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Abstract

With the gradual development of hydro-power in China, there will be a large number of “one reservoir
multi-cascade hydropower stations” or “multi-reservoirs with multi-cascade hydropower stations” with
large reservoirs as control power stations. However, its comprehensive development will produce a huge
cost. The long-term optimal operation of cascade hydropower stations is a standard multi-dimensional,
multi-stage, nonlinear and non-convex optimization problem, which is extremely difficult to solve. In
practice, how to improve the power generation of cascade hydropower stations while ensuring the abili-
ty of hydro-power to store abundance and replenish drought has become a big problem. Taking 11 cas-
cade hydropower stations in a large hydropower base in Southwest China as the research object, this
paper developed a long-term optimal operation model of cascade hydropower stations aiming at the
maximum annual average power generation, which used the polynomial fitting method to deal with non-
linear constraints, and established the mixed integer nonlinear programming (MINLP) model. Mean-
while, the effects of the control reservoirs on the benefit and performance of the entire basin terrace be-
fore and after commissioning are analyzed. The results show that the commissioning and operation of a
single main control reservoir will have positive compensatory benefits on the entire terrace, both in time
and in space.
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HCO itk i B RE e MR s A R S0 P O R B 1), AR SRR AR MESR BRI AT IR AR AT A, HLA 2 BN R
i TRE BRI BA G SRR SRR RO, (E2 IR TR R GEARR R, X AR 2R 2
PEAL Sl 2 X G R RG BEIE BRASIAE s RO AL AR T S il T RNE S MO B ROBENLYE , 75 3 AT 45 RAE
TERAFRE T, A LAz F 2 S5 SRR r o DXL I R R JBE S Bt e » B YRS 5 B A 2 M R (MINILP) [17]
BEAT R o

PRI, 3T DL R 73 AT, AR SRS B — ) P 7 R 6 B K P St B P E S M S B R e A T, T
KT A UAZ AR E R B i KON H AR IR 0K r st e KDL AL R BB, RIS M F LSRR &% Lingo g
S MINLP, K70 BRI 11 JE A ZUK RS BEAE BT FO RAEATTH5E, B0iE 1R SRR A Rk

2. ZERKEMILRERE
2.1. BFREH
SIOXT ] — AN A (O 20K A AR 2 1 R, AR T B O P S R A T DI TR P82 8 4 v B R
(]I 25 REAE A K145 Fit P S v SR R e K ELARE (K 770 N BRI ARR AR, A SCRAT LRI, R e/ ek
HAR AN LA, WAL A ) H Ar e O [18]:
E= maxi(i Ni,t _O-ti'|‘9 —Ni’,UAt = maxi[iniQi,tHi,t —o,4 ~|g _niQi,tHi,tUAt 1)

t=1 \i=1 t=1 \i=1

Kbt E WK MR, 10°KW-h T IR B N B i Ak S 0 WA RS N,
TR I AKEETERS B ¢ Ot T, KWs o, SR S0 B R AL B/ B 20 26 B R A A B, (4 1 g
{5, AN Bk At /N 9 2SR e PR R, A9 O RS WA 7 A M B 20T P 1. 4 T SR
A=1000: & Ut EABAMLENEAE: AcARBEEK, B A 5 N8 i AKESA THM RS O, b
8 I AKBEFERT B ¢ BT AR, mss H,, 8 1 AKBEFERTEL  BOY Ak, m.

o, M B :
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o= @
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2.2, YREH
1) KEFHTLIR
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]i,t =q;, + QH,: + Si—l,t 4)
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2) UEARIKNLLIHR
Zi,O = Zbeg (5)
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2,<7,<7 (7)
Kb, Ziv Z BUNE | ANKEERIKAE ERER .
4) RHERELR
_ Zdowni,t = fiZd”w”Q (Qi,t + Si,t) Q S Qi,[ S Qi (8)
Kb O Q ARINE i ANKPERT B ¢ ()R A BRI
5) R EL R
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Ky Qv Qo A IS i AR PER HH PR R
6) FEuH JIZR
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3. HERRAR
3.1. BUREIA

R YRR 4 N R B A2 FLal A 7Y 2006 4F 1 H~2015 4F 12 A3t 10 ERAREIE DL L Byl B 235 K 3 10
FEK HLSG 2006 4F 1 H~2015 4F 12 A X R EHE, B4R UOKE BT EIET 2 B ARECE AL AR
SRIFIZIMIIE 11 s ERE A . R/ H AN R.

3.2. BELSR

1) 20iE

AR PE AR AT 57k —E =Fh: 4 Bt 2k ML 7% (Piecewise Linearization Method) [19]. = ffiffi{E ik
(Trigonometric Interpolation) [20] 5122 1 = #i £k il &-2:(Polynomial Curve Fitting) [21]. 7 B2k AL S = Mdd a1k
RV, RBONRE, (HRWFEIINKEN 0~1 L8, BHX S =AM R KENTER
e, HBEER RS, KR NEG. 112 Dt &0 G0 TR i IR R OC R, BRI A s ]
#F, B AL RS PRERAE ORI, I, ASCRAZIRIE AR, I MINLP B3, BARZHAab 2 J7 Adn
——F:

FRGOKESE IR S FER LR, KNS TR EXRR, KRIEHANRZHANE, RRA:
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Figure 1. The solution flow of multi-objective joint optimal
scheduling model
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VA TE S N TR B, RS TR R R S KA RN R KR B BRI 2 B RS A T A
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Figure 2. Geographic distribution of the cascade hydropower stations in the basin
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Table 1. Feature parameters of cascade hydropower stations in basin

F 1 REHRKEEFIES

3 A Skfm  EREkim BEgen R g mw
Hidh A H 1901 1906 2.84 0.37 990
Hidh B H 1814 1818 0.75 0.14 420
3G C ES 1586 1619 16.70 8.28 1900
B3 D H 1472 1477 2.93 0.41 920
B E A 1398 1408 7.48 1.65 1400
i F H 1303 1307 3.49 0.49 900
B G NFEELAE 1166 1240 149.14 98.95 4200
i3 H NoEAZE 988 994 5.02 1.26 1670
HLh T NoEAZE 887 899 9.40 2.43 1350
HLYE T EZR 765 812 237.03 113.64 5850
Hih K JE 591 602 11.39 3.09 1750
Table 2. The electricity price coefficient of cascade hydropower stations in basin during normal water period
2. IR K B s K ERER N R B
CER A HE B HEiC MM D MINE UG F BTG RIS H O ST MR HEEK

BRI R 0.62 0.52 0.86 0.60 0.70 0.55 1.00 0.57 0.73 0.88 0.82

4.2. EHIBKERIEEITX TR v se R 43 4

1) ZEAA - FhReFEbs

FF A AR B S OK B RN . RHEEMFKEL N E 3 R, B C B E, HON R R
FPEREAL TS I s RN 3N T 102.16 MW, B9 F0N 6.40%: R HLEHGIN T 23.33 /2 KW h, #5K %y 6.29%:
FKFEIRD T 13116 12 m?, BEIRERN 7.88%. HdhE C B7 5, BAERYE/NE IBINT 502.95 MW, #K R
N 14.98%; ZAEFHER EERIIN T 122.45 12 KW-h, HKEN 17.36%; FKMEMD T 30.67 12 m’, [
29 1.84% . HL il G AT LG T PN 22 45 715 I 7K Bk e/t 743 I B9 0 152,17 F110.46 MW (K253 7115 18.15%
A1 0.05%); R HEE A 12.11 F1 9.77 AZT RN (K 7308 7.96% M 5.36%). £5 b r#ral %, sk C
BT KIE T ROKHE RN RE S, T 3R s s C IR K 2 B AE & B A B/ HE 7, b 38K

Table 3. The performance indexes of each power station in different periods

3. NERTHAX B UM RESE AR

PERETRSE BN JI/MW RHLE/AL KW h FKMEAL w0’
WAZEERL) ——————————— RBEEAECY) ————————— FKREEMALL)
B Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
RuE A 12822 12822 0 4239 4239 0 54548 54548 0
H¥lh B 59.13  59.13 0 1843  18.42 -0.01 553.02  548.67 —4.35
it C - 248.16 - - 77.25 - - 100.49 -
HyiD  118.19 135.07 16.88 38.08  41.56 3.48 289.06 265.84 -23.22
i3 E 163.1  163.58 0.48 53.59  58.87 5.28 13542 90.58 —44.84
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Continued

HLu F 113.09 111.36 —-1.73 35.16  38.35 3.19 142 83.25 —58.75

M G 838.55 990.72 152.17 (18.15%) 152.17 164.28 12.11(7.96%) 0 0 0

ML H 360.1 40545 4535 62.61  67.17 4.56 0 0 0

Lk 1 363.82 405 41.18 60.17  63.92 3.75 0 0 0

FH3k T 9242  924.66  0.46 (0.05%) 182.39 192.16  9.77 (5.36%) 0 0 0

L K 289.39  289.39 0 60.48  63.55 3.07 0 0 0

VATERE 1595.04 1697.2 102.16 (6.40%) 370.91 39423 23.33(6.29%) 1664.98 1533.82 —131.16 (-7.88%)

R L . . . 40% . . . 29% . . . .88%

i@t 335779 3860.74 502.95 (14.98%) 705.47 827.92 122.45(17.36%) 1664.98 1634.31 —30.67 (—1.84%)

2) BFIEIZEAL - A EL

gt FE P MK B ERNR, RETHE &K ERMFEH R, W% 4 frox. Bl C#7)E,
HLE DL G By B F KT HIHIN 6.37%- 7.67%- 6.77%, FiZKH 53 I8 18.11%- 17.65%- 16.70%;
HEE Gy HLEh H. Huh I B Gy Bl K FKIAHRE 0380 9.94%. 7.78%. 8.87%. 5.02%F 6.54%, /K
WL IR0 6.63%- 8.27%- 2.50%. 8.86%F1 2.72%. 4rHT Rl HIE YL C #WIZ1T)E, i D, My E. Hug
F KM EA AR A . M C 5O @Mk sl ——Sh G, b T IEFEIER, o RIE T KKHEM
B RET, AT SCELEE, C TR T M RRELSE K R B SR K B LR I A K S

Table 4. The power generation of electric warfare in three periods of wet, low and dry

T4 BEUE. T HENOHNLRE

BSYEEh -1 F K Rl C 807 5 7K 7K MG C 87 MEFEH

R 3 et P Py =
({ZKW-h) (12 KW-h) KL ({ZKW-h) ({2 KW-h) e L ZENig
Model 1 4239 29.91 0% 5.65 6.83 0% 0.23
HHh A
Model 2 4239 29.91 5.65 6.83 0.23
Model 1 18.43 12.80 0% 2.54 3.09 0% 0.24
Huh B
Model 2 18.42 12.80 2.54 3.09 0.24
Model 1 - - - - - - -
b C
Model 2 77.25 53.41 10.42 13.42 0.25
Model 1 38.08 26.67 6.37% 5.17 6.24 18.11% 0.23
H¥h D
Model 2 41.56 28.37 5.81 7.37 0.26
it Model 1 53.59 38.05 7.67% 7.03 8.50 17.65% 0.22
% E
Model 2 58.87 40.97 7.90 10.00 0.24
i Model 1 35.16 24.83 6.77% 4.58 5.75 16.70% 0.23
i F
Model 2 38.35 26.51 5.13 6.71 0.25
s Model 1 152.17 91.17 9.94%, 18.78 4222 6.63% 0.46
¥ G
Model 2 164.28 100.23 19.03 45.02 0.43
Model 1 62.61 36.90 7.78% 7.93 17.78 8.27% 0.48
HH b H
Model 2 67.17 39.77 8.15 19.25 0.45
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Continued
. Model 1 60.17 35.29 8.87% 7.66 17.21 2.50% 0.49
31
Model2  63.92 38.42 7.86 17.64 0.46
. Model 1 18239  108.33 5.02% 24.64 49.42 8.86% 0.46
i J
Model2 19216  113.77 24.60 53.80 0.44
Model 1 60.48 35.64 6.54% 8.26 16.57 2.72% 0.46
L K
Model2  63.55 37.97 8.57 17.02 0.45
PITPE Model 1 37089 240.10 6.08% 48.82 81.97 7.26% 0.34
e 55
Ml Model2 39423 25471 51.61 87.92 0.35
_ Modell 70545  439.60 6.62% 92.24 173.61 7.56% 0.39
Bk it
Model2  750.68  468.71 95.23 186.73 0.40

4.3. EHIBUKERIEEITX KB B IMER IR T

43 5% Model 1 F1 Model 2 #AZ%7/K F S HESE A AL PR BE V5, SR BRI 2Ll sty C P48 7 6 T Il /K Ll
FEr= AR M AME R G - BRI FEE G /KA v 0.3 J0/ T BURT, FeLAXER. R & AT SR AF At b fEANY, AN C 482
PR B A B R AME R N3 5 Fim. HUh C R WIE AT AR PR M MR R BN o B RS C
(3=, BHGCEARIR FYRONSR 51 T 28.33 A4 TC(E KRS T 18.03%). Hirf, Hiuh C N B B AR IR R FIR
AT 10.18 /It M T 6.49%); HL¥h G ALY, T PN 2 45901 17K Bk A B as o0 il B 7t 17 3.31 il 2.56
fLTRAE KRR T 7.65%F 5.61%). ATl MG C @ %iE T /55 @ it ek fil——muk G, i J 3t
FER, K T IOKHBIATREST, $EmmBENBR IR IO, AIAMERES C — & RS .

Table 5. The benefits and compensation benefits of cascade before and after the operation of controlled reservoir (Station C)

5. FEHIMEKER: B C IRFFRTE X R = B E R AMER E

Ha, 3 B C 7R B CBFE AMERGEE/AL T HLG C 4877 TR R TR0 1 T (%)
Hh A 7.14 7.14 0 0.00%
Mk B 2.61 2.61 0 0.00%
Bk C - 18.14 - ;
Bk D 6.22 6.83 0.61 9.81%
3k B 10.17 11.23 1.06 10.42%
M F 5.25 5.76 0.51 9.71%
Mk G 43.26 46.57 3.31 7.65%
3 H 10.18 10.92 0.74 7.27%
HLh T 12.54 13.26 0.72 5.74%
L ] 45.61 48.17 2.56 5.61%
3k K 14.11 14.79 0.68 4.82%

VAP AR TS Lk S 68.22 72.54 432 6.33%
h T 157.09 185.42 28.33 18.03%
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4.4. RARUBR/HAERERERERRR AT

R O HC TNt A4 BB 0.20 025, 0.3+ 035 1 0.4 (i K 1 N. )M IE A T/ th
PR A REARIRON, 2RI 3 . BORHCIIRUNID R 03 f5H0BOK 2 AR AL DU
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Figure 3. Radar chart of the performance indexes of cascade hydropower stations under
different maximized minimum output values

3. FRIRAMH &/ FERE T A RK BB i B REE IR R IL [E

Table 6. The performance indexes values of cascade hydropower stations under different maximized minimum output values

% 6. RERA LR it EEUE T B ok i kB SR

B (4 S KA ) B D BUE 02N; 0.25 N, 0.3 N; 0.4 N; 0.5N,
TP BRSBTS T MW 1513.59 1631.00 1697.20 1555.21 1454.85
FAR B m? 1616.92 1630.49 1634.32 1629.83 1624.08
AT PE R BLER I s R L /A2 KW-h 393.72 393.98 394.23 394.45 394.48
RHLSE/AL KW h 829.55 828.78 827.93 827.45 827.49

A EE 0.29 0.33 0.38 0.38 0.39

5. &ig

AT T AT IRRGOK B BEAME G, WM 2 B ARBR A IR A R AR AL, X bl A B 43
IKEE IS AT I JG IBR R /K B (S o, B H T B AR R Fasl C 877 Ja BIBR K RSl B A R M AU o i %o
Vg SIS K F S B ST P LR B FRLE C IS AT R S OO U e Sk F S ——FE G LS K 3R A
F, o5 RAE T RK RIS FEAMGRE IR RE s, S IARAL A FE 0 Hr: s C 487 mT DASE in A 8 A 2
K EE B B /N HE 0 502.95 MW, 2P R B ERIN T 122.45 14 KW-h, [FIEFKRERBRD> T 30.67 12
m’o MRS Ak A BE A3 AT,  HSE C (R mT A S T e 1A 1 1k 5 55 10 R 3l 7K R s [ A /K R e R . AR
SR g A LG C K R BB AT BT T A AN B G 7 A S AN R s AR A ) BN HE D A LA 43
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