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FEH T —FA 10 W 25— SO DA, AR T — LA I R e B A AE i P 2 2 2 e A I 4% 1 — Bk
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2 SERBRFELEST
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I 35 B IG5 5 A (AL R I 40 TR . 43— SRR T ML P 2R 5, A SOR PRI 7E P 4 A4 42749 2 1t
FUA SRR, S (AT A 5 R A2 e, T T I 1 B ) b I 22 8 e AR . ot o 5%
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WH [N, B E eV x vV, FTAREUEIIEMIN; A A n x n WAEAERE, F0RE 1 AR 0] 3
Seg, HIFH 3 WR NSRBI, UK o FERF 09,
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max|N;|+1° JE N“
i€V

o . 1 .
@ij = 1 Z max|N;[+1° =1 (1)
JEN,; i€V
0, others.
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AR B AR — R PP A I T B R 20 R L B g — R Y 24 /NN 0 96 A4S 15 23 BRI
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Wind Photovoltaic
turbines panels

e o —L
Agent 2 N Agent 3
” Energy transfer l
———— Information transfer Agent 4 >  Agent5

— —» Control signal

1 (MEMFE) 28R EHEN

Figure 1 (Color online) Multi-agent system structure
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Cy(Py) :O‘gP92+5ng + Vg5 (2)
Hort, a, > 0,67, N g MR ARRASE, LREINRLFN P, € (0, Par), P HE g MR
HL T AR OKOR HL D 3R
RS FEAL A D AR AR H R FLN R AR, I E LR

Pé = RgIg2 = Rg(Pg/Ug>2 =By - Pg27 (3)

Horr, PLORSH g MR RIBHETIR, Ry A g DR mife BIHAL S LR M RO, 1, N
5 g MR RAR BN S LR AR RCRIR, Uy BB g AR RS B HAT B A2 B S5 3R S
By N g DRI IR R AL

E S p AHY. RHLT R R Y S A D AR ISN e 2 HR LA, BT
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(2) R AR 3T SRR T, MG R Ug(Py), o5 d DU TTX AT Th 3 Py W
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HET T 5 R BR B T

—BaPy — aaPy®, — Py < £,
Ua(Py) = { 2aa (5)

ﬁii __}b > liL

dag? 2aq

HA ag, Ba FHINE d DNREFT SRAARBTIZE, BAEINRLNRA Py e (P, 0), Pav A d
AT M EBRRIERE DI RAA. & B d N EEITII G g (Py) AR 2 L A, B
7q(Py) = Ua(Py) —p - | Pal . (6)
(3) HBNWAE. HaRF BT REHERL S, HERCLEM p ) H I SEH FEEE ik HEE, 5
ERLLEAM p SHEIRERITRNERZ S, PR ERAETENAFAEE ST 3 .
VT LRSS . 5 T PP ) L A Dy 224 T R PO AR 1 LAY 5 0 SE T 3R 1 e AR
H AR . 5 SCHLBhYR 25 56 A 7 A 78 J30HR A i 16
Ccap | ‘Ph|

Ch = Ecap~lc(d0dh) .772a (7)
lo(dody,) = 649 - (dody,) %7, (8)
Ep
= 1 —
dOdh Ecap s (9)

HA, Coap NERARHMEEAR, B,y NEMEE, dod, AHRIMBKIHREIRE, I N HEIMAEAFEPITER
KA, n NI ATCERCR. B, ABRIYETSRE. P, KT 0 B, /M 0 B, P, 249K
N Py € (—Pum, Pont), FoH P NECK TR .

PR, D 785G B A om0 VR, vt B P D0 A B 22 I 8] B B ) 471
BRI PMEGE, HUE BN RREE S i BN IR BeANAR . ST P p TSGR s D3R 2
a5 R X (10), Hiw 2 PER 4 1 5.

M4 RERE M ARG 7S D8 R — AN AR U bR

MRS YA DIERE T H GBS KA AR, RER 5 P ] A A S

3
i P?— (Piax + Piin) /2

Horp, P4 R T IN BOVIA6 S B D3R, P, A B s R A BUS DI FRAE, Pl A BRI
I B B ThAAE, p D9 24 BT B R R R
& XA AL K, FORBAT p 75 T IR I 0T 50 B se ). R =0an
)=05. P Pmin_ g5 (11)

Pmax — Pmin
P, proin A9 SELE A AR A IR0 PR 2R B 55 P 22 B) D3R /N FEARY, punae 9 SRCBAE D L DA IS 6T 4
HIZE A5 7 Z 1Al R Lt
PRYFIEST 1~3 FHIIEIALS R E, ACHR HH — M e BV 4 285 70 B0 5% R 25
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Hrtap, By N 0 ARG B R 25

H1 78 LR AR o R ) IR SRR B A i e AR K, BRSO R8N (12) 1R
€SO MR 70 BEeR 2, BN (12) TovARE DR S IE B fr RSO AR 0, B LB S 4R
TFa) FEL IR L E AR A [ FL ] [ 5 L R, o SOt R A, R

Uy — |Py| - p — Cr, Recharge,
m—{ h—=|Pnl-p—Chn g (13)

Py, - p — Cp, — Uy, Discharge.

SEL MG T T, p B, BIXERIAALE A0 s, fEFIT U, 2R RS s
/N, B AR K R BE AT 43 B 24 Al T F AR I, BN p P2 AR — NN ke, MR TR B
HEMRRDIRT U, K, BERFEFEAZR. 5L, SIANHIEES R £ 25, 8N 7R 3R 1R
i, WA RIS, 5K T AR S R

3 izHl)diR

3.1 BIEEE )RR

LN — N RKVERYIE RS, SLhR@EEENRAN T S B —E S, WA A ¢ 73R
AR HAR T & BB R, 277 —E HIIE. HLN ZR G5 S (5] 8 5 RO B B A R A A TR
B 9E; [R5 @ IE B2 RO S e s (5 SAEMmA A=A 2 5, BT & BA —¢
PNV BEALIT ZE. 52 B & AN S EUEIEE 5 AN S BIE AN S5 T

{m:ai:$iewjew (14)

Tij € (Tij,min»Tij,max)v Z# jv i€ Vva j € V,
Forb 75 i Tigmax 23 AONER ¢ AT IR S 5 AT AR BRI SERE K R IRAEIR, B o SR
(B i XA BT IR REATL R %
3.2 BEfREREFAREN
SE N RGHLE BRI BN A A E . T E A B 3 #0 R A AT, b A9 Rk
it A HORS ST R T FR A 0 R KR, R 28 251 s I Dh 3 3 OB B e U, AR S R a SEa e KAk
MR T e RRES I H AR R EON

max (Z Ty + Z T + Z Wh) = min (Z Cy — Z Ug — Z (Uh—Ch)) . (15)

gevV, deVy heVy geVg deVy heVy
g

B AL T IR I S H AR AN

min(zcg—ZUd+ZCh+Uh), (16)

geV, deVy heV),

Hor, Vg, Vi, Vi 20 ARG /s D8 sl AR BT SR
R, H RIS AT 30 B0 /2 DT 2R, R

st. Y (Pp=ByP})+ > Pa+ » Py=0. (17)

geV, deVy heVy
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fe BRI, 200 AR (17) B YO, Mo BT AT AR AR B0k [17] 0458,
S0y 43 AR T A R R 2 T TR B A B KL 2 AR, ST
BT (17) TTRORAA IS (bt T

st. Y (Py=ByP})+ > Pa+ Y Py>0. (18)
geV, deVy heVy,
PR, 3 (15) A1 (16) LA (18) R otk inl @, H AN ia) @ B A A 15
2 ARSCHRE FIA R R UK AE R FREIZR R RN 0, LA SRR o Ko N & H bR, #55%
FE SR BEYR AR FH 2R, Bl H o S B A KW Al 4 (e R, I e HL T PR 240 R s o ke o7 252 2 4 SR B
Al AR AT DU FH 0 AR R A, AR B A Rl gkt L AT UM [ 3R B RN S B 15 o 47 1
AANEL BT

4 ET—HMRMERSHEEEE

4.1 —HMEXET

BT X L BIR A T 7 HUIRAS N R — B T B SR, 52 X py NS 0 ThR
i, i eV, V NV, Ve, Vi, BAIIE. B LR (15) LR (18) Stk H (Lagrange)
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gGVg deVy heVy, gEVg (19)
+ Y Pit Y Ph) + ) Yi(Pimin = P) + > 0i(Pi = Pimax),
devy heVi, ieV ieV

oAt X, i, 0 NBKE I REL Pimin, Pimax A ¢ A RT3 R IRAT R BR. WA P82 B
HIORS ], e A B 20 SR R Y EE SR R R AL T, 7T AR R 2 A — PR — 8550 (Karush-Kuhn-Tucker,
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oP,;*  dP,’ +A2BgFy" —1) =79+ 9y =0, Vg €V, (20)
oL dU,
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I 9, 4 S QR gy 22
aP,* At GpE T g 0 eV (22)
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'Yi(Pi,min - Pz*) = Oa Vi P 07 Vi € ‘/7 (24)

9i(P* — Piax) =0, 9; >0, Vi € V. (25)



FENRERAE: 518 V2G 15 T i i I i — Bk e 2 SR
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BT R IR G — AL o iy, JF HAR R MG K. — SR B (T

Ui/, i€ Vy,
_ cy’ .
di =4 2sre 1€V (26)

U’ —C, i€V,

Horb, U NS T RIIBON U KB, ¢F RS i D RIS C; 19— 3

E3 ASCERFI— BV R S0 N R R A AN BT SG, HWELE SON ARG RZ
VT, S ST SR L AT A% BT H AR A, AR 9 U B A s il — 2

e B B RIS AR

di(k+1) = aidi(k — 7i;) +n&(k), i €V, (27)
JeEV

Hrp, agy 013 (1) #E, PR 9 H—DHEEL
Ha (26) HE T DR EPHIEAL

di(k+1) =8

Pi(k+1)= S0~ 20,k T B, i€V, (28)
~ Bi—di(k+1)

, —C —di(k+1)

P41y =" 2%( D e (30)
KHE & NINFEAPEREE, FOEA A
Gk +1) =Y ai&;(k —7ij) + (Pi(k) — BiP*(K)) — (Pu(k + 1) = BiP2(k+ 1)), i €V, (31)
JEV

Gk +1) =Y ai&(k —7ij) + Pi(k+1) = Py(k), i € VaU V. (32)

JjEV
AR, 4 F B VR 2R ) L BT, AR B i R v — B B2, R, DhER P4 AR, H
PR A = (16).
KKT %4920 (22) B0 F:

oL _ dcy, dUy _
P, = ap, + ap — A=+, =0, Yh €V}, (33)

3 (26) H—HMEA RN

d; =C;' + Ui,, 1€ V. (34)
BN ER DR EH A (30) A

di(k+1) = p; = C

_/
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4.2 BREESUMES

N T AT T SR BRSO, BINT R A 5] B

5131 ([19]) MR A W LUS A H N = AAERE, BRI A = (ﬁi; o), FeiT A R A
9 X(A), A, 1Ay HIESAEESEA BN X (Ar) Rl X(Ay), ATFE X(A)=X (A1) U X (A3).

31382 (Perron-Frobenius R PO) 4 —ANEFEA— NATTLHRE, A —EFE—ER
SRR Xpp; T0IX AN FE T RFAEAE 38 /0 T 5 T IX A BSOS BURIE (. X IR IX A AN TT L)
BB JFAR I, A4 X A2 — A ARAFAEAE; 24 B AN AR AT LM B RS X, 9SS BEARAE )
B V=[01,...,0,] 0, € R,Vn € [1,r] 18 V G HLEERT 0 1, A X, = X,

KR e, RIERC (15) URSAL

EE1 (EIRE AT R AR ) AR G 2imiEimn & — 4058 L e
iE 735,V (i, §) € B AEBENU, IBAMEAE 0 < e < 1, AP KIHAL 0 < < e B, fE—BESIE (27)~(32)
T, RO

lim | Y (Py=ByP))+ > Pat+ Y Pu| =0,

k—o0
geVy deVy heVy,

lim d; (k) = d., Vi €V,

k—o0

k—o0
Horr, & NEARIRAEL, de N—AVHE, BSOS o DT R &S R AE.
MERR 4 mv = max {7;;}, (i,)) € B RopPrAlEER LR RIER . Zik Qi kAR Bk
T B AR 3.1 AN AN AU — B AR R A AR Th A R UL RO B R S a0 PR R 4 R

d(k + 1) = Wod(k) + Wid(k — 1) + - - - + Wrmd(k — 1) + né(k),

d(k) = d(k), (36)
d(k*TM+1):d(kaM+1),

E(k+1) = Qo&(k) + Qi€(k — 1) + - + Qru&(k — mma) — (P(k + 1) — P(k)),

£(k) = ¢(k), (37)

Eh—mu+1) =&k -+ 1),

Hodr Wo, Wi, .., W, Qo, Q1 -+, Qent 23BN BLTT i — B AR B A D R A UL ECRE FE 40 B R 401
2H, H Wo, Wy, ..., Won AN 1.
W d(k) = [dg(k),da(k),dn (k)] (k) = [£4(k), a(k), En(K)], WIFEAS 2 B REAR RGE AT DL /R U T

[d(k+1)] B [Al AQ} [d(k)] | s)
§(k+1) By By | | &(k)

1105



FENRERAE: 518 V2G 15 T i i I i — Bk e 2 SR

Ho RGRZBIERE A Ay = diag[Ag1, Aar, Ant]', As = diag[Age, Age, Apo)', Bi = diag[Bg1, Ba1, B,
B, = diag[By2, Ba2, Byol', A WA

W*O W*l e W*TM 77]* O e O
I 0 0 0 0 0 0
A*l = 5 A*Q =
0 0 0 0o -« ... 0
0 0 I 0 0 0 0O

Rt (38) 1, dy(k), da(k), dn(k) 73 A9 R B R BT RO BN TS FUE K I I — B AR
2 5 A ARG (38) 1 Agr, Aar, Apn 1X 3 DMERERIRE G Wio, Wi, oo, Warn 77008 Agr, Aar, Ana
XN ARJE RS (36) M RECHERE, 45570 5 5 fly SO A BT RN BUE ] FERE AL
NRGE (38) 1 Ago, Ago, Apo 1X 3 MEREMIRE I L NBAIEERE, 4L S Agr, Agr, Apa XTRL

NTAFRIRGE (38) 1 By1, Bar, Bny M B2, Baz, Bra 58— 4830, %30 (31) a0 T 58 B, #H
N 1070 B E R, N T RS R o, WIE (31) KRB DR E R AN

Py(k) = ByPy* (k) = Py(k + 1) + By Py* (k + 1)

_ (dg(k) _QZZ(k + 1)) (1 B, dg(k) + de(Z;r 1) - 26g> . (39)
Wl (31) thIh AR S T IE
Pi(k+1) =8/di(k+ 1)+, i €V, (40)

M TN E AR (10) KIRHL B/, WIF:

1 B, . dik)+di(k+1)—28; . 0, i €V,
5o, b e ) S Vg’ 5 '
l T;’ (S Vda
— -1 . ;o -
e o e “ Bi+Ci' - .
; 5w © € Vi, Discharge,
20, 1€ Vhs K
5-t, i € Vi, Recharge.

FEX B FELL B R EITER, HARTCER AN 0 IERE. WA

B(I —Wo) B(=Wh) -+ B(=Wrm) Qo—nB8 Q1 - Qm
0 0 0 I 0 0
B*l - 9 B*2 —
0 0 0 0 e 0
0 0 0 0 0 0 I 0

KRG (38) MABIEFEICH A, FRIZF T BIERE. KR A BIRIERE Ao 22 H 1T,
T3 oAt Ao HIRFEE LASRERE H XSHFE Ao AL FEME. BN T 70

Ay A, [o i ]
+77' ~ | > (41)
0 -5

By B

A 0
B; By*
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Hop H Boo® FR By® S 3 MM YSENF TTER Byo®, Bao®, Buo™. Bio™, I, B R

100 B 00
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000 00O
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000 000

H Quo, Qurs - - Qurns 739N Bya, Baz, B M MARE RS (37) I RBUERE, Y- 55 K HLHT AL
GO R BRSO

M1 Ao J97r BN = A RERE, ARG 51 1 TR AE(E Y Ay A1 By® RRE(EAR S HIIREE, LR Ay
PATRENURERE, BLRTA TR NIES, REMEIIRINAEER, Tl Ay A — DR IEE 1, ks
MEEMBUNT 1o (R 1Ty=1) Rl = AN¥1 AN S RIRIRHIERE Ay SR 22 A7 REAE 1)
Bl pTA; =T, Ayg = ¢, Horfr 1M RORMEFEN N 5] [H &

HIFERE By* BITEAAT AN Bo* AN 205, 51 B 2 AT DAER] 1 09 By ME— ) K RFIEAE.

WHITRR:

BQ*Z:Z7 z:[zg17~">ZgTM7zd17~"7ZdTM7zh17°"7ZhTM]' (42)
KR (42) BEFTA R 2, X HIA— (AR, IR RGERE By MARHEN &, R
yTBZ* = yTa yT = [yg1T7 o 7yngTayd1T; R ydTMT7yh1T7 v ayhTI\/IT]~ (43)

WA (43) AW T, WTLME R By 15 4R AE ) &
Wt R AL, Ay HAEFAET 1 EEE, WA X = X = 1, MERERE a1, do,
BT, BT NEERE Ao BB A A7 A 1) B, Fe3k U0
BT _ "B y"
Y $T ot |

EDIHED SRy AP

yTz YTz

0 ¢

MZ[&1,542]=[ , VT =

0z —cz

Hie VIM =1, Hrh

RIEH FEREE IS B, WA
0 0
viom = . (44)
[ YTz —cpT 2 ]

m0 (44) ATRL, VIHM BIRANRAEE Y 0, —cpTz, FTAA diéy/de = 0,dis/de = —copz < 0, R
FEFE Ag BUZE 1 MRFALAE 1 ASZPEENAERE H BIREm, 20 o 208/ NS 2 MRFIE(E 1 27E H 1
SN IZHTAR /N, BTCA ] AR 2458, JEFE A AME—RRAEE 1, HORRFIEE RSN 1 prbfy

d(k+1) _ 4 d(0) o d(0) |
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Potovoltaic panel

> (FGHIRE) 11 ¥ S MR
Figure 2 (Color online) 11-node grid topology

Horp A* e ZON—ANEME, d(0) 87T m—BUERREWME, WO limg oo d; (k) = de, limy_y 00 & (k) = 0,
Vie V, BRI, B 1 o, M@ R E R (16) s

ST RERIISIMEZ B30 (44) PIFRIF(E o2 BISZMI, 1T —cy 2 X R G HE S
SERIEKAE v MR, HLomyg 89K, —oop T2 K, ARAEME Xo = 1 A5/NR GRS, BI 72— AN 2/
) n RERUE RGE WS, OIS RGN SE B AT BEALIE, LIS S 8 DR ST S50 PR iR, Ae St s vl
TRAE. 2 RE R O, R FT A B85 X B 35 I Ao VP Y TRl N AR e KB, R G 38— ARRAE(E AR /s
HE RS, WHINAIE R K, B 75 = Tijmax, i € V,j € V, 7 = max {Tijmax} i € V,j € V, I REE
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Table 1 Parameters of microgrid nodes

Initial power (kW)

Node oy Bi Power constraint (kW)
Discharging Charging
1 36 29 0.062 4.20 (0, 50)
2 30 32 0.020 1.14 (0, 120)
3 34 25 0.350 0.00 (0, 70)
4 —21 —-20 0.069 7.05 (—40, 0)
5 29 36 0.075 3.25 (0, 50)
6 —-30 —-19 0.085 9.00 (=50, 0)
7 —33 —18 0.080 8.75 (=50, 0)
8 —23 —18 0.078 9.20 (—40, 0)
9 —23 —14 0.072 8.25 (—40, 0)
10 —-19 —-17 0.082 8.36 (—40, 0)
11 20 —16 0.090 8.00 (—30, 30)
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Figure 3 (Color online) Variation of (a) the consistency variable, (b) power output, and (c) supply and demand deviation
with the number of iterations when the electric vehicle is discharging
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Figure 4 (Color online) Variation of (a) the consistency variable, (b) power output, and (c) supply and demand deviation
with the number of iterations when the electric vehicle is charging
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Figure 5 (Color online) Reproduction of the simulation when the electric vehicle is (a) discharging and (b) charging
without time delay
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Table 2 Four simulation results of power distribution

Node Power (kW) Power with delay (kW)
Charging Discharging Charging Discharging
1 7.954 4.4822 7.922 4.4848
2 101.158 90.4001 101.059 90.4029
3 7.409 6.7918 7.403 6.7945
4 —13.505 —16.6221 —13.534 —16.6223
5 12.909 10.0402 12.882 10.0408
6 —22.433 —24.957 —22.457 —24.964
7 —22.273 —24.9611 —22.298 —24.9618
8 —25.7286 —28.4857 —25.7541 —28.4864
9 —21.275 —24.2626 —21.303 —24.2631
10 —19.352 —21.9739 —19.376 —21.9745
11 —4.520 29.1335 —4.542 29.1327
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Consistency-based energy management strategy for microgrids
with V2G

Lina REN", Han WU & Xiaohong JTAO

Key Laboratory of Industrial Computer Control Engineering of Hebei Province, Yanshan University, Qinhuangdao
066004, China
* Corresponding author. E-mail: renlina@ysu.edu.cn

Abstract Electric vehicles have the characteristics of mobile energy storage. Properly dispatching the charging
and discharging of electric vehicles can regulate the peaks and valleys of power grid consumption. This can also
increase the power grid’s ability to absorb wind and solar energy. This paper studies the distributed energy
management strategy of microgrids with V2G. First, this paper uses the principle of electricity price induction
to establish a multi-agent microgrid profit model that includes electric vehicle aggregators. This study considers
the optimization problem that the actual energy system can maximize the social benefits under the constraints of
power generation loss and power balance. Then the paper uses the information interaction between distributed
energy sources in the microgrid to design an optimized solution algorithm based on the multi-agent consensus
theory and further considers the scenario that there is a random communication delay in the system. The system
has maximized social benefits while maintaining the same system electricity price. This paper analyzes the
convergence of the algorithm under the background of this research, and gives the convergence conditions and
influencing factors. Finally, an 11-node microgrid is used to simulate and verify the system, and the results show
that the proposed control strategy is effective.

Keywords V2G, multi-agent system, power loss, time delay, distributed consistency
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