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Abstract: The voltage-reactive power (volt-var) control can effectively mitigate the overvoltage issues caused by
large-scale photovoltaic (PV) grid integration, but improper design may lead to inverter oscillation instability. Existing
stability studies on volt-var control fail to consider the interaction between the volt-var control and the traditional
grid-following control, resulting in inaccurate stability boundaries. To address this issue, this paper clarifies the coupling
characteristics between volt-var control and other control loops in grid-connected PV inverters under weak grid conditions.
A simplified Sth-order single-input single-output model is developed, and based on the Nyquist stability criterion, the in-
stability mechanism of volt-var control under weak grid conditions is revealed. The research shows that, under weak grid
conditions, the weaker and slower the voltage-reactive power response, the shorter the control delay is, and the stronger
the network is, the more stable the PV grid-connected system will be. Additionally, when the line resistance-inductance
ratio is large, a lower DC voltage control bandwidth is more conducive to system stability, whereas when the line re-
sistance-inductance ratio is small, a higher DC voltage control bandwidth is more favorable for stability. Based on these
findings, the stability boundary for volt-var control is derived. Moreover, the accuracy of the analysis and the proposed
boundary is verified through simulations and hardware-in-the-loop (HIL) experiments across multiple scenarios.
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Fig.1 Volt-var control example
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Fig.3 Control block diagram of grid-connected inverter with

volt-var control

RIS HITE S H 1l Eav Eq 739N 3838
d. q SIEHITE S wo NH M PIIEHE AR
12,1 HE-TE Tz

B R -To D an s 3) s, RIARHE 4275 A
I AU, SREBTEE To, 1EFT FEARE K M
W HE T, PRI S EAQer. NIET 4
BT, ASCRALPE/NESE R fE, o
AFRTRAS TN BN B &

T

l—?ds |
AQref :_K pce (3)
1+£S s+l

HRAE LB B TR R MG AUpee B4 AUEB LS Cr
SEHEAU AET T, ¥ Za Bl Lo 58 R Z,,
#4%‘AQref7‘H]Al]t E‘]?\é/‘?ﬁiaj"j GVV? m”ﬁ@)ﬂﬂﬁgﬁ



954 mHERA 2026, 52(2)
T 1 -1
- AU, =— (AP, —AP)= AP
AQ = _K 2 Zgz AU = * SCdCUdCO ( " ) SCchdCO (9)
ref ' t 4
Ts+1 l+£s Za g @ AP =U Al + 13, AU, +15AU (10)
GVVAUI = GVVAUIC] A[dref = Gpidc (AUdc - AUclcref) (1 1)

122 BRM$ ]
HA, s - I Dy 428 i) A DA SR o 2 30 A 88 Sy 8 Ak 1Y) 1
FEFB, TR AR A3 R R 130 AR 2% 14 1) S
D MRS
e AATR T T AR SR JE I R T R A -

dAl,
AE, -AU, =L “— o, Ly AL,

dAl, )
AE, =AU, =Ly~ + 0, LAl

HLIALAS I CE R AR PR AR T L, 25 R8I TS
AL UM, SCUR LR T FE Y .

AU
AE, =G, (Aldref —Aly, ) — o Lo Aly, + T =

e +1

AU, (6)
AE, =Gy (Al — AL )+ o, Ly AT, + Tt

s Goie WHLIALH P HIEE PREL, Gpichpe+kicss

Forft kpew hie 73 A IR PT £ I LU IR 7 2R 28K

VT B DEBEAR IR, 38 R B .
B (5) M (6) I 15

Y ]
o 0] O
{0 @@)b“ﬂ
FF s Gi(s) AN FB FhL S R e R ) PR A
BB Guils) % B HL R RTIRR, FUE B3l 326 )
e R I R )R Gu()RIA
Wk A1 E,
L BTN 2 S PR ) 58, H IR Ry 2
Wy ZR G L 200, HE G on AIBHJE LL & W
A(8), HFFHJEL €8 0.707,

kic
o, = I
kfl (8)
.
2 Lflkic

2) HEHLE % ] #% (DC-voltage control, DVC)

JE B L 1 T B R R A DR
ACRFF LM R RS2, B PR 8 ) SRS (1 25
KL LN

A Gpiee NEVLH R B PT# 6il 4% i3 oR 3L,
Ghide=kpdctkiac/s, T kpacs kige 733 N ELBIF 20 &R
. AP NG D DhZRANE; Cac N EIRM
ZMEs Udcon Udos Trao~ Trgo 535 X N AR EF2 A51H o
BAZE(T) (9 (1), K ALiet B AR T AU
MAU, ) J7HE, R
(Tia0 + U oGy (S)) G (AU, 3
Gpidc (U oG (5) +5Cy.U 0
I1,0G e (5)AU, B (12)
Glige (U 40 Gi (5) +5Cy, Uy -
Gy (AU, + Gy (S)AUW
RHF: Gyaa 5 Gyga 73 WL EAUw 5 AUy ZEL
B SERDOI AR IR A 552 (A D).
3) Iy
ToTh I # % | (reactive power control, RPC)%
W U E 2 Rk AON
Al =Gy (AQ-A0,,) (13)
AQ:_UtdOAIfq —IquAUtd+Ifd0Ath (14)
K Goig NI PL 2 i 4% 16 o 2,
Gpig-kpathio/s, FeH kpq ki 73 WA LLBIRR 73 R AL
BESTE@4) (7). (13). (14), B Alyet BFNAUW
MAUq #7778, B
_ Giiq (S)(Iqu - Gui(s)) A
T 4G (U Gi(s) ¢
(10 + G (8)) Gy (5) AU - (15)
=
1+ U 40Giq (5)Gi ()
Gy ()AU,, + G, ()AU,,
K Gyag 5 Gygg AL EAU EAU, . T
DhIh 24 ) 4 i SR DO FE LB 5% A 28 3 &
4) PUHI
VERDCARISAR 85 I FE I I OB, BRI ok
RIFAZIESEAL T ARA 25022, B AL fE 158
WK 4 fror, b o ABUEN G H A

[2)}

Al dref —

Usa
tabe Uw . Wl ‘9;-11

abe/dg Gripi(s) [ % >
B4 B HIHEE
Fig.4 Phase-locked loop control block diagram

v




sk, BERERS. ERIE SF: SR EUS-JE DRI A G R IF AR SRR LI S M K A R I 955

BB AT DU IR
sAG, =G, (s)AU,, (16)

A Goipn N 8AH I B PL ¥ i) 4% 33 o %L,
Goipti(s)=kppii+kipis, Fe 1 kppiis kipnt 7351 R H: EL B FR 43
R

AR 2% B4 7 FRAE B ARAR R (N AR N “dg™)
R, ARUERE WK A B4 &=

KRR dg Hebr RIEFRAS T A xy AAbR R
A, WU A SRR ESAE Gio N 0, Bl Ghio=0.
PEP LA Cesb L RAE R AR RN y Bl B A S
1 Uyo 5BUAHALFR R T g 5> BFSME Ugo M5
H¥1M4 0,

5) MLk

AT S 6 L, 10 AR 11 U P B DA B R
PXBEPT, K BHPT Zo1 Zoo FIBEDP UK Lo 5 5 )5 ERAR,
B Zo1+Zp+Lps 18 LestRye TERIBALTR R XA
T N B R EE R U e, v LAAS 2 RN B AT
FEREA
AU, | [Lys+R, -, |[Al Al
AU@}_{t%% Lg+RJ{m@}:Z“{AQ}

(17)
_AUQ—Akﬂ_{tzs —1%Cﬂ{AU§}_Y,{AU§}
AUy -AL | |G Cs ||AU, | | AU,
(18)

e Alsey Aly 53 RINIRE Lo W d g SHERICS)
181 Alser Al 53 RIRNIRE Lo W d. q R EE
Zirs Yor M NALes Aly FIAUw AUy B R EUERE
AT IR A B B T R R R
AU, AL [Zas Zuy AL
{AUt} = (ch +ZL‘R){A1§"} :|:ng11 ng MA; }

gqd 249 fy
19)

KA Zodas Zaga T Zaq Zagq 73900 FALg, 1 F KL

RAEATCEBOLRE, RELMEMERALE 5,
Hrf, Us. Uy NRGHIREIINAE: Gou(s) NP
TP 5 R BT AUy (1 280 RIS A 50
(A10).
1.3 SRFMFELE RN/ MESREY
1.3.1 FHER D S 5 1ot

N T oA 55 T E M - T Dl A ) 5 1 AR 2 R
PERIRIAZ AR, FEARSCHETE Y, K i - Te Dzl
fmi N B A5 ¥ N TEEE 1547-2018 FovF iR R BN,
BT 2R LI [ H 1 s o 2255 [ o g B R 25 HY Y 95
HUR N AR B S 8020 B R A B A%

1 B8 I VE TE N 10~50 Hz, HL iR gas il or i
WEJE Y 100~200 Hzo AR T3 428 i 25 1 i 37 Fsf
i shas, sk B B Bl fivR, WiARERH
P i 22 230 HL -0 D A i S R[] RS - BV
s 2 ) FRUPE - 22 Uk F ik 42 ) RUBE 23+ A7 AE 22 B ] R
FEEE G . AP EEAL E AR TT DLHERA R I R S 13
AEFARE, (HE AR I A 24, B3
DAE 7 R e E PR R SRBE R R,  JETTIG N 1 RGia
SEME T S 1 R R . Rk, A DT
TR OB () R I B0, IR BE SRS [A]
JUBE 26 F T 1R RS - TG Ty 4 1] (9] Y AR 5 Dol A
BN AR, SRS B AL T R4t
AT

H BRI ) AR R B ST HIN N K
Az, AHIE T 32 BT 0 55 LR L R - TG TR 51 )
FEARFH W ASEE IR A R, e 55 XY R Y 4R 95 %
R XURSr e K AE I, BVJE % EE (short circuit ratio,
SCR)HX 2. XF ¥ & S8 T I R G HATRHAEAR 7047,
SR 6 Fin, RAEFIRGIES 2 b B E-TC
IR I RBK KR E AR, R IF RN .

K6, Xty Xtds Xeper Xave 735 A5 FF 3R
RIEFE] Try BFAE Tao EIHIEHIATTSE. HRABEE
BRI SEAKNREE R W EFIRGES
T 5RTF0 R, S50 Rm e B E-Jo s
Hil. LIRS E R RS, BRI
MAEMZEERKEES 5R1<0.01), 1MHERHAR
JE A5 R IR IR R D 2 1 sh &S s mn B, [RITE
Bl 6 hRAHIL. 55T, B Tr. SCR. DVC
Wk, LIRS ERFOTERE—8. 5 XHFR
i EF M RPC i 5E(E 5~50 Hz. DVC 5 5E1E
10~50 Hz JEE N AR(LE, X RGifa e v, it

i
1- UI(IOGpl i(s)

AR

K5 RELUEUELY

Fig.5 Linearized model of the system



956 i LR AR

2026, 52(2)

[
o AT

T 20

i 2

K: V07
= |
£ :
K 1o
72 0000gq,, !

i

"8 6 -4 ‘72'K6 2 4
(@) KAEAL REEMR HLITE (b) RPC g 2402 S 1A 1 07

Ko HHLIRD i kS E5R T otras R

Fig.6 Results of eigenvalue analysis and participation

7k

factor analysis

T OB HIEATT, AR E ] e 3 1 S 2047 0t
5, HrP R PR A 200 Hz, PLL #5554 20 Hz.
132 FEH/IME SR

B A L F B R 20 mES F B A I PR Tt 5% B
X Bl fiw, FEMrEACR A I RER 77 bt sk B &
B2 7N, NHE/RFEN R GRS E M I SRR R, T
5HrEAY, LR HEE-TJo D R T DR A E
BRI, 2SI UE A . R AT
WML A G=1, Gu=0, Gpi=1, Les=0),
FaSE U Uso bR ZHEIN 1 pu, A FEHEE
B 310 V.

4% To. SCR. DVC #5ilt, R4t 5 FiriAl
AN, AR AR AT R e AT, 5 B
B 7 fios.

SEEVELIESE

Al 10| Al
l:qu :I ) {0 J{quef} @0
HH T I8 A FEAME IR/, Al F ALy Ay FIALy
AL RAEERSE, W1 7) AT ek A
AU, =R Al -, L Al
{AUW — oL Al +RAI
B3 A (A9 AT R LA -

AU, | [1 oAU,
AU, | |0 0] AU,
Al {0 —lfqo} AU, N AL,
Al | |0 Iy ||AU, | | AL,

B 2022) K it AR (12)y (15) AT 15

N IdeGpidc (AU,
et Gpidc (S)Utdo + SCdc

_ (0 + G0 (9)) Gy ) AU, =G
gref — td — ydgs
146G ().,

piq

e2y)

(22)

= Gydds (9)AU,,

(s)AU,,

(23)

K7 R4 5 Hriss

Fig.7 Sth-order model of the system

ﬁl:':: Gyddsl—ﬁ Gydqu"jAl]td/%éﬁ’ E[]'

_ IdeGpidc (s)
Gaas (5= CyeS + U 30Gige (5)
(24)
Gy () =~y + G () ——a)__ ©)
ydqs fq0 v 1+ UWOGpiq (S)
BEr R (20). (22). (23). (24)7] 15
Aly, = Gydds (AU, (25)
AlL, =G, (5)AU,,

WP B B B2 fizR, 5 BirAlax gy (i i i
P HBTCREATT o

2 EE-ZIEH TR HAMISEE [ EM
o

21 ETFEEHFREFIRENRESY

B DFR(22), ¥ XA I [FED AR R T Y
FE AR N B IR AL bR R I HIRAE, 7T DA 3
AU, R, —oL,|[A1,] [-U,
R FA A

A Ugo M1 Uao 73 I NFRZS FINEEHT g FhAD d Hil
2R R PE, B

_UqIO — Rg _a)oLg _Iqu

|: Uao :l_ L%Lg Rg :||: Iy :l @7)
Bz s26) M 0(27), WHEAUy, FX(Q26)HE—

AN

a,
F U (28)

-U
—a)OLg + 1_—quRg

AU, =[AL, AL, ]

A ool 1. PN 7 Pzt 5 Hrisi iy gt
ITAE R R BRI, R AT N 8 BRI LAAUW
I Ay 9% 05500 N 540 H (single-input - sin-
gle-output, SISOVEAY, H [T [HiHIE N Gpani+Gpathz,



sk, BERERS. ERIE SF: SR EUS-JE DRI A G R IF AR SRR LI S M K A R I 957

CAE Gpans BHEIE N R AL SEL LR Cu, L
1B Zgs, Forp Co NFREES TAESAH G S £, B
Co=—Uguo/(1-Uao)
Kl 8 1 Gpan ZRIE N
G G +Gom =

path = pathl p

G,
Rl e

C piq ~ td0
G (29)
1.,,G R, +L,C,

pide

Coes +Gpg Uy —L, + R,C,

pide

Gy G,

ve

o BUADEE S 1 2538 Gpam A LR -JE D42 )
Gwe FITCIN I 24541 I PR B bR AL Grpe IG5
2 2% % Gpata DN B FE 355 1) PRI PR A% 88 R X Gave
FNLE K K ; Gpatn N Gpatht A1 Gpama 5 FF 1T 7] 1818 5
G NERBSE WRIERENR e, HTMN% Zys
KERFREER, P4 Gran( jop =11/ Ze|F, HAE
Gpan( Jo A 1/Zgs Z [RIFIFRAL/NT 180°, RGIA 2
FaE.
22 RGREMSW

RO ORE 5 R F R - Th A a1 R AR AL
H. B 8 1, Gpami FRAFHL - TSI il A 45 DL K
IR HIAE HAEH ; Gpana RAF HE-TC I
1) 0 B9 R 2 AR
22.1  HLR-TCI ]S 422 AR bt

{RFF R R PR L R/ Xo=1/10, AFHHE-TCIH S %L
FSCR T Gpan ] Bode El4nf3% B & B3 Fin. Bl
H 25 58 P AR G5 5 Gan TREATUREPE M 2L E 7%, 1/Zgs
IMRAEAE 71N s Gam FH IR IFHEIE 1/ Zgs TRV #2811
TR, HSHIEEIRE R, KRGt EmER
ik, aipsk B B B3(a)fi. HKHE-TCI T ER
$ K 23813 Gan ME AP B 28 12, WRAEAR BE IR/ 5
BRFF IR RIS [R] To 22875 Gpan TREARRFIE #HZE T
¥, MEEMBEHA WRER To 213 Goan HHA
M T, AR/, ks B K& B3(b)—(d)
FioRo R, Hes, H R -JoThmi Bk s H e,
G AR AR, R R T - T AR e

TERFE R AR EBITIORIIE T, WA KEH, &
AR SERRSE R R ZRDN, TR Ak
DT SR AL AR R R S A TE, K
WIEAR A T5TE b PRGN 25 18 /MU 2R B 4 FE ST
TR, /N Ta, FREVESR S, BRI s
P PR AR 5 2 1) TR, (LA Ay N R T 45 B 4
Ta TCIRE AR K To, Faethigem, HEEH

K8 R AE-ToU R AL &% 5 IR i3 it
Fig.8 Equivalent transformation of the 5th-order model for

grid-connected inverter with volt-var control

) 7 3 P B AT s To BRI PR 75 %5 8 R Gida e 1,
PR R A R AR AR | I R SR A HE -
TG Dy | A ) 7 3k R )

222 HR-JoUES oo AL AR b

WK 8 Fi7n, 1E Gpam " HLE- GRS G
DR ek . A8 A T D) D) 2 1 58 A8
X Gpatnt FIFEME, K57 HL Hs - To DA% 1) 5 6 2 2
R ZHAEM . oo Y)Z 58 2 Gpan 1)
Bode E Wit 7% B & B4, B5 Fin. 4TI DRI
WP T 10 Hz B, oA SIS, IR Gpan
PR AR 14 il 2 U RAIC, S5 0N L - JE D il i T
IRma NOE FE RS, WA T RGiFE. 4T
AT TE E T 40 Hz B, JRGINFEAL Gram HIMEATRE 14
MZRFEAAAE, HBEE LI Y2 M v, Al
ARURE I Hh B AR AL FE BN, ST PR T -
MG S LE, FFEART RGRE .

AL, oD A v R gita e v R R Lt
KFR, ML 5 UELE 1~60 Hz JulH J I,
BEE T D) D)2 BRI N, RGN R E T
FePRICE T A . Jo DT EINA B R AR SR T O
g, HAEMRFE REufa g g T RTHE T, B9,
B AN ] N3 AN A R A e, BT AR SR,
TR TR IR 9 FE-JE T W 75 72 i
SETCTH N Fya iy e St Lk T deih, DA 2 IR
M J7 s B0 R 5 12 75 2K
223 HUR-TJCUAEHS B RS AR

Wl 8 BTN, Gpamz ZEFE5Z B HL R 42 | S50
G152

MR B EME H Ry +LeCu<0 B, GIANIESL,
Gpatn 7E ELYLH R 2 )77 55 O 1) Bode Gt 5%
B K B6 flion. B, Gpamo BIFIALAS 4 ZHR T



958 i LR AR

2026, 52(2)

B R HAL L R Gave, MBI EN TEE
10~50Hz Z BN, Gpama TEHIR 37 9915 B (AR A7 35 )5 7
135°~180°2 1], {1 Gpatnt FIFHLL A 180°HF s Gpatno
1 Gpam1 SN JG 1S Gpan TRAE AR KL AHAL T 5 18 40,
M Gpanz FISIANAFT RGiFaE . B ELI R
BRI R, Gpame TEHR T AN BOIRAE 2208, AR 5
W, X RGEE RN, HiE DVC
WG, RGAaE MG .

224 1% 5 B ELR & Re+LoCu>0 I, Gy 1%k,
Wit B B B7 B, M EAH R % E 10~50Hz
Z NI, Gpama 7E R 5 4026 B 1 AH AL i J5 7E—45°~0
Z18]e R Gpanl FIFHNLA 180°HY, Gpath2 F1 Gpatni
BN JE 1S Goam TEAELAE /N AHSLI JE I8/ s T Gpatna
IR T R Gt e i Tt BEE B e vi i
9K, Gratho TER 5 A0 26 BRI ZE 98, AHALAS 598070,
X R Gt PER IR, WbEAE DVC ey
I, Rauka e PR

3 HE-EEHIREERTREEZIE

31 ETEEHFREHIRENRELRES
D ¥ s=jofRNKQ) SN IA T LI R T,
4 Gpani A Gpamz 184
{G (j©) = Gy (j0) Gy (j0) = 4 (jo) + B, (j)
G2 (10) = —1,0G Gy (j) = 4, (jw) + B, (jw)
(30)
Bt Gpatn R8N Gpatn1 F Gpamz M1, A+
Gt (Jw) = G (Jw) + G (Ja’) =
4,(jo)+ 4 (jo)+ (B, (i0)+ B, (jo)) P
2) IR AE(32), 193] £ Gpan(j x)=—180°HF
HIAE AR g, SRAESE RN g B Gpan 3 21
|Gpatn(j @) o
{a(y%)+34y%)=o
|G (i, ) 1= 4, (joo, ) + 4, (jo, )
3) RIEREWRAE A, AT RS E &
1:

(32)

|G (i, ) 1< 1/ 2, (33)

32 HE-ENEFIREREFLE
YA SCERTEHE S HUE - JE This il Faue L e, J8
i M AR B AR R, A R R R - To T A
P, R 2 B e RN RGBT T TiA L
I FH S SRS TR FE 1Y) 5 BB B0t Rk e 1 ST 4
T, 2 SCRHL 2. Ry/Lg B 1/5 s71y FFERMA 87 sy [B] HYL

1 s B, 28, 5 BB fl AP S 8 A e i 5
HRTHREIA 9(a). (b)Fras. Hedr, 2 FrdiRiAs
EAFE R EEAT BN — AN EL 5 FidE
TR e 1 SR T SR BE R ) S AU SR S TS
T

2 By 5 ML R I S AP A T
R EL TR ZWE 9(c) (DFFiR, 2 BBl
AR Z N 18.3%, {N{E DVC #1 RPC 55 5%
FNEH . 5 BMBEALTHE M BRI ZE N 0.82%, 1
T S B R - T S i R e v, e T B -
JoThE il e i 12 i PR ZE 1 1) R

FasE gz m iy, FERRm R EN s, BEHE
PRI R )35 55 10~50 Hz, HEFR % )5 o8
N 100~200 Hz, SCR=2, C.4E RS HELHIaITH
Pk, s U TSR EIR I . HAWSEURG T,
ARG HIFRE BT O 55 % TE

4 KRNESHRIRE LRI

4.1 HE-FTINTHILBNIBE R ERIE

NT IR AR ER R 2 AT R I A P B T R -
Johds il R e 1 S HERA Y, 7E Matlab/Simulink H
BEE 1 PR =AM AR R AR, EER
G 2RI B % B3,

B SCR IR/, RGETCTHIh = 1 T I& i
PRGSO Il TR,  BLARGARZ N, a0
F4s% B B B8(a)Fii. Bl HLE-Jo D2 il 2 R 4K
K RIS SE To 3800, RGETCTHIN R (19 & 8T B R

AL T A

SBAHE T T 2

SPIEE R TH B R 7%

10
Ri
C 20
A 10

(c) WS LM PSR 72

(d) 20 i RIS TSR 72

K9 RE R IR ZE T
Fig.9 Stability boundary theoretical calculation and

error analysis



skooaf, RPN, EIREE SF: SR ER-JC s HI R RIF A g IR HLEE AT KA e 3 ) 959

DS IR L, Gt B & B8(b)s (o) FTm .
UbAh, Bl FFRRIR RIS A] To (O340, RSB IR
W R R B ARG IS LB % B B B8(d)), 5
FRGHT(M5% B B B3)RHF— 2.

Wit B B B9 B, o ThIh R i vk
5Hz 1 40 Hz i, D) DhZedg Wit T4t
DhIDhZAE 5504 10 Hz i), PR IRG S, S
5% B & B4, B5 (K400 —3.

PR B B B10(a) AR, 242k 2% (B EL K
{43 RetLoC>0 I, 5 B HL 4% il 47 56 KT
10 Hz, W B AR N, R50ThTh%
T U SIIR 5 1B A N SRR, Fe e IR AL
550 WPk B B B1O(b)FTw, 42R 6 BRI LLER /N
{15 RetLgCu<O K, #5 BV HL 4% ) %6 K T
10 Hz, JUIBE 5 B U9 52 A 39 0, o) M) 2%
PRGNSR, R, ZMEE5HE B K
B6. B7 o #r—%.

4.2 HE-FTITHIFRRED R LI IIE

RIE— D IGUE IR o BT K H - T Dh s il AR e
WA A RN, ARSCHEE 75T Typhoon HIL 604
FIPESEYSEe- &, JREURE R WE 10 for, %P
&% F TMS320F28379D DSP 1E % O f5stil ge, SL
WSO B & B3, AL HLLIT 2 ANMHE-TE
DS E A G R G R R

Zf 1. 4 SCR HL 3 i, Gk B & Bll(a)
Fir, B K=42. kg=500 i, sSZi6d RGikase: B
K=44 15}, RS K"E 6.2 Hz HIREG KFEGRSTHHE K
HFE N 46). Witk B B BL1(b)Fiw, HE-LIH
R K=42, 4 k=50 B, RGFE; Y kot mE
300 I, RGIRG KRBT HEALTHEN 44); it
— 4R kig 2 800 I, RS HRFGUSL.

Zfl 2: 4 SCR HX 2 I, wiffts% B K B12(a)
fin, BUK=22. kig=500 B, SziGh Rgikase; B
K=24 1, RSk 6.8 Hz MR GRIGTHE K
WA 26). WIFs% B B B12(b)Fiw, 24 K=22.
k=50 ), RGFETE; M ko e 4 300 ), R&GHRE
D KRG THE I FUE N 24); 1024 kg 325185
% 800 5, RAIRGILK

2SR I K I FYE AR E 5 (33)
TR KOs SRR SR 22 DL % B & B4. 0 #T
AT, Uh SR 22 Bl A EE D5 R B A e 7 i [
A KIM BB, B RERARZEN 7.7% . TEFF IR
N TERT 1.4 s 5, tFERZEEBIET 5%. HE

I

i i
B

BRI Sl
Wik Rg U USB

USB/Ethernet
—_—= s )
Typhoon HIL 604 5232 HALHEE ThMS32 028379+
IR

t- 1

PC-If: W3 A5 i AR B4 S,
-----‘> A3

By /BEE S
Fhilas

<

10 2SS 5 HoR 28
Fig.10 Schematic diagram of hardware-in-the-loop (HIL)

simulation principle

B S BRAE G LS -0 Dh A% ) AR O A e 2 I ) 3
NERP G, PRI SR 22 W]l R BT e oK

5 4ZEig

1) B - DBEA 2 T RS RN I — Xt
M- TR FRIRG S, ZESFEEZH
JE-JoDhdE . JaTh D2 s i AN B H A5 i R,
FEL P RUPE P 428 1) Bl s it HL s o L4

2) TESSMIZRAETS, rERsE, -G D
RS HERNS, {55 1EMm 2R, AR T k-
TIEHIFEE . LIRS KRG E L
MARZRMEOC R, ST Dh A7 S T HR5 e
If(RPC<5 Hz), B8 ) JG ) T 2 v 55 80T FEAIC
JE-TC e LR s 40 Dh D 242 i) s B P T 9%
I (RPC>40 Hz), HBUHREIIC D)y Zam 3 55 24T F
RN FRRE S, IR TREERRA. 4
2R B 1) FELJBE R (Re/Le>|Cul),  ELIAL FEL S 458 i) i
AR R T F S - DA i AR RS e P s 24 20 % (1) FHLIE
ELINES (Re/Lg<|Cul), B HAL 428 i) 5 B BBk A1) T
L - o D il AR E 1

3) BT TR KR SISO MR 4 22 ks o2
H, S 7 - oD JETh DR SA E
T RIS IS, R e B A e
TREEAT 7 A TSIE . EHIIRAZE ST AN, EFFEAmE S
KT L4s )G, Fiffed i B2 T 5%,

B =5 LA 1] o 8 i (http://hve.epri.sgec.com.cn) o



960

i LR AR

2026, 52(2)

(1

(2]

B3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

S22 #k References

T, £ Al 25, & EHGDGREA KRR 2 )2 90%
1] B A PR [T). R EAR, 2024, 50(10): 4540-4549.
YU Yutong, WANG Can, LI Yong, et al. Multi-level reverse heavy
overload risk assessment for distribution system with high percentage
of photovoltaic access[J]. High Voltage Engineering, 2024, 50(10):
4540-4549.

EOE, U, M 5 TR RAGESRE SRR R E].
FHLEHAR, 2021, 47(9): 3021-3035.

DONG Xuzhu, HUA Zhuhu, SHANG Lei, et al. Morphological char-
acteristics and technology prospect of new distribution system[J]. High
Voltage Engineering, 2021, 47(9): 3021-3035.

EOBL SUER, B B S S BT SO T R R
R AT S X ], P E LA SAAR, 2016, 36(5): 1200-1206.
WANG Ying, WEN Fushuan, ZHAO Bo, et al. Analysis and counter-
measures of voltage violation problems caused by high-density
distributed photovoltaics[J]. Proceedings of the CSEE, 2016, 36(5):
1200-1206.

B, BEE, P S S EBIEROLREC B MR 2
L ) SRIE ()] R EERIR, 2024, 50(1): 74-82.

GE Jinming, LIU Yingru, PANG Dan, et al. Cluster division voltage
control strategy of photovoltaic distribution network with high perme-
ability[J]. High Voltage Engineering, 2024, 50(1): 74-82.

AR B . 56T R 73 AT O PRI HL A T PR Al 45 2R
A 45 [EB/OL]. 2023(2023-12-18). https://www.shobserver.com/sgh/
detail?id=1212331.

Shandong Provincial Energy Bureau. Announcement on the release of
the assessment results of grid capacity for distributed photovoltaic in-
tegration[EB/OL]. 2023(2023-12-18). https://www.shobserver.com/sgh/
detail?id=1212331.

AR, TR S A HO6OR AR TS AR R R BR A R 7T S D).

B R Az, 2015, 39(22): 117-123.

LI Qingran, ZHANG Jiancheng. Solutions of voltage beyond limits in
distribution network with distributed photovoltaic generators[J]. Au-
tomation of Electric Power Systems, 2015, 39(22): 117-123.

SOKM, OB RESHE, SE SRLEL R AR AR L )
JEAEHIFT SRR I]. MR, 2018, 42(1): 220-229.

CAI Yongxiang, TANG Wei, XU Ouyang, et al. Review of voltage
control research in LV distribution network with high proportion of
residential PVs[J]. Power System Technology, 2018, 42(1): 220-229.
o9l JRERIE, £ OE, 5F SRR R G AR
BT BEAR, 2023, 47(3): 1230-1241.

WANG Kai, YUAN Xibo, WANG Hui, et al. Two causes of the in-
verter-based grid-connected system instability in weak grids[J]. Power
System Technology, 2023, 47(3): 1230-1241.

fscie, JURW, BREEAR, 55 FRRHBUALA FIEMIR R HbL 5 4%
GEJF P AR A B AR E VEXT LA AT (9], b B R LT 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.

WANG W Z, REN W, HUQUE A, et al. Stability analysis and

Volt-Watt control setting guideline for distributed energy re-

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

sources[C]//Proceedings of 2022 IEEE 49th Photovoltaics Specialists
Conference. Philadelphia, PA, USA: IEEE, 2022: 1013-1018.
ANDREN F, BLETTERIE B, KADAM S, et al. On the stability of
local voltage control in distribution networks with a high penetration
of inverter-based generation[J]. IEEE Transactions on Industrial Elec-
tronics, 2015, 62(4): 2519-2529.

FREATT, APEE, BROCH:, S 35 HIMCR B BRI R ) O
AU HITIED]. ARG S, 2018, 42(7): 139-145.
ZHANG Xueguang, FU Zhichao, CHEN Wenjia, et al. An improved
control method for grid-connected inverters considering impact of
phase-locked loop under weak grid condition[J]. Automation of Elec-
tric Power Systems, 2018, 42(7): 139-145.

ZHANG C, XU Y, WANG Y, et al. Three-stage hierarchical-
ly-coordinated voltage/var control based on PV inverters considering
distribution network voltage stability[J]. IEEE Transactions on Sus-
tainable Energy, 2022, 13(2): 868-881.

SINGHAL A, AJJARAPU V, FULLER J, et al. Real-time local
volt/var control under external disturbances with high PV penetra-
tion[J]. IEEE Transactions on Smart Grid, 2019, 10(4): 3849-3859.
EIEM, 5k OB 5k F, 55 ST IS DhRRE R RE I Bk
WA O-V R REAEL BT, _RilgAgmRE %M, 2025,
59(6): 845-856.

WANG Yuyang, ZHANG Chen, ZHANG Yu, et al. Reactive pow-
er-voltage droop gain online tuning method of photovoltaic inverters
for improvement of stable output power capability in weak grids[J].
Journal of Shanghai Jiaotong University, 2025, 59(6): 845-856.
BRASLAVSKY J H, WARD J K, COLLINS L. A stability vulnerabil-
ity in the interaction between Volt-var and Volt-watt response functions
for smart inverters[C]//Proceedings of Control Applications (CCA).
Sydney, NSW, Australia: IEEE, 2015: 733-738.

WANG W Z, SHI X J, BREWSTER C, et al. Oscillation mechanism
and setting guideline for inverter Volt-var control[C]//Proceedings of
the 47th Photovoltaic Specialists Conference (PVSC). Calgary, AB,
Canada: IEEE, 2020: 2032-2039.

KOUTENAEI M M, NGUYEN T T, VU T, et al. Efficient phas-
or-based dynamic Volt/var and Volt/watt analysis of large distribution
grid with high penetration of smart inverters[J]. IEEE Transactions on
Smart Grid, 2022, 13(5): 3997-4008.

B, OB, XTE, A RTMICE B R AR E TR R
AT AN II]. A THOR 4R, 2023, 38(12): 3248-3263.
ZHUANG Ying, PEI Wei, LIU Ziqi, et al. Time-delay model predic-
tive additional control strategy to improve the stability of low-voltage
DC distribution system[J]. Transactions of China Electrotechnical So-
ciety, 2023, 38(12): 3248-3263.

AR, Kk 6 PWM BSRA SR HIIMI. b HUAR Tk H AR
., 2003.

ZHANG Chongwei, ZHANG Xing. PWM rectifiers and their con-
trol[M]. Beijing, China: China Machine Press, 2003.

e, b %, &, & FNEETIFM VSC AR ERIRRE
PESMT[I]. wFEEOR, 2022, 48(2): 762-771.

REN Bixing, SUN Rong, LI Qiang, et al. Stability analysis of power
control outer loop of grid-connected VSC under weak connection con-
ditions[J]. High Voltage Engineering, 2022, 48(2): 762-771.

VRS, TR, T2 O AF JFMEAR SRR AR M R R AR e
PEWFARLERD]. FHEHOR, 2024, 50(1): 370-385.



skooaf, RPN, EIREE SF: SR ER-JC s HI R RIF A g IR HLEE AT KA e 3 ) 961

XU Jinming, LING Zihan, CHENG Cheng, et al. Overview on non- % T

linear modeling and stability analysis of grid-tied inverters[J]. High 2000—, 55, R4

Voltage Engineering, 2024, 50(1): 370-385. TN T BEIR I R A T T R E T AR
(23] [ eby RT3 RS0 R 24 . A 25 o T R 9 S E-mail: m202472367@hust.edu.cn

g Boan W& ¥ o A 5 40 ) [EB/OL). 2023(2023-10-10).

https://mp.weixin. qq. com/s/f3sB6SwhCK2bJIJiTISIsg.

NARI Technology Co., Ltd. Grid-following and grid-forming wind

S . - . ZHANG Guo

power grid integration support characteristics and analysis and sup-

pression of wide-band oscillation[EB/OLY]. 2023(2023-10-10). https://mp. RBECE IR IE#)

weixin. qq. com/s/f3sB6SwhCK2bJ1JiTISIsg. 1986—, %, Mt Hiz, M

2 P PN

4] FUE. FEANR LI R GETh 4R 0 b 54017 % D). ESEMEKIIE. JER T AR EIR AR

AR, SIS, 2021, B ERL BT 52 T AR

L . . E-mail: xiaojie shi@hust.edu.cn

YU Hongru. Power oscillation analysis and suppression method of

virtual synchronous generator grid-connected system[D]. Hefei, China:

Hefei University of Technology, 2021.

s 47 b N . o SHI Xiaojie
[25] WA Y5, BCHE A2 I () RUBEA DB D fh i v R 428 5 VA D). B3

JERCEER A, 2022: 39-42.
HU Ruonan. Multi-time scale voltage control methods for distribution
networks based on active and reactive power coordinated optimiza-

tion[D]. Beijing, China: Beijing Jiaotong University, 2022: 39-42.

Ph.D., Professor

Corresponding author

WA EHH 2025-02-20 {EZBHIRRH M 2025-03-26 i FETE



Mk A

 Gi(s)F1 Gui(s) ik =
EE/ﬁWe?EIJ%%EP Gi(s)F1 Gui(s)F LA N

k. +k.
Gi(S): S p1+ ii

L.s® +sk +k,
il pi Sn (Al)
5ui(S)

(Tps + 1)(Lﬂs +G. (s ))
2. ELV AR 71 58 SR EX
B A A A 9 SR AR Ay B 1L
ARG 2, )
AU, =0,AU,=0
Ly =1y (A2)

gref — T fq
B 7 7R(9)— (1) M 2 (A2) AT 45 5 B HRL 1 32 1)
FR) PR A 328 BRI A -
ke + kg
Cdcs2 + skpdc + k.

dREH, R

A Udc = A Udcref = Gdc A Udcref

(A3)
F L 2 B R B R Ay, JL
o g FFHJEEL € W(A4), BHJEEL £HX 0.707.
dc k
a ) CdC 5 Cdckldc (A4)
BT (A2)FI R (13) (14) ] B ThBh R dx 461 1)
P IRE 32 R EON -
A= sk, +k, AO
s(ky, +1) thy
kiq@ wiE KT kpqs LY Skpq}ﬁ’ ToI &g
il AE ATE B 1 PR, LA 58 o FT AT BN :
ki,
aq = kpq +1 (A6)
4, WARER P T FEE B AR bR RN A
T AR % B4 ) T FEAE AR AR RR R (N AR N “dg”)
N, ARSI RS AR R(T RN “xp”)
NEAL, f R BIAH AL bR R B [F] 2D AL BR R I
HNfRESGHHHALIER d #hF A .

£ B cosd, sinb, | f,
Jy - —sing,, cos@,, || 1, (A7)

LAl e R R R B R AR A

=G A0  (A5)

(6]
I i

B Al ARFRAS

Fig.Al1 Coordinate transformation

AU, | 1 0][AU, 0

AU, {0 1} AU, || =0,

AL 1 }[ } {1} (A3)
= ' |AG,,

AL, | 10 1,

2 (16)F1 A (AB) A 75«

AU, | T1 0 AU,
AU, | |0 1-U,G,(s)| AU,

tq

fo i (_) _IquGpll(s) AU, Al (A9)
AL |70 1,,Gy (s) || AU {Mﬁ,}

fy pll

Y EEANEEIN e SR OSE
sk . +k
_ ppll ipll _
AHI’H S +k S +k AUW GPH (S)AUW (Alo)

ppl ipll

BRI BT v 2 B Rge, Hoal
o MR JE L & WLA(ATD), ,\EPBH}TEI:B 5Ex0707°

pll
=4 ki & = All
P 2 k ’ ( )
ip
Fisk B
iR
PLL
AC RPC »
- DVC > ‘ VVvC »
' 100Hz S0Hz 10Hz 2Hz 1Hz [aRJE
L )\

J
M N HLE-TE DT
ACCIF RN DVCIFRIRE E,Hjbu iA] J

*TEEE 1547-20 185 HL - Jo D i FA i Sz () 757
1~90 s2. A
KBl AR s SEms B2 I () R R &
Fig.B1 Inverter control strategy exhibiting multi-time

scale coupling



4 F T T T T
— = SEE A A A
2 F _ i
\ .'\ A} A A
B !\ AANAA A NN A
0r - “‘-’”\J\‘\I\\I!V\ VAV
oL I} I v Vv |
4 | | | |
0 1 2 3 4 5
B ) /s
B2 ARG AL S B RN s 4l B B
Fig.B2 Time-domain simulation comparison between
full-order and 5th-order models
F Bl BRI E X
Table Bl Reduced-order model definition
PR A Y 5 M 3 s 2 iR
- TE D v J J
TeIhHh & v J X
TE L R AR ) v X X
AL X X X
R/ TEZ NI X X X
W R AT X X X
VR SIES X X X
VE: V7 FORTERER IR PR B BB EIER, “ X RORTE ML
T WK LA i BR

R B2 RS BT L F B 5 2

Table B2 Control-dynamics-neglecting model reduction

A Repi Ty =0 I Eh A Refi oy =\
CER/TBZNZIF Gi(s)=1 RHENA Ls=0
LR AT AN A Gui(s)=0 EBEMBEESR  Gads)=1
B Eh S Gpi(s)=1 Te D ZE ) Gipe(s)=1

SCR:35 3 2,5 K: 15202530
PRAS EIS LY 335
g of g=zszss 180 \\ N
g ) l/Zg! B CRY 1 &= 1/Z§ RS KT
E 90 = Lid
-20
300 g 300, i
= 200 \\\ # el 5 200\\ ) T
ES PML K%i E PM. Fia
100 : 100 :
10° 10" 10 10° 10! 10
B Hz B Hz
(a) &SCR (b) &~ RHK
To: 255 2s 1.5s 1s
10 I I/ 10
g oS /) : g 0 aa
i AR a 10 l/Zg{
R SVAR A = I
-20 : L
300\ 5
E 200 i) Hase
2 PMT SR
100
10° 10" 107
$i#R /Hz S /Hz
(c) A&TT FIAHNL I 8] Ty (d) 28I ZE Ty

B3 AFHE-LIIBEH SCR F Gpan 1] Bode [
Fig.B3 Bode plots of Gpan under varying volt-var control

parameters and SCR

RPC: 1Hz 3Hz 5Hz 7Hz

{#/dB

1

)

=

AL

S Hz
(b) R TRK

& B4 RPC<10 Hz BT ThZ 5 ALAIT Gpan ) Bode
Fig.B4 Bode plots of Gpath for reactive power bandwidth

variation when RPC<10 Hz

RPC: 15 Hz 3011( 40 Hz 60 Hz RPC: 15Hz 30Hz 40Hz 60 Hz
LN AN 1 2 2

80 - X . 838 X
a A ' +m—401/2§\ !

10117z,
IoE =] H
= 0 z S FH2L recn
250 : = ~ 190 :
S 2000 SQUEERLIRE S = K|
£ 150 : LEE = g
170 :
100
10° 10' 10 5 6 7
$i% /Hz S Hz
(a) BB (b) JRiFH O P

Kl B5 RPC>10 Hz BT Th# 5 ALAKIT Gpa ) Bode
Fig.B5 Bode plots of Gpam for reactive power bandwidth

variation when RPC>10 Hz
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Table B3 Main system parameters of three-phase grid-tied

inverter
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Fig.B8 Time-domain simulation verification of interaction

analysis between volt-var control and network

I RPC=40Hz
%
=0
ﬁ
R
5
i 111 /s

BIBO UL 5 FE D e 2 A P e I3,

15 FLESHIE

Fig.B9 Time-domain simulation verification of interaction
analysis between voltage-reactive power control and volt-var
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Fig.B10 Time-domain simulation verification of interaction

analysis between volt-var control and DC voltage control
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Table B4 Error analysis of the experiment

T To K SE3ME K H#igfa REY%
1.0 44 46 43
SCR=3 12 54 56 35
kig=500 1.4 64 66 3.0
1.6 74 76 26
1.0 46 48 42
SCR=3 12 56 58 34
k=800 1.4 66 68 29
1.6 76 78 26
1.0 24 26 7.7
SCR=2 12 32 34 5.8
kig=500 1.4 40 42 3.1
1.6 48 50 24
1.0 26 28 7.1
SCR=2 12 34 36 5.6
k=800 1.4 42 44 45
1.6 50 52 3.8
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