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A complementary optimal operation strategy of wind power-hydropower based on
improved biogeography-based optimization algorithm

JIANG Yuechun, HE Zhongnan, LIU Ailing
(College of Electrical and Information Engineering, Hunan University, Changsha 410082, China)

Abstract: In order to stabilize the wind power output fluctuation, considering that the wind power and hydropower have
good complementarities, this paper proposes a complementary optimal operation strategy of wind power and cascade
hydropower station. In view of the wind speed uncertainty, the output of wind power can be regarded as a random variable.
From the perspective of the stability and economy of wind power-hydropower complementary operation and ensuring
subsequent power generation capacity, a multi-objective stochastic optimization model based on chance constraint is
established. The cosine migration model, the mutation strategy of differential evolution algorithm and the dynamic
non-uniform mutation operator are introduced into the improved Biogeography-Based Optimization (BBO) algorithm to
solve the optimization model, and stochastic simulation technique is used to solve the chance constraint. Through
time-division dynamic rolling decision based on wind power prediction and runoff forecast, the subsequent operation modes
of wind power and hydropower is constantly revised to further improve reliability of complementary operation. Taking the
complementary operation of a large-scale wind farm and a three-stage cascade hydropower station as an example, the
feasibility and effectiveness of the proposed model, algorithm and strategy are verified.
This work is supported by National Natural Science Foundation of China (No. 51277057).
Key words: wind power-hydropower; complementary operation; chance constraint; improved BBO algorithm; time-division

dynamic rolling decision

0 3l

B 7 X RSV IR AN T /> LU R R v e 1) H 25
FETE, SR RUAE 7K BESE AT A T R I R L
REZFNT )12 Hk . RBEIE H TR B T iR

HETIH: BRARMFZEAETBRA (51277057)

e, (H BT RGRMAT E Y, KR
SR S B M R IV R ), 7 s 40 3 P R 4 X
HIR AR DT K READOIRAR I AT A AR, 1 L
KL KU BT R L AMEDT . AT,
KT AR B L, B FKE,
AT NRGKTS, A X S K A ST B RAT R
GFRELAME o XL I e sl N i Rz K, 7K



- 40 - ® & AEY B

HLENEIAAH S, MO RS /K FELZE e 30 i B A HA
—E M EAME. DRI, Rl SR A R K FLIDE A EL A
AT LI sy, 3 i v Aedit
FRA T

BEXE XL 5 7K FL IR IR B AMS AT 2 AH G
FTo SCHR[10-12] AR 57K FRBR SIS 4T I A0 i B K
o Bbw, g7 T X 5K RIS IS AT AR Y,
R Ay fiff e PR, fR T ORI AN E P, A
10 R P 5 e v P s S PR S PR TGy i 4 1T b 2%
FE LRI BERLE B o STHR[13-1418R 1 T3 TR
W 5K IR S Az AT 7 2, H i TR AR
AL DA A HL B LI B, ARYE DA AR A5 H 1)
147 77 AR — BN TR] Py 28 HE DA 2 3R 46 47 1)
K, HE M 5 XU -ZK R T ANSAT R AT SE T

A= Wy Hb BE 22 A 4k 5 7 (Biogeography-based
Optimization, BBO) & 52 A= 1y b 7 2% J 2 HF 4R
TP A e SRR I8 R 0T R R LA S
ARG BBO SLEARRMACKA, BT b
AR, KRR Z BT AR 22 03 AL
(1AL S S LA S s A R385 48 5 55193 9% BBO
SRR R AR TR S5 DA SR e 1 AT e
DLt — 4 BBO SAMSSIoH fE A L RE
i S5ARER) BBO 5%, R BEFLZ(PSO) A S itk
R FR(GAYBAT X L3 M, SR T ISt Bk i
Rtk

AN T BT RS 0 KU S B 2K il
HAMSATIAY, X A A B AL
075 I8 T LI BEALRE SN . =R oSG HilE 1
AL 55 7K B A2 AT 77 2R T XU HL R B AT LI B0 R
A A8 A T 3 DAY A2 B 48 S fmr i SR IR m) i, SR
BT AL TN 55 A2 SR TR ) 23 s B ) AR B T3
SKANWHE IE K 5K G ekia T i, DAgsa
ANSATHI AT AENE . iz Sc# ) BBO SLLIF45 G h
UL EA K AR DAY, 0 —AN KT X L
A=Kl EAMSAT AT, S Uk 70
PRI | Sk DL AR e AT B T3 i AL ZK L R b
1EAT RS E PERI 5 1, ST v Redlst 1) 78 93 F H
1 XEBHIREHEE

PUH HH D7 IR BRI T e T KGR A2 A . H
I, ORESEE S gt gl AR W], Befg 70
ik MTEBEH AL I Weibull /3 ARl 3
2% B R AR

.ﬂ(gky:ﬁ(KTAC(gk (1)

c\¢C

b v BRI & AR, B e R ) 73 A1
Ry ¢ AWRERT, RBSFERGER RN, & c
AR X L3 SI2 o AT 1) 23 AT 405 ook A7t

W3 A B A ) Dy 2 52 R AR 5, ]
0 BERR BRI AL 38 X A ML AR B 23 5 X
MZ ARG R, HFRIEE Uy

0 vy, vy,
3 3
V=V
P,(v)=1R| 5—5| va<v<y, )
vr_vci
P v, Sv<v,

e Py X BRI D3 P oy R He,
BLRVEIUE S R DI ve APIANRGE ;s v, A EIE KU
Veo N VI H XIH o

R R HBILIR) R H o AT E XU ) Weibull 537
Ry K AL D R T B XU A L
1E ¢ I B A F ] s

P, =T|[™ f(c.k)P, (v)dv 3)

s Vi A ¢ BRI v A 1 I8 B
ANRGH T A ¢ I B /NN 2

2 KE-/KEEZ HiRME IR

H T KGR AN 1 DAUH HE D R B LR AR
A AL e Vs S AR, 3 DB A 2
R . ML LAOE BN LRI 253 5,
T B AT ARG A b AT BER AR B L 5 L £
LA ) S DL RS R SR el o AR SRS MR
HVE A BN &, AR THLS AR 2 H sk
DIRURER it
2.1 BReRE

1) s KALBB K LB R d /I H

2 H AR B AR AR JK B A3 A2 AT A ] b
Jyde/ NI Bt R BRI R, T it 2 m)
SEMATDI T, AP sl Sk
PUABE SR 45, DX D AR GERISE N, 19 9 A
BATIRE M TR

P, =max {mini(;fiQ;Hi’ )} 4

Kb P, ABRZOK R R KA N T, MW
m KK G Ry, KR § SRS H ) R AL
O J7K ik i AE ¢ B R i, m'fss HY A7K
RS i AR ¢ IS BRI R Kk, my ¢ hiadr A
WINKITH SN B, teT, T NIEAT AW S5
BN BOOR, 1847 I I, T=30).



LR, %

HL T BBO S K - /K L B AMIL A AT SRS - 41 -

2) IBAT R AR B 7K K

TELRUEZK L O 5 S P s L R, pidk
HA PR KB K&, Jhb & R KE,
CAEINIEAT J AR B GoK F ek ) &K . % H A5
BE fiE B AR A FRLS TR 2B AR, SCRBARAIE S5 22k L g
73, NI i AR 7K H L AME AT 1AL 2

V:maxiV,. %)

eV OIEAT B AR R K Rk 1) K R R,
s Vi RAEAT EIAK Ha s i i E KR, m.
2.2 HREH

1) RGIHRV LR

%+fg—qzo (6)
A By A XHIZEN B ¢ (), MW PoAK
HLE § ZERT B ¢ I H T, MW PP ¢ IR Gt
sk, MW,
2) Mgt 4R
R X A BE AR B, R ) AR AE
—E B BRSO, RICERE A
P{Py<p,.VteT|>a (7)

b POYRRANEXSOLIER: pl, RO E
B ¢ SERRfmE DI, MW o 34 ENY
HELF K
3) KLk Y AR
Boin S VO H] < B, ®)
s Piin AKHL § SEVFII IR/ TT, MW P o
KL i R ECRH T, MW

4) IKECP 2R
I/it+l — Vit +(qlt _Qit _Slt)At (9)

Korpe v KIS RS r ] B E KR, m
V! K st @ AR ¢ B E KR, m®s ¢ K
b AR B ¢ IR, mO/s; ST ONK LY ¢ R
Bt FKIE, m'ls; A HITBAKRE, s.
5) E/KELN
V;fmin < Vi[ < I/;,tmax (10)
e V) Kl i FEIN B ¢ BRZK B /N K
m’; V' 7K AL I B ¢ IR R KR, w1
K S § 7RI B ¢ K R KB KR, ms
6) /K ittt Em LR
Q]tDi,min = Qz‘t + Sit = QtDi,max (1 1)
e O, AZKHLEE i RN BE ¢ ARUE R/ Tt

Pikt, mfs: Q. /KA @ ZEIFBE ¢ BT SRR
KRR, ms.
3  HuhY BBO Bk

3.1 #r/ERY BBO B

W) M B 2% L A6 5T (Biogeography-based
Optimization, BBO)J& & T~ A= # b B 27 IR 5 1 4%
GRS DA S T S A A 3 1 — o 28
BHEACFEIS ZE Y BT s ch, R
(R A JEL b R A7 R B ) & L 4R £ (Habitat
Suitability Index, HSI), 5%Mi HSI [1)4H G KT Z= R A il
S HB R 3E B % 1) £ (Suitable Index Vector, SIV). HAT
vy HST (AR JE b S e A A A7, HST & 52 Al
S AT I E S N 5.

THH R R H 2 BBO HIEMMKEE
BT R AR SR T R KA 5,
BBO SVAMAEA AR AR AL ) AL i 4 A
AT N B WA g, AT SR
RARIRFEAL B 5 i, S mf i i, s
TR AT AR S, RIS ASE I B B HE A [
filt, DAEmMHE R ZREE, @l 2 Rmict, &
SO BRERE, e EAT 3 a1 B U .

D) EBHE T

IR 0] ASICEIUAT b () ()45 =2, B
W E R IE AN 1 R, AR A,
NI
i

> Pl A

max

(SRS IR 2Ll

Fig. 1 Linear migration model

FHE 1 TR B S R 0 1,
TENE L NI KA A=l T 1=0, FEEFIRER
TN, WS HARTENEY, A TR B, w JTUG ETT
Y J=u i, ISEPPERIRES, I AR Sos
P TA B RN (S=Sma) I 5 IE R p Ky I RAH
Una=E > TEANF )=0, IENF L AIEHF u 0T
TN S (1 pR 2L



_42- ® & AEY B

(12)

BBO FIUAHUAE A RUT TR
TR H, WA, R H, (i
N AHITIGE RV, RN, 57
B, WRGRIE 3 o RIFEIE B

2) T

BE LRI, R AR S LR
A ASFREIRE S, BBO SEERITAE 1 FARER
BOR, AR R R E A L L 03
T 5

PR MM AR Y S
Ko SRR REN, PO, EER
SALERTOIORAS, S RAET: R
ST S0 P IOER, SN . I,
WIS ERR M, 15 PSR, 20100

4
M =M, (I—P J (13)

s Mo HECRTEAZR s Py A KT A AR
Ko FUBTTHESRAPRE 2 RN, JREIK HST AR
H DVROR IR A A2 58, DASRECEAR R (PR .
3.2 BBO EXHyeiit

1) ZePEIT BB iy it

FRUEMT BBO S92 K H 12 1] L 1 e MR AT A
B, WK1 R . R ARG, MR
oAt v EIANE TR, . —
PAGERAR, REGAGTBEN, fa8T iR
R0 s LAy, ASCRA AL T AR A
ZAGTRAR, LIRS BBO SEMSLAE S, H
FIEA N

(14)

2) iR T HIBO
SRS T AT R RO 5 5 RS2, b5
WER BBO S35 AL LA ELRIGE B I v A0S
FARIE R RV, EVERTR ST
Hl.(V):Hj(V) (15)
Kb HW)WENRs H0) BT R,
FIF R (1 S)HATIERS AR, 0% A ORI

5 DD, MR Z RN TR, BERESBBA
JRiBEt, MBI EIERR RGeS . Bk, A3
FINZE I ARG AR S i s ok et BBO S
TIBET, dulfarEB i &l
H,(V)=H,(V)+o(H,(V)-H,(V)) (16)

X @ AW S Ha(VA Ho(V) A BEHLIEET)
PRI . 1 =0 I, TR HE T IRAUL R AR Rr
1k, EIERSGULRE IR B o B OR, BAN
SRS R, WRAE . Kk, BUAT S5
»=0.5, LV RE RS O0RE AR 2 RE

3) A2 e B i ek

AR S B I B s MR I 22 PR PR B
WRHE . FriER) BBO 5k, RS RHE
WU el hdem R SR s, AR
BN AR 51738 5 510 S AR e 51 34T ik

BLEHS H, KIS E RSV, = (v,,v,. )
Moy, (1<k<d) RAEZSR, 43051 &Y
I/i’:(vi'l’vi’Q'”vi'd)’ UI‘IJV;k RN

v, + A(n,V;f‘max - vl.k) random (0,1) =0

'
vi/c -

v, —A(nv, - Vi,kmm) random(0,1) =1 4

sl ARG v, <[V Vi ] i

A(n,x) RIFI[0, x]A RN H, LRI,
A(n,x) = x(l - r(l_"/N)b) (18)

Kb 7 4 [0,1] B A BENLEL b 24
N K5 KIEAR R EL - B random(0, 1)L 50% I
BEHL™ L% 0 F1 1,

FEHATYIN, iSRS R F T YR
R, B REAR A . ERVEE, b
HIERE M, WRIEHE AR, BT
IBH T O EE TR, TRsh&IENS
AR S A5 U AT LE /N B e 30 DX 3Rt e At it A 7RG
AR, I I S 1) 4 R B A A8
4 SBEERBESRIIRE

HAT, K R -/K B R R S AR IS AT F
WA FE e e R T RIEAT, B X BE
WU s R Asth,  Soele s iR mr g
M DL N, 28 48 5 Am] AR 4k, DTS M0 X FEL- 7K H R
BATHI T RENE . 2% R BB AE IR R 46/, A
TR ARG (RS B S i e, Rk, AL
KPR IS AT R T 43I BB R IR

53 I BB AR R B0 SR AR S IR B A X FRL T



LR, %

HL T BBO S K - /K L B AMIL A AT SRS -43 -

DFIAL TR AAE: 1 17 I Be R AT A IR 13s AT
FEWE BB AT S T 5328 n NIFRIEL, B 4, 6, 15, -+,
to BHG, WRABPLABFITAE TG B3 R T
W XUHL 7K HL B AN AT I W) U B AR s AT 7 2, B
Y, Y1, Yissoooy Yigo HATGRRI B £ 3817775
K Y. WofE, e e, B KR IR AR
O PR AN W BT, R T R A i B as AT O o
Yio, Yis, -+, Yo, BHATEIE, M3 208 13247 )7 20
Yo, Ya3,+++, Yoo FEHGUEATH W B £, SR AEIBAT
TT AN Yoo IXFE, M PG B, ABrHEIE
Jadaa T i, B R T N IA N B s
177720 TSR IEAERE R A

_Yll le Yl3 Yln
Yzz Yzz an

Yy - L, (19)
Yn

R AT AT PO TR AT H
L —ATET R, AL T I
= Yi,Y0. Y33, Yo B KEEAEIZATRIIA T
BB AT TR
5 AR KR

5.1 % Biral@AgIE

HSI /& BBO Sy FH kAt B =2 1 AT i
Do B RbR, S H AL ST, HST AR T
ZAE ) H AR 2 H AR A8 AN [F] H AR
PR R AN DA R B 2 ) D, LA gl AR
ANBEE AL . A SOK 7K H H 74T iR H 7K
T, LA A FEAAL) I SR fs, HERIA AN

Susy =max (ER, +V) (20)

e &K NITEREG Po WESUK BN
KA I T, MWV IEAT AR B ZK
B E KR BAL, ms
5.2 HlSARIKEE

SKARML 2 L R 58 T3 0 2 AR gt 2 1)
M, BT VEAGE R T R R AL LR Y,
YT RPN LIRS, BB AR E—
ROCR T T DITRLS AR, R HIBE
GIREE RS T N 0L TSy VAT 3 T

1) MR IIEZR 530 f, (e, k) A2 M AN
ML IBENLAZ TR v, vy, veyeees vy, s

2) AR Q) I M ASBERLAS B Y
M, (v):

3) WM kg MASBENLAZ o (7L R A
B, WRIERBCCH, UMM >a i, (DR
IR 5 YA

KA BBO SRR AT R AR,
S R B A 2

[ G BBOSE I B B RO NI iR

[ sV, ERil s A A IR R |

[€

13
[t &S JEHPT ]

PRAF I LA

[ HEEEARRT R, TR R

| SRR, BT RAE

AT B AR

AT B4R

B L

2 BU#E) BBO BIERIKIRRIE
Fig. 2 Solving process of improved BBO algorithm

6 HHIoHh

PL—N KA K HL I R — AN = G h K H st E R
IBAT N SH 56 E T B 1 XUHE - K A M A IE AT
R 7 SEms A Rk . EANSAT R — 2 H, W
HRGW H ¥ Tt 3 fios. RS0 fidy =
Sl o B H A7 e A MY F S A . e,
R T H B3I, HIRASTR/AN, X RGEM
H S8 87 i SEmAN Ko T H 47 i E B2 46 47 A o
AT AROKRILES, A ST AR BRI, h
fgE, N R, SRS gk 2
IR R R, PRI AR A . B = R ) = (B
17 R HWECR S H o REE544 3.698 GW,
LRSI K6 5% TS ess o 2=, Wiess
HHZEEN 1849 MW. ¥ ARG H V¥ R4
L D R ZE(E e O SR AT, B A XK
N2 A RGOy, Wl 3 R



_44 - SRR T

401
35} amata e AT A
3.0F
251 ttttea iy AT
20F
1.5F

1.0F ——

0.5F

1 IR /IGW

0 5 10 15 20 25 30
I BL/K
—— RGH Pl —— KT —— SR

3 R ARAET#L

Fig. 3 Load curves of power system for month

i, KRR 500 MW, —2%
B2 K Hub 4> W2 A K LG B ZK LG R C 7K
Hl. LR, A JKHLSEA Tk e, HAARCKRM
S, e UK i, i A 7K s S
SE A SRR TARE, LAH TSR
B. C /K34 HIET S b, R0 1 2
SRR ) H PR E T, A BN H .

A, B, CKHINHFER AR WER 1 .

F1 BRKENNEERARER

Table 1 Main technical indexes of cascade hydropower station

BARIERE A KL, B /K Hish C 7Kk
I & KA /m 601 251.8 295.7
FHLAE /MW 700 180 79
LAEEBIR /(ms) 338 887 811
IEH &R ERML 21.5 2.32 1.06
BRI P 8.1 0.78 0.35

K H A E AL 1 34 46 X % 22 (Normalized Mean
Absolute Error, NMAE) fl ¥x #E 16 ¥ 77 8 1% &
(Normalized Root Mean Square Error, NRMSE) /™
TR FR BRI A A5 TR BRI S5 28 A7 A 1 2 () R AT

L%ﬁl\ o ENMAE A ENRMSE ﬁj\%'ﬁ%ﬂ?jj

ENMAE :PLXlZn]PW,h (i)—})eq (i)|><100% 2n
meq nio

ENRMSE
m i=1

e Preg BRI TFEIEAT: Pyn(i) A AL
IKHIIH 15 Peg() GRS AT n A3 AT ) s
I B (BAH s A7 I, B n=30).

exnar S I XU R -7 R R HR T SRR S50 A7 A ) v
ZERD, enmae BN IZEBR/N o enpmse 18 T KR
ZERAR ), S e JRCFEL- 7K FEL ) HE ) i 5 2R G S AL
P IIRESE, enmuse /DN, XUHL-ZK HLFR) HH ) ERIER 45
AT FRKE 8 8

1 1< ' e
:P_eqx\/;z(PW-h(’)_Peq(l)) x100% (22)

6.1 KA BBO EARINBE-7KBEMNEITHHT

Mt BBO SVAMSH s B W N Pl A
Np=50, I KRR My =0.01, FH KL E
N=150, iR Puu=1, BKNITAE =1, TN
TR E=1. FENUELIXE M=300, 43 HIHCEE 7K
*Faly 0.85, 090, 0.95, 1.00 HHATHTESK ., N
TR BBO SHYAMITERE, 25K HARHER)
BBO $y%, ki FHEEE(PSO) LA IR AL (GA)XT
PEABL AT KA, IF 500 BBO HIEREATRTLE .
FrYER) BBO 51k, PSO 5ykLL M GA SykIFh
TN 5 AR B Bt () BBO SV (1) v AH
Mo W2 KT ESER:, XL FTsEih e, ME
K =0.90 I, PLABIRY BRERSE S IR 2R A
TEOURAT o LR EREUE (57K a =0.90, WA [R 5%
LA IR PR ER SR AT RS DA T 6 B A AT,
Kl 4 s, BRERRCR MR 2 .

1300
1 200+
1 100
1 000+

900

it th3 MW

800

700+

600
0

5 10 15 20 25 30
INF B/ R
—— S IBBOST ) === bk BBOSTY:

—— GAS%

—— LR ]

—— PSOS{ik

4 FRIEZETHRUREIRIRZH A EIER
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equivalent load under different algorithms
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