%33 K% 58 Il 221 T = Vol.33 No.5
2016 45 A Journal of Mechanical & Electrical Engineering May 2016

DOI;10.3969/j. issn. 1001 —4551.2016. 05. 020

B F 4 B4 S T A B R
i B 5

1 2 — 22 g ol
*x = LB W ETR,FhkiE
(L WHTRS: AT R A BE , TV UM 310027 ;2. gt i Sy RL-#HiE T Be , tR it 4@ 350003 )

FEE A0 A s i WAe Sk A8 A T T, 25 T A - A s 1 B, 3 8 T — o sk s BB 190 43 A X R VR 45 RIS R348 =R ) s il
FEWE o R ME R — SRS  ZERR G (5 P 2% 29 A T I Se ol T A 5 R B . FEIZOR MG, 4 A 2UHRL IR AT AR A3 A A 5K
I PRI T 84T o [RIBS 43T 1 380 {75 S0E B 60308 15 30 e X 42 1 SR R S T . PR 48 SR R WY IR WS A RN 2 1 S (3 2R i Sl et
TR TSR S 52 30 5 A2 e AR08 175 00 8 A 5 R R /N o

SRR IR 5 oA A ) s — BB 5 B AR R

FE S TMT3 XERARERD A NEHE 1001 —4551(2016)05 — 0608 — 06

Research of incremental cost consensus acceleration algorithm for microgrid
based on decentralized-distributed control concept

WU Ying', CHEN Bing’, FAN Yuan-liang’, XIN Huan-hai'
(1. College of Electrical Engineering, Zhejiang University, Hangzhou 311027, China,
2. Fujian Electrical Power Research Institute, Fujian Province, Fuzhou 350003, China)

Abstract: Aiming at the slow convergence rate of decentralized control, a distributed control strategy of microgrid was proposed based on the
decentralized - distributed control concept. The optimal operation point of microgrid was realized in a fast convergence speed under commu-
nication constraints using consensus algorithm. Distributed generators can be operated in fully dencentralized mode or decentralized-distribu-
ted mode. Simulation results indicate that the proposed distributed consensus algorithm is effect and that communication delay and communi-
cation failure only have a small impact on this control strategy.

Key words: microgrid; distributed control; consensus algorithm; communication delay

oA SR IR A O 2 o R REALAERR AT,

0 5l & SIS T 0 S A DL RV .
T HRREI B A SR ) T gy 0 AR DR SR N

=

S AL Al Rty gy, SO RO W R A L g
%‘sziTﬂ;ﬂ[ﬁj“'ﬂ N ﬁimmxﬂ.ﬁ%ﬁﬁ%/ﬁﬁﬁ?éﬁgﬁ ﬁ%ﬁﬁﬁﬁ{t%,ﬁﬁ%ﬁﬁﬁk%ﬁ%ﬂ%éﬁo

i
%H%Eﬂ ,Mﬁﬁﬁnﬁ%éﬁﬁﬁ%%}?%ﬂﬁﬁ“‘” , J&fﬁﬂéfv:" ﬁﬁﬁﬁ%ﬂﬁ%‘% CF’ 5’%%%’]%% s mﬁﬁ?ﬁjﬂﬂﬂﬁ%
—— LRI (AL 45 4312 1L DA s ) B 5B

WFs #2015 -12 18

EEWE : HEmBORDI R R (8637 14)) ¥ BT H (2015AA050202 ) ; #i V145 H J1 2 Rl H “ 2375 T 32 3l i i AL A A 5 07 i F
73" % BhI H (SGTYHT/14 - JS - 190)

EEET: R (1990 - ) Lo WRTTHUIN A B BF9e A=, 258 SR AROR 400 S R 42 16 5 T B AFF 5. E-mail : wuyingl1990@ zju. edu. cn

BEBRAN W, B, 287, W4 S0, E-mail: xinhh@ zju. edu. cn



55 EN

B A T o0 A 3 ) B A Bl A TR A I R A - 609 -

OB R G EAT —E Y B R RE T, & AR H
BT T ST S AR, 4% A B TE 22 W RE % S B 1
BATT S B ] R L 1 B 280 B, ik
T BRI ) A R B 2 B R A

SRR A M 2 TS R4 A A 2
PR Hu 5 R BT SE B R G ks AT L A
54 T AR P R A0 A O R A, B A
Zi iy e oAb B A, i 5 2 13 4% K 0 5 P 2%, 4
Rl it He sz B 43 A 2 R R I 1 P65 47 R 45 0% Bk
P RS R GS R GRS, AR
P TN RSB T S R Scik[ 13 )58
Aot — A1 B Y SR S BT R PR e
R R G E R4 . SCHk[ 14 @ id—
BRI T O A TR A, JEHE— AT T R
WL BUATLZEL S50 o 0 1 M 0 38 PR S, KT, bR 4
A 242 S B S 75 0 248 A7 76— R AR SR B3 15
SNSRI Y, RS MR 2 R
5437 A A B AL 36 11 4 B 0% 3 05 B R E
G U I | A R ) I £ 45 T 3 15 LN
EEHSIIEREREA X,

ZEL MR A 23S P R GRS, AR TESE
B R — T 2 -3 A XA o R 9 45 A R ek
R | F OV €t | E I E 3 1 I S/ 1R R (=AY
g4 (oA L 22 )7 A T A 2 B ) 2 A X Pl D 3 5 g
A B ST R D6 S, HEAT (O R — B ik, 5
PRI AR BN . 4% 5207 3 HU R T 7 A e
PR 517

AL 1 S8 th — b 2 T 3000 43 143 A =X 4
A OS2 S 5 A 2R 2 R W 5 LU A T LA
IE I 70380 175 28 B Al o425 ) S W B R0 5 9 ), 3 4
LI S W (A R

U Bl R ) J2 4

PIST AR R 43 BB = R 43 J 2 92 i) 5 ek, 428 i HE
Pl 1 Rt

ey

a

S B)=a(foon = 1) pici

BT B == b 4540

Forp— U i Sms R AL GE R e v T 4,
EoSva /(1
f‘pri(Pi> :fmax_dipi (1)
o f— TR R d,— R N REL, P — )
A A I 1 A DT AR
TURFEHUAR B A% A 2R IR A s £ S B
RPN, TR IR
felasf) = alfoun =12 (2)
P ra— W45 R A S, — BIN R BEBUE SR f— 2>
ZUTIR R R G — D FEAR R, SR AR AR
FEHTHLTT R L RGO RE B P4, PR Rl ) R 58
LRREIBITIARIE T, RGBT TR & Tristr A
DAL o b FA% B H 37583 T, 2445 5 0 A X
HEL UL 8 AR FRlc R — B, R G A fie /), BT R g
ARG TREFTINIEAT 8 O T S BRI i 2 55 4
[ NS/ € o
SRR 5 JE ARG A A AR Lt T o
SEBLA I B 22 BEOUAL o SR, SRR & Bl A £
A5 ., RISE b 43 s il SE A U de R, s AR
JE 18 R IRLEE o BIr LR =0 il vh g L AR 4%, d i A%
1B TR R AR SR — B SR S A G R Ak

SREEHI AR

Jw = fou = d:SBAY (3)
S f . — BT RS, — 43 2 F U A ML T
R d— FEZER A — & G o

— B R BN R — B R 1R T S0
PEAIUL , B— WAL

LR — U O A = A ) T AR £ 4y
A A BB AR P A, 4R s
Ji =S S/ (L +Tos) + (fi = f0) /(1 +Tss) (4)
P T, Ts— PSR A A s ] 3 4

2 HERUE RN ERE

R — TR B o oy R AR i 45, BAR AT
PUS B R — B 2 55 i s 7, B R T =K
PR AR 2 B #5250 07 5, 4 5 L IRAUR S A
M R T, S A eSO 8 ) (R T i
PRI AN RN, 25 SR A R A , AR oA i PR
(] FH EL A% 138 AR O A5 L, R A 3 YA 2]
O AR — B WSO R, S BN 4 .

2.1 —HMEHEX
RGN 6 R .6 = (V,E) Fm—



- 610 - L H

™ % 33 &

MIEV = 11,2, N A RM—RINECV XV
WL 1T i AR R N, = ) e VI (iy)) e El
EN

G H IRER R R g — 1V, — B
LR R

x§k+l) — zdg/x;k) (5>
j=1
2R — 8k YRR AT A L —

TS b+ 1 UGEAREE X a BEE T, d— T A
TR Z IR R A n— A L IR A5 SR
WAE AL d, K U R GEIEAEHE I D FERE )
ARG — BT VS L R R
Xt = pxt (6)
R P £ P2 e AT A1, Y D AR — M TN
PR, e 2 A IS 2 — LD iy XA £
R AR SCER( 19 ], AT (7)o D HEIEEAT PR
2/(n; +n;+1),jeN,
d; =1 - Z,EW.Z/(”I' +n+1),jeN,i=j (7)

0, otherwise

A (7)) RIRD, S99 R0 TN 738 5 2
IF, D FE RIS LAY o BUE A O, DS A5 s g 2
SR AH EL A IR 3905 IR, 1 s AL R 15 T 2%
AR AR Y R AE B R AT TR £F R A, AT (7))
B, ISR R oA =
2.2 ERBEMERH X

Sy X S BB SGE E w2, BT
FIAGHEAR P28 F— B 50, il O R M5 B ay ikt
SEBhnE

B 2R ALY A O 3 A, S — B
i, 7E AR S AR O R E B T
—HUESE RAEAE B R G P A AR R 2 A U AL
PRR ) SR AR A, DT AR 2 B A1 2R 8 S5 g 3R 1
B SO S AN R IR

A= Yt (8)
j=1

Aorpr A — oA A LR RS b+ 1R 1 A
R dy— RGUBEH D HrOCER  #%50(7) 2
FriEH

TS 1 T T (8 = U F o R s v, G SRS ek
FRLME T AR, RIVAR S 2 A =X A TR SR A — 2
P ) S5 (RO 3, oA A WSO FEE 188 114 1) AL T 3 o
— SRR A A A A A R TR PR A ) S
AL, T LU RO PR = U ] o A RO R A st

L, s B 8 45 G AR

—BAE LT, — B Rk R A RS 7R T 15 ™
25 WA 20T 5 TEE X TR o 1 T AL R S P P R, R
GErp AN A AAFAE RS 19757 1, AT AT — A5 s M AR Y
R (AR AA B2 A — 25 A7, 5 B0 A5 W 455075

SR, AR B8 — B N S R 0 A 1R
263 MEA R ) 8 2R R IR O, 7 — S 3
A BR Tl A WAL Y R A E— R
AR B, B A R AN UG i e £ P 2% B
FHAY 5B A RIS R il RGR AR T
A A7 A PR AR R o PRI R R 1 X
{5 PO 245 FRO S, sl 138 15 0 2% 28 A 240 3R

3 A S P T A R Y 5

3.1 EfEER

T SE BRI ZR G845 A 3R R A ] 4% o A 22
Triaty , i LAAEAS 73 A1 2 Y5 B0 A il 42 ol 8 =2 1) b 47
A FREE S A8, BRI /D B 38 15 A Sk J5 BOE =
0 R PR AT

SR i R rp A LR Y A HE R RS ] BE 22 %
HL) R G L A e s A7 7 AR B, 1 I L 2 Al g
SR REATE — O P AR AT R A PR R
AR R GEn] AR AR, RTRA AR 7 i 5 8« it i nl
FEPEAE {5 4, G4 g 07 X LT R R, R 2
FA A0 o5 5 R A AN R I T BT Y
RGN RUERA A]

2 L HE N 8 S5 AR Bk 40 2R

)\i[k+l](t+7_) _ zdij)\j[k](t> (9)
j=1

S 7 — ZERF AR, A HG 355 4E B RN 5 2E A, LA
b PRERPERE GEAR A B TR R R A K,

ARHIFE AR HH = WA 1 AT AR B B 2R G 1) S
AT B T A — S SR R AR LA A B S
BT R AR SO e T TR, B G R g
RN — 4 Jy e A A A 20 AL B A O R . T
M {E R G R A IERT I, 5P H g AN B (1Y) 2R GRS
BIHASZ B0, PRI = 45 i 1 A2 AR R /N
3.2 EEMEFMEEMANTEL

R IE A W 2 R R F O, S Bl F TN R
A Ak SR B e — e 2 R A A R
BRI, B [ 2 A B AL B
&, W5 EAHE NP A FEZIZLA N E R N &5



55 R B A T o0 A A R A Bl A R A s R A - 611 -

BRGNS B2 AL, A8 PR FE I ke T e e i 5 2k i
SRR {5 2 B P R O DL RS o LA DOKE
T4 4 B i HAL

4 LRI

4.1 ARRYIHE
ARBFFE R — A =LA B9 3R 5, S0
SRR H T A5 TE 135150 46 % SO 3 B B 1 B
4 O R T AR SR 2
ST T A A £ A S OB
{5 LN 2 R

IR ites

-~

K2 iRl

T R GERIRILAR TfT A 1.8 MW HLAA A4 M 1
MW, REGHSBANT . T=25s,T,=2.5s,d,=2,a =
20,8=1/3,f,,. =51 Hz,f,, =49 Hz, 7F 20 s B} A
0.3 MW ffif, 76 30 s BHI 4 0.3 MW A fif . 43 I 7E
SRR 1.2 R0 1.3 Z RIS . A LI A i
R 2 E 3 Fis .

AU B B2 RN 4 FTR , 42 HE il A
FELEIE A P 26 04 3 A XA R B9 8 20 A 2 R A g

0.22

=
o

0.18
0.16

0.14

0.12

Incremental cost value(p.u)

Ol A: n " " L n n " 1 3
0 5 10 15 20 25 30 35 40 45
t/s

51
—Gl

————G2
o 505 G3
=
g )
§ 50 T
<
49.5
49

5 10 15 20 25 30 35 40 45
t/s
(a) 25y Bl ) (5 FL A R

A TRl 3R A Ak 2 AR G0 AR A b il 2 3] R 4
(a) A(b) Frose AT UL, P 41 mT LR 28 58 02 o 15
S AERF A R A 5 2 s T, X IR SGEE
1 Bl T30 1 0 28 B0 20 A SR LA 1S s Z AT A 2 4%
50 2R PR ) 25 Bl 3, WSO S S AR TR T 20 1R
il e o S RO R R A AR T A
T R AR SGEE

1

emental cost value/ (p.u)

0 01 02 03 04 05 06 07 08 09 1
Output power of DGS/(p.u)

B3 A A AL GO 5 £

R T SRR o e AN AR A 4 P Y 1
P ABTFORHLLL 1,23 B3 2ol i B 1 MW 0.
8 MW 1.2 MW, At S BOAAE , AT5IR 7 Jid 5 M 46
PEAT 5 B IE , 73 HOMIAT T8 45 I Ay AR B = sih 2
BN S (a) S(b) Przse RTUL, £ 7638 15 I 04 A 334
ARSI JEE S SRR T A SO IR, AR
BIFFE 3R AR B33 X AN TR 5 19 A F ML IR RS T o

02 —Gl
=

: —2
(=9

§ 0.2 ceeeemee G3
S 018

S 016}

E NS .

S o

S on2fs

S

Ol : 1 1 1 1 1 1 1 1 ]
0 5 10 15 20 25 30 35 40 45
t/s

3! —al

-—==G2
50.5 sseseees G3

50 Y

Frequency/Hz
e
-

490 5 l‘0 l‘5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5
t/s
(b) s g il A R

K4 PrEa R o



- 612 - Hl H

33 &

=02
3 0.2 -2
Z 018 sssss G3
2
S o016
3
S S
% o) et
SO L
= o01f e
T K
5 008k : : . y
= 0 5 10 15 20
t/s
(a) S il B4 SR

0.22
g 0 —_—Gl
§ ols —— - (G
.§ . senes G3
% 0.16
3 014
§ o12f
) »
5 01}«
] v

0.08 . , . ,

0 5 10 15 20
t/s
(b) A5y Bl a5 %

KIS ARIHLAL 7 R 05 B R

4.2 ERHEGE

b a0 b A F A A e A ) A1 X
i P A7 2 RS Bl 3% 3 MOS0 SRR T A
P HCE A o AT 90 2%, e e S5 Rl R i e 30 vk
AT LA S50k A0 ol 0 3 38 28 5% B s A s R IR ] 9%
T, TR0 38 15 10 24, 5832 ] RE2 32 3038 £ A 1 )
SN A5 53 M7 AN [ £ 428 T A IS £ o

TEATFIZERP S OL T, % 5 70 A 20 P 2 AR n] L
IR SO R L, S BRI R0 A 285 B DAL , SR T2 Fsf ]
T SO SIGH B B X B 0 3 S 4 o ) 2
A B WCSE S A I, WSS T 25 7 AR 5], =
YA P AN [R] A5 S2E I BRSO (] A 1 B o

R1 R[EIE R T YU 5 A 1

FEI} R [E] /s Lees GV
T HE s} 13.208
0.002 13.216
0.011 13.245
0.020 13.282
0.110 13.655
0.200 14.799

4.3 BEEHEHE

A W 2% R A T AR e, S B o RS

TR DL, H -5 ik e 5 24 322 42 Y ML AR 3 1
2% , RN i i i e A ML AN PR ISORH L AR5 5

DiECE S e 4. 1 B E M T T, 25 2 s i,
oA LI TR 3 22 [ 14 368 15 2 8 A A e, A 5

HLUE 13 ALA3E (5 W7 0T, 1 oA =X U 1 2 759K 3
Fo IR MLEIRINR AR [R5 AS 2 ] 45 S 1D
HOFFEA N EFEITR ¢ RE, RS 27 0 A0 U A5
PG S . X T AL 3, BN AT S g
IE Rk AGE S R G5 S8 ARG A YN T
R 2R GO A R 1 HLAL B AR TS 0 e A il e
A5 LA SR INIE 6 Fii

MRYER 6 nIJ, 2 2 s WPALZ 3 JR HidAE , ALK
AT A 2Rl R K R AR AL, 4% B A U PR A A
T AR AR AR /N B SR B AR 18 24 5 s I, G
R A, WA B FE T AINER

A — RS2, A I LR 1.2 22 [) 0 3 5 2
WA TR, UHLE 12 B Z [ REL B B
P AN A7 A T DA% 3 5 B A0 T8 15 2R, 25 R LA
HogE | A E SO B HAB ML A9 15 B, U ATLZHAS b 42 1
AR AN HEAT RO R — Bk, BN s AT T el
ks

Incremental cost value/(p.u)

6 fE R T D B R

5 ZEHIE

LT B0 A U 1 LG AR 4R T — o
S BRI A 2 R A AR AR (s SRt o 1%
SRS A B 10 1 19 2%, 308 o i 3 — S o ik 5
FINE S RGN A TTB AT, iz R T,
3 A 2R PR AT DAAE 4 0 FBOR 0 HiC— A =P o4 i
AUNIBFT . SR, B th A4 ) Hms A &b 14>
LRGN RS e R 6 SL.9 S i AT RV L
1) SR 2 8 {75 0 P T EE 475 3Bt ) S ) LU/ N o SR
FE 53 A AR Pl v B S

2% 3Lk ( References) :

(U] 5k b, Bl WRET=. 26T 5y 20 26 08 2 9 I 0 134

RIRERAT BT ]. B R 58 A 3h 4k, 2015,15(3) .23~
29.

(2] Mlem,#Beiii, = 5, 5% A AR AR AR ) &
e TR T ] AR, 2011,34(12) 243-
47.



Es

5

M EN

AR RT3 i

AR AR AR S Y

- 613 -

(3]

[4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

(12]

B, TRE, A B AT LR ] &R
% H sh1k,2007,31(19) :110-117.
BEA, RV LT oA AR IR O EAR [ T]. ) &
45 K H: A sh k2441 ,2008,20(1) :131-138.
T sk, B 5B, AR AR 0N R g e A
ARG IEAT AL T]. B RS H Bh1E,2009,33(24) < 78-
82.
LOPES J, MOREIRAA C, MADUREIRA. Defining control
strategies for microgrids islanded operation[ J|. TEEE Trans-
actions on Power Systems, 2006,21(2) :916-924.
RN, g e, X HE. A 2 IR A B
TrgtrgE J]. iR ,2015,16(2) :23-26.
Fl, ESPAE. oA Uk R RE R G IR SEL ]
B, &5t H 3011k ,2008,32(20) :14.
LIU W, GU W, SHENG W, et al. Liu W, Gu W, Sheng
W, et al. Decentralized multi-agent system-based coopera-
tive frequency control for autono-mous microgrids with com-
munication constraints [ J |. IEEE Transactions on Sus-
tainable Energy,2014,5(2) :446-456.
LIU S, WANG P X, LIU X. Impact of communication de-
lays on secondary frequency control in an islanded micro-
erid[ J]. IEEE Transactions on Industrial Electronics,
2015,62(4) :2021-2031.
B SCHE R B I, SF R BB R G R
BT SRR SCRESR [T ). By R 58 A Bk, 2012,
35(16) :1-8.
QIN J, GAO W H, ZHENG X. Second-order consensus for

multi-agent systems with switching topology and communi-

A5 AR

=1

EE 9

[13]

[19]

cation delay [ J].
(6) :390-397.
SHAFIEE Q, GUERRERO J M, VASQUEZ J C. Distribu-

Systems & Control Letters, 2012, 60

ted secondary control for islanded microgrids—A novel ap-
proach[ J].
2014,29(2) :1018-1031.

Zhang Z, CHOW M Y. Convergence analysis of the incre-

IEEE Transactions on Power Electronics,

mental cost consensus algorithm under different communica-
tion network topologies in a smart grid[ J]. TEEE Trans-
actions on Power Systems,2012,27(4) :1761-1768.
XIJ, YUY, LIU Y G, et al. Guaranteed-cost consensus
for singular multi-agent systems with switching topologies
[J]. Circuits and Systems I. Regular Papers, IEEE
Transactions on,2009,61(5) :1531-1542.

e S N S T LR B i D P g S B Y
HlsEms [ 1], B RS 1 81k ,2015,39(21) :30-36.
BINETTI G, ABOUHEAF M, LEWIS F, et al. Distributed
solution for the economic dispatch problem[ C ]//Control
& Automation ( MED ), 2013, 21st Mediterranean
Conference on. Chania; IEEE 2013 .243-250.

XIN H, QU Z, SEUSS J, et al. A self-organizing strategy
for power flow control of photovoltaic generators in a distri-
bution network [ J]. IEEE Transactions on Power Sys-
tems,2011,26(3) :1462-1473.

XU Y, ZHANG W, HUG G, et al. Cooperative control of
distributed energy storage systems in a microgrid [ J ].
IEEE Transactions on Smart Grid, 2015,6 (1) :238-
248.

(4miE: A ER]

W, FUTCEE, 45 FE T30 A 2 ) B 0 0 0 45 Rl SRR R T [ U] ML 7% ,2016,33(5) 608 - 613.

WU Ying, CHEN Bing, FAN Yuan-liang, et al. Research of incremental cost consensus acceleration algorithm for microgrid based on decentralized-distributed

control concept[ J]. Journal of Mechanical & Electrical Engineering, 2016,33(5) ;608 —613.

CHLHL THE Y 247 - hitp : //www. meem. com. cn





