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Multi Resonance Controller of Three-phase Grid-connected Inverter Based on
Moving Average Filter
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Shenzhen 518000, China; 3. Zhaoqing Power Supply Bureau, Guangdong Power Grid Co., Ltd., Zhaoqing 526000, China)

Abstract: In order to reduce the influence of high-order harmonic and grid side background harmonic on the power
quality of grid current of the three phases LCL grid-connected inverter, this paper presents a multi resonance controller
based on moving average filter (MR-MAF). Firstly, the controller is designed according to the frequency domain charac-
teristics of MAF, so that it possesses the similar structure with the proportional integral multi resonance (PIMR) controller
through mathematical equivalent substitution. Then, by introducing two adjustable coefficients, the MR-MAF controller
can obtain the flexible adjustment of the control performance. Finally, the validity and the effectiveness of the proposed
method are verified by simulation and experimental results. The results show that, compared with the traditional PIMR
controller, the MR-MAF controller can not only parallel multiple resonant terms with the same dynamic performance, but
also has the better steady-state performance, and the harmonic content is reduced from 6.8% to 4%. Therefore, the con-
troller has much lower complexity when suppressing wide frequency band harmonics, which can provide reference for
improving the control performance of three-phase grid-connected inverters in the multi-harmonic condition.

Key words: grid-connected inverters; moving average filter; multi resonance controller; dynamic performance; high-order

harmonic; background harmonic; harmonic suppression; power quality

e diff ARS8 S T sk Bt g

0 35

b8 A5 B B s R FLAE HL ) R G VB IE AN

Fhimr, BEWEAG KRR REVE I FL A & B 4
ﬁi%i%ﬁ@ﬁﬁﬂ)\ﬁ%?%ﬁ“"”

RE VR A FE — ik —AH JF I AR de N

P o EHU, R I T 8 10 S P FL A i

HEEEHA. B E AR IFRI(2021GY-132).
Project supported by Key Research and Development Program of Shaanxi

Province (2021GY-132).

(proportional integral, PI)#& il #¥01, W] SZE L) Ab
F X L 2 FR A 1R 22 BR R 1) B A5 4R (proportional
resonance, PR)% i #5(0 & % TSI T AR Al 1
7 R EE A S HORR o3 s i 2 U056 . AR R da il 48 3)
AT S X 00 7 8 7R AR EL Y T ()RR e R

BAEZ BB AR B AR FE AT T, W R 2
BT L X E OB IR, T84 A 35
1) 5 X FL IR AN 2352 31 Sy ] 5] N IR i S 5



2580 i LR AR

2023, 49(6)

Wi, b2 %52 B H 8 ST, M2 2
FEM IR S B, AABIFEMESKR, HEE
1335 He s K RGN N T AR RS 1) R
SCHR[TO] A S A5 il g S i i s e R, il 5l
TR Z IR PR G4, HE Rt fl 2 i
(proportional multi resonance, PMR)#% | #%, SEHL T
XoF i LIRS AR U R FBE S B R S
WG 2, RGEIEI SR BEAE G A
SAHRLEE . i, SCER[LLTRRHE B B 4% i 3
5, $EH T — M I FR 4 2 1E 3R (proportional inte-
gral multi resonance, PIMR)ZHI|2%, %% 2514 5
TRGF AR, (A Y TR B R R R ROR
BF, 0 7 T 48 i) RACR AN ) 2% i SRR R AT 4R
GEE N T Mk BRI EE I 2 AR G
RIS, SCHR[12-14TR H AL EE, 2 H T A 3%
] B DX T SO R S R TR R s, SeE
TR AN B ], EARERINZ AN
PRIEHIES, AHAZTTVEAFE A FFE e Ry, 2520
REGgiaE e, ARSI s i T2 %%
AT IRANEE I HIERTE S 1 AN TSR
B, SCHR[1STHE Ha I /MG PT 421 28 R A
PRI AR I BREG, TR I F EE AE  oR aa J
S 8] 5 ) XS R Ay, B SR B S 4T
SEMFESIH AR, AR, HATAFEIESISREARE &
TEF BIAE AR AN B, S 2 S a8 %
TF RGN, TTRESAEAE 2 Phas i 48 (8] A AR A1
H, dbmsem R sk eae . thah, BEEHEE
[FERE oG e i 28 R R AR . (R, $RFTEA R
BRI I BRSSP &I R ) SRR AR
HILE,

W BT 14 28 (moving average filter, MAF)
ST FH R A 5 10 o] S A0 2 e R R 12 >R Y B e
WA E, HaEWmR, HNFEZEEE K
EX 1 A28, Wit . bl A MAF kg
B B I ] A ) 15 S B — N L AT AT I
FUL, Syt SCER[17]VEAHRT ST 1 MAF 183 & HK
FE B R R, A3 4T B T K B e HCA FL Y
FEU A IS, ] ZEJRZE AN 50 Hz BEE£5 1 o &
R Zh AN BRI ) 75— AN L S s 4 s 3h &
P FE AN 0 i I, B OR AT DL T B I (5] 4
Ja o L JE B — 2, {H R BESE K 100 Hz 7 884K
EHME S, MsER RVEEA . ESCER17] 0
AR b, SCHR[I8]ZE B PR B Hi B Y8 P A 15 A

F MAF SRANS| B 508, 5 BT,
DAL g R ) e SR it 1 S AS E MR AR AL A
B HZEYE MAF W5 R, 7 ORER L &R
WA RGN, — BRI TSR OaE R, A
T AT R VE R FEANEE o SERR |, MAF B T
AR AT B PSR R AN B T s, ARIEIE
WA S BRI ERE SN, B S BB R
ZA AP R ECRCR, X5 B R AR Ry
YEAFAEE AR SRRV, 25 MAF 4438 s B Rk 20
FROMRI e, D95 380 FR T 2 ) e B A 2R 0L B S R 2
FdEtE. Rk, AR MAF S H 0 Lh il 2 i
PRAEH A, FEFS T PREE rh SEILNT %A FEAREH A5 1
W], AT e JE P10 A 25 e tE R BE, G
2 PRI X LR A S R R L3R

P, A SRR = I AR 8 o I X EL A
B S B, R — P, 5T sk
PO BA RIFIERER) 2 1 PR (multi resonance, MR)
TS . 2 H] A T AR MAF fER B T
AR, 35 A AR A L (BB B AR 3
ZUERIE TSR I E5 4 . O T ROEH R R 2 1)
PERE, FEiZfERIgR N 2 M RS, SIAR
PIMR #z il e AHEL, 428 i) 25 AN Ay DL fe] B 5
ILIFIRTC IR 2 AR TI, 38 RECRFF AT I Bh A TERE
UbAh, ASCUE af i ibAAhR 22T B3 63 A
i, Ut WA SC T SR 45 ) S 1 BAARSE I 7%, HoAd AR
PRA T RIS T IR R . e, 8L MATLAB /
Simulink {/j FLARENL S, 3ok [ %451 45 bt PIMR
P AR AE AR R A2 ) H AR T %

1 LCL B =8 3E 25 Y AR I 4540

B LCL JEJ A% K = AH R AR 45 (1 3 FL R 4
M 1 s, Horre AR ERMEA B Ud
OB BEVR R AL ER 1L i1(h=a,b,c) i AR ] = AH i
Wits icr(k=a,b,c) NUEE A I = AH FI:  wek(k=a,b,c)
DRI R P S ) = A R 5 daw(h=a,b,0) N = AH I
R TP S1—Se M IS AT, SR AU AR ],
FEHC A, ARG W] DLAE RO LA, L
I REY Kewmo BIMHELT L B8RS, LCL A
PEBE A = OB A ROR A, B LCL A &4
SRR, TG I mI R . O 7T BRIER
IR, HR ] B A FERUS A VRSB AL,

K1, Go(s) AASCHE S 3 T 15 B~ 208 e
%1 2 PR % 1] %% (multi resonance based on moving



oW Wb, AERRE

o SE FETU AN T UEI I I AR 8 2 IR ) 4 2581

average filter, MR-MAF). HT M2 Z87E af #
1EARHR 28T R S5 R AE RS HAth 2 T Al 22 7T B faf i
FTUAN T SEBLJTE, ASHE af ALK R T XHE
RIS AT b IBAh, BT =AM RS
TE af i IEAARR 2R T AT LASERLE 2 A BT ) &R
g, Bk, AL a fl N RGAEA G, KA
B HIAT . B 2 NI ARERTE o Fh R
FEHINERE], do A2 H W AT o Fll B RIAY R, uga 72 HL
WL ETE o Sl E 005, H NI I i 228
i* JIFEM IR o Bl ERSREE, KON LA LR A5
FE, C LAl Lo 43 5068 B () F 25 A1 A0 P BB
A 1% FEL M LI L RN R G sg e, U e 2
CIESSURFAF 2w il B P AN (S P o]
KpwmGe(s)
LiLyCs® + LyCKK pyypgs® + (Ly + Ly)s M

HIFMES RS HTT

FH T TR 1] 51 N PR e T AT F Y T S,
SR FF AR A I PR RE, U IR ALY
FBEITE, X EURE N 32 Z R I I R IS
BEIOR . BERSHEE M2 SRR, M BOK
S AR TG 25 o IR o) 30 A 2 A HH PR B2 o e T B
“FE579E U 2% (moving average filter, MAF)H & )45
M, HEFIEE T H B LIRS 22 BEIR 45 #4 4 il
o AL, ATEILFEREAH MAF BB,
Z Ja%T MAF VE4HE S H 215 4R (multi-resonance,
MR)#E 88, G UL of HiEALKR R0, B %
i, S S AR R PR 5N S IR,
AR BRI IS LS HE I F A FE AR T B H 1
2.1 MAF HR3E

B MAF IG5
M HAER I ik XA

G

open (S) =

2 MR-MAF 545128

N x(t) HHE SN x40,

=], Aok @)
K To N MAF I EIE O KE; 1 AR
t TR %,
BT s 5, 193] MAF L8R E0N
1-¢%
GMAF (S) - T (3)

(0]

LRI %0, MAF B g shE DK E T, 4 f
ff RGIEFIREZS . B MAF [3h A0 R E 5
MAF W& DK T, MBS VIR To oK,
ARG BhAS R 7 R A . O~ T 48T MAF

DERR T R I, K 3NG) R BI B, AT 453]
MAF 15 (g AR s
. |sin(@T, /2)
GMAF (Jw)_ T, /2
HA@) AT H, SN 0B, RGN 1,
B AL EWSE U 0P T E =S wy|

2mk,
w, = T , kn:l,2’3... (5)

[0

Z—(aT,/2) (@)

RG)FEH, MAF AEIERGES, B 1T,
HIEE S 5 BA s isfER, Binfbhaid &

BT To (B R DERR TR AOHS R A . 181 3 45
TAREBIE DA T 1) MAF SR EE

1 LCL B FFF38 48 &% 3 ik 45 44 P
Fig.1 Main schematic diagram of LCL grid-connected inverter

B2 o i N IR GUE HIHE ]
Fig.2 Control block diagram of a frame

wn
(=
T

|
[\
(=
(=
T T T T T 1T

| 1 1 n \l 111 1 1 1 Al Jroh
10" 102 10°
i F/Hz

3 BB R
Fig.3 Frequency characteristics of MAF



2582 i LR AR

2023, 49(6)

Kl 3 KW, AR SE DR E MAF R
AR IEBRE, WRIEASCTHRE, ®HEshE
K To NFWEEI T
2.2 ET MAF BOEEfI i RIZHIZE

FEF WA BRI o, 25 MAF LA by
SEPRES B H AR, MAF X B L5
50 Hz [FFERA AR, 2iE s hilfE 5 st
%Ko ARSI MAF X EHUE 5P, W55 20
TN 50 Hz AEHIEIRIATT, (HRIXFESH Ao
M HIATT . AT WA, SRR,
[ IR SEERT 22 U R, A SCHRYE MAF 2854,
St — PRI 2 R 2s

28 L[] LU B R 4y 22 W AR 4% ) 2% (proportional in-
tegral multi resonance, PIMR)J{& 18 BN

k& 2k.s
G (5) =k, +:+;W (6)
e k4 PIMR HIHLBI R iy PIMR 7R
8 k9 PIMR HJUERAE: o RosiE RIS 4%
A n NERIEHISE T 5 w0 R NHESIA
TE o TS BRI s S5 A B TR
FITEA ke BV BUE — AR T 10,

R4 MAF 7E s AL 6 R 3a(3), KA1k

CIES
Giniar (S) = 1 _S::Tm (7)

HTRMNEWER, AreEWHS &
PIMR %l de 4T ELAL, prDMRIEFR B, 42
KNONRIT AN LR, BARHESY a0 ok

B, T ERRRLL U3, AR
it

ST,

=
sT, sT,e *
T, ST, s, ®)

JTj J 2]

l-¢

e J—e
g, M@ AR, 52 MAF )=
RN
sT,  sT, sT, .
o = 2 + 2 cot(s7, /(2))) )
A0 R IR VIS cot 2T g
ARG, 53 MAF #rng gt aXa)ps.

1 2x& 1
cotf(x)=—+—) —— 10
() ™ x kZ::‘xz—k2 (10)
sT a 2s?
G S)=—2 14y — 11
l/MAF( ) 2 ;SZ"F(”!G))Z ( )

(1), MAF BI5 %8 K £ ] UL i

— AT — AN H TR 2 AR T AT, — R
M, AL I a3 s 2 5 M 4 1) 28 1R R P
FITLASR H ) MR-MAF % ] % 16 75 5228 FE X6 i 47 43
BIEERAE /1. XN MAF 2524 H i35 ) 38 45 44
HAELE A I, PRI T ORUETE SERR S R4
faert, WEERADFTR IS LR —
YR BURHLTHE 00, 2 i nl 48 2 i =0(12) s
B INEALEITE Ak
T 1 &
GMR—MAF(S)=7(D+;+”Z:;W (12)
AL, #(12)F 7R 1 MR-MAF $5ii 88 55 48 4L 1
PIMR #= &80, JUFHA M R SRl L,
R — AN I, — AR50 TR 22 AR TR R
Kl 4 45 T MR-MAF =i 28E ARG 3 & KB
IaEE. B4 R, ACIRHBTET MAF £
IR 1) 28 7 B AT A A TR R A E R PR it — A
G A, T ST AR 0 22 R SR R v U
T FEL DR T S5 1 08 P P
2.3 MR-MAF & #2880 S H L LI
N T MR-MAF il a6 RIS, &K
SCTERE AR R L] R4 K, A a5 R4 K, 19
F:R(13)FT7~ ) MR-MAF il 88 . it ik A&
el 2% Ky, MR-MAF 25l 35 0] DAZE S 22 Ikt
OB, BB ASTERE.
%Hmng+&(sﬁﬂ (13)
s 1-e™
AT 33 AE eI IR, BP LR R ERY,
RIMCA T 7 (B AT d5 ) 2 B A B 7 s B, 5 et
H T BB AR . 25 R B 1) 88 2 ELL SE P IR R
Bff R P RN R AT Y R R K/, AR SCAR 48 2 B

2s

400
300
200

¥ 1/dB

100
0

=100 b
90f

|oH

W E

1aaal n IR
10!
PR /Hz

il n PR
10°

4 MR-MAF il &£ A 7)1 2l & KR Rfr 42
Fig.4 Bode plot of MR-MAF controller with different sliding

window lengths



MW, wk O, BEREE, S5 BE T ANT R IR A ORI AR g 2 R ) 2583
AT RIS, ke (13) Hh 8 A B R T 35 40 12k R@)  + Y(z)
L, MRAHFTR, Kb N AR %
BEUCRL. HESLRG B B MO HE LB S s =]

1 Y(z) 1 KIS GER IR B AL
Gdelay 0= 1—¢™h - Gdelay )= R(z) B m (19 Fig.5 Discrete structure of delay link

AR SCFAR B O TR R AR (12)h, 125K
R ISEFH b, 388 SR P A o R (12) 3 150F &
TP . ESRTZO 0 )BT B 2 ) groor o e Grgg a5
4 RN B8 2 A7 T AT s O L TR §51/J\%~m-“y1\h“JLmy
AT IR (13RS B O & 5 R (1) % i N A A
Pt 2 AT JLTA R (B, 220 R (12) 270f
FEELEI T IO, SRA3)mEHdEET ] #(12)
A, SRA0E 6 . WAL AR = Of - >
BT B T 19 3013) 2E SR T 5% 4 T B O 10l L EERAY
80 100 120 140 160180

S, A1) B Mz
24 MR-MAF iZH25R0%IT 558 Bl 6 SRt (12) M B s (1 3) F A I L

MR A S Mgl s 2k =0, MiEahE
FE To WIS, AN MAF S35t 7, Bl
BUE 20 i K E To=0.02 i, MR-MAF %] 2% 7] LA
SPGB AR B A Wy = A . BTEL, W]
DAIE I 2 i A P SR A TR A A I L R 3L K
I 5 /AL K 2SRRI, IR SEL

L 40 PLESHIZRAN [, A SCAT R4 i 2848 75 o
A — Uk s ifiE, 2 2 NMSEILE R
SER, RN T itk SEHE R, et el R
Ky, NRGILPUE MG, 2 5l i 25
R K RIERNE T ER

FRAE — M A S, B8 T A4 ) 2 T AR P 1
WEAEL KRB 7 o T4 i 0T SR AR e iR AE < b, A
RBINE R G v . B R G 2 s S
WEIRATZE BT A5 S B8O, AT S e 42 1) 85 119 1
A FEIRXAEENT, B 7 450 T e s R4
K=1, AFEWHIRE Ky 15T 1) MR-MAF #5445
Er s AN 42 0 GO AR s B AR A . ] 7 3R
B, BEAE LB R BRI, ARSI i 2 A
REPEMRE I N, AR AR TR R AN B B 1 B )
AR T PR 25 RERHRT ST PR R Ht (AN
0 dB ZRIIAHX AL B, ARk Ll 2% Ky M 0.8

U AR AR A K R ) SRR R P I
[ 5 L R 2L Kp=0.8, DA o8 A Kr, | A%
Hl g EE A 8 fior. nTUAEH, MEEHER R
3R, MR-MAF #5528 1 IR AR M 3 25 48 K,
FARMRF A E RN B & K (AL T RIZ.

Fig.6 Bode plot comparison of equation (12) in continuous

domain and equation (13) in discrete domain

300 —— e
P
l‘l o K =0.1
o 2000 ---K,=0.01
=
& 00} ;44,3 Hz
= & 1f: -0.0181 dB
0-'"'-‘ ‘H":":".'.'":":":":":"‘ NG :- ______
n 1 1 Laaalaaal 1
90F
L ’3’1 : i "
— wi i . ¥
9< 0 :‘-—" %_-_—_,—,.—.m-—-—-&m-.-.‘-".“—' L et "'!,-‘.‘.,.’..’.c_"-' ._‘".,..{.‘.
=] EP RS ¥ R
E Vv - v II
-90
L 1 L PRI SR S NS SR B SRS SrArArS S WAy Faey e |
60 80 100 120 140 160180 220
R /Hz 200 240

K7 Ky 24 T MR-MAF il 85 A4 &
Fig.7 Bode plot of MR-MAF under different K, values

FERHE | L R 8 K IBUE S, v T e 38 2d
YK EUE, B9 4 T R 0.1, 1. 10
J 100 2 500 35 Bl (4% 50 3539 )i 2 Gt bH R A 328 bR AL
BN A, HE 9 wlk, FHEE RE K
WG, RGN R ETE S B4 T, i a R
B K>300 B, RGeA T4 P . S T ARIIE R
S SN (S IO N NG (A R S 111 P i VAR
REZE B B R, MIMISMARG R ERIE, RER5%
MfaEtt, SiaFEREEmesEt, MeitbnR
$ KN 120,



2584 e B R 2023, 49(6)
20p T K
1.5 45 cooog e k=300 K~-500
g f KM AN
] 1.0Fg=500 *% k=300 K=0.1
|oE T
= .~ 0.5F o
2
ﬁ 0 I 3
B o5k %
4TI
_ -500 -
> 1.0pK 3. . K,gi)o k=01
& ~1sp o ¢ oo e L 300 K-500
=z ‘ o
I . R T A T T A T A —2.0r K=0.1—» X _ K,i@t[] »
20 40 60 80 100 120140160 1 1 1 L - ' !
%z -3000-2000-1000 0 1000 2000 3000

K8 K:AAL T MR-MAF i 5 A1 5]
Fig.8 Bode plot of MR-MAF under different K values

AR R Giats v et 5, O T ERIE RS
FRASTERE, SEILENMEGIERE A ELARRE, Ra
B NRAE B TR 10 5 B2/ KT R

Ty —TEHIAN . #CYTFRME N 10 kHz I, #
45 1) 28 TR £ R AE 500~2000 Hz 3 B P 45 & B
Hﬂ: MR-MAF 4 ] #5% 75 HE AR HG 5 40 26 A A7 155

W R RUWERFRLI M RAE, I T ORIE RS TR E
PERE, RGBT IR £, 1075 SRS 5 s
W5 Hz 36 Bl A R EL

ZEERTR, TEARSGEMISAE RASHT,
BRI 2% K, N 0.8, 1235 2% KA 120,
EZERZH T RS AEEwE 10 . Bl 10
RKH, RERGNF AR £ E N 743 Hz, R
HIARALA—94°, NIFHARAE AT A 86°, Wtizda il
SR RGO EN, R

3 MESRER

N T IR E AR SR H 4 ) 2% I T AT M A S H
P, 4> 5I7E Matlab/Simulink FRE5 A4 & 7 Wi 1 fr
IR = A IR AR 38 R G0 BT 3 kW FEAL
SERF S FEASLR I FESHWE 1 FiR.

ASCKFFEA T YXPWM - TP210b £R415E
H AR 2R SIS AT SRS, SEI-F Ao B E
11 fizs, AT 100 V, 3@ s #5352
BrReEg Ry, B A 300 V, 1 ELURE I HREAR
Bilsseft, =6 kA TMS320F28335 DSP.

HT MAF [R50 545 1 5 2 i Ll Ry
ZUERIE AR A AT, R AEAR T Aok AR ST
HH g ) 2% -5 22 L ) LU AR 22 1 s o AT 1
R B RIRTEE, DA B BT ) 28 R A R

S b

B9 K ARLTT 2R G I i bR 2 4 5 1

Fig.9 Zero pole map of closed-loop transfer function of

system under K vatiation

W
S
T

\

\‘M\w

%R: 743 Hz
{H:0.004 05 dB

i

[
‘ﬁ

\\‘)

#:743 Hz
f4:-94°

{

L

102
SR /Hz

103

K110 MR-MAF i 5E0s T~ 2 48 1010 48 K
Fig.10 Bode plot of system under MR-MAF control strategy

1 LCL BUIFMIEA s KRGS 4
Table 1 System parameters of LCL grid connected inverter
ZH Hfl S8 Hfl
AR e R L1/mH 3.0 TFRINF f/kHz 10
IR {1 /% Lo/mH 0.6 KRERR framp/kHz 10
JEBEHLE C/uF 4.7
S]J % SzJ % Sz_J %
A LCLHY u,
B 1 3% ‘
A E
s} St} l i
— DSP —
IK Z) H, % e b p— 7~ Y A
x
| PCHL |

K11
Fig.11

experimental system

Schematic diagram of grid-connected inverter



B ok, MEE, S5

BT BV PR =R I AR 2 2 R A

2585

31 REMERILTBEMTHISEIRERTLE

£ T S-Function 8t 4 F£ 4 51 52 B = AH
MR-MAF 5| 50 5 PIMR({ A1 3. 5. 7 IX1EIK)
P RS, B 12 A 13 g9 9 e e A E 38 47
g, W12, 13 R REKRY, REBITH, 4
SR ) MR-MAF #5F, If W RS0 . PIMR
PGSR E AN N T EAK IR, BT

10.4

100 rp-2
WW
10.0 Y

9.8

60

401

20

R/ V, HBLI/A
=

=20

,40 “\,

-60 [+

-80
-100

Ug Uy Uc
0.17 0.18 0.19
i [a]/s

(a) MR-MAF# #i

MATLAB/FFT 1§ Z7E PIMR £ T, H: ) B L
% % 2% H % (total harmonic distortion, THD) A
0.62%, M{E MR-MAF #%#| N ) THD & 0.43%,
W A AR, R E T .

9 TR GEAR ST A A ) 9 AE 0L HL I SR A T
F IR, B 14(0)45 H TEE 14(a)fTR L
SR MTESL T, KA MR-MAF #%{fi|#5 1 PIMR %

10.4
100 02
Y At
0.8 7 et
60 4
9.6 1d
40-9:4 /./ \
ﬁ 20 0.1840 0.1845 0 1859 \).1855 0.1860 ,‘
i : e
EP 4' \l}!.___._: ¥
Z‘ 0 \ - ¥ el
]ﬁ Lo me= ) ! “N— 7
# -20 ‘I' foe Y 'L : /
U \ b / ic | \ {
40} {

i
v
|
[
\
v [ N
1 ] ! !
i i
\ ! \ !
\ i i i
\ I \ ]
1 | \ ]
\ i
i
-80 % \
‘\ i A
\ / \ A
\ i

-100 o - -
1
0.17 0.18 0.19
i 18]/
(b) PIMR

K 12 MR-MAF 5 PIMR #%ifil #8456 T I B i B 45 R

Fig.12 Simulation results of grid connected current controlled by MR-MAF controller and PIMR controller

2

=)

(%)

=]
T

THD: 0.439

S

S

[\S]

W
T

B E%
>
o
s
|

=

<

et

o
T

o

=

S

W
T

i /Hz
(a) MR-MAF#2 il

0 100 200 300 400 500 600 700 800 900 1000

0.30-
THD: 0.62%
025}
X020
il
ffé 0.15]-
20
o.10+R iR Bgi B R
e 5§ FEN FY R B ) BN BEENN BN B
070100 200 300 400 500 600 700 800 900 1000
SR /Hz
(b) PIMR#2 #1]

K 13 MR-MAF 55 PIMR 42l 852 1 (K 3 104 LI 18 8 £ 01 0 19 70 B 45 2R

Fig.13

Simulation analysis results of grid connected current harmonics under the control of MR-MAF and PIMR controllers



2586 i LR AR

2023, 49(6)

- I 18], 50 m$/H%
L A 0 A R Y -

Ug/V

-100"

-20

50 Hz THD: 5i63%

40
-60 35

ft/dB

]

-80

!

-100

0.2 0.6 1.0 1.4 1.8
# F/kHz
(2) 50 HzTl B8 T30~ 1 B 9 530388 23 7

1.2/
1.0}
0.8

R ZEIA

FHEL L IR

1 1 1 1 | | 1 1 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
it [a]/s
(b) B MR B R 2 SR B X L

K14 MR-MAF 5 PIMR 4% il &5 75 S B i 0 ) S 36
Fig.14 Experimental waveforms of MR-MAF controller and

PIMR controllers in actual grid

HlAS T, A MHHERIRERIR Z R SR iegs R . K 14
R, Z LTRSS EFENE SO, Ed
/SN THD {4 5.63%. BT MR-MAF #5i
A0 AL B ) VE L BEOK, BRI ARAS T PIMR
il ay, HARSHRRmREARZE T, BN,
FEL Y B HH o R R A

B 15 Il 16 A T RRASIBIT FIRISLIR S 1.
Erhgt BEFEL D], 5 PIMR #2840 b, MR-MAF
P AR 0 N RS N, IR IESL T
. B 15(b) AT 16(b) A Fa A T E L
ZY4A0-E6500 FHL 8 J5T & 43 B A 5 P P 4 B A
1 (fast fourier transform, FFT)AiEsrHrid, &4
REIR, £ MR-MAF #%i F £ M L o i) THD {A
N 4.0%, BEALT PIMR ## R THD {4 6.8%,
RIATE e = B . W] MR-MAF #5435 Lt
PIMR Fz il 2% RS tERE AL -

Y. K, 33.3 V/iK
FHL VR, 8 AV i

ST A
' LS WA\,
X X XN

NN - N

L

T 5l B 6], 5 s/
(a) MR-MAF¥ il 28 f) F P9 3 %

THD: 4.0%

WA E/ %
W

I_I_lll.l I.l F RO S e (N |
1 3 5 7

9 '1.1 13 1517 19 21 213 215
4 U K
(b) MR-MAF 32 il F 3 0 5. 0 55043 4
K15 MR-MAF i) T Ra s segn g R

Fig.15 Steady state experimental results with MR-MAF

Y. K, 33.3 V/iK
Yea BV 8 A YK

OO WO,
SCYCSUS YN

N I

\'5-,

T #6y: B5F [8), 5 ms/H
(a) PIMR¥ il 28 F) JF 4 39 T

20
THD: 6.8%

W% & E/%
>

I_I_ll..l I i [ ] [ ] : : : : 1 1
35 7 9 11131517 19 212325

WK EL

(b) PIMR 2 ] T I % B 37T A 348 2 #r

16 PIMR 20 F HoFa szt
Fig.16 Steady state experimental results with PIMR



W W Wk, R ERRE, S5 TSP INEN N = AR AR S 2 IR 9 2587

32 ESHEREFREBEM TSI R Ykh: U, 8 A/KE
£ 50 Hz T, X I W AR S8 kA7 10 4 D) 4t

Kl 17 A1 18 23 sll2s th 1 £ PIMR 1 MR-MAF #%

BN, ARSI ERSIS RS R, HRER /

Py /n“
V'
_// }
S
D)
P
]
|

5], MR-MAF 5 i) T 10 R0 4 54 VY T I
YIS (AT PIMR 428 1 38428 1) L) 40 0F [ Je A AR M ROAMYIRNHEN
7, BT 2 Al 2% P Sh A AR AR ), 0T L MAVAYA AV
IER SR A B sh A TERE - il B, 10 ms /s

N T IAE BT EAT RIS 18, BEATRERLG B (2) F BT
S . &1 19 F1E 20 43345 T 22 MR-MAF il PIMR Al T SR
2 1) 8 1) IS D003 0 G U] ) B A S 56 6 AV AW WAV, i
B TBE M, R T 1 A AR RININANATIAY
WA, B, Sk OISR A I e AR LANLA N EX A XA L AN
HJ MR-MAF Al PIMR % ] 48 (15 &5 BE AR [ o J/E\Pﬂh/\Jl/\?/ﬁ&
4 g \,./ "\/"“‘ \/ L“‘vf)

1) T3P s 5t —Fh 2 #E R (multi Bk} i L, 10 ms/tf
resonance based on moving average filter, MR-MAF) (ORI
Pt e K119 MR-MAF il 3 #2150 & s 45 5

2) MR-MAF #5138 17 B F1% 1 PIMR #5 Fig.19 Dynamic experimental results under the control of

MR-MAF controller
]]0 A/50Hz
20A/50 Hz | :
Pk B 8 A/
; . A AT waw
»\iﬂ N A} ‘J‘J \\1 \ » \

i, '://
e :w
\\q

/ \ /
/
i f:
\ )
(7

A ey ‘
1 1 1 1 1 } A
0.20 0.25 0.30 0.35 0.40 0.45 \/ \, r>\ / “‘, ’\J
B 15/s VAR AV
K17 PIMR #ihil g8 421 R sl 07 B e s st 5t B, B 50, 10 mis/Af

(a) F VIR
Y U, 8 ARG

Fig.17 Dynamic simulation results under the control of PIMR

controller

0A/50 Hz AWATAY WA N 2 .
———————20A/50Hz \ I \ & \ N

A RO aE
U A TR A
" LU

gL

IZIe 7
Ay
20 WY 4B

R VAL I /A
|
S o

1;,%??51: i 150, 10 ms/f

020 025 030 035 040 045 (0) R YR
i [E)/s
18 MR-MAF # il g 21l N K1 5h 2505 B i g R K120 PIMR il @] R RIsh A S 45
Fig.18 Dynamic simulation results under the control of Fig.20 Dynamic experimental results under the control of

MR-MAF controller PIMR controller



2588

i LR AR

2023, 49(6)

il s J LA R 2 i 2544, i FL AT ASRETE R 24
TEIRTAUK JFI0C, R A s Y A 0E . BLARAS

ER:

ST PIMR #5245, FEAA R0 PR A0 AR 25 5 Y

HLRL I &

3) HTF M REAE SR RGN

MR-MAF F5 i 5 75 47 1l 2% 45 4 _E M1 PIMR 2 2540
ZAZ, FrUFEMFEERIZECN, MR-MAF 23
{REE 7 A1 PIMR 2 858 ) L-PARIRI ) R4 A3 AT R -

(1]

(2]

(31

(4]

(5]

(6]

(71

(8]

(]

(10]

(1]

SE Y@L References

BLAABIJERG F, TEODORESCU R, LISERRE M, et al. Overview of
control and grid synchronization for distributed power generation sys-
tems[J]. IEEE Transactions on Industrial Electronics, 2006, 53(5):
1398-1409.

TAUL M G, WANG X F, DAVARI P, et al. An overview of assessment
methods for synchronization stability of grid-connected converters
under severe symmetrical grid faults[J]. IEEE Transactions on Power
Electronics, 2019, 34(10): 9655-9670.

ROCABERT J, LUNA A, BLAABIJERG F, et al. Control of power
converters in AC microgrids[J]. IEEE Transactions on Power Elec-
tronics, 2012, 27(11): 4734-4749.

x5, x g, SR, AR e BB R IR H U R GURG NI
FOIM IR IR D). mrBIEEOR, 2022, 48(1): 95-113.

LIU Fang, LIU Wei, WANG Haodong, et al. Review on oscillation
mechanism and analysis methods of high proportion renewable energy
power system[J]. High Voltage Engineering, 2022, 48(1): 95-113.
SRR, BoBg, EAEMe, S5 HET PLOAT SRR IR R BT
JRPHJE ) LCL BUE R AR 85 A S Hie it ()], b L LA A4,
2012, 32(25): 133-142.

BAO Chenlei, RUAN Xinbo, WANG Xuechua, et al. Design of
grid-connected inverters with LCL filter based on PI regulator and ca-
pacitor current feedback active damping[J]. Proceedings of the CSEE,
2012, 32(25): 133-142.

SR/N, BRFR, FRTEAR. T I 00U 10 A 4% ) SR LRI B S
B[], B TR AR 22, 2007, 22(5): 111-116.

GUO Xiaoqgiang, WU Weiyang, ZHAO Qinglin. Comparative analysis
and digital strategies  for
grid-connected inverters[J]. Transactions of China Electrotechnical
Society, 2007, 22(5): 111-116.

B W, REZS, BREE, 55 BRI AS E & R ) S R
Sl HRaE ], SRR EOR, 2020, 46(11): 3790-3799.

YANG Hao, SONG Guojie, TENG Fuyao, et al. Adaptive proportional
complex integral control strategy for single-phase grid-connected in-
verter[J]. High Voltage Engineering, 2020, 46(11): 3790-3799.

RN, SR, RERR, S I RO AR g L S HOR A B
FERIHEARD]. T EEI TR, 2009, 29(15): 8-14.

GUO Xiaoqiang, WU Weiyang, ZHAO Qinglin, et al. Current regula-
tion for three-phase grid-connected inverters based on proportional
complex integral control[J]. Proceedings of the CSEE, 2009, 29(15):
8-14.

SR/NGR. G AR I PR 2% 58 F LU ) 2 R A s ) e (D). e
HLLFESR, 2015, 35(13): 3393-3399.

GUO Xiaoqgiang. Generalized proportional complex integral control
scheme for PV grid-connected inverters[J]. Proceedings of the CSEE,
2015, 35(13): 3393-3399.

EEA, B AR, T, A RETAURLE I IF AR AR 2 1R
PR #£#[J]. HITHTHEAR, 2016, 50(9): 67-70.

WANG Lixuan, JIN Wei, LIU Hailong, et al. A multi-resonant PR
controller for LCL grid-connected inverters with active damping[J].
Power Electronics, 2016, 50(9): 67-70.

KULKARNI A, JOHN V. Mitigation of lower order harmonics in a
grid-connected single-phase PV inverter[J]. IEEE Transactions on

implementation of novel control

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

Power Electronics, 2013, 28(11): 5024-5037.

kAT, B L A G, S5 PUMELAKR R TR AR SR A
RPEHISRIE]. RITHARY R, 2016, 31(9): 8591

ZHANG Xueguang, MA Yan, LI Rui, et al. Repetitive control strategy
for grid-connected converters in stationary frame[J]. Transactions of
China Electrotechnical Society, 2016, 31(9): 85-91.

R, HvEsE, E P, S5 EEEHII A R R PWM
WEs[)]. mEEHERAR, 2021, 47(5): 1704-1711.

ZHU Wenjie, ZHOU Keliang, WANG Yang, et al. Repetitive con-
trolled single-phase high-frequency-link rectifier[J]. High Voltage
Engineering, 2021, 47(5): 1704-1711.

BN, BR &, AR LCL PRI P A 3% 2 22 51 53 4 1) 5
WD), wHESAR, 2018, 44(10): 3231-3240.

YANG Xingwu, CHEN Lei, NIU Mengjiao. Multirate repetitive con-
trol strategy for grid-connected inverter with LCL filter[J]. High
Voltage Engineering, 2018, 44(10): 3231-3240.

FEWrR, BAET. LCL BUIFM AR 8 b S el 7 vkmr e ()],
ML T R4, 2010, 30(27): 69-75.

WANG Siran, LU Zhengyu. Research on repetitive control method ap-
plied to grid-connected inverter with LCL filter[J]. Proceedings of the
CSEE, 2010, 30(27): 69-75.

WS, B, RERE, & T8 PID EH] S ANE )T
VBB SANBURIR R THI]. U REIR, 2022, 48(11): 4393-4402.
PAN Zhifeng, WANG Xiaohong, WU Chuntai, et al. Design of
three-phase phase-locked loop based on fractional order PID controller
and moving average filter[J]. High Voltage Engineering, 2022, 48(11):
4393-4402.

GOLESTAN S, GUERRERO J M, VIDAL A, et al. PLL with MAF
based prefiltering stage: small-signal modeling and performance en-
hancement[J]. IEEE Transactions on Power Electronics, 2016, 31(6):
4013-4019.

GOLESTAN S, RAMEZANI M, GUERRERO J M, et al. dg-Frame
cascaded delayed signal cancellation-based PLL: analysis, design, and
comparison with moving average filter-based PLL[J]. IEEE Transac-
tions on Power Electronics, 2015, 30(3): 1618-1632.

EWLL, M, REHE, S5 B TIHPUMPER =M LCL B4
04 395 AR 25 B 0 U PR JE B [J]. i EEER 2021, 47(8):
2645-2654.

WANG Yuhong, YE Wei, SONG Ruihua, et al. Design of additional
active damping for three-phase LCL grid connected inverter based on
impedance analysis method[J]. High Voltage Engineering, 2021, 47(8):
2645-2654.

wm E

1994—, 4, flidrE

WESLT7 9 H T R B R
E-mail: yanghao257@stu.xjtu.edu.cn

YANG Hao

Ph.D. candidate

HERRE(HIE1EH)
1980—, %, [t RIBER, WS
WEFCIT I A H R A RGN T 384T 541

E-mail: lihui.yang@mail xjtu.edu.cn

YANG Lihui
Ph.D.

Associate professor

Corresponding author

ks FE 2022-05-31 EEIEM 2022-12-26  %if RTEE




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


