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Frequency Regulation Method for Electric Vehicles Cluster Based

on Disturbance Observer and Robust Model Prediction

WANG Huinan, WANG Yujin
(Marketing Service Center, State Grid Shanxi Electric Power Company, Taiyuan 030032, China)

Abstract: A frequency regulation method for a large number of electric vehicles(EVs) in an isolated grid with high
permeability renewable energy sources is proposed. First, a disturbance observer is designed for the system’s order re-
duction model to generate additional frequency control signals for clustered EVs. This order reduction model is obtained
by combining the changes in load, wind power, photovoltaic system and clustered EVs, thus generating a lumped distur-
bance estimated by the disturbance observer. Second, a robust model predictive control method based on the Tube model
is proposed to provide effective control signals to improve the responsiveness of clustered EVs. The control signals are
generated to obtain the minimum frequency deviation error by means of the minimum control actions while considering
various physical constraints on the system operation. Third, the influence of time delay on communication link is studied
through the stability analysis, and the time delay margin is obtained. Finally, through simulation analysis, the effective-
ness of the proposed method is verified, and the advantages of the proposed method over traditional model predictive
control, fuzzy proportional integral control and linear quadratic regulator control are also verified.
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Fig. 1 Schematic of participation of EVs in

frequency regulation

F ST 1R, IR YR g AR SR LM
] fA: BE U RESs (renewable energy sources) |, 7 fif
SR A, B EA Gl s e R Gk
IRENRGEH TR R S & R A4,
PRl M B VI R e A 2 ) SR S /5, o ]
W, MENRES SR T HOA 2 1 B
5 BRI TS S E SR H AR 55
— e, 5 KRR T T S 0 AR AR s i R B i
R LM, XA R SIS R R
AL G IR AL A
1.2 BIhRFELFHEFIRE

ARSCPI R L S A SR IE F A P 2 R
IRy 1 AN T AR TR
T 45 178 67 30 AR A ) K 1 A M4 v vl 5 F Y 22 (1]
FL RS H6 ) L Tt FE LA 2L R 2 T e 4 AR 3 i 22
Af BNRGR [ S5 SHAR f, Z M ZEH . AT
A LSRG R BRI R 22 5 R T



222 H, 5

o i 5522 %

ERBRAEIX, XA AT AR 1k i T S e e
JRCH DA 3t B L L A T B 2455 Al 22 i A
i, R G il R GE RS SRR AT 00
RIMZEART A B REHE O R S SR
T o WA 22 AT9RTE A T Ay Z 1) REEAS
FEHEEMRINE , HEACE B4 T R/ B R T R A AT
PR BIIRA 0 B R R E m] TR SR A e e/
TR, ] BR LR 4 i f R e L
FRBET ES SRR s A,

B2 RIRESFHZFIIER
Fig. 2 Block diagram of control for EVs cluster
&1 3 S T SR Y W B VR A AR S
AT RIAAER] . AT DL 5L A S &l
RGN 5T A=

ES ]
U

APy+APyy RES

B3 IMEEE MR E 2R
Fig. 3 Structure of controller for frequency regulation

in isolated grid
KHWHLE PLAEHI g, HAR RS AR PEn]
FATT I B A IR H)
Af=- %Aﬂ]b— (APAAP+AP+APn—AP,)
(1)

A M RN D 43k K FAIL I v ERORD B 2R
FHJE 2 %L ;AP AP, APy APy Fil AP, )N K H,

HL XS DUk RESAEIIR A, Kl
LG DAY A AT LA 7R A

b 1 ap  T-KT K,
AP;= T AP+ T AP+ T AP, (2)

P T g SVRACHLA SR I 8] #5807, A K, 23531
N FHRIEE DL IR ) BRI 2 AP, 1 AP, 73 5]
IR B AR FE DR AL, P RR N

p__ 1 1
AP=—1 AP+ AP, (3)
AP =—L AL api Ll (4)
Y e A Tl M

I T, IR AR BB 1] 580 R R A LY
N R E e WA SRR RIS A
SCIRBE AT A BEIRAN S 5 TR 1

XFF (D) BT & B3RS SR TR
b AR A AR B AR T R

; K 1 1
AP=—K pp 1 Ap ., ‘ 5
I e A Ll T 5)

T Tag Tl K 3 501 A 56 24 4 F ] 5 500 58 735
HL R Ry R AR B T 38 R85 wae AR
ar et A RSB WERGES . R x=[Af AP
AP, AP, P\|" AREAL &, API=AP+APy—AP, 1

ZRGsl, MPARZS 25 [ R A

{;&(z):Avxv<t)+Bvu<t>+FvAR',<t>
Af(1)=Cx'(1)

X u=lu wc W AR 2 BB, 5%
AR R 2D A LB BT, B R R AL
PRER T B0 ARk S, SR, B RESs AO%CE
AWt Z | 50 LRC BRI I T 85 AN
Pk, BTSN RA RGN R AT AT
PR, v LU IR RGeSk AR s —
AR T R, FT LUK SR G 284 DR AP, 148
WA 1 A, IR S HALRSA SR AP=APA+
APw—AP Py, PRI, 38 2 45 T FL 3R 42, AT DAY
BN RS TR, RGBSR T R A
RIRIR A

{:&(x) =Ax(t)+Buc(t)+FAP(t)
Af(1) =Cx(t)

(6)

(7



5 590 TR, % LTl L A B O S A BB I 5 223
Hrn HORH P T B B AW e . SR 1k
D 1 5 o] ﬁR%%ﬁ%%%E%%ﬁﬁ%mﬁL%ATk
o0 rkn ok BHORHE . BT TAE, AR T 1 A
A= romnoom T Tube-MPC. [ 2807 1245 1 28 1 5 043 o
0 0 - 7 BT B 2SI, % M0 MPC S T 1L R e 4
w00 g (8)  MECTRHERERIRSCH B W MPC AT HT
o T S 0 R G A A R R P A 5 R 1
S TR T 15 5 SR b B 4 3 £ 5
1|’ M 2.1 R
C[foom HITRT T3 , A% SCLED AL B bR R S Il e 0 T
LR RR LR it sy MPC IR MR G S S R
TR S T R Gk A s 1%%&%%&%[?%?% [Af APy|", MR BNR AR
. - . BRI MPC RS2 [ R A
x¥'(1) =Ax(t)+Bu(t)+FAP,(1)+ ) ) o
. (1) =Ax()+Buy()+FAP()+TAPY (1)
HIAf(1)-Af(1)] 9) {

AF(1) =Cx(1)

ot H OIS 25 500 s AF (1) MR G A1)
FIATHE ; AP (o) M AS T R Ge s, T 3Rl

AP(1) =B(1)+Nx(1) (10)
K. B(e) MBI AR & N AT F B 45 40
M, M, AT ARG

B(1) = A=N[AR(1)+Bu(1)+FAP(1)]+AD(1)

(11)

KT RGRIZERE 1S X (7)
FI (9) TN AR o =x—x ] F7R N

e(t)=(A-HC)e (t)+Fey(t) (12)
X, er=AP-AP, GRS . PRl HADR
AT RRZERT LA IR 1 DR

o= A4S 5w (13)
K, J=el en]", BEZEHEE H AN AR ik
FRG AR B A R AE (8 AL T Rl % 2 iAo
TR ZEBERT RITE S

2 MPC =#I5R &

L R GatT Z RIS AT ENER R, NS

Afio(t) = Cx(1)

(14)
1 Ao (1) =ancAf A EREEL EV RG24 105503 Mh
22575 s AP=AP—AP, ) RGN  APY =AP,+ APy
NSRS, MR G Al T THE S AP
FIMZENET Mic 77 Miagaa, BAE AR . 1235
TR PR AL 1 SEI A A0k 25 Afae, SRJE MPC 3T
B AFEHRE S wae, MR 2 AF DL/ NE R Zh
YERTTREHEEE S % i Ao B M BEHN 0,
W5 S R =0k

P
min Y, Qu[Afi(k+1)~Afic i+
Ui k=0

EQMMW? (15)

K. Qy A1 Q. 5390 5 MPC i A R4 i AH G 1)
IELER B ¢ 1 p S35 w2 A E . X (15)
S5 1 ORI L P 27 (i e 28 T T2
2 GO S R N i S V2 e, b )i
PELAR I 24y 5

Afre. <Afic<Afic.

Uic, S UACS Unc,,

AP\(, AP,\(’ AP\(;
S0Cac., <S0C ;< So0Cac..

(16)



204 5 T

o i 5522 %

O A voo Ao FT e wac, 7301 A 0 A4 11 J2
R G AR 2E Afyc I MPC it 55 RO
Fe/NFUVFE s AP APy 73 301 0y 585 4% B die /N i
AR K )R O T L SoC PRFFFE B
BR SoCic. F1 SoCuc. Z[8], EEASHLBITA R A AR 1EBE
AFETHLI [ N A9F-24 SoC AN

SoCc(t) =8oCu(0)- 0 a7)
AG

2H 2 Qu T SoCac(0) 73 5110 R A A 1 25 5 AW 1h
SoC; 55 Qu=NevxQry /BB i Qry AR
AT E TSNS R, 25 8L 3 600,
H/ NS, T BRI, SoC K B LA R
AECAETIATE I, DA R SR A B 1) 78 RO
AT, PRI S 5 ISl LK E i
R IR IR MY SoC WKE BA%, HIL SoC
PR AT AR 3 Ymisedsifil
2.2 ETF Tube §J MPC =4I

fBei% RESs fii HH s B2 v i I sl AN iff e PE 1 ok
U TETCAEA E VR R G IR ZS [ ALNy

2(1) =Az(1)+Buiri (1) +FAP,(1)

Afsc.n() = Cx (1)
T2 (0) It 530 TE AN 1 1 2R
PR A B AP 5 RS AR i 2 (o) (36
RENASE PR A ()M, RS
T3 LA T A B MY

(18)

wE;QMMMbH%MmJMUﬁ

2 Q[ Bty )P (19)

K Qu AN Qu a5 55 HL MPC By A Fil % th AH
KHTIAZREL; SoC i i e WL DR AR Hil(5 -5 4
SRR CEA D TR S

oA < Macoom=aAfyc
G, S Af s 0o S Al
QAP < AP\ <aAPY (20)
SoCac

17 = SOCAG,mm = aSOCAG“‘“
-

KA, a FET (0, 1) AT R B, XL HFR UL

BAR 5% MPC AE, FHhin MPC /9 H B 24
BT A EYERSE PR RS, BN MPC AR
et [E1 R by

{xm(t) = Ax (1) +Buune (1) +FAP, (1) +LAPY (1)

Afic.aa(1) = Cx(1)
(21)
ST, (1) BT MPC 22 B A 5
B g () O T S BB B /N
1k, B

P
min Y, OslA s aa(k+1)=Afiom(k+1)
UsGar k=0

; Qu“a[Au \G.am(k )—Au AGonom (k )]2 (22)

A, Qu A Q.. J3 50 R BN MPC 4 AT s 74 fin
FUCRE, B MPC 42 b4 545 5 R R4 2%
UG oom T Afa oo FIET Y, DA BASH RE O SE PR R S8
Ao W o PGS PEAE(15) FI=(22)
F)H FILFIRR N MPCs 3R7% . MPCs 1A EE R EGHE o
e/ ME B bR R ECK R B

min| A1) ldr (23)
LIRS

{ Q3. < Qy< Q.

Qs < Qs0, < Quyy,...

Ko T IR AR B BRI R, T AREUE 112
S35 RN E L MPC FIBin MPC, R AR FHE
AL (PSO) B R i fe i
2.3 PR R IR EE S

2 505 E T 0 L SR I Bk A R
O RE S TRES A Y R A AEIR |3 ] fE & 5
AT W R, X R G v AR E R, 5 PR
il [0 % v B R EE , SRS T ) P Bl X TR L Y 9
AR wae M BHAS IR AT R o 7 B, B

d[AP.\(}(t)] —- _KAG _17
. =Rl Af(1) T APy(1)+

1
T urc(t=4s) (25)

I & DA AR I s A e, 20T A

(24)




555 4]

TR 2 BT PRSI UL 5 A R AR TG ) L Sl 4 RO 15T 225

OggigTi

d(%gt)) <y<I (26)
t

b7 iy SR Y SRR . B2 (25)
ARAFIRAZS [ ) 72 R
(1) =A% () +B"uc()+BYun(1-0)+
F'AP; (1) (27)
Af(1) =Cx'(1)
I i 4 S LFC &R G0 e Ve PRl 1y O B A
R, ARG R 8 B BRI . A SCR
FHE R EPEUENTH5 T P4 LRC J7 75 i ZE )
JE  BAARTHSR5v Bod T WL SR 18],

3 {FEWIE

AR SCAR B B4 2 000 HHAT 1 500 HHL 30
RN 2 AR ARG IR R 1A A
B RG T, ZAILME SR SE 5 1% 1
M 2, #HIES 0 RRTR Ak £ +0.01,

B AT S AT D Rt AR AN LI B R )

A 1000 MV A, ZRGEET 1D (WTs)

1 ASEY RT3 50 20 MW AT 1S MW Y
®1 RENBSH

Tab. 1 Generator parameters

28 HfE 28 Kl
T,/s 0.08 M(p.u.) 0.166 7
Ti/s 0.3 D(p.u.) 0.008 4
T./s 10 R(p.u.) 5.6

K./s 0.5 BB(p.u.) 0.425
K; 0.033

&2 EVEAHFHSH
Tab. 2 Parameters of EV aggregator

S5 ¢ 2R Q]
S0Cyc(0) 60% Ky 0.002 4
S0C AGuin 10% AP (put.) 0.01

S0C g 90% Qe /(kW+h) 24
Ry (pu.) 0.045 Qr/(kW-h) 22
Tyls 0.035

AR EL ] 4(a) S WTs A% H 32 2 A8 E M
S 5 51 4(b) 2k PV %y 2y 258 32 e IEORE LIRS 32 ip
SRS, GRS 1/60 s,

o Fl e S BIEETF 0.7 A1 0.3, K Aim 22 AF
SYBLS K AL EV R A4 A ALK, BRE
HAA S +0.003 Hz; Ul X (]2 3, 45461 X [H] 24 10,
1E 2 1> MPC HRAE R BRI 2 0.1 s, IR N2y
FABBE R IR LI 90%, 4=0.901 5, £,,=1.207 3,
04=0.657 7, 0..=0918 0,04=1.130 4, (,.=0.784 1,
TEBC TSGR, EREARDCHERE N=[-1 -1 -1
-1,H=[1 1 1 1], FIHX AR R SSRGS R HE
fE{H A A,=-22.404 9,1,=-0.511 6,1;=-9.671 3,
A=—11.015 9,A=—-13.376 3, X KM ARG E

2 F
0
-2 [ L L L L L L L L

0 10 20 30 40 50 60 70 80 90
t/s

(a) KH

!
0
_2— L i i1 t L L L t

0 100 20 30 40 50 60 70 80 90
tls

(b) etk
B4 RINEMARINENE D)
Fig. 4 Fluctuations in wind and photovoltaic power

31 XBETREES

s & LR L 98 1Y K HL R ) o BRUER 171 £
AR, TE 1=5 s i, S 10 MW; 7 1=50 s
B, S 20 MW, B 5 S R [RIE G SRS 3R
M 1 1) 7S A PR

&5 ATRVE H, FETJCH SR SRS O
T, 10 MW i 7E 50 s AR fR 405 ff 25 168 I8 5 38
0.16 Hz, /X T IEWBITIRAE, 76 2 Fd=Hlr &
(I F IR G S T DL S S R A 3 I 22 11 5
Hr, HH MPC B S54RGS0 T 1 &
GerEIIE A OG, 45 RER], 51658 MPC AL,
JLF Tube (9 MPC 7] LR & FRAIUR IR 2 . ILAb,
AR ST P A5 i 4 0 A5 e B 5 R MPC 4220, X
S EERIERA X, Wk, 5E5MPC

APy (107 p.u.)

APy (107 p.u.)




226 5 T

o i 5522 %

AR LG A SO P g il 2552 2 BT 2% TR ANER E PR 152
M/
g -=-fhn MPC <

015 | ceane %i} i)
.10 | &g MPC T L MPC
0.05 |

0
-0.05 |

AfiHz

0 10 20 30 40 50 60 70 8 90
t/s
Bl 5 AEHH R AR T B SR i i
Fig. 5 Frequency response under various

control strategies

P 6 S K LML SR SR A e i it D
WA 6(a)  (b) s, WA S N, & LRI 2R
fRbEZ B 10 MW, — B A3, B iR 455
WAV 0 L D) 3 A T 114 2 %, 42l 3 i S S IX
MR 2255 . PTRVR 2 RO R vk
IR _E TR EER R TR L AR A _ETHIREE
SN 8 P2 ) , P Bl 0 e T3 R R, DA
LT LR I RE R T 22, AT 3R e 22—
AN, AR LRSI, f iR 2R A

L g~ Jo ¥
_ oowor L ER e
= 0.005 — [ mpc
=)
> 0
5 -0.005 [
-0.010 [

1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
t/s

(a) & HLA LA
3 [ f\z\
T 2 /' N
o I N0 A TSP
<2 al N/ =y e
2 6| — B MpC
1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
tls
(b)RE#HRIBTHTTREN

60.8
< 606}
g 604 W SoC —EVRAm1
A 60.0 { —EVRE2

so8F

t/s
() RAFRNTF-H SoC
Ele6 ZEHMENKSERATNEHINE
Fig. 6 Output power from generator and

EV aggregator

WSS, T RGN R E RS, P e B L
AR S RA A R, R anR e Bl L T
YR T s g avERe ., vl LA AT TR0
SHAEJ LDl N e Bl ) ELSE (e

..... Wik ims
. 00TE PSS — i
==~ 4B S
(=%
= 0
=
8
-0.01 } y I\‘vAVl'A.Au—\'VI‘
0 10 20 30 40 50 60 70 80 90
tls
(a) s A 5 52
R 6
= af
) :
= 0 [t
2o i

0 10 20 30 40 50 60 70 80 90
t/s

(D) ATty
B 7 #HEhW=sashisEee
Fig. 7 Dynamic performance of disturbance observer
32 AHEAERR
TER AR BEOL T, fL 3 R 2R
8] 2 SRR EE (B R GETE 1=5 s
IS fT N 25 MW, T A UL RESR BT 15 MW
UL I RPSES Lt I E SbL TS

0=\~
N . '-.'.. ................
g =05 | R
< - 155 MPC
-=-Fftm MPC
~1.0 |—H## MPC
0 10

E 8 #AREARER &R T 8550
Fig. 8 Frequency response under various control

strategies in the case of insuf cient reserve capacity

TETCHL IR SCRF R OL T AE0 i A A2 Ak
Ja R B N TR R EARE R
1115, 38 A P P 5 S8 0 L B S IR A
TRGEWNFENE, WE 8 BT LA 516458 MPC
HALE, I Tube 7 il 5% A5 Wi 2 B 4 S A8
AIVERE, IR G RGEARFRIR N . O T WS¢4
AR BT PERE AR | 188 1o TSR Al 22 1) X
Ji 4 RMS (root mean square ) (ELEATEE M R



555 4]

TR 2 BT PRSI UL 5 A R AR TG ) L Sl 4 RO 15T 227

MPC 25 A BUCE RBEIn MPC 1) 90% . 85% .80% .
75% 0% 45 SAn & 9 7w , AT 0 s i s &
BoTBGEE TR,

0.08

a=70% a=75% a=80% a=85% a=90%
B9 AEEERMIFRRENTRE
Fig. 9 RMS values of frequency deviation for different

tuning coefcients

3.3 #=HAERERE T

BT AS  Afe MHSEL AT MRS
i, PUPEHI 85 T B R o . e g R vh il
FHT 1 EHEA 27 ASBORI LI 4 ) g o AR
PRI AN 25 . 7 =5 s BEHE TN 15 MW gy, 5
R AR (GRC) AH I B AR LM e Mt 4 35 TE A
BArp ) DISEADLSE B L I, R AR GRC Ol
12%/min, B 0.002 p.u./s, Kl 10 A SCHrHR Ik
B 55 LOR P ASERT P42 ) LA

0.1

£ A
= |\ LQR ]
T -0l “e I L
X ---t&4E MPC
-0.2 el =—Tube-MPC
0 10 20 30 40 50

t/s

10 FriRiEHss 5154 MPC.LQR 35§ FI4EHi
PI = HIBEL
Fig. 10 Comparison among the proposed controller,

traditional MPC, LQR control, and fuzzy-PI control
HITEL 10 mpT, BT PRl o 2 W AR T AL 4
MPC A P12 A LQR #2523 S ARl il
DT H T ]
x3 tERE

Tab. 3 Computation time

EtiiE [ /s
&4 MPC 7.68
Tube-MPC 8.15
LQC ¥l 13.94

R P 4] 21.07

3.4 HHEFERBIFEE ST
TP fE R AR, H L SR AR
O, TG AR ORI B 4 B Bl 2 [R] R R ]
IEREE AR, IR AU AAIE , X2 15
BT AR EREAT TG RS EV RG 4
ISR 0.5 BIREAER , B 2 DG B
FIRYSER . B 11 N ANRIN ZE R A PERERE bR , (045 e
T 22 LR, LA 0.1 ~ 0.5 s RE{FIN A&
ARSI A B BOAIAR  22 A T AR

0.14 0.070
012 = KA 1 e KA 0.069
7| —RMS 0.068
g 010 0.067
R 0.08 0.066 =
= Z
T 006 0.065 =
= 004 0.064
: 0.063
0.02 0.062
0 0.061
0 01 02 03 04 05
Hif [A] B3R /s

B 11 REEETHERE ST
Fig. 11 Performance analysis under various time delays
I 11 AT DAt Bl I S A3, shas ke
ZRNE T R PR E | SRAT AU SE IR A
H0.452 s,

4 L5iE

ARSCHEH T 1 FpEET B4 MPC AL S &
18 FL B PR AR R T 1 . TR JE T Tube-
MPC $2 4L T 7% 18 2255 200 11 6] R 7 A= 425 sl i 4
(RRE ST SCIEE RN TR vk vl £ S R R
ORI TR HERE LA, ARSGARE T 1 F
Pe 2SI Hom A B 55 b Db R A
HLBIVRE I RS i R T . SIS SRR
PRASEA A5 55 0 2 A T/ IN A e R R e 22 10— 25
AT Tube-MPC X AHEEMIRE S . HA6, 78
AT 2542 M55 5, TEAFTEANI 2 PR
LT RGBT b /R T e, I i —
AR FICRITRE S ), % B R G Z Bl E
TESEINAEENE , FFFIE R GE RN SERE BE R 0.452 s,
M TTEARL, BT A AE PR RE AT AR A R 7 T
HA—E ek,



208 5 T

i 5522 %

S 3k

(1]

Sarker M R, Dvorkin Y, Ortega-Vazquez M A. Optimal
participation of an electric vehicle aggregator in day-ahead
energy and reserve markets [J]. IEEE Transactions on Power
Systems, 2016, 31(5): 3506-3515.

Hu Junjie, Morais H, Sousa T, et al. Electric vehicle fleet
management in smart grids: A review of services, optimiza-

tion and control aspects [J]. Renewable and Sustainable En-

ergy Reviews, 2016(56): 1207-1226.

(3] TSk, BteR, 4K, . BT RS Jr AT vk

(6]

(71

AR BNRAEPR FE R SR AL )], AR, 2020,
44(7): 2439-2448.

Xing Qiang, Yang Qiming, Fan Juntai, et al. Electric vehi-
cle fast charging demand forecasting model based on data-
driven approach and human behavior decision-making [J].
Power System Technology, 2020, 44(7): 2439-2448 (in Chi-
nese).

Wk, JRIIER, BRIk, 45 S [ AR B IR 55 i 7m0
SEMHL W) RS A Bk, 2018, 42(12): 1-10.
Chen Zhongfei, Jing Zhaoxia, Chen Dapeng, et al. Analysis
on pricing mechanism in frequency regulation ancillary
service market of United States [J]. Automation of Electric
Power Systems, 2018, 42(12): 1-10 (in Chinese).

EEP =AY S Wi AR =P /N W NE WAL i1 S QT )
33728 53 WL (AESK & ULARR ) [EB/OL]. (2019-12-25).
http://jsb.nea.gov.cn/news/ 2019-12/20191225173450.htm.
Jiangsu Supervision Office of the State Energy Adminis-
tration. Jiangsu electric power auxiliary service (FM) mar-
ket trading rules (draft for soliciting opinions) [EB/OL].
(2019-08-12).
AncillaryServices-asof-Aug12-2019.pdf.

http://www.caiso.com/Documents/Section8-

Rahmani-Andebili M. Spinning reserve supply with pres-
ence of electric vehicles aggregator considering compro-
mise between cost and reliability [J]. IET Generation, Trans-
mission & Distribution, 2013, 12(7): 1442-1452.

Liu Hui, Huang Kai, Wang Ni, et al. Optimal dispatch for
participation of electric vehicles in frequency regulation
based on area control error and area regulation require-

ment [J]. Applied Energy, 2019, 240: 46-55.

(8] X, THFE, ML, 45, a4 2S5 Mg

mliz EERTSE). 2BREEEE M, 2019, 2(5):

516-524.

Liu Dunnan, Wang Meibao, Li Genzhu, et al. Business
model for optimal electric vehicle participation in electricity
market [J]. Journal of Global Energy Interconnection, 2019,
2(5): 516-524 (in Chinese).

(9] REZ, BEM, AT, % IS 581

RE ATV Al B CHs BLAMHELD). BT 2R 48 [ 3k, 2018, 42
(13): 101-107, 168.

Wu Juai, Xue Yusheng, Xie Dongliang, et al. Evaluation
and simulation analysis of reserve capability for electric
vehicles [J]. Automation of Electric Power Systems, 2018, 42
(13): 101-107, 168 (in Chinese).

[10] Sadeghi-Mobarakeh A, Mohsenian-Rad H. Performance

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.

(1] AR, WS, Seif R, 45, DXCBRCRLIR i [ L e 5 2

FHABY M55 1065 UL (LRSI T[] HERE AR, 2020, 44
(3): 991-1000.

Zhou Huafeng, Hu Yaping, Nie Yongquan, et al. Co-opti-
mization model of energy and reserve auxiliary service for
regional interconnected power grid [J]. Power System Tech-

nology, 2020, 44(3): 991-1000 (in Chinese).

[12] Wenzel G, Negrete-Pincetic M, Olivares D E, et al. Real-

time charging strategies for an electric vehicle aggregator
to provide ancillary services [J]. IEEE Transactions on Smart

Grid, 2017,9(5): 5141-5151.

[13] ZEhmi, 657, T R s A E R 25

AGC 18 SRR 55 BFFE[I]. HLHEA, 2020, 44(7): 2538-
2548.

Yuan Guili, Su Weifang. Virtual power plants providing
AGC FM service considering uncertainty of electric vehi-
cles [J]. Power System Technology, 2020, 44(7): 2538-2548
(in Chinese).

[14] B3, wdih, HURZR, 25, 25 B AR IR AE KUK i IR 45

BN 55 T s SR SR B RS A Bk,
2020, 44(8): 66-73.

Yang Jiaqi, Yu Jie, Tian Hongjie, et al. Clearing and
scheduling strategy of frequency regulation ancillary ser-

vice market considering performance risk of renewable en-



%5 5 1 TR 2 BT PRSI UL 5 A R AR TG ) L Sl 4 RO 15T 229

ergy [J]. Automation of Electric Power Systems, 2020, 44(8): [17] Mayne D Q, Seron M M, Rakovic S V. Robust model pre-
66-73(in Chinese).
[15] S —K, 14, Ella Zhou, 2. 2T 32 R FE AL i

% W H G A RO E M (], R TR R,

dictive control of constrained linear systems with bounded
disturbances [J]. Automatic, 2005, 41(2): 219-224.
[18] Jiang Lin, Yao Wei, Wen Jinyu, et al. Delay dependent

2019, 34(S2): 742-751.
Shi Yiwei, Feng Donghan, Ella Zhou, et al. Stackelberg

game based on supervised charging method and pricing

stability for load frequency control with constant and time
varying delays [J]. IEEE Transactions on Power Systems,
2012, 27(2): 932-941.

strategy of charging service providers [J]. Transactions of

China Electrotechnical Society, 2019, 34(S2): 742-751 (in

Chinese). fEE R
[16] BREMS, R T, AV, 4. ST S AERZEM AR £ 3 LR (1975—), 73 GBS AR A&

e L = o L N s | 2 TR YT - B 2T A
Hitah VORI o REE B A, 200, o, BE MSLTRIEL BRI R I
43(24): 32-40. 66 Pt ¥EH ¥, E-mail ; diwhn@sina.com,

(24): 32:40. 66. S TRBE(1992—), % BB, T
Chen Liipeng, Pan Zhenning, Yu Tao, et al. Real-time opti- / AU WS 7 ) S T A . E-mail; sxdlsj@
mal dispatch for large-scale electric vehicles based on dy- /Y 126.com,

namic noncooperative game theory [J]. Automation of Elec-

tric Power Systems, 2019, 43(24): 32-40, 66 (in Chinese). T 5 r

Crma

=

hEFEHXEN HEEhE
%}§5E+gﬁ¥“§gﬁ

I F E S 1)



