$F£38% £ M
@ 013538

e 0 6 & ¢ & B

Electric Power Automation Equipment

Vol.38 No.8
Aug. 2018

2B M HA G E Y R A R RE A S UL AL AL L e
B TR B 52

MR BA ARk RIS £

*.5 T

(RbwHRF BAIRER, T4 F4 132012)

WE . EH BN o) F R ey el B3R — AP TImag o 47 4 2 Ak Ak A 4L (HESS) B & 89 7 ik, %
FERHSHATABEEEEFE B R EANE I R TR A R B AT R AR B AT 2 et &
P FE R0 R T4 o A3 B LSRR AT 8, 5 A B HESS 34 R - #7 2h R 347 - 47, 38 —Fr AR S & a2
Fik ,HAME HESS PERAABBLERNEST R A THHALRETEIVABERKAY BRGNS L R
LX) 4% AR 384T kALY SF R A R4 £ 7 09 45 F R 3E 4T R AT AR T4k AR 09 AR IE 4T ek, il At o

FRECIE D ATIEIE T PR AL R Fo o ik 69 A 300

KGR IR 5T RAEAE A G MLA L R IR AR AR B AT Rk AL B B

hESZES . TM 614;TM 761

0 5§

BEA KB A5 AR n 3, KURS HR T B B Y )
wovE BEALME R AN E PSR S SR RGN A
FRSEBATHT AR B IR PR, A XU H, 4 AR 294 ] 8
S BRI XU 2 R i) B RAT AR R G HLA AL
FEMCRAFE , B O L R GBI R A R  BE T, E
T B e RUREL ) T 8 s XU H T R 1 A 0O
Rz RINT, BRTRERE R G B O B A
Iz AT 2 A , B LAHCRE AR 78 23 F1) FH F s R0 17
HESZW R RGBT AT, DI an ey 52 B i
PERIARRE A B IAC B M s AT SR A e A RE R ST HY
PAlCIE- =8 i N

I P A X i BE 2R e 2 TG B I 5T
B2 WA T — RIS R, H b1 40 XU 25 7]
FEAE RRIR D3Rk s 2l RE Ay —Fh EZAE AT R
B B R ARMARE AR G A AR 2 B, 7R A
SERET-HI X D A BT 52 v, SCHR [ 8 ] 42t — il iz
&S B B A8 2 DFT ( Discrete Fourier Transform )
bri | VAT GEN G R e 2R TS e ERIN L
I AU A B 7 J7 vk, E— P or e S il K
HUAMARE 22 8 09 MBI L, (32 SCHBR AU HE AR
MIEFZIEAERE A B ICE , WA T A RELA T R 5
LRI 5 STHR[ 9 ] SR I GETH 7 R 22 it BE - X
H, 2R 8 T Yl i BB ) B /DM RE 2 o 5 SCRR[ 10 ]
Y5 B E1:2017-09-04; 1& 5] H #7 : 2018-06-25
ES£WEB - BRARXMFZALF 8RB (51477027,51677022,
51607033,51607034) ; B & & & #F & #+ X 3R B (2017YFB-
0903400)

Project supported by the National Natural Science Foundation of
China (51477027 51677022, 51607033 ,51607034) and the Na-

tional Key Research and Development Program of China
(2017YFB0903400)

SCEAFRIRAD : A

DOI:10.16081/j.issn.1006—6047.2018.08.025

BT IXUR B AN 5 e, R 22 6 AR 23R 5 2 e R B T
R0 E e/ MERER R IO il E R 4%
PR B R/ T A ; SCHR [ 11 ] 723 Al
FFLE RE AT 1 DR P S i) A R C B A rh B IR 2 57
AR, B AT AR S S 23, AT 7 B 69 77
EWEMBER G A 7, LU BT HOR A% B — i Ak
PEATICE AR T AR i RE IC 7 XU RBBE N R E &
GUIRAS , Joik [R] i 52 BXU A D3R mp R 2 30 8l o0
IR B ok 0 140, T LA 5 0 o0 Fof ik E AR A ]
P A2 28 G0 T e ) ) SO S 90 0 R LA R £
PEAFEOR

BEX AP AE 28 8 C B A0 2, Al R TR & 6
RERLR B HIEA P ARERI LS, R A RE R AL
PRYERE . 7ENLHIE & fiff BEF- 40 XU D R B BESE
SCHRL 12 ] 4t — b 35 T 450 1% 2o A 9 XU R SR 45k e
R T71  F 1 KU 3 i i 2l R U B
e ) 2t AR i 17 S T 9 AN [ 2R 47 320 20, DA T i
Frfffe A il (FZ SCROUHEAT TSR & 5 R Y
TEVES T, I A R BT £ 07 % 0 5 2R AT R 48 1
AN L 5 SCHR( 13 ] 38 3 0 22 G v 17 i Dl SR A7 0
AT, IR & REAEAS [RIB N 20 Sl A7 A2
(R BRERE 2R G2 b PR A AR a2 A7 9 TR JZ 20 #r s 3C
PR 14 ] 1 HH R 0 B A 5 XU AN 1 A ) 5 0y
fige U AZ JAL ) o, LA R SR A BE A 1 R/ (3
FHBA % e G R R A DA 5 3, 0k i it g
Pic B ik B AR AR

BERTBUAT IR R RERIT ST AT [R] ) 25 AR L1 3
FPIPORGE REIZ AT R g 22 T o0 T A 2, A 3]
258 2 MR RGBT, ERUEIR
PEPET5 T, B2 L A e A R A AR S R BE AR
GE T LAAT R K78 H v A 40 B P i, T £
ffRE RGEIbERR A SIS A3 B TR A A E A 3
HAMRFE RIS 34T 0 2 R i A Ty



8

PRIZ G, 45 : 75 XU AN S P B9 TR 1 il RE A S e AL B S s AT e 5 (75

W T 280 2 TR G B RE A i s 1E R BB AT SR 7
TET, A% SCAE A A DG 1 ) 30 ) 5 it 7 A R Ty
LWL A ESEPris 17 AT 2 iR RE R B 1T
AW (RGP R K, FEREAT IR & il HE 1) 2 fiE I
B GBAT RIS AT TS R o XU AN - A 2 R R
DFT A7 73 , 308 U A0 B A L A 0] 88 P i~
FREE LA A TR A i I AR 8- 10 XU H e 3l P
Rt 2% [T B i RE A AF 1) 2R 75 A JAS AT f R
RAMHREM AL, (ErhIRAHRE A R C B A f /MY
SLhil - AT R R S A Las AT R R BT 5T, LAZRAS
ORI o fe i i S PR o B Bk 1 AR SO
Tk AR

1 KERFEIRS R

T SEH)FH JRUREL 1 i R D 23 R XL R T A 0 A
F R AP D R 8 K A5 21 9 8 A A DET 45
i, Ao 2 LA A S, T R AN - A T R AR A I
R AR £, | fo, BORTEANRIIEL f<f, | f<<[fu
AR f>fy WAl AT w2, IXUHS AN S A ) 2853 il
FRFmAmE 1 FiR,

AR B L B
B iR

[ R PR B

| DFT SMi A T 275 |

AL A L
R LS,

R REL /<
LSS <>, PR
1 REBREHEHERSFREE
Fig.1 Flowchart of unbalanced wind power decomposition

L1 KEBHARFEE

fiff BE 22 48 2 1 IC B 22 i s 0o XU, D) R g A7 il
U AR P00 (RS2 s XL R, B i i o XU AR
BRI A SO S SCHR [ 17 ) o B4R 2 000 1k ok
HEAT KL DA A LR 37 H i 2% HLXL
FLINATE ¢« 2R BNE S P, (o) , KI5 TE « 2]
B DR P (¢)  BITE ¢ I 20 08 JXUHS A P-4 2y
Pim<t) y‘:’:

P ()= P (1)=P (1) (D)
12 AEEHERNEEM TR
AR RE TE 0 KA A B L 3l WA

BRI FAE ZhZRFH DET 53, I 70 5l BEAT A
7] e FRL P 2 4 3 AT LA Sy S — RS i 1Y
W IR A , RS SRS R DET £33
AN AR BRI A A

P(f) = ZPM(t)Wfé (2)

Horbr, wi=e V0 N SRS RO UREL
S Ak B AR e ] 7R A

1 Ep(f)(W;b'l t=0,1,--- ,N-1
N 7=
(3)

2L Bl SCRR [ 14 ] (87 18 8 0% 2% 1208 A
7 Ty 2843 R S T A5 B, T s A () A5 3 T s 1 1) 2%
U, 855 0 0 S BN TR A B RSP D 2R A M
1.3 RNEENEMNS R

TR 2 AN - 1l D) AN [ 330 B Jr 75 ) 256 11 2L il
e RSB R A BEAM T A A i A
B S| S, AT R0 B =34y, T R G0
RS- T 2R A AS ) A4 R B AT A TR 4, HLAR ] 2
TR BEIE A AME2AS [ 3 B, 27 A8 fi K PR B % 44
RERGE S K ML T RO D 3, 75 T o AS T) A o5 B b
AT R il B I SR an

a. & AL AR RE E A BE R R v A A TR
B HMEAST- i ) AR AR A S8 ()35 43, X 0L 0
BLf<fi;

b. FEGHE 7 A L A% e iy B PR LA K AT A A Ay
KA RE ) RS B M AS ST Dy 25 1 v AR 43
fL<f<fH3

c. A T MACREGE  f>f, T R+
R T) 2 2 BB A
2 REMEREXRNIHE
2.1 BEEEMNTHERHEHEENSTE

1B E i g 3 G5 76 AN V-5 D R 53 M 5 0 [ f s
S I BT B P A M2, X5 o7 75 2 A i RE A 22 )
RN X () ATLLE R (4) B E

) Xeo(f) € Lfuin oS )
D% re ]
Horp X, () AP IR L DFT 435 45

P A ik R M 1y 23 o LA S AL, A X iz
(R IAE e, (¢) FTHEREXT X2 () BB ELI AR 44145
It H 2% AR EE RGEHCRRCE 1, MFEHECE o, 15
THIERE LR AME IR AN

P,.(1)=

(4)

e, (t)
e 0
=] m W7 (5)
ep(t)n(, ep(t)<0

Horr e (1) >0 B Rt RE R GUL AR e, (1) <O B
Ttk RE R G T HARES
HBE RS EE DK/ P R it 8 52 B 7o ik



@ ¢ 0 &6 & w 2 % 38k
L 1R X {85 P S 1 foy M o)
P, =max{ e (1)} (6) P&,

FERER GE Y W€ At vl L i LLE 2 222K
e

a. G AR REAMET RN e (1) THEAS
FURERELE T I Be N ) RERBE R e, (1)

(0= [ e (e (7)

Hor T AT Dy 2k ] J 9
b. 15 BitRe R KNG, i BE AU 25 i i
TAAE
max|{e;(t) | —min{e.(2) |
- s0C,,-S0C,,, (®)

Horb WA RZS 9 1 R soc,, . S0C,, 43
1 A10.3, SEBRA faf RS 1 R F AR T 1, NI rE
AR IR A RE A R/ N L IE R SOC,, =1
ISR
22 BEENKRERVBHBERSHHE

1 T RE 14 78 H 7K P 7 12 A 4 16 58 Y YL L
DR A 30 3 A 6 328 1 300 D) i S %) ey LR 250 0

i MG RE A (2 A B, H SC B A9 66 e fof B IR
& S0C, AT KRR N
t
socR=soc0—ez( ) 9)

Horp,30C, IR T RUIRES
SR RERE R RS SOC, 17 2 LU 209k 4
P BI85 MR A (B T 5026 T b IR
25 T SCO e AR 25 /M T % T
RERTTIR
max { SOC,, f <SOC,,
min { SOC; | =S0C,,,
i LA B o3 A nT A5 4l RE AR 48 19 0 46 1 fL IR

(10)

max { () |

80C,=80C,,, +————=50C,+

min{e.(t) |

up

(11)

it e R GE W LA far FECRAS AR 12 47 3 A v ml L
AR W A TSR, A R s
23 EHBMBRBEIRPEEGHNHE

FEIE L E 5 e e TR S A B RETE T I B
PIAMED R A Rl 1, AT AG S A RE A I 2R ™
SCHR[ 22 ] $ T —FP 3L T H b O AE IR 22 85 — /B A,
At e Tt P G PR UK B, R LAY AR U B A C,
A A L T T H A B — /NI b ) R B -
INEE A, B LUAE SRS .

stof, Ay = [ 1(dr RO PSR R B

ti-1

S FE IR A8, 7, (o) R WO BB o o 403
5 AW LSO IR 2 0 e 0 2
fir By H
Cy,
ELbzc—BT (13)

o, €, AU R 7 L, — it
i R AR

P T P 2 R 5 2 U B o AR U 36
SRR 3 5 fir, 7 DA 7E 052 25 Al A o L%
S G PR AT UL 2 R A B T P %
BRWIA G C

Ey
CeZE (14)
Ho Eg BB AR AR RS AN I H 300 3 A4 R e,
Wt
[F]FE  HE R A R Ay .
E ——CS'"T 15
Ls = C ( )

Horr, €y B R A AR AR RS R 1 5w A 3
X (13) . (15) 3% ¢, , =500.C,, =50 000, 7 i
i SCHR [ 23-24 T3R5,

HH FAERE AL 2% 5 it i g i 75 ik L T 3R 45 A
O, PRI AT 43 381 25 F, el A 8 R 2 PR 2 A T 1 4F
TSR -

1
T, = F( k, Ecssib +k2P.~,ssfh )
Lh

| (16)
T(,'s :EiLh( k3Eeas,a +k4pess,s )

Horb ke ey ey ey YRS ZREL 3 B0 R L 1 MW
UIRAESR( %) M 1 MW-h R ($) MR
LA 1 MW DIRAESR($ ) KPR AR 1 MW h
FHAETR( S ) E, NHRME R E, B R
aRA P MR P NSRRI,
HY SCHR [ 23 ] A4S, e Ja ARG LA 1 3 B 5 2 9 TR 5 6
B AR GE AR F i BUAS Ay 75 H L At 0 R 0 25 2 it
RERVAREAE D Z AR -

Tepess =T, + T, (17)

3 BUEMENHE

N S BN Dy AR A A [R) BB 0 3l R AT A%
VUSRI R T TR i RE A B IC ., 5 0 58 AP
O RIEUEIR £, o BEOrET



8

PRIZ G, 45 : 75 XU AN S P B9 TR 1 il RE A S e AL B S s AT e 5 @

3.1 EIRELSRE £, MERE

HARAIE L 0 431 32 Qi 22 d5e KA A, 7E SR VFTE H
W, AT D3R B EAE >, B [R5 & i ALAR
ot SCHR[ 19 ] $2 T — Fh 25 T 2 R4 % PSD
(Power Spectral Density ) [ 75 7 3 71 58 5 I HL ) 4t
s, BAELUIT 3 MRk E .,

YR 1 HE T DFT b RSP ) 56 5 (4 40 1 45
IR RIE R PSD(S,) o

AR 2 AR TR 1 A b SRIBCH A3 g 22 )
ik % B PSD ( SAfgrid(_/} ) SA_/grid(/) = ‘Hz(f> S.(f) ‘ ,
|H(f) | ZR e ema iy (R A, S, (f) AT D) 2%
23 DFT ZJ5 R B Bsas R, [H(N) [= [6(s) |=
|G(i2mf) |,G(s) WRGI LB R AL, Bl 2 ST 5Y
FRGT AT A

1 T+sKeTx 1 1
+ TsTr| ™ | 14T | |195Tse |~ |R
AP, (s) 1 Af gﬂd(s)
+

D+2Hs
B2 f&ih o B ST R i R AR B

Fig.2 Frequency response model of transfer function

BEAI T ) Z BT . ] B A 0 5[] 8L T, =
0.08 s, V54 25 V& 3 2 50 R=0.05, IXGe HLF B H 5L
K =0.3 VA LA R 2L T, = 10 s, ZE1 4R ML
[ H 5 7,=0.3 s, B I RGEERHE ZE D=0.1, 7
GilE H=5 s,

0.012 $’+0.191 5°+0.519 s+0.05
0.12 s*+1.913 s°+5.21 s*+2.512 s+1.005

(18)

SR 3 AR 2 R 00 PSD( Sy, ) BB
7 380 ol PO 03 Al 22 P SR A0 (2) o

E I A R A E B FTE TR £, B
{8, B m g 3 fros, B ok AR , & UL
HTRAE, FEAN T D) 58 7 3 3 908 30 s 4 5 e
JOL RO | i — 2D TSR v O Al 22 ) B R 3
N S A 11 L R B S 4
A, R BB AL YIE £,=0.5 Hz

Y []

R PR LA IR DL R (£ =1, i)
DFT fEAPHTD) AR Py (1) I
TSR R Tl e SRR 2 S,

)

TG0 B S AR 22 1) Dy A 1S
B%, SAfgrid(f):|H2(f)Sx(f)|,
TR A EL X A3 AR 22 P A

r<<-aaug;s-»»

B3 #IESmE £, EEREE

Fig.3 Flowchart of selecting cut-off frequency f}

G(s)=

i%@@

B 3 A Ao A A A AR A R DR % g 25 B A,
3 2 LA FE DX AR 38 i 25 5 L e R ST W L A R
SR, XFEN T IRAHRE R IR A
S Dy R A K TR A HE X RE R A Y TR AR
HR/NEDRML TN,
3.2 {RIAEIESAR £, TRE
TEWRE T mAEUE R £, B ERl b R T e
IRABAR L3513, AT B A S A T 238 43 B = 3B 53
BEPRATA R £, B2 P HE B LR 4, 3585 H AR
FEIRA MR R G AR e/, BAR Ty v 2 R 4 8
A E A R SR B AR . 1 Sek AR R B APl
Ly 280 TN ST R 1 s AR LA £, 2 =
oy FH 36 0 U0 i Ak PSSP T R I R S )
R RE R DR A W Ry LR A i
RERGERAF AL 2 , 30 o H B 47 46 9 2 75 38 B e /D ok
FIWT £, R IB B, WERTHW £ T IR
RERGAH LLAEHT £, T IR A e R G AFFERE /N,
M2 f, BB H R IR A e R AEFE IR BN FRE
S e IREAMERER P N RE A B /MR
B

o | BN RUG R AR Py (1)
AEUESR £, & A= 1

'
ISP A B IR f <A A < f< Sy
i) DFT A28 Py, (2)

(1]
FIAR(6). (8). (15) 437
THE Py v Eess s T Ey

]
FIAFR(6). (8). (13) 437l
THEL Py o Euss v 1 Eyy,

(] (]
[HEIR G ARG A2

T
L
Y

v th R AN 2
HARNEER
4 BUESR £ EEREE
Fig.4 Flowchart of selecting cut-off frequency f;

4 ETHSLARMX B GEEEZITRIERE

4.1 HSARERMET

Charnes F1 Coopers # THLEA RS &
T T ik D AR AR Y 2 o S A v A BE B Y [
I AERERLAS f 1 8 Z AT S IR, BEAR L2
LRI

max ]7

st. PA(X,0)=fl =a
P ig(X,0)=<0,=1.2,-,pi =B
Hor ¢ ONBEDLAS B X MR AR B o, BN AR A
I EAE AT £O) &) NE A BARK TR
T sp A FERAE, A S B BE RIS 1T 5w mT LA

(19)



@ & 0 8 % w it %

EIRLE

IR RE A & o B bR, AR R G s A, 7T L
it SR A RE B R s 1T R
42 HSARMRIES
T 2 ff BB 25 1 VA 8 DR 2 )5, il R Ge 3R
F K, A E S A RE RSB TR R LI,
T A A A v R A TN 5 2 2 ) e AR A
RECHNE, B TR EMYLAZ S, ir B A
FLAY Ry E A T 55 0 i 2 2 R E A ) T
AT DL I SCRR [ 26 ] H i) T Bk AR AR (B T iR
ERFEIER
HIEUIEINER 456 LR IGO0 L AR SCHL & 2
RAERINT .

max f

N; —
st. PLY (CHAC)(PI+Py) =f} =8
1=1

PP =P'+P" =P i=172, N}=«a
Po.=P =-P 1=12,N

N,
co.= Y PRAL = C

i=1
N;
2 (PrAt,m, — PZAL_/n,) =0
1=1

(20)

Hp ¢, JyBtalBe i NI EAY ( $ /(MW +h) ) ;
AC, AESTE B i N HAN LR 25 ( $ /(MW -h));
N, Bt BB Py A Bt e B i PN R T XL R 3 R Ay
s Py ORETRIEL @ N RIAERE D) R s P o R )
B PEONTIEL I 5 Ae, Ay B[R] () B 5 A, A 58 HE B[]
() B 5 A, SRR FEL B T (R B 5 R BCFR R s, A TR
HLRLR PRI P A o R D 6 | T RR
Ce HBRER R, P oAtk fE R BiE %, P H
PRl RGEARFIRK , LIRSS SRR N KRG H
WS FAT AR T £ IR T T ik
B B EAR K B S G XU HR T R A% fiE G 4
R 2 e A G BN AR B S T B E
FIK- o fifh RE S HH T K/ INELAE it B 1) A T R
TR DY 5 i BB B Y T H 25 B A B H L 5
F0 HL BRI L R B LAk B R 1 7T H R
ER NGNS

ENS QL SR R PG (=R [[ES R S
it BT IOl 2> A SRR R S A &R GBI A
WAL AL TR BB, 7 T AT 3 R R AL
AR, RIS 4 R 2 R0 R E A v A7 .
JERTAT, ) 4k 252 308 A7 28 AR S AR A8 AR RE 5 5 0],
IR [FT B A B BRI, B, R IR ET ARG R AT
PE A0S AT A7, D0 b R S 0 FE O AT A8 X

AR B
LT o

5 HiERTE

SR 05 A BRAR A SCRR B, T TR A A AR SCRAR
T, Bk AR 5 TR,

(AT PRI
! A4

[FIFA DFT Ao SH

R A LR A A R B
ViR GadEia
'
HEARIASTEEH SREL
SR T AME BE
fififie
KE
N T
%t
________________ o
i
ETFHESSHEST é%
Pl Bk
iBfT

|tk T | R
B5 BAMERERAUEERETRBELREZE

Fig.5 Flowchart of optimal capacity configuration

and operation strategy of hybrid energy storage

AR 1 ;S A BN - i By A0 AR 43, ) ]
DFT 73 AN h 38, 45 2 HAUEE B

R 22 R R A YA B AR AE A [R5 BE T s T
FRUPR, SEPUARI B o ) e AT M, B S U L Y
SHBUR fy o TERASE f,, BIRERR D, E S PSD 5 12
) R i R H, O 31 3%l 2 45 380 HCINE S o v, ) 450
R 22 & AL FSCVFTE R N B % £,y BOBRIE

AR 3 AR SRS B fy R b R IR
PR3 BRI A5 3 e /N TR B A E R 48 B AE
B, R 2SRRI R D7 ok SRR AL £,

IR 4 SRR G At BE 2 5, 4 AU ) AN 1 Ay
Doy 3 B 4y, B < fo L fo<S<fu VAL
S >fue

RS AEARFEL f< £, fo<f<fu UK S >fy W
73 A P Tt E R 2 F A e A RE L S [ 2D
HIPLEEA T M2, I 2 TR B R RERY 28 6

IR 63— FI W TR 25 (B Y G BEE, G 3
k2D ST L2 2 A A | 75 Wk [ 20 3R 2 T
I B

AR T HE ST L2 2 SRR A B S i e 1Y R ft i
FroRmg iz fe b LR GEANIE R Ry Haw, JFTEZ) R
AP 25 AR KPS B 2O 2 TR XU H ) %
a0 R BRI

6 HHISH
TR B A REHERR AR 1E BEHLYE , Foafl



8

PRIZ G, 45 : 75 XU AN S P B9 TR 1 il RE A S e AL B S s AT e 5 @

MR AE A BN H Uy DR AR SCRE P 52
LR Ay 52 Ja] B9S2 Bz A7 530 Tk B i e 07 1%
A R
6.1 AFEHRHMER

JRCE AN P A 2 A 23 K an & 6 Jr s (1A
RTINS A AR, JE D) o v AN ) o
AR oA A B R OO L an &l 7 B
(PRI R br £ 16D .

0.6
% 03
=
g 0
]}i_ -03
-0.6 . . . ) )
0 20 40 60 80 100
i [A/h
Bo REMAFEDR
Fig.6 Unbalanced wind power
10
<k JT<ta | 2 ha
107 '
o
IE
103 ’
10 1 1 1 1
10 103 102 10!

S#R/Hz
E7 AEERMEE
Fig.7 Spectrum of unbalanced power

I bSO R AR i AU
W S, | f WL T iR AT D 23R 00 T =
43, XTI AN [R5 43 A AN P-4 Dy 2 S T ) —
WS P AN A5 T 238 5 A — A, L By =30 43 A e
WS AN 8 [T, X I AS [ 451 B BT 75 2 A
D) 2R BR b SCAr B 5 R AT < LA BE R
AN T R R A5 AV 28 1% 1 350 43 X T f<fy s BB
HL 2 kMBS PR 3R 0 TR R 43 £, <f<fus N T 4
FrFL SRR E ,f>f, T05T HH R G 1R 25 & B AL
-4,
6.2 REHERIERSE

HHEE LT 2R G005 25 AN T 0.25% , 8
o HE 3 R AR E A £, =0.016 3 Hz, &9
Sy i 358 L XU 00 23 Al 2 R SR B [ (R % B, T L, 24 4
IRG I HE R Ge i U8 V-5 D) XT i £<0.016 3 Hz
(>61.35 s) I, EITh T 7R R S8 B9 45 34 22 4 0.23%
TRV B B RTE ] 0.25% N, T A IR G B RE R 48
TE AN ) R Rl 25 L 22 EEE Y 0.25%
BCUESE T 5T PSD i #l kA £, B9 0

T R AR AT f, S, N T 4 i R R
5 f, B f<0.016 3 Hz BB 4k 52 5 I 20, [
10 AN £, PIRGAHRE RGERAFEAE 2 R/ MG O, 7T

RV

0 40 80 120 160 200
FfAl/h
(a) XTRISRER F<f, 5 F AEE

S 2
[ERES

ViRE iIES
(=

Lo
e 2
IO

6IO 120 180
B Al/h
(b) STRBRE £ < f<f, 0 EEE

<

AT

0 25 50 75 100 125 150 175 200
Al /h
(o) XREIFAL > f, T N ER
E 8 FAEEIHERMDHF
Fig.8 Decomposition of unbalanced power

S 10r
0.8 -

& 6 \ JLHESS
04 f A HESS
E 02 k‘
'EJ 0 1 L ]
20 40 60 80 100
FREEM /%
9 B R R ST EE AR = R R A 1)

Fig.9 Duration time of time-domain frequency deviation

0.’25 %

2.50x107
K&
NS
@ 1.25%107 £,=3.923 4x10~ Hz
'Ed- 0 L L L 1
10 10 10 102
W /Hz

B 10 EARE f, THEr HESS A
Fig.10 Total cost of HESS with different f; s

UL TE £, =3.923 4x107* Hz BHAFEAE 2 de/)N , TR I B R
RAREL IR £, =3.923 4x107™* Hz,

JAREIREGE RE 7 5 T A BE 2 B KN, FE 3R
1A 550 A & H A R L A
BOERE LA 2Bl T 2 FhBRERT B35 45 R (%
H R AR ZE) , PR A SO R A ke
FIAEAETR N $ 1.149 97x107 . S5 FH—Fhfifi g BN e
HMAHRE S MR A R e T A EE XS LR F |, F
FHERFPE RS 0 T ML TR I B K T AR SR A i g
AT



@ & 0 8 % w it %

EIRLE

x1 ARBRTHER

Table 1 Results of different scenarios
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Table 2 Results of different scenarios

4 4 5HLH 3HHLA
Su/Hz 0.018 0 0.039 7
J1./Hz 3.943 5x107* 3.681 3x107*
F T ) % 0.3125 0.289 3
Ht 25/ (p.u.+h) 2437.1 2341.2
BRI 0.120 3 0.113 5
YA A/ (pou.-h) 73.56 83.259
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Fig.13 Impact of Af, . on optimal annual cost of HESS
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Table 3 Forecasted electricity price in electricity market

P fi] HLN/ st ] Lt/
JAW/h [ $-(MW-h)'] || ABI/h [ $-(MW-h) 1)
1 15.13 5 12.83
2 13.63 6 14.36
3 12.81 7 17.74
4 12.31 8 21.84
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Table 4 Operation strategy of energy storage with
different iteration times

HsJ [ fHRET /MW

JE/h n=50 n=100 n=500 n=2000

1 -1.17 -3.63 -5.86 -4.69

2 9.62 2.38 -5.04 1.91

3 3.44 -8.41 2.05 2.21

4 -1.97 9.91 6.11 -1.81

5 -0.18 1.91 1.37 -0.46

6 1.92 7.93 1.38 5.47

7 -9.15 -6.45 6.00 -4.96

8 -2.51 -3.64 -6.01 2.33
HARME/ $ 2.84x10* 2.85x10* 2.86x10* 2.86x10*

KE, ABARLR B I 2 TR, i
Sl BEAE AL RIS FE RS, R s ISR, AR A B KR
I, JIT LA FL A 001 ) o 8 PR G R S A T SR T —
PDEENEK,

5 AT TN DR 22 2 H = O AN [ HL A T
RZETT 72 6 N AKRERYAHBE FE I AL DR MH, IE AR
FeRL, SEACIR , T UL, A B R 2 R, A
H 5 E HARE $2.86x10* (28K,

x5 AEBMNBMNRE THEERLIESITRE
Table 5 Optimal operation strategy of energy storage

with different price forecast errors

i) FHRE R/ MW

JA/h =1 5%=2 5=3 52=4
1 -1.78 -3.61 -2.81 3.34
2 2.57 2.30 1.43 -3.62
3 2.96 2.61 0.84 1.31
4 -1.81 2.83 -3.52 -3.36
5 3.37 0.78 1.33 -1.18
6 -4.75 1.38 -2.43 2.39
7 2.34 2.32 -4.68 -0.41
8 -2.90 -8.61 9.84 1.53

HFsE/ $  2.868x10* 2.868x10* 2.862x10* 2.850x10*
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Fig.14 Change of target value with different confidence levels
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Short-time segmented photovoltaic output forecasting based on similar period
LI Jianwen,JIAO Heng,LIU Fengwu, WANG Xueying
(State Key Laboratory of Alternate Electrical Power System with Renewable Energy Sources,
North China Electric Power University , Baoding 071003, China)
Abstract ; Aiming at the problem of low forecasting accuracy of photovoltaic output with inadequate historical meteo-
rological data and severe weather fluctuations,a comprehensive segmented forecasting method suitable for small sam-
ple and various weather conditions is proposed , which combines the segmented neural network model and the similar
period screening method. The segmented neural network model is used as a supplement to the similar period scree-
ning method when the similarity is not enough,which uses the historical photovoltaic output data to train the forecas-
ting model. The near-similar period neural network is adopted for forecasting, getting rid of the constraints of histori-
cal meteorological data. The effectiveness of the proposed method is verified by the training and prediction of photo-
voltaic output under various weather conditions.
Key words : photovoltaic output forecasting ; segmented forecasting ; similar period ; neural network
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Optimal capacity configuration and operation strategy of hybrid energy
storage considering uncertainty of wind power
CHEN Houhe , DU Huanhuan,ZHANG Rufeng, JIANG Tao, LI Xue

(School of Electrical Engineering, Northeast Electric Power University, Jilin 132012, China)
Abstract ; Considering the uncertainty of wind power,a method for determining the capacity of HESS( Hybrid Energy
Storage System) is proposed based on spectrum analysis, which makes full use of the complementary advantages of
supercapacitor and battery storage, on this basis, the optimal operation strategy of energy storage is proposed. The
DFT( Discrete Fourier Transform) is used to decompose the unbalanced wind power to obtain the frequency domain
information ,and the HESS is used to suppress the unbalanced power. An optimal determination method of cutoff fre-
quency is proposed,and the capacity of the storage battery and super capacitor in HESS is determined. On this ba-
sis , the operation strategy model of energy storage based on the opportunity constrained planning is built, which takes
the maximum profit as its objective,and the genetic algorithm integrated with Monte Carlo method is used to deter-
mine the optimal operation strategy. The validity of the proposed model and method is verified by the analysis of ac-
tual data.
Key words : spectrum analysis;hybrid energy storage system;chance constrained programming;operation strategy of

energy storage ;optimal configuration



