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Analysis of Formation M echanism of Internal Voltage
Amplitude/Frequency in Current Control of Phase-locked
Synchronous Grid-connected Converter
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Abstract: In the traditional power system, the synchronous generator independently forms the internal voltage
amplitude/frequency, which is connected to grid to establish the system voltage. However, the establishment of grid
voltage at present isincreasingly dependent on renewable energy equipment. Under the phase-locked synchronization,
the grid-connected converter needs to detect the grid voltage to form the internal voltage, which seems to be different
from the synchronous machine that independently forms the internal voltage and further establishes the system voltage.
On this basis, the mechanism of internal voltage amplitude/frequency formed by the current control of the phase-locked
synchronous converter is studied, and it is explicitly stated that the internal voltage amplitude/frequency is uniquely
determined by current, which is essentially the same as the synchronous generator independently forming the internal
voltage to establish the system voltage. In this paper, based on the control structure and the nature of forming the AC
instantaneous value, it is explained that the converter output is essentially the internal voltage amplitude/frequency.
Then, starting from the closed-loop dynamic process of equipment and network, the redundant relationship between
terminal voltage and current is clarified. After the input current is determined, the internal voltage amplitude/frequency
can be uniquely determined accordingly. Finally, combined with the simulation analysis, the correctness of uniquely
determining the internal voltage amplitude/frequency by input current is demonstrated.

Keywords: Grid-connected converter; current control; internal

WFS HEE. 2022-01-20; f&EIHHA: 2022-03-19, 2022-03-30;  Voltage amplitude/frequency; formation mechanism
KHABH: 2022-04-06; M4EE A BHE: 2022-06-01

BEEWE: K ARPHAIE R K G S T i H J LB I LR (R ALK,
(/1860501) VES VR TE SR I ES LR TR ]

This work is supported by Smart Grid Joint Fund of National e g e A e b . o
Natural Science Foundation of China under the grant U1866601 P FEL A7 Y 200308 T R A 5 B i) B D 2 s ik, J2FL T



54

T, S5 WU IR)D I AL e ri YT 42 ) PN PR AR L0 R ML ) S0 B 113

R YA, R R G A A A
b G R Gh, RERERLT 1S
WA A [R) 25 e LA ST o (HAE BEURAS F TR A A A
MFrs T, AR I R KU | PR
HRFLERTE, RIEH K AR Hds It Mk & RS
BRI R BAL, O R G Y 2 2 i
ZA G0 R s ) A S R AR A T A 8 4 O 18 5L
Fro NI, 5T AT A RE TR B I o PN HEL A B L/
A I AL UGR A ) RGBSl FE A
HEE

TEVAERIBETE A, 2 5 R SE A8 B I 9 i 2 12
AR RGBS TR KA IS, 52
/&S N Vil 2N TS E LI a7 R
E RIS TE R A e T AR A N L
58, IR S, A B mR
Lo ¥ 7 g A R A T B AR 4y, (EL R
Xt AL AT L BEA TR A RS o R, iR
AN ARG SIR BN, i) X 22 e ge M
B LI L RIS

AR I A P R A e e A o A
FEL IR AL, At e FL O P T B P P AN
AR, b G A5G, e I ph 4 R s A AT
P , RIS I 9 26 1 A LA 1AL 7 Bk
TAHNFERM, FUARSERGERIRRRES o M
I 4 R BIL e e s sh 3 DD R € 1SR 40P il
e, SHMNRMERICE, RENE R AR DE
£o HULER, FMAEHAR 5 A A LT
LSR5 W &8 ENA = vl w510 N PN [t 7
PSR IEIZ AL IO RGEH T2, T AR
BEARIRI AL S L — AR AR A ST R L R 24T
XX — IR, ARSORE B R B S A4S IR R e e
AR, b R RS R AT
RKFR, PITTEBCA AR 2 R IL R PE T, A4k
A LA R A LR ME— A, TEARTT S RP R
HIAILA ST N e 3 S AR o b, ARSI
AT XA i I IO i 5 P P B (L A3 5 S BIL
HATHEIE, B GO A B B R . B R

AR GG 55 T AR IR ; SR 5 T4l 4540 5280
Wik ELIE B AR T, 0 P A i S S i e 42
T2 RPN FL B A O R R DT 2 PR
S AHBEITEL 5 20k 1735 T 5 A0 0 245 AT 3 g 25t
i, WECAHE R S P BAR JTUX 2 A BEXS N B4 Y
TEIHLHIEA T 00T 5 AT AERfE M AR
I 9 A g P 22 T JE 18 PR e A BRI R o — T
f5e, JFE 0 B T

1 THI[RERESNSNES TIERE

1.1 BiREHNEREN

P X Hn, KHL SR EE AT A
REVR A LR B M K o S AR 7= i L RE LA
TP R SRR AL, T FR A R TR R A —
i 3 LR R A AR 4 V SC(voltage source converter)
TE RN H FA, G e e I A TR 2 T I N H B ) B
HAH,

=AHIEM VSC R r % B HL A S TG
el R A AT A s O
SR L R M 24 PL s, 58RI
TETF ARG L 290 PU P Y N IRE R
R, S R PR A LA T SR G 1 i
N, AT TR, ASSCZE TR RS 2 X
fEFNER T, B 1. U Rimi R |

PCC o ——777—— \

1 VSC EiRizHIER
Fig. 1 Block diagram of current control of VSC



114 i, b

E 4 o225

FKhk; EANHBRE; I RS HE; N
BRI ARDT 3 o FoRPIAEIEAAR R dg 3=
7 AR B R RS2 A 5 1) 1) PR RRL I A s 28 (DA
TRIFRBAHAIRR); Mhra 5 B FRRHEEEMN
FAFRIEARPR R T 53 Thnd 5 ¢ R ETE
BAHALTR R T I H .

1.2 BRERNITIERE

T L P H 2 ) R s Aa ) 7 U, VSC iR
d s q B . AR d 1q BRI R
2 A IR 0 5 F R AR, BRI , I
2ot PRI N AT AR PR R T d g Tl
oy, WE,IE, o dilg SRS AN TS s2 i
TAEBRHAAR R N R3], dlq TR 4 mAoNA
g, SN HIRRE SRR Al A 22 Fhasty ,
AR .

SRy, ARSI B AR
I LR, B 1 BB R UL 1 Fh,
I, e T AR S I A AR AR A T
dlg 53, 1% q WM ZEd PR RIBUHIIE o,
TBUMIRIBUAAAGL 6, o ARG T2 HL IR =78
B8 dlg Wa s, LIS E, IE, TEMCARA SR B
BN HBRIEE I, PN REREZT PWM
G P o S S et T el N s e/ A T i
Az N H A, S HL A E T T RIZ T Js A
S RUmtaElgy, WERME R AR
BRASPEAIR2EN 0, ITAEIITRR s PIRAS .

2 =EHITER R EBIRESR R LR
Fi B {2 ) D SR AL 7

o m

=\

2.1 #EHIEHRR N R BIERE X ENRE/RR
VSC i Hh 9 = ARSI HL s P A5V T O
SZRTF AR AT AL, IF I S Pl 21
FEEE RN B BIE RS Rt e PWM RIS R iAE
Seba b, RS U R 7 AR W RS R ok
HRE N HLIER A . NI, FEAE BT E T
VEGERZERITEOL T , S Hedntan Hh S e s 55 P L
WEREORBEAFR,  AET PR T T U (E R TR AE o

Fh D A 5 AR 7 . A Pl BB 2 I 0
MR, BB EINZM S, 25t PWM IS
Sl T B R B
LI 5 L DT A IR 280 P bl B B
3 dlg oL E,JE, | FRLVBURERSR AL 6,
Ny d B A B SR, P T A
W 2 .

B2 NEEXREGH

Fig. 2 Synthesis of internal voltage vectors
K 2w, E,E RR/NRE T NHEIHKE E 1
iEE, E5dEdesns, mE, 5 E g, dh
A BRI 6, g . R, PR3t 1
G|E|h E, 5 E, 35, WK o, i E,[E, ITIER)
ARG B AR R IR IR 0, 53], HAK

XRH
[E[= (£ +(E,) &)

o, :g(arctanﬂ]nL @, 2
dt d '
2.2 NEEBIR{E/SNZ R E 3 it bt B {E B 3R AL
FRIRAB A Y B0 R 2 A I ) A B A S =
HSC TR, (EUZTCHART, B = AHBEA(E
HLSAIE SR BT R E o HL R S AR U e
HRele o, BRI AR @ 2t PWM Rl
(SRRl 1 QU B St C AN WY VA 'aST DA T
RIS e T A S B £ JEE 23 AT , A8 et i 18 =
A TR BEIEL AR TN N P B kit R HL, A
B SYART I, —FESRBEHE O el < i
M, A REIIER, JFAEAT. AAHBER
(HZ AR SR BRI, AR T30
Wik (L2 ] — B A R R — A R AR AR 2R B
PO AR Ry, XS =ARER AR,
K 3. NI, Jeig WARHE: TARBEL T, i



54

T, S5 WU IR)D I AL e ri YT 42 ) PN PR AR L0 R ML ) S0 B 115

e N S W BEAR SO AR B 0 A, sl A2 i
HL S PR AR 49 08 AT L S A O

B3 XEE=ZHIBZTE

Fig. 3 Schematic of vector projection on three phases

PN AR O i th P27 Az, RS TE] P kA T i
iz gl, HIARMIE R R B K N e iz, B
T R B IRE SR . 5 EE AR, W O
AR AL R A RY, JCIEZ R A TEFIRZ
HBERBLAS A 20 O i i Ab i I ANRE LA
TR 15 SRR o SR ERS O Bt 4l 7 A, 73
AT R P A R I 2R A, U O R e R
Wi ZIab TRz b, AR BN JC R R i
A& IFEH, WAL PR REHEE | KRR
REMW,, WA R RIZAER, WA E Rk
SE , ARLAA BT AR . ]2 IR A0 K AL T A
JEC PR DR, [ AU R sh 3D E T SRRk
L7 AR =R E s, DR F s AR DG B B R S 3 R
NSRRGSR, WEAEAHGL. BRULZ AN, WREER
S RGEOGER BB IR T R, DA/
Py N LA RS TR B A i R o M v n] B S
RGAGPRO Lo FHIERT L, AR AR Ok i R A
SEMRAE SR

L5 oA Al A, AR g S L R A TR
WL R, R R IR E0E, K
Al R IR A5 5 R 4% A0 AR BT b 2 1N FL B
Feoam . WNHIREmEEE RS, IR ER
5 HAB B AL R AR GE i s IR

3 WEBEANESH

3.1 BE&EEMNMEAMRNELE
AJ A RE VR I A5 38 o N H e s S R A

R, AREREE T AR d/g e R HE A2 s
TR A H A AR o BT HR A R R A A
FAm 7 TS T IR, HLRRE ANAE, AE
JE AR T O S N IR AN, T D)2
Vids A A R, AR SCEERIFSE L 4 o 5 48
FHIIE LN S BLRI S, DA LR 4 ik,
LA 3t L D5 i L A A A

A FAE BE TR R £ 5 LA I £ 0ok H T M 26 5%
2, JLFRI B T RS, AT AR RE TR I A DL N L 3
T Rt i LR T4, 5 Al 4 3 A ff
F, DO - A Ak 1) LI AN D R A L S, AR AR
B L SRR RE B s TR, i
HL AR AR I S, B2 A A4 B R SR 3E
HLARFI A o S st ()RR, A 2R RE IR A A
DR GE R AT FL I 5 o FEL R, 6 P 4 o 5 A
WA AR, N HLEE T T2 5 HAb 5 5
LRTE ARG AN . )5 A
XSO S 2 R S A 1] A, RSB 4 i
P S RUHPR I, SO — 2R R it
WL FAE R T4, SR 4 i, a0
AR T 25, AW RGEAORS A, X2
H1 ) R G0 i A 5 M 2L Rl e 1 P R sh A8 7
32 ETRGHANHIEEXRN

A 5 28 20 1 R e P A S A AR vl T
Ay 152 At A 1) P O -5 i L R S B b AR BE
Rl A, AR I LR T 2 5 H A,
WA NRAIEFRIJCER . IFH, NS R
SR F B e Y R, R IR IR A LR, IR A
L SRR L PR A DA R i A HLEROC R I 2R
A g B AR AT, N REASZ LI | R R R
E , FH P R 3 A B S s 5 P R A G
Fo P, WU S IR e s . i A B
SRR R AL, TR A2 B SR O R AR 2
L

RESK it A L R IR 58 ST, IR 4 — 2 W]
BHVE 28 C R A AR ATF B AR, T2
HT RGP E o i A i A O R .
Uit S v F, s H AR TR0 A R 3 5 A/ Al 15 4 3 )



116 i, b

E 4 o225

POE , SRMTEEN I AR RR ML E, SMRER
KA, BRI A G E , HAE SIE N
WA KRS A, AFSEPR 1 35 50 5 P H 343
JE LA, PR T DR T, DAHAE
B, RS ] A A E A H I e HRROG R T
HH o L, P F i L 5 L A 20 T 4
W, TEHARS N —ZIF R, TR
FL AP F N A B (TSR Pl o Gk AR
T2, RIATFEARAE L T A ME— 0 AN R A P
P PORZERA R R T RS, & 5MEH
W B, BT LA S FE S A I — i 2 A 15 PN L
MCR RS TF IR RGN AA KR

TR, B TAAERE S PR AR R
BPCER, shaSad R IR S ST 20
T A &, 705 B s Je i 2 U A 6 . R,
T FEL JL A PEE — i 2 P R A S IR A SR R
T AT AR EUE, 1702 — FR 85 RN
B, BT, LR TR A B S
R ME 4@ Fn, HU E B A RS R W
Kl 4(b) 7 .

(b) AH T A R R

4 BEWNHEHRBESEXR
Fig. 4 Device input/output, and relationship among

electrical quantities

Kl 4, EEERMEERA, 7F 1A E
TR 7a A 4 (Park's Transformation)7i#, 55 HL A8

AR RSB E, | E, , —HTEYUHHER
iy A TRRAR DL 0, FEmE RAFEIN I E o [T,
E,IE, i A FORIIEYIT R3] E, i
Xty s, RN

d,, =arctan (EJ (©)]

TE55 15 3Cph, B S AN O ad i A0 P e 34
E , i HJEOC 275 31 o L R i L 5 A HL 35 ]
Mk s o, f B RISt e, Shrhfi 6 5
E, IE, Bz D f 5, 2 2 B0 BURIFR i) fl B 152
25N, AS BB PLEH S0 1153
BUFAARLL 6, , e B Ry BURER B A A .
H, R CR, RBMURMAE AR,
Hi & 4@)FTH, T 5 A R R g sh A,
A AR RIS A HL A T BRI i) P L 3
Hi4m AR ME—TRERY, PN R AR S it RS R
(AR ME B . ALV, BB K
AR, R R A A, (B AR
AR, S TR A L4 S (A N A e, X
SEH PR RROE R . PRI, B v, A8,
P SR (L P A D 20 7 S R b v — T 7
3.3 EEBR/INERXANBFESWERR

32 iR AR AT AIE 5(@), Hrhiib
C Frni A PRI IR ERTT, A D Ron sk
KFR WU 1, S0 U 280 B P 1 B 15 SfT
WHIFE , HHLR S N H A s 5, s
JEFF 5 HL TR N — I 2y H 3 BITE R A HL R
MWZ5T, WS SR, shasd e
I EAMERE . DRI, AT E L B AT
WiE NS . BRI, MPHPRIC R ],
e ARG, NHEEBIATE—E, Sk
SR 1A &, HOEPUE N HHE HA
i A HLIAE o

WA 5 Mg AL [m] e LRI G R, H
ARG HEA IR R G BT 5(b) S HEAS A BR A
48, A a HRpHE b Z 22401 @IS B o
c A THEER R b . DR FRE, Hilii



54

T, S5 WU IR)D I AL e ri YT 42 ) PN PR AR L0 R ML ) S0 B 117

BT, MUEBAASR, HESRGHEAH
WYICAR . RN, RGBT, AR
WRA LA ERM AR ATHE R o el W, St
EAUR LA AR, 45 A BRIV RTAR R e
7, AT HBUE, RICTEARmA LA X
5 1 SCH IR B R N SR 2R, R AT
O RLIAL , S R L s, g RIS YL
T 38 T YRR VR S AU PR S A B 1Y, S (5t
BRI HURROG 2R o DAIHG A B8 BRAR , REAE B i A s 3
itk 20 R LA A FEL AE— R R A PTG
2, WHBOER S . A%, (HASC
WFFE BB R B IUR A B SE R, DO 2
H, RN ALR R, S R A L —
e, B LS B o i AT G, (B J P i 3
2R 2 A X 1AM

() TR A LI/ N HL A R T AL AE ]
B 5 REXRELESARTE
Fig. 5 Simplified diagram of device relationship, and
schematic of closed-loop

ARG g I IO 5 7 14 DAY L N — R T A F
TR AR I ar Yy, i AR
i [P EOC R A BRI o LSS AN
AR E A LU R, T 240 o fl s i o LA
VLR R AR, i pyid R E 40 A HL I
REAS SR N ANIUE B o XT3 0GR, mtfE
E— A, BRGNS AL YR, X5
T BRINIRAE B e 2R G o SN e 4578
AR RS BN TR R A R L, fHREREIE AR
NERES  NRESER AR, I, MR
YA TR AT, B NHSETER A LS
EJa [FIFFREREME— B . 5 BE RS, TG
FIBE DX 20 AL it Hh B R 7= A2 ), (R
TRFNTRHEER, A LANRE R, B AmsrE

P AR (LR

28 LRI Al BARIEAD N A AR I R i
For R FRTHT_EAS I FL I L TR B i 3, (ELHEAR T
AT3ER 2 phy B — PR T AN I BN L SR LR . A
SCANRGEAIPR SRR A, TR HAR I R i 2 )
MR, R LA LS R AR5, G
ISEIE N B SIS A R R T, XGRS R
G HATH S AR A A BOATE T AT IR
Ji, 5 B S B B e A A, RS T
A LA A TS o

4 {FEIGIE

A5 £ TMATLAB/SImuli nk 4 {242 2 {7 B0 A5
Y GBS 39 T HE P E A R R A B A L
9578 J5 R AT HE—Bf 2 G R o BT ELOK XML R &
E L I H, R B AH ] 25 07 X 428 4 2 T G
I, FFEAR TR, B IbA s
FLAEIRRHLA ], 5, G ELAK XL
AR ERR FHUFRAR RS R,
AR RGP, Sl sl ST 50
B REIR TN, FRIFARLR; w5,
W T IS5 22 0 LT A5 1) PN R S (000 5 PR A
FCP AT L, PR — SO0 AT AUERA T ST
MIERRPE. PRSI B, iE 6 s,

. 4 l E P !
fI | |
o )
(a) L& ELIR KB N HL R 2
oYY Y
U

op

(DJFERR
E6 HEZEMTE
Fig. 6 Schematic of simulation structure



118 i, T

E 4 o225

P 7 Sy iy AR ) LA B0 T P ER 5 BT 7
AN ST M AR BB LSS L, A O B
ZIRT RGBT R IRAS , 78 O 2 s SR AR
FAGZBRAZ . AT, 2 PSRN A P R SR (B,
(E AT T30 B — 2, Ui WA FL I v TR AR (] 28
TrUF, AT A RETR L5 T FSUAY A HL A0 /03
AR A FL L2 R I RIVAR o v — B o

1.0

- ——Wk_— — —JTH
=
L*"% 0.5F
=
® ot
E=
B:d
2 0.5
=z
<
_]O 1 1 1 1
0 002 004 006 008 0.10
i /s
(@) PN HEL AR A A 5 o AL
0.89
- — W} — - -
(="
= 0.88 |
e o
: L —
2 0.87H
=z
086 1 1 1 1
0 002 004 006 008 0.10
i /s
(b) P HL 3 o R A
50.05
— W3} — - K
=
% N\
=
& 50.00 [ \ e
g ./
jry
=
49.95 ' L L '
0 002 004 006 008 0.10
i /s
(c) N HL AV s SR AT R

B 7 HRSFAMMIELERILE
Fig. 7 Comparison between closed-loop and open-loop
simulation results

HE—A, IR 6(a) s P EMs E R 4 L F
FEA ARk, S FL st 2 32 B R R AH A H
AR DR, SRECHRMTEMBREIY, AL
1% 6(0) 7 i L s AN HEL A T B L,
P ER )7 L5 TF B0 05 EL T A5 21 B A F 3R] AT X
Fe,  BIVAT kA Fi o H s R i A AR AR, g A H

L E G ST ME— B2 1 . A SCLA L H
WS A A I BEA T 05 0N LG, AR A S B R B
P 8(a)y 0~0.1 s Bt A HL R HEL IR E AR AL BT 5
FETWEE, &1 8(b) A HL s IR (L ) A AL AR L B2
AR R R AL s ] 8(c) LAY A FHIBEIHE
P, Z=ARIREEN M R AR, TR
I EAE AL ; B 8(d)~(F) T35 IRy
PR ELARRT L . IR, 7 PO e B g s
AR, ARG E IR, AR Y
DAY FEL A (L R R R — T R 1Y o

_1.000
3
&
o
2 0.995
==}
2
=
2 (.990 ' ' '

0 0.02 0.04 0.06 0.08 0.10

i /s
() HRL [0 HiL, T R

0.89

e
%0
3

it HL PR R (p.u.)
e
o0
[o o]

1 1 1 1

e
%

6

0 002 004 006 008 0.10
i )/

(b3 H, [T 4B

AR HLFEIE R (p.u.)

0 o.loz o.<|)4 O.(I)G ofos 0.10
i R)/s
() A HL it 5k of 4L

L0 ———p5% —— 7

AR DY HL BRI (p.u.)
(=]

_]O 1 1 1 1
0 0.02 0.04 006 0.08 0.10

Fi /s
(d) P9 LS ARH A




54

T, S5 WU IR)D I AL e ri YT 42 ) PN PR AR L0 R ML ) S0 B

119

o
0
©°

— WH - — I

=

[oe]

o0
T

N LR (p.u.)
=)
3

086 1 1 1 1
0 0.02 0.04 0.06 0.08 0.10
i /s
(e) A HL STl % £
50.05
=
#
Y
£
)
=
Iy
K 50.00 I ! ! I
0 0.02 0.04 0.06 0.08 0.10
i /s
() P9 HL At S I

B8 BEMBERKEETLUMNIEER
Fig. 8 Simulation resultswhen grid voltage and terminal
voltage change

AR SCET X BIUAR [R) 28 28 e A ri 3 42 il T
P R S L/ R A LR BEAT AT 9T o B SR AR
oo i 1 BOA TR N BRI (E TR, RIR T
VA5 W 2% AR s A A W o R PR DR Y
JUAR I F,  BIVP FRL AR (LR A1 i A L T S
Je BIVR] ME—Bf 52 |, B 4 A D B M AR
MIESPE . 28 ERA, BURE 2 T IF A ge e
J P H B AR A BILR AR T S R
L PILR S Y N H AT S R SRR — B T
TERLRYSE , 20 HT I 28 46 2 D9 HR S5O FE L )
N TNR SR RS, G SAe x5 & A
— BN PE AT 4 1% 2 G0 A BE e e TR A Dy B AR
TFIAH R AIWTST

Sk

(1 =/, 2Rk, Ha o R G rp AR B 2 v SR IS () RUBE B 2
R AT IR AR AR R ik (] AL T AR AR,
2020, 40(15): 4732-4744.
Yuan Xiaoming, Li Sheng. An amplitude/frequency mo-

(2]

(3]

[4]

(5]

(6]

(7]

(8]

dulation based method of voltage source converter for
power systems dynamic analysis in current control
timescale [J). Proceedings of the CSEE, 2020, 40(15):
4732-4744 (in Chinese).

AN, A4, SRR R SRR R G — A S R ST
R [F) L5326 KR RE IR & FiAG I RE D BT[], HLR-%
#z, 2021, 19(6): 1-9.

Yuan Xiaoming, He Wei. Amplitude/frequency as prere-
quisites of operation and thus classification of stability
problems and capability opportunities for new genera-
tions [J]. Journal of Power Supply, 2021, 19(6): 1-9 (in
Chinese).

/N, BRI, WIS, R I R Z R
LR ) 3 A5 Fe e R[], H E ML T AR 244, 2016,
36(19): 5145-5154, 5395.

Yuan Xiaoming, Cheng Shijie, Hu Jiabing. Multi-time
scale voltage and power angle dynamics in power
electronics dominated large power systems [J]. Proceedings
of the CSEE, 2016, 36(19): 5145-5154, 5395 (in Chinese).

RTEN. Wi T ARG AR M]. JEat: BT
A i, 2006.

Xu Dehong. Power Electronic System Modeling and
Control [M]. Beijing: Machinery Industry Press, 2006 (in
Chinese).

Wang C. Modeling and control of hybrid wind/photovoltaic/
fuel cdldistributed generation systems [D]. Montana
Montana State University-Bozeman, 2006.

Chiniforoosh S, Jatskevich J, Yazdani A, et d. Definitions
and applications of dynamic average models for analysis
of power systems [J]. |EEE Transactions on Power Ddlivery,
2010, 25(4): 2655-2669.

Tong Anping, Hang Lijun, Chung H S H, et a. Using
sampled-data modeling method to derive equivalent
circuit and linearized control method for dual-active-
bridge converter [J]. IEEE Journal of Emerging and
Selected Topics in Power Electronics, 2021, 9(2): 1361-
1374.

Sun Jian, Liu Hanchao. Impedance modeling and analysis
of modular multilevel converters [C]// 2016 |IEEE 17th
Workshop on Control and Modeling for Power Electronics
(COMPEL). Trondheim, Norway, 2016: 1-9.



120 i, b

s

Eie W22 %

[9] Sun Jian. Impedance-based stability criterion for grid-

connected inverters [J. IEEE Transactions on Power
Electronics, 2011, 26(11): 3075-3078.

[10] SR1H, BLHr, #ZR0T. SSHMAPE N BIERxT LCL RUf:

o 395 A8 B A A TR R S AT S B PA S sH. Th
HHL T R4, 2014, 34(30): 5259-5268.

Wu Heng, Ruan Xinbo, Yang Dongsheng. Research on
the stability caused by phase-locked loop for LCL-type
grid-connected inverter in weak grid condition [J].
Proceedings of the CSEE, 2014, 34(30): 5259-5268 (in

Chinesg).

[12] # 4Tt Bopiilk, =I1E. #&m LCL HUIf R gexf 55

FL R N AE T A RE AL BEL DT TR (). o e L TR 4,
2014, 34(15): 2327-2335.

Yang Dongsheng, Ruan Xinbo, Wu Heng. A virtua
impedance method to improve the performance of LCL-
type grid-connected inverters under weak grid conditions [J].
Proceedings of the CSEE, 2014, 34(15): 2327-2335 (in

Chinesg).

[12] fh3cfe, SRR, BRaEAR, 2%, JRTUg vt By it

FE BT SAERITTIEY. T E BT AR, 2018,
38(14): 4096-4106, 4314.

Wu Wenhua, Pu Tiange, Chen Yandong, et al. Megawatt
wide-bandwidth impedance measurement device design
and its control method [J]. Proceedings of the CSEE,
2018, 38(14): 4096-4106, 4314 (in Chinese).

[13] i, WRateAR, (hoCHe, 45, WU 3 TR RE IR

& HL B A 1 S AT e BB AE SR B DU T vk (). P
AL AL T RE2A4R, 2020, 40(9): 2903-2914.
Xie Zhiwei, Chen Yandong, Wu Wenhua, et a. A wide-

bandwidth sequence-impedance online precise measurement
method for renewable energy generation equipment with
dual-mode disturbance [J]. Proceedings of the CSEE,
2020, 40(9): 2903-2914 (in Chinese).

[14] Li Sheng, He Wei, Yuan Xiaoming. Study on sub-

synchronous oscillation of grid-connected VSC via series
compensation lines [C]// 2019 |IEEE Power & Energy
Society General Meeting (PESGM). Atlanta, GA, USA,
2019: 1-5.

[15] BAZIE, /N, FEmAS. R T IF R 2 N

Fopiil S R TR R G2 REE SR .+
= AL TR 2#R, 2019, 39(18): 5457-5467, 5594,

Hu Jiabing, Yuan Xiaoming, Cheng Shijie. Multi-time
scale transients in power-electronized power systems
considering multi-time scale switching control schemes
of power electronics apparatus [J]. Proceedings of the
CSEE, 2019, 39(18): 5457-5467, 5594 (in Chinese).

EEE

HF97—), B, WA,
FEII . BB RGBT 5
i, E-mail: hongyu 2019@hust.edu.cn,

F/ANWI(1966—), F, IR Y
SmRany, WEEE, W, B
TR Tr 1) W] AR RRVR A L T O
Hl, BT R AR BT
T ) RS e bt AR
E-mail: yuanxm@hust.edu.cn,

JEFF(1995—), ., MEHrTE.
oI . BT REETTS
. E-mail: gong_xuan@hust.edu.cn,



