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ABSTRACT: [Objective] The high randomness of hydro, wind, and photovoltaic powers exacerbates the problem of
achieving a trade-off between the computational complexity and operational economy of the traditional open-loop predict-then-
optimize (OPO) dispatch. [Methods] This limitation is addressed by proposing a two-stage dispatch method based on an
improved closed-loop predict-and-optimize intertwined framework (CPO) for hydro-wind-photovoltaic-involved power
systems. First, a two-stage dispatch model for hydro-wind-photovoltaic power systems involving series, parallel, and hybrid-
connected hydropower groups is constructed. Next, to train an economy-oriented prediction model for inflow and renewable
energy generation, a loss function is established by considering the absolute deviation between the system cost calculated from
the ground truths and the predictions of inflow and renewable energies. Finally, the variance, Bollinger bands, and
autocorrelation function are combined to quantify the fluctuation intensities of renewable energy generation and hydropower
inflow such that a hybrid regularization strategy involving elastic net regression is constructed to balance the training
complexity and performance of the CPO under multiple uncertainties. [Results] MATLAB simulation results show that during

the typical wet, dry, and normal months, the monthly average actual system cost obtained using the improved CPO method is
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reduced by 0. 74%, 0.57%, and 0. 66%, respectively, compared with that obtained using the traditional OPO method ; this

verifies the effectiveness of the proposed method for improving the economic efficiency of power dispatch. [Conclusions] The

improved CPO method proposed in this study significantly reduces the actual system cost and optimizes the economic

efficiency of dispatch when the overall prediction accuracy of hydropower inflow, wind power, and photovoltaic power

decreases slightly and the accuracy increases in certain periods. Moreover, in scenarios with high degrees of uncertainty, the

effect of this method on improving economic efficiency is even more prominent.
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Fig.5 Rolling implementation sequence diagram of the two-

stage scheduling based on CPO
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Fig. 6 The modified IEEE RTS 24-bus system
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Table 1 Modified IEEE 24-bus system generator capacity

" TR N
LLH KA é%;* P

5 /%

kP 3105 1,2,7,13,15,16,18,21,23 49

JRUH, 1536 1,15,18 24
Sk 1397 10,21 22
K H, 300 22 5

F2 KEBHERSH
Table 2 Characteristics of hydropower plants

KBS HNEROTm RN R/MW @,
1 977 60 0.178 3
2 390 50 0.244 7
3 597 50 0.3457
4 420 50 0.747 5
5 500 50 0.316 0
6 308 40 0.562 7

3.2 (HELRSH
3.2.1 ZEmYRS5SHKE

A3 S FH AR SC AT B B gt CPO HE B () R I B o 8
TGS OPO Jrii Xz &4 1 A .5 R0 A 1
FIVABE R A TR A . ARG 1 H AT K,
5 AAETFAKI 10 ATk, B 1 A 5 A0
H G RB IR Y 0 ) 7 L2978 36% . 54% F1 46%

ERM A1 (X (38) ) o e I Tt A5 A W ) 5t
PEMIZE TE AL S BT FA S TR KR

A =ad; Ay =(1 - a)A (46)
Kb a MIRASEH a [0, 1], 3556 L, F1 L, 1E Wk
(A BB 5 A Ay A L DO 5 B 9 o s o 28 1E DU £k
TR REAR /N o SR JFH AR 48 2RV o A Bk 7K Tt
EFY W ) IE AL I A SEA T SR e i AR AT

1) MR 95 92 56 38 5 A R AM B 48 2R 98 L4 0 ok
{10%,10%, 10°} {10, 10%, 10°}. LA L, IE W4k = F LU
fRAE W 0 W B, W o B R
{0.7,0.8,0.9}.

DNEBHHA T RS 1.5.10 A& KB B
PR RS R AT SR A, A9 B 0T B S BR R G BB AT AR
ARG WL 5 B B

3)EPURA K S B B NI IS AL .
MR BEBIATAL M a =0.8.4 = 10° A" = 10* [
BUAS e A, PRI A SO0 4ok T % 2 80 & AT
g,

B A, 8 B LU Bl HL %R 2% > (automated
machine learning, AutoML) £ RS2 81 ik S 500 H
S
3.2.2 RGH VAT A

LRGBS BN ER 3 R, # ik
AEAEE A BRARBE LLZ H R E . LR ES
HWPEY ARG B AR 4 R . AR5 10 HHF
BAAE BN 5 iR .

£3 RG1AEHHA
Table 3 Average costs over January JiJt
Bl L G

i/ R SOEE N

FE e WMER AR kWb SeRA BGRA
WA HAR AR A
CPO 17.87  332.19 13.10 325.82 0.12 356.91

OPO  17.71  309.85 2435 316.76  0.11 358.93

& 3Nl P A 303 T e CPO HE 22 A R I B 3
FE 5165 OPO Jiik e 1| ARG V-3 A 4T
THE . BE R, CPO N & W B 5
AN 17. 87 J5 oG, Wi RGThiA A 332. 19 TG,
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Table 4 Average costs over May Jiot

HUH A A Z I ~
FEKRI A S2bR

HE e BWR A kW SeA BEias
A B AR AR

CPO 1426 14931 10.71 14285 11.43 179.25

OPO  14.11 146.32 15.70  141.29 9.49 180.59

®5 RHK10RFEHEA
Table 5 Average costs over October Ji76

ML A LY

T pe BWER AR kWb
WA GEA A R

CPO 1628 221.14 1549 209.56  5.93 247.26

i AR SR
A RGUA

OPO  16.14  200.45 2335 20474  4.68 248.91

BT OPO Jrik, AL CPO ¥t H RIS £ %
L AILZEL >k % H K R S i far i 8l . 1T CPO
D53 2208 IR AL A A5 2 78 20 R, 7 22 0%
A B, CPO 7 ik R LAl 325.82 1 0T, & T
OPO J5¥£11 316. 76 J1 76 K1, CPO J5 ik ¥e % H
AR F OPO 7l 11. 25 7700, 8L A S5 br &
S8 S OPO 74K 2. 02 Aot Ik, CPO J7 i 7E
IOz % 7K RO 19 9 2l Bsf R B SR 35 Ml iR 4 g 1R AT
RISV 28 TGS IR R H

Fea F5HS A0 AL SRR R
FH CPO J5 145 2 (1) H F- 34 52 FR 3R S8 AR ZAK T OPO
Jrike Hr,5 A CPO Ji ki A SR R G H
OPO 7154 1. 34 T3 7T, 10 H CPO J7 1514 H -4 5L Br
RGN OPO LMK 1. 65 J1 ot

Skt — 20 AIEART DM R £ B TP ik S 1R 7 4
T =AU A i ATt 4 A5 A 1R L 2 FTA
7ALHN, RG0S 5 7 g KT K RO 3R 1 B B
XK, A AT K KOG TR TR &, W RS is 1T
A . BEAh, ZEE 1 H 5 H & 10 H R A CPO 7
B A -3 38K KO A #2055 T OPO 7 ik, 3X
JE R CPO 7 R BN &5 B It <F , KGR T
W20 R ML T, b sk G B 5 IS LIS AS
SO K KO R TR A, B g oK KOk
E=s

M 2% 3 3 5 W 3 52 Br R 58 AR Boal vT
AL 1A S HAMI0H CPO Ik OPO Jr ik (i) H F-#45¢
bR 2R GEA H FRET 0.57%.0. 74% F10. 66%., H
PE—25 AR BE IR Hh 7 Kok /K Ui 2 0k sl B X Ak
ARG NALE R, 456 1 (k) 5 H (F2K
WA 10 H CFK ) B ae i H 1 Bk K it i 5 i ik
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Fig.7 System load in January, May and October

Foick T 1 H 5 H 10 HELPRFGETRE H F1 M
7K HEL ke K 2 B U 2 AR P R R 25 A MR 5
JFE), LI CPO J5 2248 OPO J5 I 1 R GE A F B 1 4
bbo BT BRI 08 1 3 S AT 10 A
772253 9 161 628 MW?, 226 500 MW2F1 183 870
MW?, i Moty 5 B 4351 A 1608 MW 1903 MW £11715
MW ; Sk K i &8s 1 A .5 A A 10 H a9 5 2250 5ok
69 (m%/s)2.9241 (m*s)2H1 1016 (m?/s)?, 4 pRAlT ¥ i
A3 500 33 m¥/s 384 mi/s 1127 m/s.

F6 HELERRRAKIEEIRE L RH I

Table 6 Impact of fluctuation intensities of renewable
energy source and waterflow on results

TiZGHRE TrZECRk Mk s
Ay WL k), CHTREIR

M 9% CPO#K
JEORKI OPOJEA

MW?2 (m¥s)>  HJHMW  #)/(m¥s)  FH%
1 161 628 69 1608 33 0.57
5 226 500 9241 1903 384 0.74
10 183870 1016 1715 127 0.66

AIUL, 5 R BEIR ) KoK K i i i 3 i
FEm T LARIL0 A, H CPO Jrik el shH s 5 A ik
AT REIREE S R, PRI, A SR CPO T EETEA I E
PERREETE 2 1937 5 R ST TR PR AR TE R i 2 .
3.2.3  HMAMEGIE BT

TR SHALEL T CPO J7 i M OPO Jr ik T
BT RE R T T FI0I FN R K A s PO A 5E 2E . Horh o
) 46 %F 1% 22 (mean absolute error, MAE) 134 J7 fR 1%
# (root mean square error, RMSE) I T PEAL T 4%
(R T, MAE FI RMSE S8/ , D8 B S50 45 2R 1Y
P o BB R 5 T 2 A B0 E 43 L iR 2% (mean over
prediction error, MOPE) F1 - £ K #Ul A 43 kb iR 22
(mean under prediction error, MUPE ) 815 S 44 20 Fi 0]
45 TR e R O AP R 5 52 B {1 it P25 AR 88 o LUK RE TR
U A ], 32 MAE . RMSE .MOPE Fl MUPE 4331
M (47)—(50) 315

1 &
Ey, = ?Z

pr - P (47)
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1 C Dres Dres
ER\qS:«/TI_Z(P;%_P")Z (48)
1 < max {0, ISiC - ﬁf}
Eyo=—7> - x 100% (49)
r = pr
T Dres _ Dres
Ey =lzmax .27 = P)  1o0%  (50)

re e
STy, P MRT B s A TR 1y
A3 WU T 43 WL 9% 1 Ky, 9P O T 43 1
®7 HERBMIRE

Table 7 Renewable energy source prediction errors

MAE/ RMSE/

\ =
HAn 7k - . MOPE/% MUPE/%
CPO 25.4 46.5 22.2 26.2
1H
0PO 21.2 424 28.8 16.9
CPO 24.7 48.0 21.4 22.9
5H
0PO 225 442 28.1 15.8
CPO 28.0 52.0 21.2 19.5
104
0PO 24.0 45.6 27.8 14.2

MFE7TMESAH, 1 H 5H 10 H CPOFTET
B RE VR H g sk K F5 I 45 SR 59 MOPE #R K T OPO
77, H MUPE #B & T OPO J7 ¥ . B itk , CPO J7 i
T[] | T 45 25 1) T A7 1] A RS L AT AE
H Ry B ) s i ok LA R Ja L AR IR R 4
T H PN B B RGBT 8 R RN R KR i P i S 2 A

F8 RKREFTMRE
Table 8 Waterflow prediction errors

MAE/ RMSE/

0y 7 MOPE/%  MUPE/%
e e S i : :
CPO 6.9 9.3 2.7 7.0
1A
OPO 4.8 6.1 4.8 2.0
CPO 44.0 55.7 3.1 6.7
5H
OPO 9.8 13.1 23.8 2.6
CPO 54.0 70.5 4.0 9.8
10 H
OPO 10.5 13.5 11.3 4.5

AR . A CPO 7 vk 1 AR TIONDRS B 55 OPO 7
AT R AR 3.2, 17 Y B AS A BT 45 SRR, X
FooRG B 5 2K I A s ma AR AL ARCSR , R mi 4 Tt T U B 8
Vit
3.2.4 A H S5

R 4 BT PR R TN A Ak D YR AE R K SRR S
SEOK AR I, eI 1 A 19 H 5 A2 H 10 H 23 A4y
SIE J At KB K SE K B8 XX =R
1) CPO .OPO 5 KA TXT /3 #r . 3R 9 Lhi TiX =K
() 2 G2 WA KU B CPO 5 OPO Jy 2 T I 4% S (1)
MAE. #t 1 19 H 858 5, CPO J5 i 1Y S5 B &
S AT OPO J7 vk, B BB VR H ) T RS B = 1
OPO J5 i  AH A8 A 7K £ TR B 7 11w 32h F OPO 7
Py WAES A2 HF10 H 23 H, CPO J7 ik 1E 2R 2 48
RS HTREVR T UK FE A K RN T 1 Y
AT OPO ik

*9 1RA19H.5A2HfM10 A23H&ARLE
Table 9 Comparisons of 01-19, 05-02 and 10-23

AT G MAE
I Ik =13 SO R HET MR AR R KR
WA WA WA RGRA MW (m¥s)
CPO 17.33 21.79 237.66 0.04 276.82 19.1 7.4
ot OPO 17.33 31.76 237.87 0.03 286.99 24.0 7.2
CPO 15.23 15.75 102.33 1.30 134.61 34.8 30.0
0902 OPO 11.81 26.51 104.03 1.21 143.56 36.2 42.0
CPO 19.22 22.31 270.91 0.03 312.47 55.6 19.9
10723 OPO 19.76 35.15 276.86 0.01 331.78 163.9 32.8

B8R T &4:1 A 19 H H w4k 7 B 45
PO FIEL 10 43 B3R T WA B Jr vk AR A 52 B {17 53000
RAR R AE 28 T I BE R V4 A FH A R RS O

r P8 AT, 7 H AT HILLE 24 B B A6 il 5 i
FEHRI R, CPO J7 B 7E 24 NI BEER 5 OPO T B
THEZHBPAE R, 455K, X FEHT
JIT A 5 B CPO J5 2% (R8T RE TR M g 5 5k K 7 o TN 2

RYET OPO J5iki . BRILZ AN, CPO ke R 9 Hh 58
B 5 B 35 1 20 S B, B BE VR HH g T A 1 B
=, FERS LB R 1 9 AN BHBE I, SR /K I o TUIDORG R
T OPO ik, #9WR, FENLALLA BB, BiFh 7
B SA AR (17. 33 75 9T) {5 CPO J7 ¥ 1 52 B £
GEAEE OPOAK 10. 17 I TG 454 K10 A 41, i &
K Sk OPO J7 1 7€ 23 A B B N AR AE T T 88 2 1918 4
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Fig. 8 Day-ahead optimized scheduling results of the

system on January 19th
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Fig. 9 Predictions and actual realization of RES power and

waterflow on January 19th
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Fig. 10 Reserve deployment in the redispatch
problem on January 19th
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Fig. 11 Day-ahead optimized scheduling results of the
system on May 2nd
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Fig. 12 Predictions and actual realization of RES power
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Fig. 13 Reserve deployment in the redispatch
problem on May 2nd
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Fig. 14 Day-ahead optimized scheduling results of the
system on October 23rd
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Fig. 15 Predictions and actual realization of RES power

and waterflow on October 23rd
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Fig. 16 Reserve deployment in the redispatch problem on
October 23rd
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Table B1 Actual system costs under different regularization parameter combinations

ZoH—-REFEEZLK

THm MH o B

SmMHa B

262.214
261.756
262.049
261.572
261.324
261.780
262.034
261.817

@ A AN SRR G T T @ A AN SRR R GNAR T T @ A A SRR RGN AR T T
0.7 10 10° 262.345 0.8 10* 10° 261.923 0.9 10 10°
0.7 10 10 261.789 0.8 10* 10 261.578 0.9 10 10*
0.7 10* 10° 262.073 0.8 10* 10° 261.897 0.9 10* 10°
0.7 10° 10° 261.574 0.8 10° 10° 261.389 0.9 10° 10°
0.7 10° 10* 261.245 0.8 10° 10* 261.142 0.9 10° 10*
0.7 10° 10° 261.832 0.8 10° 10° 261.583 0.9 10° 10°
0.7 10° 10° 262.081 0.8 10° 10° 261.729 0.9 10° 10°
0.7 10° 10* 261.894 0.8 10° 10* 261.520 0.9 10° 10*
0.7 10° 10° 262.153 0.8 10° 10° 261.965 0.9 10° 10°

262.239
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