Technology ,2016,39(10) :35-39. (in Chinese) )

5540 B 4 W KB
Vol. 40 No.4

KR

Water Resources Protection

(ki B 91.2023 - 11-28  %ide. £35)

2024 47 H
Jul. 2024

DOI:10. 3880/j. issn. 1004 - 6933.2024. 04. 003

JET Vine Copula BB 287K 42 J 1 e v il 158 IXURG: A -

FRE  AFHEIPRR

(1. AU R KR S K TRE2EBE , Jb st 102206 2. AEREIR VBT /K B B A BRA I /NE K =g KRB 675702)

BE. A THRERMAEZHET ETMAE X Z4 Vine Copula, % BB ATAIRIEZ W T4 L M, H
T MK B I R JER Fe AE ARA SR AR AL A T R B E R R e Sk KR
SHT T FRIRTRIRAR £ W R 69 B — R BRI R R R, 4R & KT C-vine Copula
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HESES . TVI24 M ERAREAS: A
Risk estimation of short-term power generation operation of cascade reservoirs based on Vine Copula//LI Jiging',

XIE Yutao', SUN Fengling’ (1. School of Water Resources and Hydropower Engineering, North China Electric Power

University, Betjing 102206, China; 2. Xiaowan Hydropower Plant of Huaneng Lancang River Hydropower Co. , Lid. , Dali
675702, China)

Abstract: Based on Vine Copula, which can accurately describe the correlation between high-dimensional variables, and
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considering the spatial correlation of short-term runoff forecasting errors, a risk estimation model for short-term power
generation scheduling of cascade reservoirs was constructed. The model was applied to the Xiluodu, Xiangjiaba, and Three
Gorges reservoirs in the upper reaches of the Yangtze River, and the short-term power generation scheduling risks of single
reservoirs and cascade reservoirs caused by runoff forecasting errors were analyzed. The results show that the joint
distribution based on C-vine Copula can better describe the error characteristics of daily runoff forecasting at Pingshan
Station, Zhutuo Station, Cuntan Station, and Wulong Station. As the adjustable safety range of the reservoir increases, the
risk rates of insufficient power generation and water abandonment in a single reservoir decrease, and the risk rate of
insufficient power generation, joint risk rate of water abandonment, and co-occurrence risk rate of cascade reservoirs
decrease. That is to say, the larger the regulating capacity of the reservoir, the smaller the risk it bears.

Key words: power generation operation risk; Vine Copula; cascade reservoirs; short-term runoff forecasting error; Xiluodu

Reservoir; Xiangjiaba Reservoir; Three Gorges Reservoir
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Fig.2 Vine Copula-based risk estimation model for Cascade Reservoir short-term power generation operation
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Table 1 Characteristic parameters of three reservoirs
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Table 3 Comparison of characteristic values between
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[ 287.41  315.36  356.21 252.19  305.05
= I 890.74  904.45  943.20 654.53  825.04
Mo 1728.05 1832.48 2006.79 1393.54 1727.28

Pearson Kendall Spearman

IKICuh A LEESES LEESES LIS

bR BHN SR BN SR B

BRI SR -0.32 -0.29 -0.22 -0.22 -0.32 -0.33
GEG5F RS 0.32 0.28  0.22 0.20 0.32  0.29
Filisi 5k 0.15 0.19  0.10  0.10 0.15  0.15
Rivuli 5 MEsG -0.28 -0.24 -0.19 -0.17 -0.28 -0.25
Kypuh 5EpERE -0.23 -0.25 -0.15 -0.14 -0.23 -0.21
SPERE S EEEYE 0.44 0.59  0.31  0.34  0.44  0.49

2.3 B—kKEEA% IR ERKE ST
F U AR R 7K 2R 8 B 5 5% i S AR , B K

VIS | ) R IURT = e 7K — R 91 A 4L A
RHEE NSRS, 8 e o8 B — K 2 v A
DR o J TR | ) 58 3R = e 7Kk R AR U4 i v
i AR TR 25 UUE RBCFE 4 %) H 4 iR
23 hr K-S K586, MTEZS 4347 .t Location-Scale 43
A SARAE 347 Al Logistic 4340 H e £E45 7K FEAL L
SRR G AT, BRI TE | 10 28 IR =g 7K
EA5 I G A LA R UL 4, 3005 48 br (W
F 6, LV EIEVE |1 FEIFN =K FERLAIATE &
I B IS 7041 (¢ Location-Scale 4345 )™ LR AE 73
i Al Logistic 43 #i B4 P {H 4K F 0. 05, i 3 K-S

— 7 i R 1E#S o fLocation-Scale  ——— " XMR{E — — — Logistic
0.015 0.010
20010 B i Y
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H ¥ 0.010 o
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Fig.4 Probability density curve of simulated annual power generation at three reservoirs
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TP 4 Al DL BRI I | 1) SR = WK AR AR
®6 3EKEZEDEZNHUSIERE
Table 6 Fitted marginal distribution parameters for

three reservoirs

RMSE/

= yA 2
IR il R KW - h MAPE/%

ER 0.999 0.021 0.779
NN t Location-Scale  0.999 0.022 0.781

IR N )
IS 0.999 0.019 0.754
Logistic 0.998 0.026 0.826
B 0.999 0.020 0.934
t Location-Scale 0.999 0.020 0.878

BES] . )
IS AE 0.999 0.017 0.878
Logistic 0.999 0.021 0.832
B 0.998 0.040 1.139
= t Location-Scale ~ 0.998 0.040 1.122
- I XA 0.998 0.033 1.071
Logistic 0.997 0.040 1.110

& HLE Y IEZS (¢ Location-Scale |~ UM E AT Logistic
IIAT A AR ZE A, Horh Logistic 7341 IR {E 1)
WA A3 AT A T B s, T SO A 43 A1 W (B R AR
THA A A b 5 B R MR, 45
B 6 MR | 1) K MR = 07K e 45 43 A 5 U 4L
BHRAnE, 3 K ERIIAR & i i ) SOBAE 73 A1
BRI T oA 53 A, DG %) SORABL 53 A VR
BRIKE | ] I = e /K PR ABEADLAT & Fi o 1) e A 300
Zeor A, Hor A sRBULA(10) ~ (12) o BBAk,RIK
W |1 ZE I = WK PERLAE K L B, (B, F E, &
LN 550 12 ~650 12,280 12 ~ 340 12..750 12 ~
910 12 kW - h, A Vit ki E* S, W
0.90E," ~ 1.06E,0.89E, ~ 1.08E, .0.83E; ~
LLOLE] VER 3 JE/K AT 9] 5 22 4= IX ] |3 87K P 5
I % H B 43590 0. 90K, 0. 91E, F1 0. 98K, , {ii T
ARG T T AR O, S8 o A2 R M DA
G HL TSR T B DM g R B AR T A TR

F(E)= exp{-[1+0.25(E, —583.05)/38.35]" "%}

(10)
F(E,) = exp|-[1+0.23(E, -298.14)/18.24]" |
)
F(E)= expl=[1+0.37(F, - 808.82)/54.32]" 7|
(12)

R 3T AS [ T 9 5 2 4 X ) T 2% 7K R F K XL
W3 R LA R KU 8 Ml K 2 ] ey 2
LXK [E] . S 5 XK A K R I XU 6
FEIT 1 AE IR K P e v i A v A X ) B il 3k
FT PR AR T, ABE B 1 I 7K P28 1) T 304 42 4 DX [f]
B°M0.90E; ~1.06E; .0.93E ~1.03E 0.96E,
~1.00E, itk A1 A2 F1 A3 ; [ IR 1) m] 9815

4 X ] 439 0. 89E, ~1.08E, .0.92E, ~1.05
E; 0.95E; ~1.02E, ,ic ki B1 B2 Fll B3; = /K
MY RT 8 5 2 A X TE 3 5 8 0.83 E; ~ 1.01 E; |
0.86 E; ~0.98 E; .0.89E; ~0.95E; ,it N C1.C2
N C3. MG (4) (5) THRA K A PEAR i T
AR 22 I 7K P L B AN R F K XU 58 45 3R DL 3k
7,

F7 3EKEFEATREXEKERRLBIEEXE

Table 7 Short-term power generation operation risk of

three reservoirs’ adjustable safety margins

AT RRA R, BRI EAR SR

e GaXE fZkW-h LKW -h KR/ % KK/ %
Al 551.40 649.43 12.04 9.83
BIKE A2 569.78 631.05 24.82  19.98
A3 588.16 612.67 41.76  34.55
Bl 280. 67 340.59 9.33 3.40
MZEI B2 290.13 331.13 21.90 9.07
B3 299.59 321.67 39.75  19.36
Cl 750. 69 913.49 8.51 3.41
= e 777.83 886.36 18.67  12.35
c3 804.96 859.23 34.21  27.47

H126 7 AT UL X TR K Y T e 4 X
)R AT, K 22X 7 ) % R o AN 2 JRURS: SR 3 7K KU
/N, 12.04% 9. 83% 5 24 Al 35 42 4 X
8] A A3 B, K JE AT PR Y R 0. 04K, T IIfs 4 X
Wi de K, 53 50 41.76% (34, 55% . Xf T [l G 30K
J YAl E A e A X ] g B I 7K T I ) % H R
JEE RS /N, 2090 9. 33% 3. 40% 5 24 Al i85 22 4
X [E]24 B3 B, K AT 50 IR 0. 07k, , & H
AR U S K R a5 K, 4 BN 39, 75%
19.36% . XF T =K, oK R TR A5 22 42 X [a) o
C1 B THT I 7 & L R AN JE XU 238 5 7K XU 3 8 /)N
G310 8.51% (3. 41% 5 >4 Al 45 % 4 X [H] 2 C3
ik, K EE AT AL IR 0. 06K, & Hi i A i KUK
R FARG R, 9 h 34.21% 27.47% , 3
AT EARRAT A < W 2 T P8 35 28 4 X 0] AR 2% | K &
IR NI ) 62287 S 15152 Ly Nl P IFE -S| ) R
U K 2R TG 19 % P S AN 2 3K KU 2R 2 8 1 )
FIK R | =K P | 1] G 3K PR =08 7K 2 %) & Ha,
AR TR A EAR K,

2.4 BERIKEESEHA% FRE B RS 4

FETIREIGPE | 16) 23NN = K JZE B4R & H
ARG A Uig U A ARAE(3) , FIH C-vine
Copula FAEERIEIE | 1) Z RN = I /K FERLAUI AT & B it
AR o3 A , SR L 2 8, LB A MR % 1 oy
B I AT PRSI AR A H L IR 5 ~7

M1 5.6 A WL, ZEM T, 45 A6 v S 1% 3 - 1) 52 301
IR BRI I - — oK PERHUIAE & HiL 1 ¢ Copula PRZK
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(9% SR A A A BR, W B ARAYE . RIRIE-T] WRRIGEIFIC R . MRS MER S s T LA
FIN BRI TE- = oK R AE K B B B RIS IR KINK EE R U A = 2 7K A [ A
£8 3 EEKEEMELEE C-vine Copula SEHiHE FOUAF K HL A X B A AR, o, X TR IR

Table 8 Parameter estimates for C-vine Copula of N UK | 2 ZRIEIE | 1a] K FERL AR &
simulated annual power generation at three reservoirs 435024 600 42,290 12 kW - h i FLECSAER H0. 2,
B4ty EHSL Copula % SHffHi BR[O PEASADLAT S FL Bk 53531 /1N T 600

T 1.2 t P11 =099, kyy =7.98 12290 A2 kW - h B EAER N 0. 2 5 X FHR I I A=
! 3, 1, =1.00,k,=5.35 Y Ay o N - .
i T N T WK P, U 3 U KR AU 4 o
T 1.2 3 e R SR ok, 600 12,840 AZ kW - h it HIREBER T 0. 6, MR %
LT WS N IPSS WES NI £ 8 AN = e 7K A R AELAF & WL R 43 Sl /N T 600 42
370
360
350
~ = = 340
5 kS E 330
g # SEPN
S b g 310
300
290
280
540 560 580 600 620 640 660
B /{LkW-h
(a) BEA A2 2 R A (b) WA 53 R AL (c) BRAMEARAF{EL

5 RRE-ERYUKERINFEREETIT ¢ Copula BEMEER

Fig.5 Fitting results of bivariate t-Copula function for simulated annual power generation of Xiluodu-Xiangjiaba reservoirs
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Fig.6 Fitting results of bivariate t-Copula function for simulated annual power generation of Xiluodu-Three Gorges reservoirs
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Fig.7 Fitting results of optimal Copula function in Tree T,
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840 12 kW - histRYHER 2 0.6, HE 7 AT UL, LIEE
-] AN VR I8 U - — e K 2 (R B A A VR R i 2%
SRR T, 254 156G 434 R ] Gumbel Copula
PREY MR s AR IR AR, R, PG, &
BT T W Gy A i R AR G MR o R,
TR T, 50 T I U ) G IR U - e B4
HER BRI A MR SRR 45 AW T, 25 MBS HER
SEEZ, TS RN I I | 10 IR = 0K AN [ AR AL
AER L N IIBE R BN, IRV | SR
=K FERTIAR & HL 43 1R 600 42,290 421 840
{C kW - h B VR I - 1) G M0 % 4y A 1) oR EUE
0.2, BRIK - — e K PRI 2k 43 A I PR AR (B A 0. 6, Bk
AR 0.1, RIBEIKVE | 1) 58 IR = g 7K 2 AR 4UL A
KL 4T 51N T 600 12,290 12 F1840 12 kW - iy
MHEHO0.1,

W IRIBUE | 1) 5 A = e K e 1 ] JH Y 4 4 X
[ PEAT LA, JEA5 3] 27 PR IKUE | ) KR = gk sk
FERT R X RS, R (6) ~ (9) 1153 J&
IR PEASTR) T 85 2 4 X A 4 & F R R B A 5
TRERA KU 2R 1 [R] B0 UG R 5 SR L3R 9, & 9
AL UL BEROK PR 27 FROK T Z e X R4 A,
IR 2 f IR 47. 91% |, b I 1Y 7K J22 38 715 X Ja] Ky
A3B3C3 W TG A9 57K B A KBS %, BRIV IE U | ) K
VRN =g 7K P22 AT B — > K A7 AE 37 K ARG B4 7T i
P IS 45 BA— 7K JE X6 17 B R 914 X ) i /N 5 JRUG: 6
/MBS 2.39% |, HXF R 4 S 7K 2 AT 8 42 42 X ]
S ATBLC1 B i () A2 HL F AN A2 ] BXURS: %, B
TEUE 1) ZEINURN = I 7K 2 ] Bsf A7 & FEL R AS S XU
(] BB, LB 4% B — 7K 22 X 7 f) ] 8 45 8 42 X ]
YoM B RAH 5 R % U K Rl R T & A X H] N A3
B, 1) RN | = e K AN [] ] )75 2 42 DX [E) T 1)
TR A KBS A 22 A8 K, 394 F A s K, X
TRRIGWE | 0] AN =K g 27 Fha] 855 % 42 X [A]
HAE TGO ERER RS T 5, Tig A mE AR
DRSS 23340 2 7 7K RIS 258 | LI A5 JRUISS: 234 457 L[] 398 XL
gy NI > Q= 6 T Al g 3 = X 51 B SN B N e
SR FA AR R — B MU 8 PRk & B 9K
JE AR AR 26 | TR BB 2R 25 FL [ 41 & F 1Y &
R AN I XU 56 T 0 XU, 3R i 1 5 B B K
JE AT JE TV AR /N, To e K N RIS S
TR A IRUBG: 26 ) BXUR: 2R 240785 K| 3 BR 7K 2R S ok
FERUERE—B, KPR H B R R 2510 K /INEE S7 for R 4%
W 5 E B AR, KRR A, W) e Y 1)
KRR K, K R AR IR TR R L B T, B
FCH AR Y XU )

3 5

a. FETHE SRR 7 FEIROE R MY C-vine Copula

P 8 36K G 43 A 78 B 22 (8] RH X 0k N7 Y D-vine
x99 IEKEFRATMATREREEETEK,
EBEENERKZE
Table 9 Risk rates of spillage and insufficient
power generation for three reservoirs with different

adjustable safety margins

S kT O SRR
parmas | EE R WA RE
K%/ % W%/ % WER/ % K%/ %
AIBICI 14.72 7.30 6.82 2.39
AIB1C2 16.62 7.67 12.64 3.10
A1B1C3 29.70 5.63 28.18 3.10
A1B2C1 15.14 8.10 16.34 2.93
A1B2C2 17.00 12.97 13.91 3.85
A1B2C3 29.92 10.95 26.04 3.85
A1B3C1 22.45 6.49 34.18 2.93
A1B3C2 23.78 14.23 31.57 3.85
A1B3C3 34.13 16.47 31.61 3.85
A2BICI 29.02 11.46 19.46 2.42
A2B1C2 29.02 12.44 19.82 4.31
A2BI1C3 34.46 10. 39 30.09 5.20
A2B2Cl1 29.02 12.41 21.31 4.35
A2B2C2 29.02 17.93 15.33 8.35
A2B2C3 34.46 16.06 23.34 10.39
A2B3Cl1 29.87 12.06 36.06 4.80
A2B3C2 29.87 20.99 30.46 9.36
A2B3C3 35.16 25.80 26.71 11.72
A3BICI 47.90 15.77 36.39 2.42
A3B1C2 47.90 16.74 36.76 4.32
A3B1C3 47.90 16.75 38.74 6.31
A3B2C1 47.90 16.72 37.69 4.44
A3B2C2 47.90 22.24 31.82 8.54
A3B2C3 47.90 22.42 33.25 13.39
A3B3Cl1 47.91 16.75 40.76 6.17
A3B3C2 47.91 25.68 37.01 12.59
A3B3C3 47.91 32.70 29.90 20.97

Copula 14 5 B 65 43 A1 LA RO BB 4T s BEALEL 0™
A1 5 LS | RT3l A~ M sty I AR O T4 15 25 4L
J¥ 5145 52 PRAs i TR 152 22 17 B B 34 (E AR 22 280 M
BRB AKX RGER M ZEAR K,

b. BL— KPR AN R KU 38 | 3K KU R 11
B KAEHN 41, 76% , X I B2 985 1 7K J2 ] ] 5 48 42 IX
YL 0. 96E, ~ 1. 00E," B Y % B 4 AN JE KU
IR VR U U K PR AR R o AT T EE AR
24.51 {0 kW - h,

c. XTFROKIETF B IEUE | 17 5 WA — ik
IKPEERT PR 2 X A G B HOKEFK R
AN JE I XU 232 R[] 390 XU 238 fe R ABL 47 91% , I
HHZ I | 1) S 300 = e 7K JE %) T 39 22 4 X 1] i
AN AREE 3 HEAK AT T — JAE K R & 1 3 7K R s 1)
FTREME , AU % e /IME R 2. 39% ;5 B A& /K 22 7T 3 1y
B4 KA LR B ROK PR R AN . FRKIES
DRI 2 A0 ] BRI St/ | B 7K 2 914 P 2 ok, L
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