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Control strategy of an LCL type grid-connected inverter with the influence of a phase-locked
loop under a weak power grid

LIU Renzhi, CHEN Zhuo, TANG Wenbo, ZHU Jiawen
(College of Electrical Engineering, Guizhou University, Guiyang 550025, China)

Abstract: In a new energy grid-connected inverter it is easy to induce wide-band oscillation under a weak power grid. To
analyze the occurrence mechanism of oscillation instability, the impedance model of a three-phase LCL grid-connected
inverter considering the influence of phase-locked loop is established based on the complex vector transfer function
method. Then the mechanism of frequency coupling is analyzed. The equivalent output impedance model of the
interaction between grid-connected inverter system and grid impedance is derived, and the influence of phase-locked loop
on the stability of the grid-connected inverter is analyzed using, an impedance stability criterion. To limit the adverse
effect of the phase-locked loop on the stability of the grid-connected inverter system, an improved control strategy of
disturbance voltage feedforward compensation is proposed. Finally, a Matlab/Simulink model is built to verify the
accuracy of the stability judgment based on the established impedance model and the effectiveness of the improved
control strategy.
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type grid-connected inverter
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1.2 HWiFETR ARG ENEE

FRAE Z(B) AT %0 PLL 5L A$EEN 5 Gois Upag £
U pdq B 5%, AT 2 Th i PLL =850 Sk AT
HIF, BIFAERTHEE 3 B, B, conj
NHGEHIIATT, Gp NHEPLh LI K%L

Ja(Li+Ls)

3 FHETR

Fig. 3 Equivalent transformation

ﬁ\:':':‘, Gx~ GXZ&DEQ(G)\ ﬁ(?)ﬁﬁﬂ_‘_\‘o
1

G.,=
LC(s+ jw,)® + k. C(s+ jap )V, 12V, +1
G - LC(s+jm,)” +k.C(s+ jap )V, /2V,, +1
L1CL2(s+jm0)3+%Wzvdc+(Ll+Lz)(s+ja)0)
(7
RSB L 2 G, i (8). (9 Fs-

(6)

GpII
Gp = T AG (8)

AG = quZ[Gi (S) - on(Li + LZ)] + kclcdq + 2\/r:deq
9)
M LCL JFPIIiAs 8% = e AR TAE kb & A2
w2 AR AR, () Al i (10).

+Ud %G

AUd
q Vdc q

AG=1,,G

dg2 ~Aldq

yAY
G cr

(s+Jo,)’ LLCH+(L +L,)-

Aldq =
de

2V,

(s+jmy) ~ jo (L +L,) + (10)

k.L,C(s+ ja’o)2 +G;(s)

N, V,,
GAqu = V_[(S+ on)z L1C +ﬁkc :

dc cr

(s+jw,)C +1]

X, lage Ugg 70708 PCC i JEM HLIR . HUF (R
SRR
Se1 P 3, AR fan BT R S, R BAEHY LCL
RUGF IS AL AR S P TR Y, i a(11)—3X(13) .
U u;

-1 — _pda  ~pdg (11)
Pz Zol ZoZ

Zy = (12)
1-G.G,IG,

Zyy=— (13)
G,.G,G,

e Zo(S)MN Zoo(s) 9 FF AR it A2 AR 5 A6
N R BT Go(S) AN RE PLL [ HLIR MY 2 (11 4%
o eR K, B R HRiR SN s (14) o
ze
h 14V GiGlG; — jay (L + L,)I/2V,,

(14)



FANE, &

55 FL R T S AU ER SN Y LCL 28 1 100 30 48 g4 | g - 181 -

2 FihmbERAiRE S

2.1 SRFBEURINIE

BT PHRMEILR, 2L PCC N2l %
Updg > 27 A2 — X B SEHE R HF I SEAT HAT 1pagzs
" paqz> VLB RIS HLIBEL BT Zg 7 A 36F 24015 Fi
PshfESitmeE PCC miEPtzh, PCC itz
JE 5P o8 &N

U PCC.pdg — U pdg Ipdqzzg (15)
u ;CC‘pdq = _I;:dqzz; (16)
K Zg M BESTR 3] dg bR RITE Zgs
VAP E T
(1) Al 15
. u: U
s = ?m+‘?m (17)

S (10 R(L5)— (L7 T LA EIE A
58 15 35 IO RS A H e A T 4.

4 FHMFEERSBEMERZEXR
Fig. 4 Interaction between grid-connected inverter
and grid impedance

BT 1.2 5 RART AT R B N R AR
IR G MBI T . (1) BT PLL AXHK
MmN, —ANHEEE SIS ES H
By RS R N, I 2 A AR ETATR (1) AL
BRI - O 308 A 8 T B T B N O R T R
(2) BT HL BT IIAEAE , PSR 1) 97 FEL IS 2
TEF PR A p AL P2 AR X R AP B B, $Lsh H
JRIEIE PLL 48 il 25 7= A 5 i 3 17 S 206 -
HLRL = AR, G A B IEER, AR AR
FHEAE
2.2 FMFETEF N PR A E L

PON I 72 7B <5 7 W1 B 17 7 S A = e e
FKE AT S s B E Upgg X RAIE T, 15
IR b T 5 Uy KRR TN o AR SCHR 2719 4
AN TR AR 1) FE AL HE Bl i R SR T TR — AN LR R

4t e tEARE], IR R GRS E VE T A
JIA RS FE IR AT Npaq HEATAGSE 73BT RT3 0 FL AL
|pdq /%gli, 4 EP@L‘@‘E‘B%WH%?&%EHBT Zeos E
Zoo 5 Zot FHRIL [FIR BT P HLUAL Npaq XoF 7 AR T AR 45
%éﬁ%ﬁl\%ﬂjﬁﬂﬁ ZBQ’ )l_\”J Zeon Zeq E"Ji%ﬁﬁ%%”j"j

Z.+72° V2,7,

ZCOZ_( ol *gz 0202 (18)

Z,Z,
! = ! + 1 (19)

Zeq Zol Zco

H=0(12). R@3)"T#E

I S (20)

Zol Zo ZOZ

sr, 7, J9Z8ME PLL SN 6 A58 4 B
z, RiERN

1
Z, = G, (21)
#H A Qo)A (19) 7] 15
1 1 1
2. Z_O+Z_p.. (22)

A, Z F”N PLL 5INRISHBEPT, HERE
XN
1 1 1
Z_p" = _Zoz + 7 (23)

X E(23) AT el AN, Zon FIBHBTIRAE R /N AR 1L
Yz, BBuiE{E K/ —2.
2.3 PRI HMISE TR E

HRAE SCHR[28]%F Nyquist Fa 52 HI9E ATAR 15 31 1
BHPURE R M 4 1, ESREL N T IR AR 8% R G fa
SEMIRIEE N, 55HM (B RERES TGN, HMHPT%
BAATHE L) NI R G R R R HE nT A A
TEEHA Zgn Zeg MR T, Zg 5 Zeq MEARFE 28
LIRSS ML) Zeg BIFADAL R T-90°, T RGiH
5, GARGATE. Kb, 598 M F5T PLL Xt
T8 AR Z R PE RS2 AT LSS B PLL X6 9
WA R B EM M HPT R . B 5 4 H T M
@E%&%éﬁ Zo~ Zpll ﬂ] Zeq H@Y&{%@o

MR (22) v A1, I IR AR 35 1 S5 A7 i H B 4T
Zeq ] AR RS PLL 5200 30045 28 4 HH BH T
Zo M & PLL §2m 5| N B H BB Zon 386, B 5
W Zeg TEARMIEL S Zon AEHAIT . TEEIR S Zo &
AT, DRI, PLL 3= B0 o 90 35 A0 38 4 Hi BEL 7t
TRAMBITREE M, HERTHL, Zon B SINAE Zeg 7RI
AT B MR AT A 2R B AG  ARUIUARR A T 2R /N -90° 1
JEREIRKY K, ¥reEm T 55 M NI RS




-182 - LY EE X T EE R

FETEMRIE, R, MK Zoo FHAUIRE (I HIIHR RS E)
A THHRT R GRE .

50+ 4
— Zui

Zq

{t/dB

i)

iz

FHAE/(%)

Hi/Hz

5 FRi%E RS PR IE
Fig. 5 Bode diagram of output impedance of
grid-connected inverter

3 HDHISHAEEARE NG A B AR SRS

SSHL R PLL 32 HURHE B B4F HE B E M &
20 H A 26 R A TGN I I AR I 48 AR MR 1 Rl R
W, PRI, R OCHR[29]80 =AH LCL ZY IF g AR 4%
AL L R R AR S T PLL Sl AR E) E R 5t
FR) SR SR A PLL X I 25 G A s 18 1) 47 T 5200
3.1 I 55 B N T S AR ER 2 M B AE HI R B

HH ] 3 1A PLL 52 5| NI sh &N

U, =V _U;dq IG, (24)

ZE5A Q). X(3). (@), A (10). K(24), 7]
13

Updq _U;dq
u,= T[l_UOGpII (s)]- Hy ()AG (25)

p
PLL %t H % g i4itah 7w U, i 2 20(26) -

pdg T AU pdg _Updq - AU pdg (26)
2

*

U
JU,(s) =
#=(5) A (26) 15
U dg _U;dq
jUg(s) = pT[l_UOGpII (s)] (27)

o (25). RENE
U, =jUH,AG (28)
H(28) 13 2 PLL B2 5] ARIH3) FL Ik &
Up, AN SCHA S A5 il SRS A2 A A AT AL T E
~GmUp SRAMl] PLL ot 1 04 39 22 At 5 A2 ) AN B
G Gn A — W FIBSERAR), I G AR R o
R ) /ME 5 HE E A 6.

—
(v ]

conj

Jwo(Li+L2)

6 P TR FH M LR R/ ME SR

Fig. 6 Small signal model of grid-connected inverter

under improved control

MRHEE 6, 454 50(28), 1534 HNE 1IPLa) IR
A i AME B U N
U, =-GpU, =—jU  H G, AG (29)
g5 AL)FE 6 Ay LS R TP sh v R A5
AME G R G H FHPUR R Zeors Zeox N
1
Lo = [1-G,G,(1-G,)IG,
ZcoZ = ;
GXle (1 - th )Go
RPE(13). (3L, | 7 44 H T REUE Gz
P2 v HI IR 2 2 ) R LR R U 20 B A
lL‘H Eﬂjﬁ ZoZ\ Zcoz B@/&%@ o

120
100+
80+

(30)

(31)

{2 /dB
2

AABEA)
]

ETY

7 M ERTIRAMER SRR S T R AN
Fig. 7 Influence of the disturbance voltage feedforward
compensation on the frequency coupling phenomenon

HE 7 al%0, RIS R ARME T R Zeoo 1)
BH LI B 7E AU BH S5 K T A% e il (1) Zoo, PRIIMER:
FH B L M 1) it 42 1] 5% IS e 0 A 8 R &
G, B PLL (520, St HF P Ar g fee 1 o

HE 3. B 6 nl%n, S&giEtn Mg o
XPEG, AT PAE H T8l e M P 425 i) S B S5 A
FAERERB L EE SN T — MEEJER 2 1-Gn,
G PLL ) PR IR A% 38 bR A0 RT 55 2809 (1-Gn) Gpn 17



FNE, 55 S5 U LBUHIATEI ) LCL R W)l A2 2% P SRg - 183 -

BEIg /N, AT T 55 H R PLL X 1 AR 2% A
SEMSE RIS . R, EEIERRE Gm i o I
Pt BN LL PLL A7 5 A Zg 5 Zeg HIASHESAHR N IR .
3.2 BN ERTIRAMES RAISZIN

FF30(20) F0(29) 7T LA 3] o M RIS 1 24
3 HE I A U HE P G P 8

.,
AT

8 ELEHBIAETIRITHIG &
Fig. 8 Voltage perturbation feedforward control method

BETBRIR SR H0 chdh 4 ] S 2 P ah H s 42 Rl
WA, HS A2 3T, 8 SEBR R 2
KA P LA A R LS L. BT 9 4 ihy
TARGE R i sl o 0 BT AN 2 AN
A RSN B A5 A HH BT BAE I, 008 Z,,
z Mz

eq_cc eq_call °

35
301
25r

201
15F q
10+ q

E{Ei/dB

5k

0
90
450

0F

45+ —
-90 J —z,
e e
135 A

180 ! !
100 10! 10° 10°

A Hz

FAE/%)

9 TEUESIETEFN R ETUR EE
Fig. 9 Bode diagram of equivalent output impedance
under different control methods

M1 9 IR, LEAL Gm i RGUALAR E LA
T AR RS E LRI, DUl HL S BT AN M A
H BHL TR i AT e 2 2 B i R G AR, A Zg
55 Zoq MR ATURF 1 T R 5Z F2 AL 5 LK) Zeg HRIARAZ K
T-90°, Aguiw bR EE R E, HE R

TR B LR A M 5 A M2 SRS AR AL SR FHAH ZEAN K,
Jv LAHS ZR I 2 F e A B AR Al B2 T 4 | SR
(AR ETERE. DRI, ASSCHE HA s ) SR A 5 1
X PLL 51 HL R S0 ) o B AT Bt A, B
N 428 Hi HE ] PR 7 A A Ry

Goos = 0k C

Gpoia = -LL,Caw;

Goiq = k. L,Ca +G,

Gpoq =1- LC&

pcuq

(32)

4 {pEIIE

N T BAUEASCER 73 #r (1 1A 1 DL P42l
SRS A 2, AN PLL A TE FLIRSREE . SRS
LR AN AN BE R WA 557 THN A% G4 ) A1A SO
O P B REAT R . IR 1 IR S
HEEIE Matlab/Simulink 17 51 & #5581 AL G2
IR B A5 ] SR 1) =AH LCL AU P AR BB, 3%

T 1 HMELERRGSH

Table 1 System parameters of grid-connected inverter

SH HE SH il
HLR AR f1/Hz 50 AR 2N FLEE La/mH 3
FFRIF fs/kHz 10 FE 0] R Lo/mH 1
B EEE U/ 400 JEI HLZE CIuF 50
L L UglV 110 HLIRIE Kpi. Kii 3.5.311

HIRME R ke 10

4.1 GHEIHERTK

K 10 R LS EH], Ly 6 mH i PLL
T84 N 10 Hzy 30 Hz i Zg. Zeg HUVRTER, R
BEL 40 AR 58 M 4 P LA 24 PLL 5 5804 10 Hz B

dq 4l Lﬁ/ﬁ%%{ﬁ idref iqref/A 30. 0

35 T T LI AL | ¥ v TVvYY T AL R B |
30r —Z, ]
5L — Zy_10m: 4
[aa] —— Zeq 30tz
= 20¢
Z st ]
= 10r 1
5k ]
0 1 Il
90 =
45}
< 0r
= 450 /\
F 90t
-135}
180 I SR I
10° 10! 10° 10°

WiF/Hz

10 SIEINEELIUITH Zgy Zeg HIEE
Fig. 10 Zgand Zeq Bode diagram of PLL bandwidth variation



-184 - A & REP DM

M RGEREE . PLL 47 9689 30 Hz I IFM R A

11 9P 10 Bk B T 1 —A4H LCL B4 5 3
AR LZRIAT PLL 7 9 W68 1) I R LI S5 75 B
0.5s i+ J& PLL #5984 324 10 Hz. 30 Hz, MK
FH: PLL #5509 10 Hz B, FEM IRz BT,
WS EMR, HMARFGATRERE; 2 PLL %
RAZK 30 Hz B, JRM R AERAR . KB RSt
AR LR E I B 45 1 5 B MR T A
UE B3 T A SCEAS AT IR IE R 1

80
60
40
20
0
20
40
60

iJA

80
045 050 055  0.60 0.80 0.85

0.65 070 0.75
tls

& 11 SR TRk AR e TR
Fig. 11 Grid-connected current waveform when the
PLL bandwidth jumps

K12 1, Ly 6 mH. PLL #5959 30 Hz i3

PSRRI 1) Zg Zog WAGE I 22, HHFH TR E
PSR LI S X R G REE -

35 T T
30h — 7, ]
25} — Zeq 30112 4
% 20l T Leq 30 Hz_ce 4
=
= 15 1
— 10F q
5F ]
U 1 1 L
90 - ‘ -
450
c o
& 45t
= 90t
135
_]x[] 1 1 L
10° 10' 10° 10°

i Hz

& 12 $iREERH 3R 30 Hz AR, Bt ieslis &=
Fig. 12 Bode diagram of traditional and improved control
when PLL bandwidth is 30 Hz

P 13 D 12 S5 AR R 9 0 HL i A 37 B
%, BOLRLEF, RS ER, RUIFMNARSAE TR
SEIRT,  CE R ] SRS BENEAT RS I F I R e e
o BE S BRX N, BIE 1 SSCER R SRS (A R

40

o nntnn

10
0
-10

o0 EAABAAMAIN

40

idA

A

0.35 0.40

0 005 010 0.5 020 025 030

tis
& 13 SR TEA 30 Hz Bt SR A Bstdt 2 il H X B S 3R 72
Fig. 13 Improved control grid-connected current waveform is
adopted when the PLL bandwidth is 30 Hz

4.2 BMEET

AR UL HL Y AR BE BT R /NRAE FL Y 5 2, 1] 14
T R AR s PLL 5 584 30 Hz g2~ 5 mH
I (1) Zgn Zeq AT RRIE (2R, HR A PHHURS & M ) 9
AT LLE B BRI TA 5 mH JER R GikasE . t 4.1
TRIFESEEA T, Lo 6 mH JRM R4 KF.

. | |
25+
20¢
15
10F
sl

i fti/dB

0
90
450

0'

45t
901 Zg sam
Snse —— Zq s
. 1 1 t

180, 10' 10° 10°
i /Hz
14 Lg=5mH By Zgs Zoei&f%lg
Fig. 14 Zg and Zoe Bode diagrams of Lg=5 mH

K] 15 3 —=AH LCL B I 10i AR 253547 Fa I BH AT
BRAZ I () I W AL N 8 FLE B . 05s Bl JE Ly
S 5mH. 6 mH, MEHFEH: £ Ly 5mH
N, FEM RGA TR KA 24 Ly RN 6 mH I,

AHEA()

i/A

(&1 15 BB 52 A R AR A AY P B AT SR T
Fig. 15 Grid-connected current waveform when
power grid strength jumps



FANE, &

F R =AW . R, RN FR . B
W B85 R S AR MR, IR T AR
I3 M B IE R PE
4.3 SNERFBEIMRAIINF]

K16, B 17 93518 Lg=5 mH B3 RS H
T ) 7 QAR I 10 5 X LY ARt I R LT ) 1
WK 0.5s Fl 57 iR A& g g il Fn et 4%
#il, K17 W 0.5 s AT BAR R EH S A KR
#, 0.5s P RIF. WS EK. & 18(a)nr LA
FH, RAMESEGIGEHESEREIS, HE
18(b)FT LAE i, KA sttt R A A I 245 2 1R
UF A, REFaEEA RIS

id/A

0.40 0.45 0.50 0.55 0.60 0.65
t/s

16 Lg=5 mH BHEHI 5 HE ST A H R
Fig. 16 Grid-connected current when Lg=5 mH
control strategy changes

THD=11.32% THD=2.13%

[5*]

Mag
Mag

5 s
W%/ Hz
(a)

[ |
100

0

0

50
ik Hz
(b)

100

17 Lg=5 mH BHf&4e. BUfHzHIHMBRIER S 2
Fig. 17 Harmonic content of traditional and improved control
grid-connection current when Lg=5 mH

4.4 RGohSIERERIFN

RIS 21 53 A G 47 R S 47 ) B RS E 38 AT
AGH, KRS iaer H 20 A BTERZE 30 A, 13
B I W LI 45 E B BRI A S0 R ] 18 By
o B 18(a) Ak ez B W F RO, LI RA
SE B[]y 0.12 s 18] 18(b) A T f ssudt 2 il i) S F 1
HLLBOE , R BRI E) 05 0.04 s. X EE ]
18(a)~ E18(b) I, IMAPHREEZEHRITT %A, &
G SR BA A %

PRIk, iRz T ik RE AN Bl A VERE I AT
$& MRS SR T I IR E T

A

t/s

(b) Az 52
18 fNFRiR U SR B B fa B PRI ER R
Fig. 18 Grid-connected current before and after adding
the proposed improved strategy

5 &g

AR T 2R EAL SR BT i )
PLL s2Mi ) =AH LCL ZYH-Wi¥iA5 4% 5 i W FHBT AL
HAER MM BAPTE Y, BEASIR B L5 .
PLL SIANFI#Bh s, SRABASURE AT AT T
PLL i J 90 38 A5 28 g PE A2 . v 1 301 PLL %t
TR IE AR ZS AR R, $E T BBl B B R
(42 ) SR o %SRS AE B B REWS SHIR A A B %
HEATHIH . S0 PLL 798, $m 7 JF A 2%
(R 5 P s 76 IR b 7 B 0 S5 35 LT LA BE PLL
(R B SN o A ST SR HX A L A A5 7 9 A4 ) 5
W, ANANIE FH T 5 X 43108 AR 2% PR R e ek oA A ]
ERE T oAt 0 B 4t A — e A A
BEHk

[1] BADAL F R, DAS P, SARKER S K, et al. A survey on
control issues in renewable energy integration and
microgrid[J]. Protection and Control of Modern Power
Systems, 2019, 4(1): 87-113.

(2] XURGIN, e, FBh5E. &M m el R gt
HOH M BRI FTLRA ], M TAEHOR, 2020,
39(5): 59-70.

LIU Zengxun, YOU Peiyu, ZHOU Qinyong. Summary of
research on transmission technology suitable for wide
area absorption of high proportion new energy system[J].
Electric Power Engineering Technology, 2020, 39(5): 59-70.



- 186 - A & REP DM
(3] AP, BRws, Abssl, &% BRI ELERME ST RIM BB (10] #ek, Shadtf, skFpl, & SEE “8+ 9”7 KiFhdiil
A D DhZ 4[] Bl 5 1R, 2020, 57(9): 89-96. P FA oA LB [ B TR, 2020, 39(4):
YAN Ping, CHEN Fang, DU Zhanchao, et al. Two-stage 34-41.
wind power control under the background of energy FAN Chen, YAO Jianguo, ZHANG Qibing, et al. Analysis
internet[J]. Electrical Measurement & Instrumentation, and reflection on the Oscillation event of the "August 9"
2020, 57(9): 89-96. blackout in the UKI[J]. Electric Power Engineering
(4]  #H06, EE, M, 2. R R EN N X IR S Technology, 2020, 39(4): 34-41.
REVE RSB E]. I3k, 2021, 58(12): (11] BB, AR5 55 FL I SR A T I 0 1 38 4% F BURH 34
110-117. FBSRRESTTN]. B RS E#, 2018, 46(18):
HUANG Jingguang, WANG Tan, LIN Xiangning, et al. 74-79.
Robust optimal dispatch of regional integrated energy OUYANG Yifeng, ZOU Yu. Static stability analysis of
system for wind power consumption[J]. Electrical phase-locked loop in grid-connected inverters under
Measurement & Instrumentation, 2021, 58(12): 110-117. weak grid condition[J]. Power System Protection and
(6] BAZRTC, Wik, (i, & 4RT-HTREIE B ) RG RGN Control, 2018, 46(18): 74-79.
fi o S e S R R BRARRIT AL ). FEL RGO S s, [12] EAEH, B, HFET. EREMATTET
2020, 48(24): 1-8. DDM-QT1-PLL HIFFEMIERETIEAN]. ARG RS S
ZHAO Dongyuan, HU Nan, FU lJing, et al. Research on ¥&iil, 2020, 48(13): 132-141.
the practice and development path of improving the WANG Jiahao, PAN Huan, NA Chunning. Synchronization
flexibility of new energy power system in China[J]. Power method for grid connection based on DDM-QT1-PLL in
System Protection and Control, 2020, 48(24): 1-8. complex grid environment[J]. Power System Protection
(6] Bifia, SDoRFE, REE, & 1HRAHIE R & A and Control, 2020, 48(13): 132-141.
TR LI I R TG F P B X B A DT R[], HU R G [13] #%, BR#EZR, FIRH, 4. Sy T BUHEIR =H
T4 5, 2020, 48(14): 35-42. LCL T Jf: o 90 A% 25 /N 5l T AB 5 i) B A 1k 23 A ).
JIA Boyan, MA Tianxiang, ZHANG Zhiyuan, et al. Fault rp [ L TFE 2441, 2018, 38(13): 3792-3804.
section location method for distribution networks with YANG Ling, CHEN Yandong, ZHOU Leming, et al.
distributed generation andgrid connection considering Influence of phase-locked loop on small disturbance
uncertainty[J]. Power System Protection and Control, modeling and stability analysis of three-phase LCL type
2020, 48(14): 35-42. grid-connected inverter under weak-current network[J].
(7] 48MERE, 3kiG, KBS, mBERSMGIER ARG Proceedings of the CSEE, 2018, 38(13): 3792-3804.
5 R R[], %55 f 7, 2020, 48(12): 40-45. [14] WEN B, BOROYEVICH D, BURGOS R, et al. Analysis
Z0U Penghui, ZHANG Zhi, ZHANG Xianli. Harmonic of D-Q small-signal impedance of grid-tied inverters[J].
and voltage control of distributed photovoltaic system IEEE Transactions on Power Electronics, 2016, 31(1):
with high permeability[J]. Smart Power, 2020, 48(12): 675-687.
40-45. [15] WEN B, DONG D, BOROYEVICH D, et al. Impedance-
[8] My, 28k, JENI, & BT EMAEIRERE S based analysis of grid-synchronization stability for
R HL ) 2 T A YRR Pk R TR 0] R R R T, three-phase paralleled converters[J]. IEEE Transactions
2021, 49(5): 77-84. on Power Electronics, 2016, 31(1): 26-38.
JING Hao, LI Fan, LU Zhigang, et al. Active distribution [16] ERGHE, T/KZ%E, sk, = BHIRXEYHBHTEERE
network fault recovery method with distributed generation KIRFGRGHEE RSN B TREREA, 2020,
based on master-slave game theory[J]. Smart Power, 39(1): 170-177.
2021, 49(5): 77-84. WANG Lichao, YU Yongjun, ZHANG Mingyuan, et al.
[9] X%, Z2EE, AOLIE, % % VSC RGN Impedance modeling and influence factors of

JE AN LCL JER AR ZHMA Bt ARl AR
SR 545, 2020, 48(13): 80-90.

LIU Jianfeng, LI Meiyu, YU Guangzheng, et al.
Optimization design method of LCL filter parameters
considering harmonic stability of VSC system[J]. Power
System Protection and Control, 2020, 48(13): 80-90.

[17]

sub-synchronous oscillation for direct-driven wind
turbine[J]. Electric Power Engineering Technology, 2020,
39(1): 170-177.

R, BRHT, BRAS, & BT A=A LCL
TG R 3 AR 5% 1E S FHGTE A A [9]. v [ Fe L A
247, 2016, 36(21): 5890-5898.



FANE, &

55 LI R TE SRR A () LCL I [0 30 38 475 ) SR

- 187 -

WANG Yuncheng, CHEN Xin, CHEN lie, et al. Modeling
analysis of positive and negative sequence impedances of
three-phase LCL type grid-connected inverter based on
harmonic linearly[J]. Proceedings of the CSEE, 2016,
36(21): 5890-5898.

[18] BAKHSHIZADEH M K, WANG X, BLAABJERG F, et al.

[19]

[20]

[21]

[22]

(23]

Couplings in phase domain impedance modelling of
grid-connected converters[J]. IEEE Transactions on
Power Electronics, 2016, 31(10): 6792-6796.

WANG X, HARNEFORS L, BLAABJERG F. Unified
impedance model of grid-connected voltage-source
converters[J]. IEEE Transactions on Power Electronics,
2018, 33(2): 1775-1787.

OO, JHSE, XECE, SE BT AL AME AR BT
PALH) LCL 2RI AR it lodE P I [3]. H I RS 3)
1k, 2020, 44(3): 167-175.

GAO Yinghan, TANG Fen, LIU Jingdou, et al. Improved
control of LCL grid-connected converter based on phase
compensation and virtual impedance optimization[J].
Automation of Electric Power Systems, 2020, 44(3):
167-175.

T, fhE A8/NEH, S5 R T =AM AR SRR E
PEIIHT I E AR AEBRE T AR [T]. P B LR
%, 2017, 37(14): 3973-3981.

WANG Guoning, DU Xiong, ZOU Xiaoming, et al.
Modeling of self-admittance and adjoint admittance for
stability analysis of three-phase grid-connected inverters[J].
Proceedings of the CSEE, 2017, 37(14): 3973-3981.
AR/NE, AbEE, EET, & SARIFM AR SRS
MUER 73 87 S Ree M e [0 870 R 4t A B4k, 2018,
42(18): 57-63.

ZOU Xiaoming, DU Xiong, WANG Guoning, et al.
Analysis of frequency coupling mechanism and stability
determination of three-phase grid-connected inverter[J].
Automation of Electric Power Systems, 2018, 42(18):
57-63.

R, BUBTE, MZRTE. 53R BUHIAN LCL

TR I 190 8 A R R R T8 S B A S BBt v [J].

Fp [ B AL TR 244R, 2014, 34(30): 5259-5268.

WU Heng, RUAN Xinbo, YANG Dongsheng. Research
on the influence of phase locked loop on the stability of
LCL type grid-connected inverter and parameter design
of phase locked loop under weak grid condition[J].

[24]

[25]

[26]

[27]

[28]

[29]

Proceedings of the CSEE, 2014, 34(30): 5259-5268.
o7, HER, T, % VSC ARas 555 W28 BAE
IR ARG RS BT FE[]]. I R G R 51
], 2019, 47(14): 44-49.

DU Ping, WAN Yuliang, XIANG Song, et al. Study on
the key parameters of subsynchronous oscillation for the
interaction between VSC converter and weak power
grid[J]. Power System Protection and Control, 2019,
47(14): 44-49.

XU J, XIE S, TANG T. Evaluations of current control in
weak grid case for grid-connected LCL-filtered inverter[J].
IET Power Electronics, 2013, 6(2): 227-234.

WEY, @mxIt, BIK, & BAHOERE S5 B
FAER) - o0 10 A 5 ) 555 L D) ) 3 R PERE S [9]. F AR
4R, 2020, 35(12): 2632-2642.

TU Chunming, GAO Jiayuan, LI Qing, et al. Research on
the adaptability of grid-connected inverter with complex
filter structure phase locked loop to weaker power grid[J].
Transactions of China Electrotechnical Society, 2020,
35(12): 2632-2642.

YANG Y, DU X, WANG G, et al. A g-axis voltage
feedforward control method to improve the stability of
VSI in a weak grid[C] // IECON 2017-43rd Annual
Conference of the IEEE Industrial Electronics Society,
October 29-November 1, 2017, Beijing, China: 7897-7902.
& SEN 7/ I S LN e ) 1 & ER T
R T B 1) SR 9], FRIEAE R, 2017, 15(6): 10-18.
LI Ming, ZHANG Xing, YANG Ying, et al. Power grid
voltage feedforward control strategy based on weighting
coefficient in weak current network[J]. Journal of Power
Sources, 2017, 15(6): 10-18.

BUHT, FAEE, WA, S LCL U IF M AR ZR 4%
HIBARIM]. JbxT: Bl 2015,

WS HER: 2021-05-15;

EEIHHA: 2021-12-28

{E&E T

XAE(1996—), B, mEH L, FFid AR

F R 9452 P ; E-mail: 1034787262@qq.com

71 &

R 2(1980—), %, @f34E4, 4, #Hi%, e
487 5124, E-mail: chzh1230@163.com
(%4t B )



