F42%5 F28
2022 F 2 8

Vol.42 No.2
Feb. 2022

® 2 & % wE &

Electric Power Automation Equipment

1] R AL LBl i 4 AR RR e B sl g ik

iR ERR, EAEL, TR, E 2 E 0 OR!
(1. BRZ G o AN B ARFHRR, LH dw 211103;
2. BRI B ARG 508 L H dw 2111005
3. AT KF BRELELIEETEREFRALBRELELRE, XE 300130;
4. AR IEEFHARMAR, LFE 102209)

WE . THARRG ZEANSRARAFEZAEATRAWHvh, RIABEEAT R B 3h4 5 (EV)EFL
APk THLEG TR B R RGBT TR FAY 1 3E, SA M RKIBEEV E R EA AR 7 ik
FRREME T EV Mg B AFEAR T AR SRS R LA RS EH T X R XENEHNES
dm K LR AEE D FiBEE R RS, AT HBAELEPR,IRET —Fd@e KRAAEEV £ B0 [/ 10 E 4L
Fedz il ik, B, RODH T EMEVEy v AL /BT 3BAREFdFra i X K6, AR A FRIK
AT RREHEKXIBEV EBGRESH ,FEEVEBGM BN EFRTRAYTEZ, 3IAEEVEATFREA
R A, FIAF v 7 Ry )G, & T W2 R AR IR R 5 AR T 380 ik AL %, BL¥%
BB A EV 2048 B 69 245 5 AR T 2@ 45 09 %K, Fh45 A4 RIIE T AT 82 A fe sl o ik 09 B 20K

KEIR : wBA F A AL 2B O R R AR e A

FE 43S U 469.72

0 5§

UTAER, Bt LA, DGR AR A TT-R-A: REJE
MU KR, I S Hh DR BT BAT A BEATLE A 1] Bk
PERS S 20 0] AR BEIROE Mok 1 B A PR, it
| B AT AN - ) R A T BT X A
R, — A R R D7 vk S C B — S MU fiff BE BT
e R s 2 R R e e A (D E N 1 12
Bt A4 B85 B AT A B, R MU I it RE E
V5 23 B AR XU HE A H I 0 22 55 12

BT A E AR AR A 1Y K e BEOK, WL B R4 EV
(Electric Vehicle) A H 5 fRHE A 3, BCA IR 4
SR EAGHTIEX . EV LI MU RE A B ), AT 4
P 5 B AL W FEHL , R BV 1Y 58 H 5 A X
HL I s A7 72 A T IR ZI . i T A EV iy
FoHL IR BR S A I ] KU B AT el H R pE
W S 5t L BE , KA BV RE 2 Sy vl X 42 it A 2Ly
i%[ﬂo

EHT, A 225 B0 MR EV SR 0 A5 12
AT T —FRBVRIBIFE - SCHR L 6 JHR 5 22 18 £ 1) oA
MU, AU SRR Sk g 1 EVAERER SET T
PR, LIVEAL BV SRR FEH 0 5 SCRL7 IR
Wr#s B #3:2021-02-02; €[5 H #7:2021-09-14
EEUH B R AR/HFASFFELTIAA (52107099);
T E s A A A @ L8 A (2021M690810)

Project supported by the Youth Science Foundation of Na-
tional Natural Science Foundation of China(52107099) and

the General Program of China Postdoctoral Science Founda-

tion(2021M690810)

XERFRERD: A

DOI:10.16081/j.epae.202111004

AT BN S g~ PR BV (9 A T A FE
AR, PETAS T 2 R D B R () BV R £ far
TOUIAS AR 5 SCHk [ 8 AL P AR e B X BV 32 A H
WAT N AYSER , i T EV SERER, BE PG T EV
FEHL TR I 23 0 AR, 20T T EV 383 AT H
W s 5 SCHR (9 158 20 0BT T P X se B 75 oK 9 22
Sk FEGRUE T P I RE T SR B S ml -, dE N7 T EV 4R
FEALRY ; SCHR (10 ] 1T 7 B RTRIC L 2 o)y 6 58 46
J7 3 S T EV AR R B AR AN [R] B 2 1)
AT AR BA R EV SRR kT BI04
MrEV 4Rz R 2, WTALRLAS EV B AR 2,
R ZGE BT R FT ARE EV SERER I N B T . SR,
TR EV R S, O A @A i e R g
Z% B e DA ST R )

H AT, R E A 2= 3 B KU BV LR 145 i 7
PRIEAT TWFSE : SCRRL 11 R T 38 @ AR 7 f 0 i
BIER T T RECR DRI S 0 BV R
J¥ FECH T s STk [ 12 TS T R EV AEREIR R
RIPRAN AR S T EV RS 5Bk
L2805 a0 0 SR FE 7 s SCHRL 13 [ B R EV A 5
ff IR ZS (SOC) Y 22 Sk $2 18 7 —Fh T R 4 iy
2T E AL FR A BV A B BRI 2R SOk
(14132 T EEXF EV S RER ] o B9 AN S 1 42 ol
ik, BRI R A e A RN A EV, IF
W SEEHE IEGHE A P R AT SR . B MR LR
RO BRI B EV BATIRS 1 25 S e 1 4E
HE ) B2 P RE S B X R [FDRIRZS B EV 7= A AN TR )
ERIMES . SR, 6T RHAEV R, B A



28

L7 A T ) KRR B AR AR A BT S 1 T v 57

i) 7 VA T B A R S AR AR S, O A
A7 AR A L SR 48 45 BV, S 0T
g S I3 15 e g B4 R LA o 3 £ i o e 5K
e R T

N T DR AR TR, AR SCER R R HLRE BV A7
Pt 7 —Fh e AT 1, AT BRAGAIR S 7 X
A EVAEREBPIRZS 0, WAL BV AR AR AT R &
A RO T BV ARRER R A I R IR s [T,
FTRALHEVALRL 32 TR EHIE S, 024
AU B R AR S 2 A5 5, AR 1 4%
77 12 B S AR B A ) S5 B A A E A TR L
X X A i ) i K

1 BIHEVER

EVINTE R e H 2 AR Mt %R EV 5
H, O 22 46 D F4 00 Jy 1), A SCE LT 3R EV H2 AR
A :OFEHR A CS(Charging State) , RIEV DLUAH A
DI L BRI AE s @25 TRARZS 1S (Tdle State)
BEEV 5 H [ Z [ B A A Yy 28 3 QIR RS
DS(Discharging State) , B} EV DA% 2 A7 D) 2y % 1] Hg
Wi RE . 45 G LR 3R EV 5 ACRE  EV AR
Ji BARAS A A] IR h

pi~<fsni, es CS
K
§(0=10 15 (1)
_ Pias DS
M:.4:9:

A s (0) M e BEZEE B EV L SOC s, (1) 19728 1k
g N IEV P B po o p BN ER i
EV W#IE L I m, o, S0 RS I EV
FYFEHE BB

T IMEVIAME A SCE LT 4R EV i i
75 2 CBP A —Fh e ACIRZS VI3 55 — R AIRZS) -
DCS—IS,DIS—CS,BIS—DS, DDS—IS.

EV ARG T 4R mE 1A, B e, .
t SRS VA EV A BT E AT 2 55, S e
39 R 5 i EV BT SRR SOC B/ ME B KA 55, .,
S0 20 R ER B EV YA AT 3R SOC AT R
SOC; FFISY X 558, hy 32 Hi A7 Bsf 6] F0F BE 7 SR 20 ol 132
FIXI 5 A-B-C Nis A7 X Fih L, R EVIEAR
I Ji 7 B DA A2 DR 7R L (A-B B ), H 31 SOC 34 %]
S ma I PRFF 2 B TF L W B Z1 (B-C B ) 5A-D-E-F iz
AP R A, R BV 422 A H W5 7 B RLAUE TR
L (A-D BY) , LR SOC IAH s, . AR 25 il 75
AF 20 (D-E B ) , 2 H R EV JEA 8 il 78 F o 72 DA
PRIE S T B R H 3t SOC 3k 8 s, (E-F B o

fooly, i fn 1

— BT IR R R, - BT I IR
- JEHEEV 19 SOC

B1 EVAMEHIEITAR

Fig.1 Operation constraint of EV after grid-connection

2 KIIEEV EREEE

FE o Z) BV AEREN SOC ly s HAR T CSHY EV
BN X (s, ), RO & B EV B E RN
(R TURE , BE (5,00 8 o ) VBB TE A (5,50 23900
EV HL SOCHY | FFR ), X (s, ) B o i 2037 F 78
Ifils BAYEV SRR, BRI L, v AEEEV
SR AE A5 T P BN, W B H SOC R - 24728 Ak ik
JE s o S B 20 gk T s 19 BV il
Fo(s,0), AKX FASEs 5 RE W F (s,0) 5
X, (s, t) ZIRIB R AT FRR A

F (s,t)=X_(s,1)s,.(t) (2)
Krfes, (o) B e BFZIEVAEREN AL T CS B EV 1Y SOC
R
T s, () it EA s

S.cs(t):l)«,snus (3)
q
N, N, N,
zpi,cs 277{,% zl],:
i=1 , ., == , g==1 (4)

P=="N, N., N,
R pomo g 209 EV SR 2 %8 E Fe L T
FOMHEACE AR N, NEVERNNEV
B,
FHFK ), X)) TR 15,
F(s,)=X.(s,1) pqn (5)

TEFR/INSOC X 8] N EV ¥ & 1) A8 A48 il an 15 2
fitn o X ICRR /NG SOC X 8] [ s, s+ds 1, 1% X [&] Y
M EV BURECE N X, (s, 1), X, (s, 0) XF ¢ B0 BRI

0X.(s,0)/0t
F.(s,1) 1 F. (s+ds,t)
I I B —
ds

B2 FBR/NSOCKIEMEVRENZLFLR
Fig.2 Change of EV flow within an

infinitesimal SOC interval



58] L/ AR {7 G-

Fa02k

ZIX Al EV i AR e, 455 K (2) , al A AR
P X R B EV i i 25 EH S XK B Y AR
aX.. (s, t) /o, = (6) s

0X. (s,t) — F. (s,t)=F (s+ds,1)
ot ~am ds -
oF _(s,t 0X . (s,t
ST I MO
ds ds
PesTes
a,=——
q

B2 EV AEREN SOC N s HAEFISHEV
BN X (s5,0), X (s, 1) R TAE G s 50 (e AL,
TAbF IS B EV /) SOC ARl 4 B[] ¢ 11 A& A=A Ak,
X,. (s, 0) BfESHA] ¢ B9 AR AL 0X (s, £) /0t W= (7) B o

X, (s,t)
P” =0 (7)

E Xt ZEVAEREN SOC H s HAL T DS EV
BN X (5,0), Xy (5. 0) R T AR i s 51 R L,
X, (s, ¢) FlEHA] ¢ B9 AR 4038 0X (s, £)/ae AN=X(8) Fir i o

X, (s, 1) X, (s, 1)
o T g
(8)
Pas
ads:_
MNa9q
1 X 1
=D Pia> Mo =7 2 M 9
Pas N. ;Pz.dh 7. N. ;7].4. (9)

K s po o, 5300 R BV AT ()1 349 50 5 D) 3
JHACR o

EV 4R/ SOC X 1] F1 i 12 A48 A0 1 O 4 &l 3
TNo HEEEEV ) SOC AR ALIE BBl [ 5, 500 | B HUIE A
N(N <N )RS T XA, BEARS T X R A R
As, YN8 % & EV ) CS IS . DS % 3 Rl AR, 451
NI EV 7] DR i1 i 2 B4 AR R SOC,
BN H e fPIRAS T X ], e & H 3N AV RS T
DX [E) 1 R FERE N EV R 2 43 A LA B A 2T X
] Z [ EV B3 s A A Ay ), i i i sk s . &l
3, Xi(1) — Xy (1) Xy (1) — X (8) s Xy (1) —
Xy (2) 5351 R AH 5 DX ] AR F €S 1S DS 1 EV 4

CS [t - el - [t

DS XZN,,I(tLL";E(zNﬁ,-I(Qj_XZMj,(’)J{YZNﬁ,H(Q_L“;L Xiy(2) I

— AHARIRA T X ] Z [0] EV it ik (19728 1k 1)
— ST RSB EV Ui 22 {7 18]
I G, AT N AR AR |

XFRPIRASF X Z B EV A3 R

3 EVE#HKSOCKEMTEENIER
Fig.3 Change of SOC interval and flow of
EV clusters

B R je(1,2, -+, 3N ) AR T X 8] S
5 AR RE AL TR T XA B BV BUR X (1) AT R
NH
X, (t)=N, 4 (1) (10)
PN, by (0) R e P ZIEREN EV 3 ARSI SOC 4k
FRETFIXE I EV g,
45406)—8) , ATLL N (TD iR £ HEN EV
TEASRAS F X [A) 22 ] () i A1k
—a, X (1) j=1
~a, (X,(1)=X,_ (1)) j=2,3,+,N
. 0 j=N+1,N+2,+--,2N
=, (. (0)-,(0)) (i
j=2N+1,2N+2, -, 3N -1
a, X (1) j=3N

P X () A TFARAEF XA j 89 EV B X () 8978
R, =a, /As;a, =a,/As,
KO AR FEIE R -
X (1)=AX (1) (12)
A X (0)=[ X, (1), X5 (1), ==, X5, (1) 1"5 A BNX3N
B A B R R L an B s A (A D B .
EV 823 A HES T 1 W 252 SRR EV 194K
i, AT 52 0 2% ) 2] B A IR A8 - X TR N Y BV £,
SESCX (2) 20 ¢ B 2048 A RN ES TF B I EV R A 70 A
FERE, =X (13) R .
X, (0)=N, fi ()Xo = Noo S (1) X (13)
K £, () Lo (0) 535 L B2 EV S8 BT
F, [ ) M SR 4 B BRE N, N, 2 — R A
BT EVEE X, X, 3R 3N X 1B 5 i
PMFIRIEA (BTN EV 7E £ RS X Rl Y
7 FL
FIEEV IS BAMBE IR G , EV 4R
AN (14) s
X(1)=AX (1)+X, (1) (14)

3 RMEEVEBFRYIEFI T %

3.1 EVE&EEEH IR

1) CS—IS 1 IS—CS i 2 Ffip i 77 s & I ZE EV
TE ] 3 4IRS X ] 22 [] i e e AR AR R 400, 430 2
S FRATF X LN A FEf BV, 0] DLl CS—1S i
N7 RS F X 6] N+ 1 925 R EV 50 5 1 4k
FREFXMEN+1HNAYZS N EV, 7] LU i [S—CS
0 157 7 I IIRRAS 7 X 8] 1 N A FE L BV Bl

XA CSHEV I & AR (1), 2 CS—IS
FIS—CSIX 2 Ffma iy J U5 , 2 REF X[ EV 4L
A RIR N




28

L7 A T ) KRR B AR AR A BT S 1 T v @®

—a X (1)=v; ()X, (1)+
: w; (1) Xy (1) j=1
O3 x0-x,, )-nox 0+
w;(t) X, x(2) j=2,3,++,N

Ko, (1) (j=1,2, -+, N) A POIREES F X ] 5555 5
REFXMEj+N I EV =5 X, () B LM, 0 <
v ()< Ly, (¢) (j=1,2, -+, N) R AR F X 0] j+N
HRRREF X j A EVEES X, (1) Al
0 <w, (1)< 1,

XA T DSHEV I, T2 (11), 4 DS—IS
FNIS—DS X 2 Ffiia i 7 20 , 2 IR F X N EV ¢
RN

=0ty (X (1) =X, (1) +o, v (8) X, (2) =
w;_y(t) X, (1) j=2N+1,2N+2, -+
0y X (1) + 0,y (1) X (1) =,y () X; (1)
j=3N

. ,3N-1
Xj(t)z

(16)

e, (1) (j=2N+1,2N+2, -, 3N) HHUR B FIX
] j— N e B BPRZS T X TA] j B9 EV B0+ 5 X, (1) 1Y
A, 0<v,_ y(t)<15mw; y(¢)(j=2N+1,2N + 2, -+, 3N)
R MRS DX 1] j 5 3% BAR S+ X 0] j - N 1 EV £
H5X ()W HAE, 0<w, (1)< 1,

XFATFISHEVITE, TR (1), 4 CS—
IS . IS—CS . DS—IS  IS—DS 3% 4 Fft i )37 )7 25 , 459K
AFXEHNEV ST FRR A
—a Xy, () +o, ()X, (t)—w, (1) X;(t)-

v (1) X (t)+w;(t) X, () j=N+1
U (0) Xy (0) =,y () X; (1) = v, (2 )Xj(t)+
i wj(t)XM](t) j=N+2,N+3,--,2N~1
a Xy (t)+oy (1) Xy (1) —wy (1) X;(1)—

v; (1) X;(t)+w,; (1) X5y (1) j=2N

(17)

E X ) V(t)=[v, ()X, (t),v,(t) X, (1), -+,
vy ()Xo () 15 W(2)=[ 0, (£) Xy (2), 0, (£) Xy (1), -+,
W,y (1) Xay (2) 1", M (15)—(17) A HE W 00T DL 3%
R

X(1)=AX (t)+B(V(1)-W (1))+X,(t)  (18)
BN 3N X2N B, ankt s A 20(A2) s .

V (1) T 5230 CS—IS Fl IS—DS Wi vy 77 2, H i)
JEMGINEV SRR TR, W () H TS IS—CS
A DS—ISm py 5 2, H B2 EV AR H th 2
o HIEFTE PRI AT IR > BV R B A
I RN R A BT LA (18) i ATk —
AR, A U )=V (1)-W (1), U4

X (1)=AX (t)+BU (1)+ X, (1) (19)
g F|(19) 2 — MMM AL R0, X H
AT R AT 15
X (t+At)=(AAt+1) X (1)+BU (1) At+ X, (1) At (20)
s Ae Ry B IR R B [RI AT B 5 1 2k 3NX3N B B S 407
LR
X () IR N EREF XN H EV £t T
X (¢) AT AR ECEV AL HE 0 i Hh T 258 DL KA 45 Wi g
N e A L =S (21) s
P..(t)=DX (1)
P, (t)=D X (t)
Py (t) =Dy, X (1) (21)
Poi(t)=D X (1)
Po.(t)=Do X (1)
e P,, (1) J e B 2 EV AR RY S D3R5 Py ()
Py ()P (1) Py (1) 53508 EV SEFEFE CS—IS 1S~
DS\DSHIS\ISHCS M o7 7 R AT R 5 S i D
D Dy Dy Dy, R B FE A0 B SR A 3K (A3)
JiR o
i = (20) AT LA T AR T N R Y
Pk Mmpkia 5, i 28 (20) Fh 3255k 3NX3N Fll 3Nx1
B B, X T R EV SRR S, VI EUE /N T
EV 8t T DA 4 B R IR A
3.2 EVEEMEEHES
AP (1) W EVEERER HARE T3, 750X
bR, A SCEIT TREREHIE S R()=[r, (1), r, (1) T,
HALH 2 A (BP O<r, (£)<1,0<r, ()< 1) 4,
K HI 24 BESRAE G 1 i 42 M7 5 32 B2 IR
Xof EEL b A B 5 i 1 R I A KU BV DR B DS 43
VER D285 5 2 T B T LME 5 e, (o) T 52
M CS—ISFNIS—CS M [ J5 =, ry (1) T S2BLIS—DS
A DS—IS MRy I o 2 HIE SRR BT .
DR P (1)=0, W R(2)=[0,0]",
)R P (1)>0, MFHFELEFFNIEV 25 CS—
IS AT TIS—DS M i 7728, 47
P (1)
r(t)= e P<:2i(t),
0 P, (1)<0

min{max {P"(1)=P,(1),0)
P (1) ’
0 P, (1)<0
(23)
3R P (1)<0, MFFLEEFENIEV 25 DS—
IS FIS—CS M v 72, £

. Pos(1)>0



60} L/ AR {7 G-

Fa02k

P
ry(t)= e Pu(t)’ 1 Ppi(1)<0 (24)
0 P ()20
min { P"(t)= P, (1),0)
()= max{ Po(t) 11 P (1)<0
’ P,.()=0
(25)

MR8 TS WSS R (1), "T LAHAE EV SE R
V() W (), HIooER s ul = (26) F=(27) i
7N, BTG U (0)=V (t)-W (1) "I 15 U (¢).
j=1,2,- N

j=N+1,N+2,-+,2N

ry (1)

ri(t)
v (t)= X, () + X,y (1)

(26)

X()+X . ., (t
k_r 0 SOy

—r,(t) J=N+1,N+2,---2N
(27)
7SRRI S RS O P oA B 132 R (1)
PR SR RE N A EV L EV AR F LI AR
DR 7, (6)+r,(0)>0 Hr, (¢)=0 LA K r, (£)=0, N
XA CSHEV M, AR R R 8 r, (1) eE
VI 0, B0 0, =r, (1), [R) B} 2 o 32 il 4 2% 7= A —
AR 534 U (0, 1) IBEHLEC A, 25 A, 3| 0, | 145
VTEV R A 3 A <[ 6, |05 5 EV L 5
IS, ZJG % EV 2 AE RALF IS (0 EV 4k 82 1 145 il (5
S XA T ISHEV T E , HARE R 8 r, () T
AR 0, B 0, =r, (1), [F] B o428 il 2% 2 7= A
— AR UCO, 1) BIBEHLELA,, #5 A, 2] 0, W4 T EV
AREIBCIRAS 57 A, <] 0, W45 i EV 41 #:3) DS,
)R, (1) +r,(1)<0 H.r, (1)<O LA K1, (£)<0, %F
TAET DSHYEV I &, HARIEAZ RN 0 r, (¢) g V)
Bl 0, 10 0,=| r, (1) |, R LB ) 2 27— A
R U(0, 1) RIBEHLEL A, 45 A, 2| 0,5 i EV R )
POl 35 A, <0, WIS BV UIHE 1S, 25 % EV
SHERAL T IS B EV 4R SE AT 45 A5 5 5 % T4k T
ISHEV M5, HAR R 42 W 30 19 ry () TR 2 D) 452 A
3.0, 1060,=| r, (1) |, I L3 il 227 — IR
U0, 1) FIBEHLEL A, 45 A, 2| 60,| WIES i 48 EV AR LDk
25,75, < 0, | W EV ) 8E S,
R G S A A X AT EV 1Y
FEHE S BTG 5 R EV 23348 B E AR

WU A — T 1 AARZS VTS 5 — R AR, Tix
EVERNS , i T EVEUGREOR, R il iR 22 g
PR FFAERLAR MK

4 EOHRESSH

4.1 EBHlms

EV Hith 19 2 BN B 5% B 2% B1 TR EV H
TSN % B & B2 iR ™ i B EV RS T X ]
BN 15, R4 EV S ECR B 1T S 500 40 A B
B ARSI EV AR, X EV AR 1 T
U K45 Wy 20T A AT R A TR IR AR
P RGP () H AR D)3, A AR HE A AR a4 ol
55, BT R Y ) SR

KT BUEAR SCHT i EV SRR VA A R,
W H5 SR 13-14 P 6Tl @A L B BV 46 R
Y (R SCIRTFR M A S BT v ) A5 X% . EV 4R
HETE 00:00— 01:00 B B 114 B A5 18 55 228 4 b 55 B &
Bl . SRR EV £ R 8 000 1, 34 H An 1
T Ty EAT DA B A S A5 S, pE i eT DR
P 7 AT AR AR R S EV SERE R SCBRIE T T
B P E E AR T DR A S PR TR

AR CHET MATLAB {5 B AT 385 L, B
JiKifc B M Intel Core i5-4440 CPU@3.10 GHz,8.0 GB
RAM,
42 HBIERESH

EV SR N H bR IR D) 35 0 52 bR DR
KRR 25 E R E 4 fr s o R A SCRT 4R
AT TN EV SRR A AR 7E AT U A e
PR PN 38 B H AR IR T3 R = A i s il 55 )
FHh ST AR AR BV BRSO R 45 A5 5 a2
SRIGRICEV SERE (%) 52 B Hh oy 238 e o] ] 4y 25 i
R ERYEE . 4 LLE SR A ST A
fF EV A2 HE A SE PR 1 D)3 B8 05 AR 4 3B B AR SO
PR T I B AR DR B UE T A SC T AR
7 T I A5k

60 Eﬁ@ﬁ%ﬁ% F- B
@ f‘ m | Sl
> ol Mgl [ H\r‘w
f;i -28 WJ ¥ W J.h eh'«! VMI M M um\
ao b el
_6(())0:00 00;20 00;40 OII:OO

i ZI
AR SCHEB Pk S bR 2R
Sy FASEy 1k S
4 BEVEHFHHHINEREWATEE L TREE

Fig.4 Output power and upper and lower limits of

adjustable capacity of EV clusters



28

L7 A T ) KRR B AR AR A BT S 1 T v @

2 PRy 3k 22 [ A e L R 22 AN P 5 BT 7S W
DRZE A S PRE DA FAR I AR 22 S 006
i 20 i (n] 3 1 2 B BR S 00 IR 2] BV 4R 4
DR 2EED B HUAE . 5 AT LA Y IR R
ZEART 5 Yo , FLIE: B FF 8] AR B 0T Wi RO7 5% 22 2 BHL Y
Kol B, RO PO R i e 7 A — A P R 22
AR S B AR VR TC 1 SN HRT EV BCRE R X (1),
T PR R R 22 2 B TN ) A A0 B A i R A A A
) NS

6.0 5%
S
@ 25+
oK
_10 L 1 J
00:00 00:20 00:40 01:00

s Z1]

BE5 EVE&EHNMAIRE
Fig.5 Responding errors of EV clusters

1E2: 55bRp ITign EV AR 2HE R A )
KR (AGC)TF 5, Wi N 15 22 /N SR EV 1Y
AR , B AR AN () HL g T 32 6 o 7 15 22 A WAL i
BT eRVECAN TR] 5 ) 17 5 22 B0 R U WA 4 B 7 4%
g S > PR FESE BRI FH 2 F i i
DR 22 L AR S PR SR (LR O T R ] 42 il e
A SR FY o W 07 % 22 [ A, 42 i ik AR AN Bl X (1),
AR (20) FN2(21) AT T, Wi 158 22 FHOR H X (1),
X (1) LW EV L REARZS 70 A1, DR a] ISR JH 33
X (1) 97 OB FRARIA B DR 2 o B AT ST X (1) Y
IFa] [E]F , HAT AT > Ave T AN E AR ) 2]
RAEEV Y IAR SOC AR EHE B, A SO
RETT 1 R 1 Bt R A A TR X (o) U R EV
GERERE A RPIRZS oA, L A% 20 Sy B A ] ISR 4R
EV BRREE , BIR] S5 45 2R AL 201 X (1),
T AR AR L X oA SR I 220 ) X (o) BEAT TN . DRIt , B
B X (1) X Eidh R AR LI A EEOROAN i, — E O SE I
FEATEMENRT X (1) B BT A5 2R, 8 18 17 Bt A4 2R
Bk

EV AL RELE A5 I 20 (4 ME 2 42 1 15 5 an b =% B
B2 7R o AR SCHT e B A 1 155y 2 R
U, AR S IS S L PR, 35 TR
P b OB HB LG T BV, FEAR T X388 {5 18t 14
TR N TP UL SO B AR 5 5 10
DL A S AL Gy 15T B S, R AR AT
PO, SR IR 1 s . i R R v DL AR
P A5 SRR T 2 R S BB R, AT
PAR ) % 3 45 07 20R 5 S e 4a A W EV , Tl
S E S EOR XA EV @ by A {E A, A]

WA ST AL T4 T, BRI T 038 £ 3t Y
TR A RPN AR SO T B T i
R,
F1 BMERERESEMIEFIESHXTLL
Table 1 Comparison between probabilistic control

signal and individual control signal

{552 B K AE
MR il {5 2 SR
M ERIE 8000 N7 38 A 10

HEV HEREL S A W HCR 1 BV I, 2 g gy
B BRI N 2 R . W LA, A SC A
T ok i 5 1) A7 L /b T S @R kL OF
HRE BV B AR, A SRRy 2 7 BRI
A WY Ak, T S Ry A LK B BV
B I HTIN R MR IE A , 7T WA SO 7 ¥ RE S I R
PR EV R ALY S0 8 . Rl EV AR —Fh
PR W IO B UL, 7 LA e i i A P A SE I
DA T 555 A JH i 7 PR ) L, A S s R T v, AN [
I FH 375 R SE I B RN R] , 24 BV AR T2 24 5t
PRIS | FDER 1 SIE I 2 19 a0 3] 00 2R A 1) IRURS: 5 T 24 EV
Z: 5 T, T 500 S AT 2K AHAE IR 23
BIGE B AGC AR & Iy 1 22 , 1 25 1 KRR 70k
fit o AT L, D LI AR SR ] v B Y

R2 AEEVHET2MEEFENHERK
Table 2 Simulation times of two modeling methods

under different numbers of EVs

- TENE -
EV ¥ ST N ETUIU
o /W ST T BT
8000 0.0059 7.3922
16000 0.0060 14.9144
32000 0.0059 27.9744
5 it

ARSCHE T R BT BV AT 1) AR s ol
D7k 5 B4 SRR T T HRE AR RN 4 1 i B A RN
P S E BT

D) T EV AL FEBRL A BR AR 28 7 X (A1 R 4
W EV ERERRRS A0, PG EV SRR D R A
ATV 250, REE A R M R AR AR i B 4

2) TR AT S K HARE BV 42 BE AL SR B 15 50
T EFXT S BV =R ST S5 S BRAR T 450 ) ik
M A%

3) i A g il 5 5 A 2 SR 2 A, B
T 1 PP O AT R X 2 AN AR AT R 45 BT A 1
EV, FEAR T3 {5 A9 16 1 A KX 38 15 13 it /Y T



@ ® 0 & % L B $aE

P e LA B 25 5 (http: / www.epae.cn)
S E X HR:

[0 T XURGIN, BT, 5 B 05 . 3 H v LU 58T R JR AR 48 ) Bl 4l
B HARBE T LRI ], I TR A, 2020,39(5) :59-70.
LIU Zengxun, YOU Peiyu,ZHOU Qinyong. Transmission tech-
nologies adapting to power systems with widely-consumed high-
proportion renewable energy[J]. Electric Power Engineering
Technology,2020,39(5) :59-70.

[2] WEE K W,CHOI S S,VILATHGAMUWA D M. Design of a
least-cost  battery-supercapacitor energy storage system for
realizing dispatchable wind power[J]. IEEE Transactions on
Sustainable Energy,2013,4(3):786-796.

[3] AWAD A S A,FULLER J D,EL-FOULY T H M,et al. Im-

pact of energy storage systems on electricity market equili-

brium[J]. TEEE Transactions on Sustainable Energy, 2014, 5

(3):875-885.

PR A LI, A A VR A A L B I S 40 A T

[J]. By TAEAR,2019,38(1):75-83.

LI Danqgi, ZHENG Jianyong, SHI Mingming,et al. Prediction

of time and space distribution of electric vehicle charging

load[J]. Electric Power Engineering Technology,2019,38(1):

75-83.

[5 ] TR WREERTS 55 . RO AR 34 5 N T B
B[], FJ1 A Sk BEF,2020,40(5) : 77-85.

WANG Yi, CHEN Jin, MA Xiu, et al. Interactive scheduling

strategy between electric vehicles and power grid based on

[4

[

group optimization[J]. Electric Power Automation Equipment,
2020,40(5):77-85.

[ 6] BRmiFF, K58, Antonio Figueiredo. G 220 {5 B A9 AL Bh 1K 4

FE HL B 0 R CHC R T R R g e (D], e ) B B s
2018,38(12):1-10.
CHEN Lidan,ZHANG Yao,FIGUEIREDO A. Charging load fore-
casting of electric vehicles based on multi-source information
fusion and its influence on distribution network[J]. Electric
Power Automation Equipment,2018,38(12):1-10.

(7] JE5H, 7%, RMEL, 45 . 5 JE K 16— vl (o 52 E R 0 LY

B AT BN ()] WL RS A B4k, 2020,44(14) -
86-93.
LONG Xuemei, YANG Jun, WU Fuzhang, et al. Prediction of
electric vehicle charging load considering interaction between
road network and power grid and user’s psychology[J]. Auto-
mation of Electric Power Systems,2020,44(14):86-93.

[ 8 ] ZEWems, 254, AR, 55 . BT ssa 5 B aiiEnm

TR I 25 430 A B0 [ ). o) RGP 545, 2020, 48 (1) -
117-125.
LI Xiaohui,LI Lei,LIU Weidong,et al. Spatial-temporal distri-
bution prediction of charging load for electric vehicles based
on dynamic traffic information[J]. Power System Protection
and Control,2020,48(1):117-125.

[ 9] sk EME B, % . FIBM T 22 e m e gl

AR R AT s i (1], w01 A i fkik %, 2020, 40

(2):154-163.

ZHANG Meixia, CAI Yahui, YANG Xiu, et al. Charging de-

mand distribution analysis method of household electric vehi-

cles considering users’ charging difference[J]. Electric Po-
wer Automation Equipment,2020,40(2):154-163.

DONADEE J,SHAW R, GARNETT O, et al. Potential bene-

fits of vehicle-to-grid technology in California: high value for

(10

[t

capabilities beyond one-way managed charginglJ]. IEEE Elec-
trification Magazine,2019,7(2) :40-45.
[11] S /NGE 28508 B SO 45 L — TP 00 ORORI 60 £ 35 2 174

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

LS P A P SR e ()], el kA 2B, 2015,39(4)
352-356.

XIE Xiaoying, LI Wenjun, XUAN Wenhua,et al. A method of
smoothing PV and load fluctuation by organized charging /
discharging for electric vehicles[J]. Journal of Yanshan Uni-
versity,2015,39(4) :352-356.

SRS ARG R AP . AR SR A T DGR U 2l St
JESEmEL1 ). FBIEIA,2019,43(7):2552-2560.

HU Junjie, ZHOU Huayanran, LI Yang. Real-time dispatching
strategy for aggregated electric vehicles to smooth power fluc-
tuation of photovoltaics[J]. Power System Technology,2019,43
(7):2552-2560.

LI J Z,Al X,HU J J. Supplementary frequency regulation
strategy considering electric vehicles[C] /2018 2nd IEEE
Conference on Energy Internet and Energy System Inte-
gration. Beijing, China:IEEE,2018:1-9.

LIU H,QI J J, WANG J H,et al. EV dispatch control for
supplementary frequency regulation considering the expectation
of EV owners[]J]. IEEE Transactions on Smart Grid, 2018, 9
(4):3763-3772.

IR, B e GRS BB SNR E R RERE T
DAL F AR ()], W) A S e, 2018,38(5) -
211-219.

WANG Mingshen, MU Yunfei, JIA Hongjie, et al. Smoothing
control strategy considering energy storage capability of elec-
tric vehicle aggregators of and wind power integration[]].
Electric Power Automation Equipment,2018,38(5):211-219.
MUKHERJEE J C, GUPTA A. Distributed charge scheduling
of plug-in electric vehicles using inter-aggregator collabo-ration
[J]. IEEE Transactions on Smart Grid,2017,8(1):331-341.
GUO Y P,LIU W J,WEN F S,et al. Bidding strategy for
aggregators of electric vehicles in day-ahead electricity mar-
kets[J]. Energies,2017,10(1):144-163.

YAO W,ZHAO J,WEN F,et al. A hierarchical decom-
position approach for coordinated dispatch of plug-in electric
vehicles[J]. IEEE Transactions on Power Systems,2013,28(3):
2768-2778.

WANG M,MU Y,JIA H,et al. Active power regulation for
large-scale wind farms through an efficient power plant mo-
del of electric vehicles[J]. Applied Energy, 2017, 185: 1673-
1683.

SADEGHI-MOBARAKEH A,MOHSENIAN-RAD H. Perfor-
mance accuracy scores in  CAISO and MISO regulation
markets: a comparison based on real data and mathematical
analysis [J]. IEEE Transactions on Power Systems, 2018, 33
(3):3196-3198.

A (1981 —), %, e R EA,
BRI L, ZEMRTEOACS R
Yoy B 3 R & 4 (E-mail: haiyun_229@163.
com);

EE990—), F , e A, T
20T, Wb B ASAE A, BB RO e A BRAR
W F A E A LR AR IR S T AR
(E-mail : wmshtju@outlook.com) ;

F4r(1989—), &, T B R EA,

L, ERHR T AR FAE L AR L IEH
( E-mail : dxh@hebut.edu.cn) .

(4% &)
(F#% 84 M continued on page 84)



84) ® 0 & % L B $aE

Prediction method of output power long-term fluctuation characteristic for multiple
wind farms after aggregation based on improved KDE method and GA-SVM
XIAO Bai',XING Shiheng’, WANG Maochun®, YANG Senlin’,GOU Xiaokan®
(1. School of Electrical Engineering,Northeast Electric Power University,Jilin 132012, China;

2. Yanbian Power Supply Company of State Grid Jilin Electric Power Supply Co.,Ltd., Yanji 133000, China;

3. State Grid Qinghai Electric Power Company,Xining 810008, China)

Abstract: Aiming at the problem that there exists new-added wind power installed capacity during the plan-
ning period but its corresponding measured wind power output data is lacked, which causes the long-term
fluctuation characteristic of output power of multiple wind farms after aggregation in the planning target
year is difficult to be accurately grasped and described,a prediction method for long-term fluctuation charac-
teristic of output power of multiple wind farms after aggregation is proposed based on improved KDE (Kernel
Density Estimation) method and GA-SVM (Support Vector Machine optimized by Genetic Algorithm). The
long-term fluctuation characteristic of output power of wind power is described,and the relationship between
installed capacity and wind power is analyzed during the aggregation process of multiple wind farms. The
improved KDE method is used to generate the probability density curves of output power during the aggre-
gation process of multiple wind farms with different installed capacities. GA-SVM is adopted to establish
the probability density varying model of output power after aggregation of multiple wind farms. According
to the corresponding relationship between probability distribution and duration power curve, the predicted
probability density curve of output power for multiple wind farms after aggregation in the planning target
year is inversed so that the duration power curve which can describe the long-term fluctuation characteristic
of output power in the planning target year is obtained. Engineering project verifies the practicability and

effectiveness of the proposed method.
Key words:multiple wind farms;wind power fluctuation characteristic;kernel density estimation;support vector

machine
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Modeling and control method for large-scale electric vehicle clusters
AN Haiyun', WANG Mingshen', WANG Weiliang’, DONG Xiaohong’,MENG Jian*, HUANG Cheng'
(1. Electric Power Research Institute of State Grid Jiangsu Electric Power Co.,Ltd.,Nanjing 211103, China;
2. Maintenance Branch of State Grid Jiangsu Electric Power Co.,Ltd.,Nanjing 211100, China;
3. State Key Laboratory of Reliability and Intelligence of Electrical Equipment,
Hebei University of Technology,Tianjin 300130, China;
4. State Grid Economic and Technology Research Institute,Beijing 102209, China)

Abstract:The extensive access of renewable energy has a profound impact on the system source-load balance.
The large-scale grid-connected EV(Electric Vehicle) clusters have rapid and considerable adjustable potential,
which can provide power regulation support for the system source-load balance. The existing modeling and
control methods of large-scale EV clusters need to simulate the response characteristics of each independent
EV and develop independent control signals,and the model complexity is high and the computation is large.
At the same time,a large number of control signals will increase the real-time communication pressure and
have high requirements for communication facilities. To solve the above problems, a simplified modeling
and control method for large-scale EV clusters is proposed. Firstly,the response characteristics of a single
EV are fully analyzed,and three access states and four response modes are proposed. Then,finite state sub-
intervals are used to describe the state distribution of large-scale EV clusters, and the output power and
adjustable capacity of EV clusters are evaluated. By changing the state distribution of EVs in sub-intervals,
four response modes are realized. Finally,a control signal composed of two probability values is designed
to reduce the complexity of the control method,and the requirement for communication is reduced by con-
trolling all EVs to receive the same probability signals. Simulative results of an example verify the effec-
tiveness of the proposed modeling and control method.

Key words:electric vehicle clusters;modeling;control method ; probabilistic control ;response characteristics
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Table B1 Battery parameters of EVs
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