F4E5 F11H
2021 £ 11 B

Vol.41 No.11
Nov. 2021

® 2 & % wE &

Electric Power Automation Equipment

LCL JF- W8 25— F Lyt e 5 TR ALy
Pl S B Ji ik

L wL R M @A, E S ATEARS
(L FReRARFTAENS wHAFHER, K M 51008052 BELARF @A TRFR, KRG H% 710049)

HE.AEFRFMAY, LM T oS Ke B EMKS, HICLHNET BB IAEL L%, 2% @0
R F A, AT, G4 LCL3F M it & 2353 T 2 M R 20— 0 8 b ds 4 2 Lok 4 A ik
BHBARENER G MET OAEH R ERAGAT LAY S B AR R, 08T REL
WHEFEAT M ARKREHBOAKERT RS T ARAER BRI A ER SN, RE, £IUR
WAt A G BRI AT 5T, iR Ay A A S IR IR GE T ATIR T 35 ) B 09 T AT BT T A e e AR SR R
B, A8 YO AR G E ik BT AR 4R ) AL, W BT R 7 R P AR 3 R A3 — B B AR ) AR 454 LCL 5T W A 43k 13

W IRIRIE SRR AN I &R F, AR RIE LCL I M BT TIOUT RBLH
KR LCLIFME K E; § BAREAL; B RIS T BRI 5 SR

HE 5SS TM 464

0 355§

LCL By g th T HAT AN AR s 43
IR PE e Tz TR b ORI AT W 0 AR 2
ot R KU OGRS R R e L R AR
SN VA SV 1S N AR PR ) L @ W01 D L B
AR I SEPRIs AT IR BN A SR I A LCL I
PO 35 725 85 0 5 058 R, S T J R A F T R G ) A
B47. I, BT 7E 45 TO0 T (19 LCL JF M 33 75 4%
AIBTHPE ARG E Ve R A B

HPrPidzii ADRC(Active Disturbance Rejection
Control ) J2 £ ML PID #2 fil (47 AE 5 7 v , B 4l
PID ¥ il & 45 1 01 5 T LA S AR 4> [l
i, ADRC REAS 5 Fit o Fit Fie W 28 | % 45 e 3 7 A4
sl KRR 2 G SEER S A ME R
By, 38 5 LI 5 X SR AL Bl K AR AL B0 4 B AT
FhE, IR A 5 S AMES , BAT PO e s i AL .
I, S 4 R LCL I 190 30 28 85 R B 410 P RS E P, A S
PL= 3 LCL I M A2 85 A BEFE s R, it 1 5k
{7 oy T LRSS — B F Brdda il o

— B A BT g AR 3D SR BT
MERSEB, B MENMRS B S8 ko Ho,
B, R B, X LI 25 B ke 3 e PEAVE T, i kRN B,

S0 R 40 0 e 1 TR BE ADRC &R 4 1 o e
H5X3MSHEIYA Y WL, i e B P
il % ZBO R 5 LCL I M R GE R A B 258 3
BEAN kB B, 5 T A AR Bl T S 2 1) - J7 4% 1)

Woim B 83 :2020-11-13; 2 B B #3:2021-05-17

EEWMAB ) AL MATRFEA A7 B (GDKIXM20172770)
Project supported by the Science and Technology Project of
Guangdong Power Grid Co.,Ltd.(GDKJXM20172770)

XERFRAERD: A

DOI:10.16081/j.epae.202107021

AR A T M R B Y A LA il 25 1 3
MRS, B, MEEIEET K, F R RS2
MELATAE o S T ATk B BT 4a il a% 2 80 ik oS
30 H R R R 2 A i SR S 80 —
Ak 3, 33 0 1 B 4 A 2 8 IO T
BT Al SE R R R A BT AR A R R SR
7K R 5 O I % 114 A a5 53 0l T AR I P A o
Bt —ao, AL E8 AT 58—, b o X F n B A BUHE T 6
v, et M SR E AT AR g S HCR B, =CL v,
B> =C3+1wf\ o B,=CL 00 B =), LMRE R
s SN by, =nw, Ky, =Cl0? o kg =no!
k=™ o S T ORIE LI #5 XT A Sl 0 WL RS
SR S Bl 1 SR LI £ TE o, KT H
PUAE AR T 0, 0, — BICH (3~5) 0,0 G11: 3
BRL10 434 T ADRC F N A5 i () S5 30O & |, ik
i 2 PR T ) 0 U0 BT ) 5 50 T 485 5 B ok e 4
E AP T ER S8 SCR 11 456 S2br TREN H
PRI T AT SR B F IR S S B,
BARIAL T AP g S 80 o L (H AT
B BB SO T IR BRI T 47 sk R 2S00 25 174
Wi AL, AT UL A a2 4 /NS AT A L PR
il 7S BORAE R B R, SE S 3R G LUR S A
FEMERE . AT, By vi ik 2 o, A — e A i A Bt
PR SHEERO . a0 SCERC12 145636 B
b, R 2 GOR R G HoR1G A P fl 2 280, 1
ZIT M ADRC 2R Ge R AR e 3R B2 4 5 SCHR
13 48— T i o] RUBE Y | B dss il 2 S 850
FE 7 AR T AN T SRS ] RUEE X S 52, A
R S80S R PR R B M R ok, i i
SRR BT R G AR B b Re s SCHR[ 14 14T



£ 118 o W)L GE LCL I MR g — B A e fa il B 2 TR iU A B P il S 80 2 T ik @

P A B4 R G, B8 JF sl 2 1 o A A e
B A28 00 A DU g i 48 S 80w Bk HindE
HBANE G T RGBSR, 208 T R 0 HoAh PR RE
XPSENER . BLAh A TR R RE M A bk
Bl S EoE e k. TR Rtk R s
I BB R as B ARGtk fe B AR, HOR AR RRSAIA IR
b A PP a8 S B0 e H AT pF o #405.
an: SCERL 1S JEE X Tl LR 3R Bl BT Y ADRC R 4E,
K F % 2 s VR w Ak 2 > o0 A i S 817 5
FE 5 SCHER (16 1R FHCGRESR VA X S 20 R LB 3l 25 19 B
brih sl s S8tk st . B, BARE A —
B P04 ) B8 AE LCL - 0 336 25 21 v iy FH A AH DG 41
O AH BT T — B AP g i Tk
FEE AT TG 25 S ECE AT R G RE R SE
AW S — B A PTPL a6l 28 S50 AR ik

PRI, AR SO LA LCLL = B S 5 O 306 A8 2% Ry fF 5%
XFGe X — B B PUHLHE il 00 2 8508 Jr ik b AT
%o TG, X LCL I 00 A8 SR A5 B R 4 7 R o A 34, 1%
TR 5T T RSB — B [ P il 5
HvR ) & R G VE T I R s R 2SN £
H ARtk s %k, 25 AR BEO0 A6 531 52 3 LCL I )
AR H YU EE H 2 S EON SR E L Rk T BT
Po4a il 25 2 BOME DU 2 1) [l s B Je , X & Gy
T 1 AT i S BRI TR SO ik s 4 il 2 500
JEM RGBT AT, R AEAR R TO0 T i i
15 FURNSE 30X AN [ 42 i S 400 ADRC A 8 R ik
AT b, T U B BT B E A PR 4R 2% S 80
P
1 LCL=BFHMifiTaZEil

FEF B I PR R A 89 LCL = f 3 rpr i 4407
NPC(Neutral Point Clamped ) %36 25 4% R F W& 1
fim. EH,S, (x=a,b,c;q=1,2,3,4) R 12412
WU, B AR A 5 €, L C, o BT S L S 5 L, L, A
C 437 Ry 30 728 e 00 ek J oA O 90 8 P JR A 0 D

C J: Sal J@ Sel J@
& SWE)ES £ SokE £ Sokd

’_'_/W“ fY‘;V'\
i

EE%?;U(‘C%]E‘%?ﬁ%}f;um\uwiuﬁﬂ igﬂﬁj\EUﬂﬂx*ﬁ
PNHEFEA R (PCC) L | H I H He 396 A8 8800 3 11
IS0 Hh, 375 DA T FRL ) 5,0, Ty vy, 20 590 i
u, 1t dg %ﬁ@%?ﬂ’ﬂd\qtfﬂﬁi}‘i;ud\uqﬁ:}’%’]ﬂﬂz*ﬁ%‘
S 5 n 5 2 [ R w, 7F dq bR R T d g il
I3 s u, R w, TE oB AR R N I o, Bl AT I
6 >} B BiAH I PLL(Phase Locked Loop) 75 21| 19 Hi [
HLFEARBLAR R 5, s, O dg AR R 28T A HIL 45 5 (L)
3 SR R A A K
B 152 FRL I H, s = -, MR 8 B R R SR R
LI R AT A LCL = HL P I 03 228 85 7E —AH abe i
IEARBR R T BB AR AL
u,, (t)=ue (t)+L,di, (t)/de
ue, (1)=u,, (t)+L,di, (¢)/dt (1)
i, (t)=1, (1)+ Cdug, (¢)/ds
P s u, N x A S
(D) A4S0, 15w, Z 18] 15 38 s BN -
i, (s) 1 1 1
w,(s) L,L,Cs+(L,+Ly)s L,L,Cs & +w>
K w, 2 LCLARIIE I A5 B 1R M %
w,=/(L,+L,)/(L,L,C) (3)
T Q)R RGN = R4, BT AgE
il g — A =B BT A . AT, =B A
Priahl de st 5 A%, B LA S8 TR
NN AEA R . % I8 E] ADRC G805 5 AR % 25 24
VENDE , 382k LI 25 4T A T IR SE M2 i ADRC
TCTFHE IR AT AR R, o T A i A
2 4 AR A B, A SCR  Pade 2R xF20(2)
HEAT IR AL B, B I 0, 15w, 2 ) P S 00 38 PR

AEH -

(2)

I (5) 1

~ 4
uxn('s) (Ll +L2)S ( )
by (5)u,, (s) B ILAE R0 13 PR Bode AN 2

Jim o LR H i, (s)/u,, (s) B FEAE400% 25 pR ALY

L PCC

117

¥
G sk

fip
Y Y
e
C |

C

YY Y\
[ LT
igu l-gb 1 Uy |Upp|L
0 |abc

B 8 LCLAGRK K =B F NPCHM RS
Fig.1 Three-level NPC grid-connected system with LCL-type filter
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First-order active disturbance rejection control and parameter tuning method
based on particle swarm optimization for LCL grid-connected inverter
MA Ming',LIAO Peng',CAI Yuxi’,LEI Ertao',HE Yingjie’
(1. Electric Power Research Institute,Guangdong Power Grid Co.,Ltd.,Guangzhou 510080, China;
2. College of Electrical Engineering,Xi’an Jiaotong University,Xi’an 710049, China)

Abstract: In the actual grid-connected field,the grid often contains unknown and time-varying disturbances,
so the LCL grid-connected inverter operates in complex and harsh conditions, and often faces the problem
of frequent off-grid. Firstly,a simple first-order active disturbance rejection controller for LCL grid-connected
inverter is designed. Secondly, considering the problem that the parameters of active disturbance rejection
controller are difficult to be tuned,a multi-objective optimization function including tracking error and settling
time is constructed, and the parameters of the first-order active disturbance rejection controller are tuned
by PSO (Particle Swarm Optimization) algorithm, which improves the efficiency and rationality of parameter
design for active disturbance rejection controller. Finally, the system performance is analyzed in frequency
domain, the feasibility of the designed controller and the superiority of the designed parameters are verified
by simulation and experiment. The results show that,compared with the control parameters obtained by the
traditional bandwidth method, the first-order active disturbance rejection control with the control parameters
obtained by the proposed method can make the LCL grid-connected system obtain better traceability , immu-
nity and quality of grid-connected current,and ensure that the LCL grid-connected inverter will not be off-grid
under complex conditions.

Key words:LCL grid-connected inverter; multi-objective optimization;active disturbance rejection control; par-

ticle swarm optimization algorithm ; parameter tuning



Misk A

ugd(s)
igd” + Ugg(S) + ug(s) + S YT ), i) o NEalO
—»@»@—»{ Litl, %H‘ Ginv(s) Z.,(s) u (s) gl
- LSEF - - “ )
L
L+l
Z42(S *
21(5)

B Al d%—Fr ADRC =5l RFHER
Fig.Al Block diagram of first-order ADRC control system in d axis

Ff3% B
®kBl ARHSH

Table B1  System parameters
e B
)& PIKW 100
HL LM LR Ugd V 700
FL I % HL S AT UM U/ 315
FFHRANZ fulkHz 3.2
AR f/kHz 12.8
AR 2R 8 0 R Lo/mH 0.6
R8I 0% R Lo/mH 0.3
VEDE L2 CIuF 160
IERAIR f/Hz 890

00~ : [ Ny :
0.04 0.05 0.06 0.07 ot./os 009 01 011 012
S

(a) OB (T A 56K ADRC R4E)

7300[._._, AU, _ | _/l
0.04 0.05 0.06 0.07 0’[./08 0.09 0.1 0.11 0.12
S

(b) FiLBIE G T AT S50 ADRC R %)

Bl B AEERE R YRR

Fig.B1 Simulative waveforms when grid voltage drops



3000 AN o
0.04 0.05 0.06 0.07 Ot./08 0.09 0.1 0.11 0.12
S

() P CE T IR 2401 ADRC R%)

® S i Fundamental(50Hz)=260.3 A

233 THD=5.05%

o jm 2

E2 1 |
0

(c) FFT Z3 /T (& T4 SV T 3 240 ADRC #%t)

B2 BNEE

300
0
_388 . ) AV
0

-300
0.04 0.05 0.06 0.07 Ot/08 0.09 01 0.11 0.12

UgdV

iolA

(b) G (T AIOTEIT S 41 ADRC %)

Fundamental(50Hz)=260.1 A

5
XS g
oty THD=4.84%
Bk 3 e
o2
| | Aoaller_tal
0 1 l| ar Ll
s

(d) FFT 23 W (T A S0 iS55k ADRC &%)

EREF I E NGRS 4

Fig.B2 Simulative waveforms when grid voltage contains resonant-frequency harmonic

3000 = - =
0:04 005 006 0.07 0.0 0.09 01 0.1 0.12
S

(2) v HHPIBEETH 9IS S 40N ADRC R4)

® S 5 Fundamental(50Hz)=260.6 A

o i ; THD=4.91%

~— O

oo 2

EE ]

0 calnsaltnclanalone ccnma e M acnann

10 180 s
TR AL

(c) FFT 23 MG Tl SIL T3 5 401 ADRC R %)

300 T~ N\ /\
0

_388 ¥ ’ * \/ \/

Ug/V

i A
o

% g )

:

-300
0.04 0.05 0.06 0.07 Ot./08 0.09 0.1 0.11 012
S

(b) Hnth Pk T AL S 4K ADRC £4E)

e 3 Fuﬁdam?rn;%(_sz)lggz/z'ZGOJ A
Bk 2 et
™m
=g
0 FTTITTT . ._..1t6-:-.j._\1.5.....-._.....l---_2.5
T UKL

(d) FFT 23#7 (& T ASCT7 45 2 41K ADRC #4t)

[E B3 R EE SRR B BRR
Fig.B3 Simulative waveforms when grid voltage contains low-frequency harmonics

3000~ D+1.24%
0.04 005 006 007 Ot/08 0.09 0.1 0.11 0.12
S

(2) i HHPIBEE T SIS S 40 ADRC R4E)

300

-3000" D-0.91%
004 005 006 0.07 OIIOS 0.09 0.1 0.110.12
S

(b) FH Y (T ASOITERTS S 8 ADRC £#%5)

B4 IR rR RN B B 1 BR A (T B

Fig.B4 Simulative waveforms of inverter output when grid-side inductance reduces



i e

FCl ZBBH
Table C1  Experimental parameters

ZH Bl

Ih# PIW 1000
HAMAE UgdV 130
FEL I FEL AT UM UsdV 30
N HLAEAE 1gx /A 10
AR BN &P UK Lo/mH 35
4R 1 18 98 PR Lo/mH 1.75
VEDE FFE CluF 15
FEIARE fulkHz 5
KA f/kHz 10

PRI f/Hz 1200

ECl =E¥FA
Fig.C1 Experimental platform

52 32 Upp galgnige
k=) =] \ A / N

3 <3 pfiaaand
53 33
23 23 i

) WYV

t: 20 ms/div ' ) t: 20 ms/div
(@) I CE T RIS 2401 ADRC R%) (b) it Gk T AL BT 2501 ADRC R%)

C2 F [ EEJEBR & AT B SROG T 2
Fig.C2 Experimental waveforms when grid voltage drops



>
T > o
=2 AN

t: 10 ms/div

—~

a) #i OB T S IEIT R S 5 ADRC R4%)

Fundamental(50Hz)=10.55 A
THD=3.71%

(c) FFT 2)Mr(JE T4 S i BT A9 241 ADRC A 41)

= /W
3 % ™THD: %% galgh lgc

53 ANV
o O

-gv

_i’ 2

t: 10 ms/div

(b) BBk T A EIT 132 4U¥) ADRC %5t)

Fundamental(50Hz)=10.5 A’

520
;ﬁ ﬁl.s THD=3.31%
P
E 205 |
0 [] | B O P | -t . I
0 5 1075 207775
AL

(d) FFT 201 (& T A2 42¥) ADRC 3 5t)

B C3 FBM REJE & & 5 RN IE IR BT B SR U6 R 2
Fig.C3 Experimental waveforms when grid voltage contains resonant-frequency harmonics

iga, igb, igc: 5 A/div
Upb: 50 V/div

t: 10 ms/div

() S IEEE T I 2501 ADRC &%)

2

S 2| up(THD: 58%)
o>

o=} .

20

t: 10 ms/div

(b) Fnth BTk T ASCTTENTH S 4K ADRC £4E)

510 | Fundamental(50Hz)=10.4 A
2 208 THD=3.09%
S R0.6
T 1104
E 202 | |
FoL I T T LI ST O OO AR ' O
0 5 g S
WAL

(d) FFT 23 # (G T ASCTT BTS2 401 ADRC R %)

B C4 ra [ FLE B & {RETIL K B R SRR K 2

Fig.C4 Experimental waveforms when grid voltage contains low-frequency harmonics

x 520 Fundamental(50Hz)=10.29 A
o 351 15 THD=3.77%
1.0
5503 [lilul.)
0 il HERARER
0 5 10718
WBREL
(c) FFT 23 M (FE T SEVE TS 2 501 ADRC R%t)
P
2
S 3« THD=3.05% >
o S L
SO
20|
=3 (R
BRI
WPV

(a) F BB T A ST S 50 ADRC R%)

b,
=
> _

3 3 .<7_THD—2.90% e

w > il |

"o Q

Sm |

_:’ S O

= 1 ”;rm'P
YRV

t: 40 ms/div

(b) Y Gk T A LTI AT 8K ADRC £#4t)

B C5 [ e /) B Y135 20 25 4 SR IR IR S

Fig.C5 Experimental waveforms of inverter output when grid-side inductance reduces



	202111024
	附录

