20254 6 H B L & K % K Vol.40 No.11
5540 B 11 1) TRANSACTIONS OF CHINA ELECTROTECHNICAL SOCIETY Jun, 2025

DOI: 10.19595/j.cnki.1000-6753.tces.242081

SR H M ARG R SISO dq FHinfa EM
FIHE X AR 2 REE 747

A

XK XM

H A N
WS

EAHAR R 2

(e f k¥R HTHEEZ KZE 071003)

WE HMAEFRESERNTHERS, UAFRBNAZTHERLNRAE@ LS HHED
BT RENETWNHFAERNRAZEE, ZRRABHANARN D TRR AR AL S ZKE. KT,
WAR B MGG EGEENTE RIRBE R AR5 R R B B DR T AR R
KTERRB RGO FE A, A LR, ZXEERE—FATONZARBEANARDT

HRZMG BN LMY (SISO) dq M4t H|4,

ZHAETR ZWMANZ ML A% (MIMO) #4454

#T SISO 2 AR E M, MT MIMO R G4 7 ik, 70 8 % K AR & 45 2B 1 4
R F B B T R S T AR E, B r o7 R A A N f BB T ik % K R
Hfhm. RE, ETHREARITEAELX, #—FRE -—MHATRRAFR AR TELRE
M/ TR RBEH N E, BHAETHARPERAAFAR AR BEARGHESHYORE, A B

TERAFLRAGRGNWERFTRBOHR. KFE,

TR T i E R .

KA ZHARBIFMAL SISO dq MR

FESES: TM712

0 3|8

FE LB REON EAR R M ) R gerh, T H
TAFEG T Z AT . AN, X
it AR 77 L AR A o BRI T 2L AT RER R R
ik 5 JAa -,

T 0 W A 4 JF W 2 Ge /0 T PR e PR T ik
T E N PR A ARSI G ik 28T, RS
TEFAEW T AL OF ZRKB RGNS H
HEARETTRE, BlT) AEARRE, REERT
VR S BB IR HEL); @3 T AW B A B 8 R
FRGHLETL QX T 40 h B A 10 2 A2 i 45 9F W &
gt WETTFEMBBOR, R T S RAR K
PR SEE91, AL RS R ANE, Uik F e T
PH: OHZFRBEN TSRO, LSRG
BTRIE, WS HOR M, 3l & 8] 3k AT
BHOTIR R, @Y SO, 7T A\ F R A 2
IR RABEHEAE R O T B LA,

ExEARBEEEEITE (52207102)
e H I 2024-11-19 2ok H 3 2025-01-20

i 3¢ Matlab/Simulink {7 E #0244 76 21 52 B 1 3F

INTHREE  REES

A0 % 1 RGOS AR, AR S #0  ELIR 2 Ay
EBANRGEEA., BT ERIER, BEsrik 2k
9 B3 B /N AR E M I A Ak R T B

HAT, XTREANBRBIEN RS DT AR E
PEII BT RASHL A8 7 S A0 ) SR g SO R, B
2 Z AR RGN T AR E T i R R 3 A
SR T B A ] G120, SCRR[ 10K 3 2 AR i #s R
G R—AN 2N Z it (Multiple-Input Multiple-
Output, MIMO) ()9 45t R 48, FF 5T o5 /K [ € 2
T — MR ENE I, ABAZ TR e AR E
ARG h A AE R KU I A R PP Al . AR SCER[10]1
Bl B, SCER[1114 17— FhRs € PR 2 # 10 fif 4k T
B, B AR TR BT 5 SBR[ 101AH [H], R g AR A B
R R A B, CHER[12]24 T Brauer EHIRE T —
Bl T+ MIMO s 45 45 84 F 34 ek BUREAEAR 19 70
Rz AR BA R . MR, BT RENRRE
PR 0 o3 B 7 AT BT N TS T N T
B PR R G4 P (Right Half Plane, RHP) #
ACPRT AW R R, ONATT A B AR R AR R A A
J7%, BRI H AR RS0 o+ B SR E I T 2%,



3428 BT R % i

2025 £ 6 H

A I 53 A 2% 45 R i 2R 58 (— 1, jO) A I Bl 5 T 3R
G RR T T o X IR TT VA I SR A i B R T L AR (1)
B PR G 4151 366 ok B S I AR e M A . 8
SCHR[T6]H 4 1 — Fofr 5 T O = DX 48 1) A2 128 40 A
ik, IFRLH T BA 2 B i R AR S
(Current Controlled Inverter, CCI) K45 5 IR Hic 55 # ,
RZ 7752 LR IE . 7P BAPLZ B ARG AT .
SCHRR[1718E 7 S BH UL B PR, (R 7 V5 TR 2 T
BRERE A BN, HAUE T IR RS . SCHR[18]@
ko3 B AR R A BB AE I R BT G 1 5% 28 iy
K, % 2 A o 43 i AL AR 48 (Voltage Controlled
Inverter, VCI) F1 CCI @) =AHPLIREE 1 KRG
WP AR T M EAT T VR o SRTAT, SCHR[19148 iz 7 i
X T AN [ I AT (R R E 1 43 A 4 S RT RE 2 H A
X EWMG R NERES T LT 2 BRI E
Ve, SCER[20142 T — R RS IHTE K 2
] 2% R G A e W vk, Wi T 2R RA N
R e At RE . SR, BT 7 DL JT IR A%
i bR B AEAE A P T AR SO TS, PR OE T
BRI Z AR RS (L&A CCLEL VCI 1 &
420, T ME LSBT [R5 P M SR AR AR VR & R 4.
SCHR[21178 2> % T CCI Al VCI ) RHP % £ 1) £
B, sraliet TR T KRG RRE MR T,
H—RuEEd @ I8N RGN T AL LR, R
Jo FE T A 2 R R — MR Ah R E I ) A B
Fs 7V 0 AR A A B AN N T 4 A R S
ARG HIRR e VAL o A b, B R VRS SR [20]
SR AH — B, XM R B R FI AR AR A TR A R
R atra fRERKERENMFFME&NERE, H
A THMREELRBENRFEREEREMW . {HX
BR [20-2178% 2 T JF 9 33 22 25 1) BH 470/ 5 40 B 1)
MEWitE, RIAJNIES T /dq P52 8] AH B AEHS
SR SR, 2B ZAR & DU A v e i ks e
WA B BAR BERITEIFA R, (HEATAZ A
WA IE M R FRE M S 4t 7 ) g . R dk
R R T VA AR RS Mot b B R 5 AT AR
R I HIRANE AT 2 R A T A R IR HE R AN
JE IR R, i A e st L it R T A 1 1 T
o [FINY, FI8IE T dq PR B & 57 1) R 4 m] 22
AT A EE S A PR 3R A 2
B, A BRPUAL AL B & T 3K 45 P AR A
CHPR G B, wIdE— B B Ak y e N T
G M R B R P B OC T a0 i % AN AR AR I R .
NI ER AR, AR T R T R

H (Single-Input Single-Output, SISO) dq FHF bt H)
i BB A 3% A 2 B RS IEN RGN Tt e
P T T

B T SR SR e R R R ) E LAAE,
] PP Ak 2% 78 I 45 % R G AR T 1 0 5 A AR B O E
S nlt b S IR % VR HER AR — B AT T R
Mo NSRBLX—HM, B AT R A R A
KBRS KT & AR5 R B RS . R
B MNELERX — T BEA RAMH, HEF R
BAEMRIEMETEE—REEENSE5RF (K
b, 25075 RBUEEMS L2 -8 kst
WX —Dfe . TP PR 2 R R ia e 5
Mr LB RS, N TS REE IR
RE, I R AT 6 T BH U ASE AL 1 R B 4 iy
1T THRE, DU EE 52 I — Fh e B e e A R &y
WrIhBe i) R Gt 7. STHR[241K 15 25 90 FE 1
TR & SCH RGeS, 4 T —FhdE T
W5 AU G- m] AR R I SR 2R R oy M T i
ELAIF 5 32 B A% I A5 X R 0 A B RR AR A R B
R B G b R = s RS, STk [26-27 38 1 SR R 4t
5 T N P B IR B BH BT AR AT 51 5K 2 RUCR RS
ARG A, SR EUE B 5ARES 2 RS
B AR (AR A5, I 3 102 R A0 A X6 7 F) R A1E 1) 22
FUNAT AR BRI S R RS, FH DAV AL &
AR I RBUE . BRI R R B H D BB R
() R BUE BT IR AL T A, (EEATIEOR 1 B BE 4T
B o (1) R 5 RS B AR (12 5 R/ 2 ]
GOLER P

sbAk, A SRR, X PR VA s T
IEfA TP/ S RS, FHibeftiEam
HERf M H R R G e e . N E " LR H A 7 Bk
Fefilt, SCHR[28-3014E H TR T 2 RGHE A 2
A RGN TR A AT T, E TR S
S B A AR A R 4% (1 A BB RLBY, SRS
T SR AR P B AR AT S I AR G A T VR A . 1T HLSC
BR[29738 UE B 1 R3S 75 [ R EAE OC T A2 Ui 2% BT 1)
FRE 5 2 R AR X I P P A A s o R o 11 B
HAB® LR RIC R,

1E LR gy kAl b, SCER2STE— A T —
FhE T4 KRG HPUIERE 2 (RGN S FHEFET
AR D 1) 2 AR L 2% AR AR AR R 0 o0 b 7 v .
B B3R 73475 & 6 MIMO R S8k 17T e e 447, |
TH AL s BERE R BN 2n IR HERE (n
HNERG AR AR AR, 18X 12 i B B 2 AT R AE



F4055E 11 4 %)

RS ZARRAR I RS SISO dq BH TR 5 1 H0 ¥E I 1 3R M o5 R BU% o bt 3429

EHE I DARAEAE — R 2, T H BT &8 AN
FRAEAE 7 B TH 5, 95 B 36 BB 20 AT B R AEE
Wb 2 Ta) e AR kAR, 3 B0 2 0y il 2 Ak A %2,
ST AR AR AR T SR P AR SEEAT 2T
D) 2 X1 X AR A5 32 bR K01 e b 22 2k 2T 7 K A 1]
I 5l NR 2, ER T R R Bk, b
RITEBINA 2 )& o= B BAMERR S CK
NG TR RGEREED , IR H R B TU R 3R 1S
Zs & TR R T R A B B, Bk S B R U Ay
Bro BARSCILRT, REILEFEINAS D ITR KL
gy 7 Aoy BE B AT AR R B O, i xd Zvs v e R A
BRARFVEVEAT S/ oG5 R RAT B, DR ARORT 1A
I R T 2 AN AR U A R SR BRE AR AT PR Ak T 6 2B A
S KREEE TN ITRRA, R R A A
RE PR AIE 42 J&) B I PA B 25 A T8 2 B IRAS AR R] (4]
D) X 2R 0 R X 7R A VA s DR 4 ) SR AN [, L BT
FiE KB RIFAMED, ¥ 2 S B0 5 TS 8 A7 e
BUR W2, HETT RS REUE R TR . Ak b
W), ARSCAEE T 3R 1F SISO dq BT AR & M 4
ARB R, BE— B3R W T — T PR P AR
HRT S A& REUE R TE, w7 ia et
AR ABRE 43 Bt Ty e 1) 5 BEAE 2

i bRk, WA INETLWRERG R E ST
52 D7 THI I S AE 73 BT 4R T A Ok T & AR L s 1) R
R D7 T AR AE O A B . T 5, AR SCER X 2 AR
a5 I M 2R Gt 10 R MR A P IR AR K T & AR L A
R BUZHEAT T RGEHFT, #1117 —FhB T SISO dgq
BHBT 95 1 22 AR I 48 JF N R i da e A 4E, i T
e e M ) 20 B aok R I 4 T AR AL A BE B AU AR O v
BT B A R PR R AR s R RSB AR R AR
7E Bk FaE AR A A Al b, R HE T — A H T
XM AR AR S T S AR A R W 7 ik, 4
B HFITEIL R @& T 2 AW A I RGN T AR
ENED T RIRGIEAR RS TT %, B)E, 46
i BB FAE 4 7E 35 (Hardware-in-the-Loop, HIL)
LI IR T A ST IR TR B R .

1 ZERB[BARAGH dq LIRRERE

AFE TR, @ ALAE dg AL FR R T BT
R L% A L T 4 P A% 38 R KO B R 25 T R I R A
EWOPSE SRSV W N IR C S SRR (&S UNLTRES TN
BARGHAN A B, ASCEFF dg 05 R T
BT EN RGBT R . AR R4 2 AR
AGUH dq A bR AR T AR R A Tk

L1 ZERF[HM ARG L

LRI AGUREEWE 1 s, 2
n GRS, BT REYR HLR A Gk eI I AR SR N
WO, o 70 1A 2% SR AT ER X A s ], 55 9 R
Ry B2 ), 24 i 0 2% T AT R HR D A

N H S ]

N i by
Bk T

174

K1 2RI R GRS R

Fig.1 Diagram of multi-converter grid-tied system
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SISO dq Impedance Stability Criterion and Closed-Loop Pole
Sensitivity Analysis of Multi-Converter Grid-Connected System
Liu Xin ~ Wu Liuying Jia Jiaoxin Wang Litong Deng Hao
(Department of Electrical Engineering North China Electric Power University Baoding 071003 China)

Abstract As the penetration rate of renewable energy resources continues to increase, the traditional power
system based on synchronous generators is evolving into a power system based on diversified power electronic
equipment. The small disturbance stability analysis problem of multi-converter grid-connected system has attracted
widespread attention. State-space model and impedance-based model are two main small disturbance stability
analysis methods. Being as the white-box method, state-space model can be difficult to apply in practice because
the differential equations describing the controllers of converters are not generally openly available due to
commercial confidentiality. Impedance models have been popular in the field of power electronics for analysis of
interactions between grid and converters. However, applying it directly to the stability analysis of multi-converter
system will make the analysis process very complicated. Generally, the existing state-space and the impedance
method still have room for improvement for the small disturbance stability analysis and sensitivity analysis of the
oscillation mode of each converter.

Firstly, this paper proposes a single-input single-output (SISO) dq impedance stability criterion for analyzing
the small disturbance stability of the multi-converter grid-connected system. Secondly, based on the formula of
the stability criterion proposed, an expression for calculating the closed-loop pole of the system is derived. Because
this formula is only a scalar function, the accuracy can be guaranteed for the usage of vector fitting (VF) method.
Furthermore, a method for analyzing the sensitivity of oscillation modes to the impedance/admittance of each
converter is proposed. This method can effectively evaluate the influence of different converters on the oscillation
modes and help identify the dominant converter that causes oscillations. Finally, the accuracy of the proposed
method is verified by Matlab/Simulink simulation and hardware-in-the-loop experiment.

The results are as follows: firstly, the proposed multi-converter system model can be used to represent the
converter grid-connected system with any network structure and any number of grid-forming and grid-following
converters. Based on the proposed method, it can be used to analyze the overall stability of the system as well as
the influence of each converter on the system stability. Secondly, the proposed sensitivity analysis method can be
used for evaluating which power converters are more sensitive to the close-loop poles and have a significant
contribution to the harmonic instability.

The following conclusions can be drawn from the above results: (1) A recursive stability evaluation method
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for analyzing the stability of the multi-converter grid-connected system based on SISO dq impedance ratio is
achieved, and a complete stability evaluation procedure is provided. Compared with the stability analysis method
based on generalized Nyquist criterion, the stability analysis problem of a MIMO system is transformed into the
stability analysis of a series of SISO systems, and the stability analysis of the whole system can be realized only
by the impedance ratio of d-axis and g-axis in the stability analysis process. Because the SISO impedance ratio is
used for stability analysis, the solution of the eigenvalues of the high-order return rate matrix required by the
traditional method can be avoided, and the complexity of Nyquist plot analysis required for MIMO system can be
effectively reduced. (2) In the proposed impedance stability criterion, dq impedance is adopted to model the VCI
while dq admittance is used to describe the CCI, so the complicated procedure for obtaining the RHP open loop
poles can be avoided. (3) Based on the proposed stability criterion proposed, an expression for calculating the
closed-loop pole of the system is derived. Since this paper adopts dq coordinate system for modeling and
derivation, compared with the sequential impedance model, the transfer function matrix elements can be
guaranteed to be rational fractions, so the closed-loop poles can be obtained by VF method. (4) The sensitivity
formula of the system's closed-loop poles on the dq admittance/impedance of the converter in the system is derived
in this paper. Combining with the residual of the closed-loop poles obtained by the VF method, it can be used to
analyze the influence of each converter on the key modes in the system. Therefore, it is helpful to identify the
source that causes oscillatory instability.

Keywords: Multi-converter grid-connected system, SISO dq impedance model, small disturbance stability,

sensitivity analysis

(RE FFmMF)





