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Synchronization Mechanism and Unified Control Structure for PMSG-based WTGs by Using
the DC-link Voltage to Realize Self-synchronous Voltage Source Control
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Abstract: New power system is characterized by high penetration of renewable energy sources and high proportion of
power electronics(namely, double-high). The voltage source control is an effective method to improve the grid-connected
stability of wind turbine generators (WTGs) in the “double-high” grid. The control method based on the DC-link voltage
of the grid-connected converter can be adopted to effectively realize the voltage source control for PMSG-based WTGs.
However, there is a disadvantage that the DC-link voltage cannot be maintained at the set value. To address the above
problems, a novel DC-link voltage synchronization control method is proposed, which can control the DC-link voltage to
always maintain at the set value, and the output frequency of the synchronization controller retains the feature of real-time
mapping of the grid frequency. The grid synchronization mechanism of the proposed control method is elucidated in detail,
and the intrinsic connection and difference between the proposed control method and the two existing DC-link voltage
synchronization control methods are revealed, based on which the unified control structure is established. Then the dy-
namic response characteristics, anti-disturbance performance, and damping characteristics are compared and analyzed by
using frequency domain analysis. The simulation model and hardware-in-loop experimental platform of a 2 MW
PMSG-based WTG are built. The simulation and experimental results show that the synchronization frequency can accu-
rately map the grid frequency changes in real time under the premise that the DC-link voltage keeps constant after using
the proposed control method, and the influence of the disturbance terms on the synchronization frequency does not exceed
0.5%.

Key words: wind turbine generator; DC-link capacitor dynamic; self-synchronization; voltage source control; unified

control structure; hardware-in-loop experiment platform

ESRPTIE: HEBMNERAFFEIHE (5100-202040462A-0-0-00),
Project supported by Science and Technology Project of of SGCC (5100—202040462A—0—0—00).



32 i LR AR

2023, 49(1)

b & HL JJ 5 G0 b iy AT B e YR R v bE A H g
P& 2N, B RGREIREEE, To
ER PO R IRTR A NIPE B R S8, SR B4
B PR PR DR 428 1] SR 1K) I AR S 2 25 L R G
PIfsE AR T — k. CEMARERM, I
DX 2 i 255 PRI BVORH AR PRI IR 455 1) BRI [R) A7 AE 58 HLA
G, FEHIFATHEM RGN 5 K ARG K
R4 BT IR e, A AR T s AR M |
FHALAME BRAR AL 32 1 S 5055 J7 1Rk i R RN E
PR, XL T yRAE — e R AR T FAYE I N A
e IG5 RIS R A inl i, H TR B N7
EERE S SEOT A, B O RE IR
FEM AR 28 IR NS, oV AR TR B0 S F
W, 25Tk, FENAR s I B R R 45 ) Bl 2 L O
BRI AL AT AN AR S R YR I N AR Ha g 11
S L BHT/N, RSB R I 5 X AH R R AH
Rrett, DR B B IR dl e v, Xt
R A 46 85 R FH B Y428 1) T DA MAR A - i e 55 HL Y
NH AR A, H R R AR R AR e s B
T R, AR ORI T B REE E
F S HE AR AL AT AR 100,

H, H Y050 4% i A8 e 2 A5 401 [5] 25 R s L IR A 1k T
2, HERWIEMIIRLIN S BN EDET. HT
RIS AE, BT EEES ST L 8T
Ty PR FERDD GRS D6 . SOk
[11-12] 7 i A0 [F) 25 R AL e, SEBR T 9
A AR A IR Y R T E RS . SR
[13-1414 H 1 3d T 55 FRL 75 55 ) 9 P A 4l g T 2
[ il Sk, v DLSRELTE 75 DA ER B 3 [R5 3R
B H . SCER[15142 H 17 I AR 46 85 (1) R 40 [F] 22 L
P deng, AR REE B 1R PIRE K AL E
FOPH JEHEME o SCHR[7,16-17]%F 3% FH i 4L 1] 25 ML 42 il
TR AR I S i s 1) S 1) o A8 e 28 30E 47 BT
R, IR T ST RIS IER B, LA D K
AL EH T3 MIAEs . iRk, (153
AR AR YRR I 52 35 H R R A ) g iR A
T IS N RGN, (HHE AT AT B R
JFEAAR, BRI AN %E B R4 Ry B B R
fasg, KIEAEH T X HE L4 (wind turbine genera-
tors, WTGs)% 75 Z00 B BFZE Fa R AE %) B AR
el E

A VRO R LA F R R T e TR
AL, SCHER[1812E TR K BN URHIE T R ER 17X
FLZEL ) R UMD i LA ) SR, AL AR e 2
B SIS B BRI ARE , AR B 28 A T B K D)
IR EE(maximum power point tracking, MPPT)$% ],
it i BN LAEAR L, A HI SR 3K
SCHR[ 191K FH 68 R 5 S 2819 % B BF 26 i R 47 4%
i, DASEHLE EIFEMITIEE, (H R IE A T3 Bimba
FHMHEABKIE B RE, HREIMaIHE
PR A LA SIS RIS el S D e . X 55 RS A
SCHESE IR, SCHRI20]42 H 17 X055 X ERL LR FRIATLA
Nz el RN A el ik 2 ot | B E 7 B Bl S N E R TR
BB RI K NI Fiash T iE, S
T IS N B R, (15 B R
AT BASHRE HL AR R AR A, SEIRLADE Bl 8 o SCRR[21]
R [R5 ] R P AE P B e A, mT ORI
A AL SR AR B B R f & b, R4 R
GUAATIERDIZRAMRE T, BEBHJEA R A AR S A X
B, A SEH T B e fMER I hIsRnS, LEm R
GRAEIBITHIRE 1. SCHR[22-231 5L 1 R R
25 1) SR (1) A D AR K LA ME SR, RIS
R RBOERN T RGURERIOPLIEE, R T RAE
Tt R kI R G s TR ENE . SCRR[24]0 L 43
AT 70Ut LR ZE 4 S0l SR FH A ()42 1) S s 1 (1) 1 e
fabr, T HVLINAR B R FH R AOL R L 6], AR
e ds K BRI HI K SRS A AT RERE

YR B ArarEn, H AT oA 20l seEl AR
OIS B e e S I A i a2 S U ot D P (S M b
S S UM B BEZR L  SE I E [R5 IR 1 4
BTV TeVE S I B L R o — 1, M HE
A FEL R i R DO AT A A S AR B 2 5 3R 4 % I I
VA, T2 LA A s B FR X A R AR A T R 2 B
DNZRBF R R T, HIE BB Z M%7 1530
AW RIREE . B PERE LA S BH JE R B A T A AT

BT, ARt 7 —MRE R RS EREE
J AT B S PR A0 25 A A TR i 28 LU PR [ 4
Jiidk, JFvEAE B T FTR AR IR EEALE] . o
T T ARSI R S 8A 2 Fob FH B A ah A sk
I [E) A8 I A )42 ) SR 2 (R R e 5 X, AT 2
ST ECRER [P T g — g . R
AR BRE 3 Fh E I H DR B A e BihE
e MM e MERe AT T VWM. e, T
PSCAD/EMTDC 1} B4 FFl RTLAB filfif4 76 3R 5256



Z #E, MG, MMWUE, S5 B IR A KSR LA A B R R B G Pl 54 33

FEBE T 2 MW R E SR XA LERR, I84E T
AR SCPITARE ] D7 AN AR o M (R IE M

1 BERRENEEREERLESGE

AL A T A A AL E AR TR R,
FANGEA N 1 o, XA 22 D8 L RN A e
AN, HEERCA AR YRS R HL
A 4 5 2 P A 438 () - B o m) S 4 ) IR
AR ¥ R FH B LU R R I TV
1.1 W ERBERSIEHIREE N 4R

A 38 W B A sh A SEI E R 2
R PR VR AT TR, a0 SCHR[19] 8 R HUL )
5] 75 (virtual synchronous control, VSynC)F
SCHR[22] B 15 14 [5] 25 4% 1] 75 ¥2: (inertia synchroniza-
tion control, ISynC), 2 Fj#it 8 Byt FL s [F] 20 4% il HE
BB 2 Fos o AR AT, FF 51 AR
P T
1.1.1  VSynC il Ji%

Wk 2(a)f7~, VSynC 772 i bR R 4
io R A S AR BT R AR AR, s TR R
P A BRI LR AR A, PR S5 VE M A
N EASEIRS, LML N

+K
0=&{(()0 + > - (udc _udcref)j
K;s+Kp Uy,

0 (D
u =U, (”to + ko (Orer —S—g)]
Kt s A ET: oo NREHEAME: oo N
RGFRIEMEAE s wdcrer ELTLREZR FE R 45 78 1H 5
ude A Udeo 73 5l A B BRER HAL e S5 o {1 AN S A
Kr NEHEEREE R K ABEREG Ko NHE
JERE U N R FEHEE ;s Orer MIINAR
WBR IR EAEH; Su NRAHERT; wo N
il LR FEAEE ko NI E I 75 .
2o, T DA 2 0 A 4 2% 4t R Hs P 0
Ro*SHMBIEZ KRN
K Uy,

L (0" -w,)=
T dc0

T Auded 9B L SERRE -5 45 5 (B I 22
1.1.2  ISynC #5#i| J7¥3

WK 2(b)fias, ISynC Jivdods B BHE LR 4
o EEBIEA T A O AR A, PR e D) T
1) B0 B L e 2 0 M R 52 A R ) F R
%, WELSTE MM BASEIR S,

- udcref = Audcd (2)

1 )

BT Kk B X LR Th s A B
Fig.1 Topological structure diagram of PMSG-based wind

turbine generator

(b) ISynC ¥ il J5 ¥

P2 2 il st 2R LR R ) 042 o A &
Fig.2 Block diagram of two typical DC-link voltage

synchronization control method

0 :& @, + Kz(&_udcref)
s Uch

0 3)
u =U, [uto + ko (Qrer — S_g) +H, (s)Audcd]

A K MRS s Ho(s) MR JEAMZ RS, TR
/j—iy\j kpssTpS/(TpS+1); kpss ygﬁﬂ)ﬁifﬁ_; Tp y\j%ﬁiﬁé
BRI AL

[ AT LAAS 30 D (0] 3 461 25 P s PR AR oo
SRR %R N

* Uy
(60 - 600) = —— Ugerer = Audcd (4)
z dcO

1.1.3  Sedb i R B il U7 vk

i IR AT 4, & 2(a)i) VSynC 7732 B
RELR H T 2 i L P A3 (1030 3 2B (Ko/Kr): 1 (7R
1k, T 2(b) ISynC J77kH BELLREZE L 2> HL
WA RIN(V/KL):1 A8k, 2 FhO7735 T0i 4 R B
MBFZR Ry —1E B E, (P70 T BB f Rk




34 e B R 2023, 49(1)
ﬂﬁﬁﬁﬁ&ﬁ@ﬁ%%ﬁi%ﬁ%%%ﬁ%ﬁi qﬂmg@:qﬂmmvﬁk% ®)
DRI, AR SCTE bR b 45— b 54 B 3 H S R dr

i, EHEREERE 3 o, Far s oot
A 45 4 [5) 2D 4% 1] (advanced inertia synchronization
control, AISynC). FEMHEEHE U, Kmw, HiE
HA Us, FHOLN Ges PN AS 255 i H H s FH 1)
Ur 2o, HIEEN Us A6 Le J9UET HZS
Cac NE LR LS Py A Qg 733l 9 I )22 65 25 i
A DI ATE T A Pwr Al Ps HLINAR 284
SRR AN L bt A D D)%

HH AISynC [P ER AT %0, XN AR$e 28 1 4 HH AH
AP LARIR N

udc

k.
9:&((00 +(kp +_l)( _udcref)j (5)
s S dc0

b b NERAEEA LG REG b VBRI
R B AL

PO 001 2 e 25 PO 8 ) L L T AR 7R
U= Ub (”to + kQ (Qref - %)J (6)

BE—2D b, RNAR Hegs IR A 5 AT R
U, =u,sind

!U w = U, sin(@ —2n/3)

U, =u,sin(@ +2n/3)

K Uav Un M Ue 735005 a A1 b ARAT ¢ AT

(7

il FL I
1.2 3RS B E R 5 H WAL

AR CASCHE AR [R5 15 1) 05 R DR R TR 25 9
RIPLEREAT 704, RIS HLA A i R ol At
7. M3 AR, RS AL B
BRI IZh ST R T AR IR N

SN A [ A 5 [R5 s f 45 A R oy, 2 HL
RIEAN

wsyn = a)O + (kp +£)( udc

- udcref )

€
dcO

H ROV EAFIL R RUMAET 50 FAN
HK(®)

_
0= T Dy
10)
U2 kC, U? (
U
) p dcO

B2 PIIAZ e st FL s Ur SIS Uy 2
[ 229 0, JF BIR A ds DR SR, M (32
e i D AT AR N

UU U.U
L2 sin(0-0,) =——2sins
X e X

(11)

Ao X A B2 5 e 0 2 A R, FR
N X=amu(LetLe); o NHRIBIE.
KRADRARA0) T, I BB Fa AT B B
L H I 5 4 S (AR R — B, T LA 3
szb

— @,
§;
s yn

2
Cdc Uch

Pg:

" (12)

so, =F - sind

p
FID R L T sh i fE o 2 fndps, HaR
LS W

0. =—o,
s (13)
Jssa)s:Pm _Pe _Ds(a)_a)o)

1

PS
L Ui
0, I -
= g 2be| [t )
Ll 1. e

oA A0 9% )

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
L

3 T Sab IR ) 2 P A R i 4 T R K R L2 A% U AE [
Fig.3 Control block diagram of voltage source controlled WTGs based on AISynC



% ﬁ’ 3‘: H{é’u\’ Xﬁ*ﬁg’ /:%‘E:

1722 R s Y7 L 0K A P AEL ) B LS TR D L) B 8 — ) 54 35

XA JoNFERE R BT E; DA REG o
NFEGHLASR; & NFEPSHAA; Po 1 Pe 535
NTRI AU NATU DD 23 g F g Th 26

X E(12) 5K A3) ek, PiE BA LT 5244
F A, DRknT DUR A B 2 0 sh AL R 25
KPR, ST B AT 5 ) S
X ThTh R ], 01 7= A e X [R5 4503 FAH AL
1.3 MRS EREERSEHIRE S

B R aran, (12)5 R0 3) HE 77
N2 Wik, SRIIEE R AL RIR B T B 54,
FURHE 7 FRAFAE 5 L R B Ds L7 1) — I, ¢
TEJT FR IR S35 4 T e P T N o i b 2 (12) W ¢
AL, B R R S RIE 77 FRAEAE 2 A Rl
R, BWE KRG TG A fRERS, 5% T
Wi IIRG IR . I Fikgit 2 e o i —
I, AAAFRHE T FE AR SRR RS AL T 7 P T
XFRA2)BAT /MR A, ATUAZERL T 3 M ESIA
JE AR JE LA R G e e v

1) fEMI NI P ESINEIIEE, &
SCRISR X R 30, A8 v 2 AL $6 28 HL I P 2
PSRRI R D245k, 51 N REAURELJE S5 AL AR
e g A ThIh R &L N

Ps :PWT _HsSn( udc

~ Ugerer ) (14)

dcO
i, Hy N 2@ 18 B ML 28 454 R09),
KRADRAR2)H, TS
Wy

0=—w
s

2
de Uch

f
SO, = Pyr — _X

p pS T
(15)
2) FEH H L R A B e IO\ BELJE A5,
WISCHR[22]19 ISynC J5 v, H i 7R ik 4 1 G (] 2(b)
FiRo ZWEHIZER 52, FIAN Usuade Usoo
KA WH#EFERE, 2463G). X(®). HA(11)
CIVREE
@y

0=—w
s "

2 U, sindu, U,
CoUdeo sw,, =P — g de”hb | (16)
K sy ’ XUy

(”to + Hlp(—(S)(a)syn - wO)J

z

3) FE % A A R ) E B on b VTP JE K
P, AISCER[19]/ VSynC 773,  H R s il 4 Bt

B 2. KHRAOMHHE SR, 48R0,
A(®)s R, AL E

9:&@m

S
CoU2oK 500, = P, —%siné‘ - (17
Co UK (@0, — @)

IR 3 FIIAREE 77 S5 AT DA 213 5 R A
JEFERS R ERER, ESAXA, K RA
o L R o) 3 5 B D ) R UL RHL B RN 2 B R T
VESSRIROM . Ja S 2 ST B R D15 R4 4e
—Pihilgin, AR R AT T LR

2 F—iEHERR L 5EER

2.1 G—iTHIEAERRE

MRPEEE 1 |2, X3 Fh B i [R5 4
FIZER AT LU, ATAR G — 3 2548 T IR AR e
(R A AE PG ] 4 FT7 o« Hae(s) N BB 28 F 42 1)
T, Ho(s) NI B ZAEHIATT, Ho(s) vt i K
1) 3 B A MBS
22 EHIFFHREES

FH P 4RI, P03 e 8 1 i HH AH £ R
~ Ugeres )] (18)

udc

0= %[w +Hy ()

dc0

PO 00 A 67 35 FX) 3 1) FEL S g

n

BISTEDIINAI N, X A9 LA AT LIAS
#3(20), FHEERZ TREEP AT A A
NREN TR, AR 0 FONREASE .

u =U, [“to + Ho () (OQret —%) +H, (S)Audcd] (19)

P P,

<>|jlj N Utbe Ly Lipe Uy, Lg gabe U0 4 ]
lT WE Y
udc

SHEEEE

4 P I 58— P 5 e

Fig.4 Unified structure control block diagram of

the grid-side converter



36 i LR AR

2023, 49(1)

U (I+ H (s)Auy,
- Uch
XA RHAME 5 2t ] LA 21

(20)

f

P P P
M?xﬁgAJW%AQ+—£A% Q1)
0 f0

g0
g5 A8 1A A ZEAN/IME TR AN
AazAa—A@zfi@gggA%hiﬁj 22)
s Uch a)b
X (14) &AL T3
HS
AF, = ARy ———Auy, (23)
dcO
e, X ®) AL T LA 2]

CyUgeosAuy, = AR, — APg (24)

#:020). KA KRCHF, FHBALA(23).
3(24) 7T LATS B B H R U Bl A T FE N
Audcpu =G, (S)Aa)gpu + G, (s)AU, out G, (S)APWTle (25)
K Gals)s Go()F Ge(s) 4 BT BLIR BEZ HL
T HL AT H ) R R RATL I 4 N TR (1 4%
B N AR pu ARFIEYELE RS L {H

MA@ AT AR ], B RS2 F
PRSI . E ) E S M AR RO LA S N T 2R (R i, Sy
TPRUE ELRBFZR FUR Re g S 45 e (E AR, FRER ]
REMHNH AR 28, nE I H R I BR L Ga(s)-
Go(s)F1 Ge(s) I FELJE RS 3.«

[ 2 W] DLAS 380 [F] 25 42 1) 2 i R A 00 T FL Y
AR L E R R A AL AN Th 28 3 M 328 BR £
Ga(s)s Ge(s)F1 Gis)II=ZR N
Awsyn =G, (s)Aa)glgu + G, (s)AU au G, (S)APpru (26)

FRHERQ6)rT i, [F 2D il d i AR 2 52
1) F g A | F o EL R R0 N D 23R () 52
T2 S B ) bR S R 5 12 ) e A e s
PR ER F A, DR E A e THish R &, i
A N AL 8 PR AL Ge(s) R Gi(s)FIBh A4 1T DASE
T HEZN R 2 A i) o

T (25)F0 R (26) 1% 128 #R £ 1) TF A1 22 18 3 LB S
A AD—H(AT).

3 BERBERDIEHREXS L 2
AFREA 2.2 i IRIER, RABRE
{3 20 B UL B 2 L D ) 242 1) 5 i A% 1) 2

Re b AT 70 M, e SRAE 9 58 BE (1Y) 4 2% LL (short
circuit ratio, SCR)IEHN 2.5, EAASH WK B £

Bl flI%E B2, 1% 3.1 524 3.3 {iHrd X HL4L )
AbFEE TAES T
3.1 EMSAERRKEMREXTEL

3 FhELHE R RS D77 B R R R
F AR AT W 5 BT IR S WA, 3
Pz hlSRmE ~ VSynC ¥ B BFZR H X T X A3
R BB K, ISynC BRI HIE S
HL AT R S IR AR AL, T A SR A AISynC
T B2 L B 2 T R XU (AR AT R AR B BT
RSB IR B 2 I TR, R 2T
DASERE 21 e 1H

3 PR (R s 7 v R (A0 4 ) 4 i e
BRI T HL AR () AR P an B 6 Bl . % EE E)
H 77 22 Gt L AR i 7 B[R] AS /N 1.5 21, \f LA
FHERT 1 Hz AZe2 40T, ISynC FIASCHEH
(1) AISynC HH [R5 A A 6k B DX 43 2R A8 Ak g M 97
X390 0 dB, HIEEARARNFIEMMR G, BWE
[F) 25 AT AT DASEZ I BREE L AT . (H &, VSynC ]
[R50 A TV B P AR AR AL
3.2 EMEEmERERTEE

T A i B B2 R % T H ) R A 1
AR, LA 3 3 BB R R T VE R
LI REER WU R RRE i, LR IR AR B 7 B
e ATLAEH, 3 s 5 30T B REL B R0
VK] L T L () R L i 92 [ 388 2 5 AN =5 1 0 dB, BT
F ) FEL D) R R M AR AL AR, HL ISynC ATARSC
PEH I AISynC 7EARMIB EIIIFEE R, B

LI R BN B /N
= TSynC — = —AISynC--i-mr- VSyAC
g | i e - —'"m..._..‘..-
o \
E‘i
-5 I 1 I
10! 10° 10’ 10° 10°
R /Hz
(a) IB1E
100,
- ISynC = = =AISynCsercesene VSynC

~

,200 i i1l i ioioa ol i |
107! 10° 10" 10° 10°

Bl 5 B AL R T AL OB AT 33 BR L Ga(s) FROUR R 1]
Fig.5 Bode diagrams of transfer function Ga(s) of the DC-link

voltage with respect to the grid frequency



% ﬁy 3‘: H{é’u\y Xﬁ*ﬁf;ﬂy /:%‘E:

[ 5 Ff S P57 B L 0 X R L AL ) LI PR RS IR A L ) e 38— s 37

@ -20 e N
S T \
m 40 .'\..
E 60 P
~80p———18ynC— — —AISynCremeeoVSynC
107" 10° 10" 10 10°
#% /Hz
(a) 1B 18
S —
N e s ..\
& _1oL-T—ISmC > AUl
— = = =AISynC i A \
*_150 .......... V.SynC a2
H-.},,,,
1 I | i i daaaal i ioai il 1 R
107" 10° 10" 10 10°
i F/Hz
(b) # £

6 [FAHIA ST L AR AL 3 PR Ga(s) B BEHE
Fig.6 Bode diagrams of transfer function Ga(s) of the syn-

chronization frequency concerning the grid frequency

0,
BRI R PRI TE L T
b %,
2 L N
E - 1SynC
= = = =AISynC
P O eI O SRR L e VSynC
107" 10° 10' 10 10°
fﬁiﬁHz
(2) IB1E
200
faattl N
PR HRE | ‘M
& O bk g ! : ISynC
= fall i kol R = = —AISynC
Ry o |
-200 e sl AR H] i HEREEHI HERE R R
107" 10° 10' 10 10’
i F/Hz
(b) A F

7 B OR T R R A% 3 PR Ge(s) RO
Fig.7 Bode diagrams of transfer function Gu(s) of the DC-link

voltage with respect to the grid voltage

3 MERHERSPERET, FESEb a6
HR A6 5T F O P R AT 1 P 8 e I 3R AE 4
Kl 8 fiom . Af LAE th, VSynC FIASCHE H ) AISynC
() [R5 A AR T P DX L, T L 4D 82 5 7 A AR
WA T—20 dB, =R HLI R R B 8 sl o) )25
FAATR [P/ o
3.3 HIAThERIIK MEREXTEL

3 FREV RS 7 T BB R R
FHIN TR ISR 9 Fos. —BELT,
AL A 3R AT 2 [ AR A B o) ROBE R AD 2, EH ]
9 ATEn, FE{KT 1 Hz Ja N, ISynC AIASCHE H
(1) AISynC [ AE A N 136 25 35 A s F-15 dB, &=
R 5 B3 R N T 2R B B AN U (H T

m
=
@ _——F'_—‘_
lgli — 4 (s i \.\
~.
_60 1 Sy
107" 10° 10" 10 10°
ﬁ%[HZ
200 (a) 818
1SynC P, N
= - = =AlSynC [Hi hnh
E 0 ...‘..-‘....V‘Sync L H
= i B
~200 R I N B T B I B S T B B R R T
107" 10° 10" 10 10°
PR /Hz
(b) # £

B8 R AR O T R A L A% 328 R R Ge((s) R
Fig.8 Bode diagrams of transfer function Ge(s) of the syn-

chronization frequency concerning the grid voltage

{fi/dB
\
\
\

-20 -
[ - 7 ISynC
= = = =AISynC
40 ’ frmnansnas VSynQ
107" 10° 10" 10 10°
$%Hz
200 (a) 818
L i 1 ISync ||
6 100! ; v iy doukiofl i Limm m == ATSYNC
&
=
-100 Pobiiid R ii il ;
107" 10° 10' 10 10°
PR /Hz
(b) # £

K9 ERAER TR L)AL R L Ge(s) IR ]
Fig.9 Bode diagrams of transfer function G¢(s) of the DC-link

voltage with respect to the input power

VSynC Kuit, NIATFAH fE X T 283 B0 B BELL
P 425 1) 12 B AR 520

3 MERHERSPERET, FESEbaS 6
HR 8 G T N ) 2 R AR 1 ) U8 R L 3R AR 4 ]
10 fizn. A%, VSynC FASCHE H ) AISynC 1] [H]
A2 B 250 A N T 2R 1 e [ RS E A A AR A B T
=20 dB, Fon X IHP BN P IREEN, P
& i M R LG ISynC B4
34 AREILES T EREXTEL

£ 1.3 e, A 3 FgRER R
[P H T iE R R T 2, AFRAm A ) 28 IE N
BELJE % i R P 8 ) 3 o BEL e R 4 s A £ 3 i
TEMFEE . AT AERHEREHN 2 MW ) 0.2 1545



38 i LR AR

ISynC

- =AlSynC

ft/dB

]

!

i F/Hz

.@ 0 ISyn€ ‘;:’.’
= D e ATSYHG T e, N ‘

.......... VSynC [ ‘
_100 i ioaa il H ioaa il i ioa 1l i P
107" 10° 10' 10 10°
i F/Hz
(b) # #

10 BB S TN D) 3% 35 SR E Gi(s) IRy ]
Fig.10 Bode diagrams of transfer function Gx(s) of the syn-

chronization frequency concerning the input power

ZAE AR RS 3 bzt 0592 (st A i N sV AT
XS, 20 U AN [ B4 BELJE 5 2N X

LA ) 235 42 il 4 i Hh3 A0 25 0 v I 0006 () USSR
PE BT 0, SR WIE 11 fs. ATBLE Y, 1
0.2 fEm B TAF /U, SR A it FRL S R o Je
BELJE FrJ e e 152 i 2R 7E 15.5 Hz Ab I T AR A0,
KT e BN R I FRIZAT I K AR X
Bz 171 725 A\ Th R I8 M2 BHLJE AIAE AR A il IE A M2
BEJE I Bh AR P AN 32 5

4 {HEFSLIGIIE

A5 T PSCAD/EMTDC 1f B4 fF1 RTLAB
T LEIRSEIG T G T 2 MW [ 7K R L 9% XU AL
R, 7E SCR N 2.5 MZAFT, X3 FE R AL
FERD i H kR AT T B, RS9
MBS HSHM R A £ Al FIEL A2,
41 {HEWIE
4.1.1  HPISEREREETE AR

PiIEBEW T HMIERAR LEHAE 4 s P 1
A% 0.99, 7F 10s B ARZE 1.01, HLARAS R
[ E BN 1.5 so 3 sl vk T XL B IR
REZE H A0 [R] 20 4023 (e 182 i 4 i ] 12 Firos o el B
12 A]LAFH, ISynC A1 VSynC f) B HL T £ Bt F
WA AR A, A SO ) AISynC #2577 A]
Vo B BELE PR JERETE AU s AR [R5 1 i 2% 4
HOEE IR B G, VSynC (1) [R5 AN B SN R
ERHL R BAE, 1 AISynC F1 ISynC $5 4| 77235 fig
SEPGT FEL XA Y ST BRI

2023, 49(1)
0 7\
m \'u\
2 -20 Svnd & \
o yn ~
m —40 s ATSyne N ]
GOt ShheRibe VSynC N
i io1a el i ioaaaiail i ioa1 il i i ||‘|.|
10" 10° 10' 10° 10’
fﬁ;ﬂHz
(a) IRME
Oprrrvrrmrrmer= =il
& -50 B \
= e LTI | 1Y
.ﬂE_lOO ISynC <
= = = =AlSynC "..\ \
-150] VSyn€ ERPA
i i1l i gl i ioa il 1 I
10" 10° 10' 10° 10°
i F/Hz
(b) #H A

11 0.2 {55 LB AR 2R AN R 1) SR A% 326 o A0 ks
Fig.11 Bode diagram of transfer functions of different control

methods under 0.2 times working point in per unit

\‘:i!é 1.01F—ISynC — —AISynC. . . -VSynC
%
- 1.00
B
E 0.99-
® S R . o
2 4 6 8 0 15 14 it
t/s
OENZE &S
i 1.06
N 1 g4——ISynC— —AISynC-: - - .VSynC

7N

ERY NN
S

1 1 1 1 1 1
0'962 4 6 8 10 12 14 16
t/s
(b) H I JE
a 1.02
N Lo ——ISynC — —AISynC- - - -VSynC

7D

EEZ S
e <
o o
o O

tls
() b i

B12 R RO AR A T PR 7 fH 2

Fig.12 Response curves under change of grid frequency

412 HMHE LR

PIEB B : 4s B R IR bR LB 1
A% 0.9, 7 8 s NAFZE 1.1, 3 Pzt I7i: T XKL
H E R R AN [FD A B R an ] 13 B
ATLAE HH, 1SynC I AISynC i ELIL HL R 32 HY
WA LR MR B ) 52 L, T VSynC AR Ak i 4
K TEHEARLEEE, ISynC 1 VSynC [R5 $5 il
B R R AR KT BT 777 AISynC H)
Ak, EWRE AISynC XHLEHITABUR. 3t B %
Bl 45 T 3 Bl ik REFR bR T LE A -



Z #E, MG, MMWUE, S5 B IR A KSR LA A B R R B G Pl 54 39

%ME

“['——ISynC — —AISynC- - - -VSynC

R

S
©
T

TR
N’J;

T

4 6 8 10

t/s
(a) H M HF

}-(l)g'—ISynC.— —AISynC- - - -VSynC

“MH

7N

S
o oo
SnS
T

0.85- . . f
4 2 8 10

t/s
(b) H I JE

LU RS

1.02F——ISynC + —AISynC- . . .VSynC

tls
(OIEEZES

13 FL oA L S R A F e o7
Fig.13 Response curves under change of the amplitude of

grid voltage

4.13  ENIIEGIPLIERE

PEWEW T : 4 s BAIANTDRIR LA H 1 2%
0.9, fE 8 s HFAEE 1.1, 3 Rk N X EHIHE
U BEZR H R AN R 450 1 47 B 45 SR 14 P o m]
DUE S 3 Al vk 1 B RELR F R Y 20 30,
B2 VSynC 1) H SR E B K n]IA 6.8%. BRit
ZHk, J7iE ISynC F1 VSynC (¥ [R] 5 121 25 4 Hi 4
R AL KT AISynC A8, B AL
FrR T B A AR . sk B 3 B2 45t 7 AH
I BEFE AR R0 EE AR -
414 AR TAES N Pidirtge

X XTI R M R IO, 4 s B 5 N Th 2R bR
ZAHE 1485 0.3, 3 Fldmhil ik N XL EREE
2 L RN [R) A AR (1 0 48 R ] 15 s il DLE
H, TERMR AR ST, 7R o R i N\ R 40U
SRz Tk R A TR IR, 0 HAR 2 Fh7iE
REFREEIBAT, RIF T 1.3 WIS B IERTE.
4.2 WEHEIAKIGINE

B BT S T L3S RTLAB #4317k
T BB XA LZH (R B A AE 2R LS00 5 FH 2
T 32 A SRR S A E A TMS320C28346 Fl
Z /> FPGA ZEH6 1) St B 4% i 2 48 RTU-BOX fF
AR, DTS AL R SR . B

oo

v | ——ISynC — —AISynC- - - -VSynC
L\é
¥ 1.0
=
E
‘EJ 09_ 1 Il |
2 4 6 8 10
t/s
(a) H M HF
i!i 1.15F——ISynC — —AISynC- - . -VSynC ;:
P 3

t/s
(b) H I JE

% ——ISynC — —AISynC- . . .VSynC
e

0.98, 4 6 8 10

tls
(OIEEZES

B 14 BT AAAL T R S H 2

Fig.14 Response curves under change of input power

o 1.00
N
oy oL ——ISynC
X 0.54F — —AISynC
sl 0.31¢ 1 1 1

3.0 3.5 4.0 4.5 5.0

t/s
(a) W 4R 5

8 L3 synC
= 12 — —AlSynC
E L1 ....VSynC
= 1.0
e 091
-HEJI] 0.8 | I

3.0 3.5 4.0 4.5 5.0

t/s
(b) B &

% 1.02
% 1.01f
- 1.00
= ——ISynC
ﬂi\ 0.99F ——AlgynC
T 0.98 ....vSynC |

3.0 3.5 4.0 4.5 5.0

tls
(OIEEZES

BLS AN AR i Ao S p 2

Fig.15 Response curves under different working point

WSLE P A2 16 B, RSGSHLH B
2 B3 11 B4 fioR.

TEH AR TR, MR A AISynC $2 4l
ISynC #2 il F1 VSynC il /¥ BL I B 28 ¥ R A1 [R] 20 4%
i) 85 i R AT T T B AR O, 285 SR il ] 17— 19



40 fe LR HA

2023, 49(1)

¥ H#-RT-LAB

DB 37 445

A
R U]

= W
|
| |

] 82-RTUBOX

F e S
.i‘
|
|

K16 AT RTLAB I /FHER LT &

Fig.16 Hardware-in-loop experiment platform based on

RTLAB
D gpu
Hacpi fine
Wy ’ I\ "
A e 2 s
O\ LI A 40, 0,470
HBR b 4L 0 4/

K17 IR T AISynC J7 ik i Seds %
Fig.17 Experimental waveforms of AISynC under change of

the grid frequency

fim. AL H, AISynC # il SR RE ISR 4 Hh 4k
FFEM B BRI e, HRBAR AT DR H
AL ISynC #4177 X F ELR BFZ H % -5 H Y
AZFE I 1. 1 MIEAOCEM; VSynC #4177 F,
L/ L PO AT 23R A8 A T 3 RS K 11 B I B 2 P AR
th, BB B B A B L AT IR 2 AT R,
HLF5 AR A PR R F AT R AR AL

5 ZEig

1) RIS I B R R 107 S A
IR, BRI RE YRR EE, JFH
(7 2542 1] 245 (10 i 14 A0 4 T A SEZ g g S o o A5 A2
e, PRBHIR R A 1 e s BANEIE 0.5%.

P SVANER=R/ i NN R e DR TR e
g5k, MBHEFRFYER TR T 3 fiddm RGufaE
PERIT7 3 ARl g, AR R IR 8 TE B3R e
75 5032 2 48 TAF RS2 ek .

gpu

FY
dcpu

STORE ST

gy

TIP3,
2 St

A e )
Y\ B B R AR A, 0.4/
AR AR 4 fH, 0,4/H%

Bl 18  H RS AR T ISynC J5ik M sk B Y

Fig.18 Experimental waveforms of ISynC under change of

&

=H

the grid frequency
@i
RGREARRRY
udcpu |
\ YV
(Usyn )
A e ), 2. s/ I\ B AR 2 1H. 0.4/4%
; HHR A 4 (L, 0,4/4%

19 HPSIRARL R VSynC J5¥E 1 5256 I
Fig.19 Experimental waveforms of VSynC under change of

the grid frequency

AR SO LA H I (R 2 42 ) D 9 1 f s
KN RIEh RS TERESR Bt T — > RGN T,
F I AR HL s Y X R AL A s (R R S 1t 13
BT,

B =5 LA 1] o 28 i (http://hve.epri.sgec.com.cn) o

SE @k References

(1] bR, ifk, EBAAR, % W B RGRE R A
Fesr Re]. AL IRR R, 2021, 41(2): 461-475.

XIE Xiaorong, HE Jingbo, MAO Hangyin, et al. New issues and clas-
sification of power system stability with high shares of renewables and
power electronics[J]. Proceedings of the CSEE, 2021, 41(2): 461-475.

21 EWK, FICUE, EEX. SGEEFM T I VSC REFaE ks
PritFe Rk (7). HEHRPLTAEE), 2018, 38(6): 1593-1604.
WANG Xubin, DU Wenjuan, WANG Haifeng. Stability analysis of
grid-tied VSC systems under weak connection conditions[J]. Proceed-
ings of the CSEE, 2018, 38(6): 1593-1604.

[3] HUANG Y H, YUAN X M, HU J B, et al. Modeling of VSC connect-
ed to weak grid for stability analysis of DC-link voltage control[J].
IEEE Journal of Emerging and Selected Topics in Power Electronics,
2015, 3(4): 1193-1204.

(4] B %, WK, BRI, S5 J9EM N BUERAN =A1 LCL AL

PO AR 5 N B A M S A e A AT (0], b B HUHL AR 2R
2018, 38(13): 3792-3804.
YANG Ling, CHEN Yandong, ZHOU Leming, et al. Effect of phase
locked loop on the small-signal perturbation modeling and stability
analysis for three-phase LCL-type grid-connected inverter in weak
grid[J]. Proceedings of the CSEE, 2018, 38(13): 3792-3804.

[5] XUE MY, ZHANG Y, KANG Y, et al. Full feedforward of grid volt-



#, E

W, XOWUE, 5. B R A YK B R R L) LU RS [P AL S e — i 45 41

(6]

(7]

(8]

(9]

(10]

(1]

[12]

[13]

[14]

[15]

(16]

[17]

(18]

age for discrete state feedback controlled grid-connected inverter with
LCL filter[J]. IEEE Transactions on Power Electronics, 2012, 27(10):
4234-4247.

CHEN X, ZHANG Y, WANG S S, et al. Impedance-phased dynamic
control method for grid-connected inverters in a weak grid[J]. IEEE
Transactions on Power Electronics, 2017, 32(1): 274-283.

(ST, JAARM, WRaeZR, S5 PRHBTALM T R R A A el S 1k
SiF P AR B R E MEXT LA A [0, o L AR 24, 2019,
39(5): 1411-1420.

WU Wenhua, ZHOU Leming, CHEN Yandong, et al. Stability com-
parison and analysis between the virtual synchronous generator and
the traditional grid-connected inverter in the view of sequence imped-
ance[J]. Proceedings of the CSEE, 2019, 39(5): 1411-1420.

YR, B X)W, R L R GURTR ARA IE H ROR I
R G R EFA/OL]. HM A, 2022: 1-8[2022-08-24]. https://kns.
cnki.net/ KCMS/detail/detail.aspx?dbcode=CIFQ&dbname=CAPJLAST&
filename=DWJS20211229000.

XU lJieyi, LIU Wei, LIU Shu, et al. Current state and development
trends of power system converter grid-forming control technolo-
gy[J/OL]. Power System Technology, 2022: 1-8[2022-08-24]. https:
//kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&dbname=CAP
JLAST& filename=DWJS20211229000.

KA, RIETR, AT U KCRIER RGP P A i S i
EAERID]. FmARESOR, 2020, 46(8): 2922-2932.

ZHANG Xiangyu, ZHU Zhengzhen, FU Yuan. Virtual synchronous
stability analysis and optimized inertia control for wind power
grid-connected system[J]. High Voltage Engineering, 2020, 46(8):
2922-2932.

PP, WL, R, % AT EEE VSG S B R
MPERITTED]. RAIESOR, 2021, 47(8): 2856-2864.

LI Shuaihu, XIANG Lizhen, XIANG Zhenyu, et al. MPC control
method for improving VSG frequency response[J]. High Voltage En-
gineering, 2021, 47(8): 2856-2864.

GUERRERO J M, DE VICUNA L G, MATAS J, et al. A wireless
controller to enhance dynamic performance of parallel inverters in dis-
tributed generation systems[J]. IEEE Transactions on Power
Electronics, 2004, 19(5): 1205-1213.

TAO Y, LIU Q, DENG Y, et al. Analysis and mitigation of inverter
output impedance impacts for distributed energy resource interface[J].
IEEE Transactions on Power Electronics, 2015, 30(7): 3563-3576.
ZHANG L D, HARNEFORS L, NEE H P. Power-synchronization
control of grid-connected voltage-source converters[J]. IEEE Transac-
tions on Power Systems, 2010, 25(2): 809-820.

RADWAN A A A, MOHAMED Y A R I. Power synchronization con-
trol for grid-connected current-source inverter-based photovoltaic
systems[J]. IEEE Transactions on Energy Conversion, 2016, 31(3):
1023-1036.

ZHONG Q C, WEISS G. Synchronverters: inverters that mimic syn-
chronous generators[J]. IEEE Transactions on Industrial Electronics,
2011, 58(4): 1259-1267.

fLSCHe, BRMEAR, FUREL, 45 RERIE R HUBLAE N 55 L 9 ) P BEL
PUR RS R ME 2y B (0], op [E AL TR 24K, 2019, 39(6):
1560-1571.

WU Wenhua, CHEN Yandong, ZHOU Leming, et al. Sequence im-
pedance modeling and stability analysis for virtual synchronous
generator connected to the weak grid[J]. Proceedings of the CSEE,
2019, 39(6): 1560-1571.

BN & JE. BRI R R H BT A 5 55 R X 3 R A
A1 BAESME®%, 2017, 37(12): 116-122.

HAN Gang, CAI Xu. Output impedance modeling of virtual synchro-
nous generator and its adaptability study in a weak grid[J]. Electric
Power Automation Equipment, 2017, 37(12): 116-122.

ZHONG Q C,MA Z Y, MING W L, et al. Grid-friendly wind power

[19]

(20]

(21]

[22]

(23]

[24]

systems based on the synchronverter technology[J]. Energy Conver-
sion and Management, 2015, 89: 719-726.

HUANG L B, XIN H H, WANG Z, et al. A virtual synchronous control
for voltage-source converters utilizing dynamics of DC-link capacitor
to realize self-synchronization[J]. IEEE Journal of Emerging and Se-
lected Topics in Power Electronics, 2017, 5(4): 1565-1577.
OB, & oJu, & R B A EEMNERE S MR TS TR
B LA A 7 0], b L TR 244, 2017, 37(2):
476-485.

ZHANG Chen, CAI Xu, LI Zheng. Control of DFIG-based wind tur-
bines with the capability of automatic grid-synchronization and stable
operation under weak grid condition[J]. Proceedings of the CSEE,
2017, 37(2): 476-485.

BAHT, sk B 8 0. B SRS RO B L N E B e
IR FRE R G EHTED]. T ERNL TR AR, 2017, 37(2):
496-505.

YANG Renxin, ZHANG Chen, CAI Xu. Control of VSC-HVDC with
real-time frequency mirroring and self-synchronizing capability for
wind farm integration[J]. Proceedings of the CSEE, 2017, 37(2):
496-505.

F O o5k OB, 8, 55 TR HUHLALR) HUS R
(—): FHIZE 5 I RMB TR E AT ]. T E L DR AR,
2021, 41(16): 5604-5615.

SANG Shun, ZHANG Chen, CAI Xu, et al. Voltage source control of
wind turbines with full-scale converters (part I): control architecture
and stability analysis under weak grid conditions[J]. Proceedings of
the CSEE, 2021, 41(16): 5604-5615.

O, sk OER &, S UFRAL MRS ARSI HUR IR
K- R MR E MR R AL 2 AT (0], Ay R HOR, 2022, 48(7):
2840-2853.

SANG Shun, ZHANG Chen, CAI Xu, et al. Quantitative analysis of
the voltage-source-type wind farm-weak grid’s stability considering
the internal and external interaction modes[J]. High Voltage Engineer-
ing, 2022, 48(7): 2840-2853.

HRSAEY, %% 0, RSEd, S5 XN RS AR R s 7 ik
IrHr SIEIHE ] mERIESOR, 2020, 46(5): 1538-1547.
SHAO Haoshu, CAI Xu, ZHOU Dangsheng, et al. Analysis and test
evaluation of VSG and virtual inertia control method for wind tur-
bine[J]. High Voltage Engineering, 2020, 46(5): 1538-1547.

= B

1996—, %, @t/

WEFUT7 1 R A0 R L R G ) e R sl R
E-mail: qy_dawn@sjtu.edu.cn

QIN Yao

Ph.D. candidate

WhH#  2022-04-22 7EZRHRRHE  2022-08-05

= JB(EEES)

1964—, 55, {4, #dx, He:

TF 5 75 1) Sy W) B AR R VR Th 2 A8 e 55 9 ) B 4
R Ky i 58 ) RS

E-mail: xucai@sjtu.edu.cn

CAI Xu
Ph.D., Professor

Corresponding author

Gl B



M A £B3 REHNASH

G, (s)=C,, cho sin 50.92 4 Pg ,sin &, (1+ Hp (5))s + Table B3  Parameters of wind turbine generator
. Gl R BUH
HS, sin s + Py H g (5) S Py MW
(AD) Us AE R 0.69 kv
Py, b ST S A 314.159 26 rad/s
=579 (A2) Vo i A L1k
don Cue g 10 mF
G,(s)=— Pgo Sin 50‘9 (A3) Lt B LI 170 pH
° Gy, (5) SCR ik 25
S sind.s Orer T4 M 0 MVA
G(s)=——1" (A4) fov TEXHE 2 kHz
Gden (S)
Gy (s) = Hy (5)G, (5) (AS) F B4 HIBBH
G, (s) = Hy ()G, (s) (A6) Table B4 Parameters of controller
G (5) = Hy ()G (s) (A7) e B, i
K, P 1
Mk B Ky ERITER 3 0.1
- . . ki o ZH 1
Bl j_i =) AR 3 v b A E EX‘
* HEMREASAL T 3 A7 2 )R 1 et Bl &‘ P — "
Table Bl Comparison of overshoot of the three control meth- K TR AR 10
od under the voltage amplitude changes Kb (VR 750
o % kpss H B TE B JE 2% 4
Pt ISynC AlISynC VSynC T e LI I 8 4 0.05s
JEM RS2 AN 3.45 5.45 6.60 H IES b CIIVEE 1
GBS 3.55 0.46 1.75

£ B2 RT3 FOTIANEB IR R
Table B2 Comparison of overshoot of the three control meth-

od under the input power changes

B R Y%
W
ISynC AISynC VSynC
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