, economical, and low-carbon operation.
This work is supported by the National Key Research and Development Program of China (No. 2022YFB2403000).
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Fig. 1 Comparison between conventional hydropower station

and hybrid pumped storage power station
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Fig. 2 Influence analysis of vibration zone

characteristics of the unit
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Fig. 3 Analysis of water-electricity coupling characteristics
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Fig. 4 System operation framework
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Fig. 5 Multi-time scale rolling scheduling diagram
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@i, M TR —HhK B RE L A R & T K
Pege A, HEAHERNKERE, R AT
AW, ARG R BT, ke 2
UE B VR A 203 7K B At F kA L B — 7K B RE Lk
LA, MO TR A K & R il 5 5 —Hh
KB RE I ST L, T 5] NN 5 1 i e
Sl AT A 3T

x 1 KEHAEASH

Table 1 Basic parameters of thermal power unit

na HAFIR, R a,/ b,/ ¢,/ Tesii  HNEEE BFRA, BRHEBERE/
MW MW (FETL/(MW>h))  (ZEITC/MWh) (3£70/h) (MW/h) B []/h (EIB/R) (/MWh)
1 100 400 0.000 48 16.2 1000 200 6 4500 0.90
2 120 420 0.000 31 173 970 220 6 5000 0.90
3 25 130 0.002 11 16.5 680 65 5 600 0.98
4 20 100 0.005 79 27.7 480 50 4 550 1.02
5 20 80 0.007 12 223 370 40 3 430 1.05
6 10 55 0.004 13 25.9 660 30 1 80 1.12
7 10 55 0.002 22 273 665 30 1 80 1.15
8 10 55 0.001 73 27.8 670 30 1 80 1.10
2 KEHBAELSH
Table 2 Basic parameters of hydroelectric power unit
LR )rI‘Léﬂ REINFEMW  HKIIE/MW  H. 1%153‘27&/ K Fﬂ%?ﬁ% %+ﬂﬁ%ﬁ7iﬂ F ﬂ@iﬁﬁi/

PR S NS 2 N & NI+ 2 Em R JifE/(m’/s) (MW/15 min)
Fhek 1,2 300 80 — — 2500. 2000 8.0 200 (120, 140) U (200, 240) 80
KL HI 3.4 250 60 — — 2200, 1800 8.0 170 (80, 110) 60
L:E 5,6 220 50 — — 2000, 1500 8.0 300 (90, 110) U (160, 180) 50
K L H2 7.8 125 30 — — 1100. 750 8.0 185 (60, 80) 30
HKERENIE 9,10 200 60 200 100 2500. 2200  8.1,11.7 135 (80, 100) —
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Fig. 7 Prediction curve of load and wind power
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Fig. 8 Scheduling plan of scenario 1
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Fig. 9 Scheduling plan of scenario 2
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%3 HanfAE&ER
Table 3 Day-ahead scheduling results
iH 750 75 ) W53
K HHLALIZ AT AR /25 T 38 806 42 167 19 125
PGV IRV 95 % N ST 5480 5480 5480
KENHBERES AL T 216370 211 470 202 170
BrRHERR A2 78 30 159 29363 27 838
FERBA/ZE TG 86118 65 866 1339.9
7K B REMLAL
‘ _ 0 51454
EEAEI % NESTH
7K B BEHLAL
NI . 0 20 508.9
IBAT AR TG
fitifie BT IH A/ 70 0 13 107 0
fHREIBAT A/ 37T 0 22282 0
RRA/FE TG 376 933 3696812 3279158
Tk i/t 8841.3 8627.5 8200.4
TR/ % 438 335 0.0068

422 HAHEE R0

H P BE B3 s R FE 45 SRk 4 Ffos . 18
R 4THL, s 3 SRR N RN, Z3EK
RiptE. s 1 fsg st 2 738 KRR H ATA B FEIK,
KR T HPA X S TS BE 5 =i (15 R 4
s 24 /R, RG0nT DLUd i B K L H F1ok
THANE 2 XK. Mg st 3 77 KRR H AT B hn2
RN SZ H K AL BRI, K AL TE i 7 F4
fRH I LLTH YN E 2 K .

BrFr KR BLAL,  H P BE R 537 S AR AE R
TSl o0 HT, I8 R ST I R R (1) KEAL

HIEBIPLAICH ERECH 77 ERR S35 (2) ARIEH
HORR K L EETHRIANAS , LI 75 2K RS
TIHERGERA A LU R K B R REF oK. I
10(b)275 3 AR EERT Be (B R hmic # o) s . [FIEE,
Wyt 2 RIFEAAAE %A
x4 BRAELSER
Table 4 Intra-day scheduling results

TiH Y1 Y52 %3
FERRA /2 T 48 660 44289 4031.8
ESt ol ZNES 31676 38 738 16 472
K HUERE AR /26 T 206 490 202 200 197 610
73891 3% NETW 28 494 27 653 26 651
SRR/ TS 315320 312880 244 764.8
TR/t 8368.6 8209.7 8070.5
TR/ % 247 2.25 0.2
A% 0.7 0.86 0.37

4.2.3 SEI R EE S5 R A

1) SERHREBETT S 1 4R
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AWTTT5: 3 J7TH, RIE S 2 SRR
SR, it BEAE S B B 19 2 S5 22 48 2k Dt 15 100
M. MUR SRR 1 Mgt 3 AT R R
FEJE SCSRIHREE T 58 2 o, R 2xt st 2 SERFR
GERHEAT T -

RSB LI, a1 AR 3 i
JESERANZE 5 Fros. LR 4 I3 5 X Er %, B
BN R — B4/, RGEFE MK e
—BBEAC, RILT K R SR T B R AR
BEJI. S35 1M, W53 B, FERE. K
Btar I3 B RS, UER] 1RGNl K & e
1T 2 I 1R REE B A Rtk (E355 1 Aty 3 478
HAERGR A B o

®5 AR LRHPELER
Table 5 Real-time scheduling results with the scheme 1

TiH Wil W3
FERSA/ 2 TG 42 585 0

F AT AR/ FE TG 2926.5 503.3

K HL S A /36 T 3359 378.7

17K B BT A2 0T 0 929.4

RBRA/E TS 48 870.5 1811.4
FERE /% 2.15 0

AT % 0.065 0.011

Izt 3 A, RE MRS R AL SR
Ko 53 R 1 FEm EE R E 10e)HR.
S, AR S T DU SR S TR : (1) ZKH
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7K AR AE LA 7K B REMLAEL SR i ERI, 43
Wi 11 A 12 Frose BT ATREL, — gOKE
IK AT S50 2 TV B KA Fe R shya L, Rl 3R A
LS AGIATT. MR 12 K ERENLALL St
ER— KB EIALTIENRES, A— 68K
BRI REBNIAE LR, HELHELT
MLAIRBIX FRR, 4R RS AT HLAIRS) X
TN, HLAHTCER R 1T S B8R Gk

2) SR BE T 2 g Rt

KA SERS RS TT R 2 0, St s Rank
6 s, BT 5 AL 6 XEbala, J5 & 2 #isbsl
N K ML B R 5 o] LUt — 20 08 KA FH AUE L
DL R A i, 15 R G R RAHE— D K.
ZE] R AN K H AL A 7K B REATL AL AE SER 1A 5 B
RN HR BN X s ma i S 3 KRG R G fr . RIS R
50 3 HEH T K EYLAA TR, Ak
R TRIE s R Z,  H AT DS BRI 44 A
Je g A Y

— K RAL FRIKAL = — — VAR A AR K A
C KAl —— Hl 5 S K AL E

369.42

369.40
369.38 -
369.36 - D
JKAL VP ) E Bl _EBR(+0.01 m)
369.34 Ve
369.32 F

369.30 R
00:00  05:00 10:00 15:00 20:00  24:00

I %1
(a) — KRR AEL I

7KA /m

KA Fo Vi 37 R BR(-0.01 m)

174.26

IKAL SR VAT E PR (+0.01 m)

174.24
174.22
17420
174.18

IRAL RV EDE R BR(-0.01 m)

IKA/m

174.16

2 7
00:00 05:00 10:00 15:00 20:00  24:00

g
(b) —ZKEKAI AL
11 17%: 3 KEKRMELIER

Fig. 11 Changes of reservoir water level of scenario 3
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Fig. 12 Real-time output of pumped storage unit
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Table 6 Real-time scheduling results with the scheme 2

TiH Wil Wi 2 B3
FEBA /2L TG 22254.5 11 883.5 0
R A /2R T 750.9 0 0
K ER IR AR /2R T 3231.3 2885 378.7
K E R T A/ T 0 0 929.4
UGN R ZNEH 4087 3369.3 65.5
3 I G A NESTH -601 -557 12
fili BE IR 19 BAS /26 T 0 1024 0
RRAR/ZETT 29722.7 18 604.8 1385.6
b/t 8191.9 8108.9 8073.8
TR/ % 1.13 0.6 0
R % 0.017 0 0
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Table 7 Daily scheduling comprehensive cost results

s Wit 1 Y5t 2 W53
SR AR TG 308 992.7 311 440 3222145
WP IBAT A/ T 308 992.7 298 333 270 760.5
TR/t 8191.9 8108.9 8073.8
FERE Y% 1.13 0.6 0
P AT % 0.017 0 0
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Table 8 Results of different scheduling methods

W7 TiH Wil Y2 Yt 3
SBA/ZE TG 376933 3696812 327915.8
iR BB/t 8841.3 8627.5 8200.4
FEIRE /% 438 3.35 0.0068
SRR ] /s 52.62 55.63 60.23
LR A/ZETL 3089927 311440 3222145
R THE S/t 8191.9 8108.9 8073.8
) FEIRE /% 1.13 0.6 0
i KA R/ % 0.017 0 0
SRR [8]/s 110.69 120.65 140.57
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Fig. 13 Changes of reservoir water level of scenario 1
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Fig. 14 Changes of reservoir water level of scenario 2
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