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Enhanced nodal impedance method for stability assessment in DC power grid

YAO Yu', CHEN Wuhui', ZHANG Gengwu', GUO Xiaolong®, LIU Defu’
(1. College of Electrical and Power Engineering, Taiyuan University of Technology, Taiyuan 030024, China;
2. State Grid Xinjiang Control Center for Power Dispatching, Urumgqi 830002, China)

Abstract: Negative damping arising from the mismatch between the port impedance characteristics of power electronic
converters and the DC line impedance in DC power grids can severely compromise DC system stability. The classical
impedance-based method has inherent limitations: when its underlying assumptions fail or when pole-zero cancellation
occurs, key dynamic modes may be omitted, leading to incorrect stability assessments. To address this issue, the intrinsic
mechanisms behind the failure of the classical assumptions is first analyzed, followed by an investigation into the origin
and typical scenarios of pole-zero cancellation. An improved nodal impedance simplification method based on a
generalized admittance matrix is then proposed. This method overcomes the inherent limitations of the classical
impedance approach in DC grid stability analysis and resolves the computational challenges in nodal impedance
extraction caused by the dimensionality growth in admittance/impedance matrix methods, thereby enhancing their
applicability to large-scale systems. Finally, two-terminal and three-terminal VSC-HVDC system models are constructed
respectively in PSCAD/EMTDC to verify the correctness of the theoretical analysis and the effectiveness of the improved
method presented.
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Fig. 1 Two-terminal VSC-HVDC system model and its

equivalent circuit

PN T R G0 E i L ABI IR 1(s) PAH R
V(s) MRIEA N
Uy (5)

1@)=(Q®9‘jgzsﬁ'

1
1+ Zyio(5)/Z,(s) Hal 1)

Vis)= (Ip (8) Zygo (8) + Uy (5)) -

1
1+ZVdc(S)/Zp(S) _Hvl(s).H2(S)

A Z () ARETF RGP Zyy () WET R
G 1 (s) NEAHRRIE: Uy (s) HELAEHE
s H,(s) R H , (s) ¥ RBEGTHT TSR 21
H, (s) R 2 G0 PR IR AL 328 bR 5




oo,

L L R RE 23 AT I S s BB i - 115 -

28 MLH HrvkAa e e M iHECs H, (s) BT H  (s)
FasE, BLI 4> 5 O ABRIHLIR 1(s) LA HLE V(s)
R 1 EH PR AL 3 B H (s) W8 - RGiFa e It
FUREN g : 4 BACHITIMEIL B H () = Zyy. (5)/
Z,(s) i ENyquistFasE HIHERS, RgiA-2RoEl ",
H, (s) A H, (s) f£ T A2 SE kil o R fase ™, |
SETE LG IE L R IR L A AT RE R Ak, T BRI
H,(s) BHATRE AT 2R HIEA KRG Fa et

W1 FEPTA MR R AT SR AR B 25 1E 2K

1) A2 i 45 BHL B 55 28 8% B 5 AH B AE B 5 80T 42
iR AL

T AR 48 BB 5 B 4k 2% BH A LA A 2 ek
IR RAM AT RAEPATIIEW 5, HXRSR
ot trszman v~ AR T RGBT
Z,(s) 5N RHP % R 87 ARG Z,, (s) GIN
RHP ## 5, H;\(s) A H.,(s) AHEE H;\(s) A
H, (s) Fa @ MATHE R 20, SRR AR H, (s) 3
TR, BERA

XTI AB B L T RGE ST Z, (5) B
P-VSC KIS P 5 B A FERG, 25 5 HiZk s
BHETHRIRAL A, YT RGHIT Z, () WIH Vde-VSC
SR BAPTA B AR R, Bk st FR .

_ Zcur (S)
Zp(s) 1+ sC.Z.(5) +Zy.(5)
7. (s) (2)
Zy(8) = e
1 + SCchudc (S)

e Z, () NGRS P-VSC MM Z,,.(s)
NS Vde-VSC FERPHPT: Z, (s) NEIREZRE
BB C, NEIRMIEZ

TR VTR, TR R4S P-VSC M
Vde-VSC HAlIZATIN AR . BRI S, @AM
B it, P-VSC BTN Y, (s) & RHP )
i, Vde-VSC M55k RHT Z . (s) TE RHP #5124,
2 Z.(s)= Ncur/Dcur v L (8)= Nudc/Dudc » H, N
M D ¥R s MEBA, HEHGREERN "+
a, " +tas+a,(a,a, a0, R K
HAARQ), BENET RS ST RS EHHT
) ES W

N, +D,Z, +sC, N, Z,

7 s) = cur dc” " cur
p( ) Dcur +SCchcur (3)
Nudc
Zyae($) =2

Dudc + SCchudc

HHER3) P, AR as BT S B 4 B BH T M B
MEFHRIEIG, TREAEMIZ, (s) 1E A
BIRAEMA, Z,,.(s) B S 00R, FaA. Fi,
Y (s) ATRESI N RHP F 51, Zy, (s) ATAESI A RHP
W, AT BUR KA (H, (s) AT H, (s) B E) A
BT, R I BUEAUR TS H, (s) B H Nyquist
HEN 21575 R Se i fe e 1

2) Hit RS R i T BT R AR A R Ak

B RG], T AR SE R T )R
IR T REMAET RG, DL IEW I
3 s 2. XFE T R AUH VSC-HVDC £ 4;
LR, METLNE A DT RGN E B
LR 45 R G DL B DL R, I
BUASCHS 5 12 i 1 AB LR R IE 204N

Uy (5)
]P-Vdc(s)_|:]p(s) m:l

1
1+ ZVdC(S)/Zp (5)

Lygep(s) = |:—(Z]Vdc Eg -

1
14 Z,(5)/ Zygo(5)
K Hy(s) F Hy (s) 70 BN R G /T J5 B
FIE A R S AE R 7

M@ T, BEIR ARG R, BRKIEA
PERZI AT R 0T AR R IMEN. RGE(ED Zya (5)
BL Y, (s) f77E RHP % 5), WA ER DhD)H
BT RA L BB EEER T RAN, H, ()
€, BB H, (s) % /2 Nyquist FIFEFaE P& 1F, &
GikssE. MMMk E, JEfm/ AL R G KRS
Hy,(s) AT ReAFRE, BRI H,(s) i & Nyquist H#,
REWATE. X—IREH, UKEE H,(s) 17
e M T AT RE VR HERR I R G AR s M

W 2. ST 20 R G H I AR S 5
T ENTON

MY REZ RGN, RGH 2 A KL EAER
VAN R YR A MR R AR R A L. L 2 o
(175 FE LR IR BATL I =i RGAB], Hh R T RE%
B 2 ANEA DDy (B A IIE s MR ) A2 iR
A IFAH R, VAT RGN — A 8 B H R i (L
A HL R YR A MR ) (1) 22 0 88 4

=H“(S)-H2(S)

Z,(s)
Zy4(5) .

H,(s)- H,(s)

“4)

1,(5)




- 116 - W) 2GR B4

Ly Lo 1, R U

UR I, It L, "
A=W wW—| JG ?LT Cy JG
‘T

P-VSC Vdc-VSC

lc2
U, R, L L Ly, W
O—wWO-wW— JG s

€2 =i VSC-HVDC FREHEH] K Z 38 §%
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its equivalent circuit
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multi-terminal VSC system

2.1 ET PN RBERNREE S
FEE 3 P Zim RS0, RSN AR i ds

KBRS, H Ugeiimnnn () FRTTEEE
Fe s Zogesimsam () FRRA SRR HUIRIESME

VERPIE S R, Hh L in o (5)
FRBHIIL, Y omn o () AT SRS

T THE NN, N, FRZBHREGS ERL R



oo,

L L R RE 23 AT I S s BB i - 117 -

IR Vg ) UL e (8) 23 AR
TN, B EAENER. T LRE X, REW
TR TR R RN

V() (¥ (5) + Y (5)) = 1 () ®)
AA: VORNRGET ALY & I6)NREET A
FENHERYI R E; Y(s) N RS RE1S YRR
Y, e (5) T LU BEL 000 2% (715 51 2 9N HERS o
1(8) = (Yger U 1401 ()2 Yoge (W g () 1 ()55 L ()T
Y () = diag(¥,ge1 ()2 Vage (s Va1 ()75 Yoy i (9))
V()= V(). Y, ()Y, ()5 Vo (5))

©)

A Yo (5) s HURJRAMRS PR AR 045 (155
BGYN;  diag(-) FasxT AR

/?‘,\

Z,(s) =diag(Z ., (5), ", Zyge,n (8),1,--5,1)
'I(S) = (Uvdc,l (S)7 R} Uvdc,m (S)7 Ip,m+1 (S)’ e 1p,m+n (S))T
I,I (S) = dlag(l’ o 1’ Ycur,m+l (S)9 ) Ycur,m+n (S))

(10)
e Z,(s) 9 i I PR AMRFE A2 AL 45 BEL BT A 5

FAHERE s J(s) o BRAR LRI B2 PR R YRR B P 1 )
Y, (s) N FELIRIR SRR I AR UL 85 5 4N AL F 1 06T AR R
R4 ()M (10)FH
I(s)=Z,(s)-J(s)
{Y(s) =Z,'(5) %, (s)
FARADRAX®) A 15
V(s)=(¥() + Zy ()Y () - T (5) = ¥ () I (5)

(11

(12)
MRIEWHEREE S, WHEFE Y () (T
L adiT(s)
Vo= 0w o) (13)

gen

K adj() RoRFEREAERE; det() AT

H TR A as H S #HieE, MY (s) M Z,(s)
ARG 3 o B AEAERHPHE 5 2 [F, ST
TCIRLBEBLITNES ¥ () FT IR 138 bR 2
TERHPZE s L TERHPAY p o AR A1 Bt A B 5 A 20
Fe BIRSAT, HEFE adj(Y,,, (s)) I AEAN A2k R 25 ]
FEEREATRHPHE 520, AEXAEIL T, RGkaEN

FMN: 475 det(¥,, () DAEERHPE .
W 3 RATE YEE 0, HET S N, b4

EENERIR L, W 4 FR. I, RS
ST N

Lo, = (X (5)+ ¥ () V

p

Ia :”a(lan;r)ﬂ ']a :(07'“9091!09“"0)]><(m+n) (14)

,,,,,,,,

Bl 4 JBE 0 B %i% VSC R E RIS
Fig. 4 Equivalent circuit of the DC side in multi-terminal VSC

system when sources are set to zero
FEAMBIE N RRIR 1, N, 55 PHAT Z,, () N

Z,(8) =L = (F(5)+ ¥ () ') =
pa _I _”ﬂ passive n. =

“ 15
Z,(s)adi(Y,, () . (15)

s det(Y,. (s)) e

AR5 AT AL, BT Z,, (5) —FERE (Y (s) +
Ve ) R — A TG E . XA Z(s) M
adj(¥,,, (5)) "PRIEEAMEE KBS A & RHP MR, #
Z 5, (s) KR E PRI T47 91 3 det (Y, () O R0

AikitE. ATURIL,  Z,, (s) MREVERE S RAE RS
fssEPE. Bk, ST S BHPTAIE AT R AR e
RUBEATL Z 5, (5) A2 RHP AR50 R Gike 5 -
2.2 B SETTERE

BT FRER T, LE R TR LG s B T
AT RGEME MY, 1 R BHPUIRI R AR B AR R 1)
1T HN R A AR BT SRT, Bl A AR R 2L
n K, AR EERER i K, R
B — LR M A A A (n — 1) UK PO,
A BRI — T AR, AR SCHR H —Fh e T i
TG AR i, @I AT AR R A
AT SBAPU SR AR RS, IR E AT

T O TSR RE AR Ax=b, H
FARMCI RS BT FEE [ A|b] AT I AT AR M, 2 /e
R B2 80 Ry BRLASE R R B 5 A ) ) 2 B A SR R B
FEx=A7'D R, T n AR 7 LR hHERE
Y, (s), HWREFE Z(s) 25T, (9)Z(s)=E ,

Hort E N RAIERE . KA RO BT, AT




-118- W) RGP 54
TR Y, ()Z,()=E,, HH, Z(s). E DHN ST Y(s)BERN E, 51 ) S AL ORI 3G T 46 % B, iF
Z(s)FERN E B IER k 5o R R8T & 17k A s TG, 2200 B B R R A

IK%Q-PYWQ Y (s) Y P 0
0 1 5“2)(S) Y3 () I’(2)(8) 0
BP=l0 0 i 1 1. Y(k)(s) l/Y(k)(s) (16)
;0 Y,fffkﬂ(S) ,ffl’ (s) | l/Y,ﬁfk(s)
0 0 0 0 <§Ll(s) <k>(s) 1/)f“>(s)

A bbr () Ron AT s il o s ARk B, — Ik
T TS AR R B ) AT AR R R 41 3o
NHPATEERNN 0 IR .

RA6) AT 51, KT n YR, Z0d n RIS

AHEITTE, TS n 17 n 9165 RHMN 1,
W ELBE KA 3 SR 2, (5) SREERS LB

Zy oy (5) « LIS (A DR Ny

Y()Z" (s)=E}"

1Yw@-f
0 1

L0 1

0 0 050 0
FTRADFEREXT B 26 1 7 72,
ﬂﬁmmaggmﬁﬁ NS W

Z Y($)Z,,.,(5)

m=k+1

kk(S) (k)( ) (18)

ﬁﬁ,%V@fLAQMﬁﬁAﬁ%

/k( ) Y(j)( )_mzj;—l j(jz)(s)ka(S)

BT B A thral k. s /It Z, ()
PL R # B BT Z,, (s) B SRR 25 4K 88t 1 B
PRI, AT TSR R 2

(19)

Zm,k(m:j+l,j+2,“‘,n) (S) °

.

1) @i xt B, FEREAT & VA4 e T e
RN Y O M E, FER K, i, TTTCE AT 535
5 Z, () TR ICR (R R Z, () )AL AR
SATCREEREEIUZ, o ornnm () )o

2) Z, () P& ITTRMTHEIF N Z,,(s),,
Z, i (8) . Zy (), 2, (s) o« BIULTFT L, %R BH 1
Z, iom () BREN HAIT Z, , () HH EE AR 3 50

SONSHHIONEE
RRSORSHONE

1 Yk“;l] HORES

CIEjis3iehs

Y(l) (s) Z,,(s)
Y(z) (S) Z,,(8)
: : 17
Y(k)(S) . Zk,k (S) = l/Y;c(,/? (S) ( )
: iﬁffl’(s) Z14(5) 1/f?ffi’(S)
1 Z,,(s) 1/1’“>(s)

BB Z, oy () E TR, HREREEAC. X
T n TR B, AT n RS 1) v i o
BV A] SR AR 5 BT, HET A RS E AT
2.3 AEIRINGERIRTEE
2.3.1 Bt 7 S A SH BT VR B

R [19145 & N@®) H DI H AT Ty
%, nfg

V()= e ) Y () - I(5) = 20)

Yoo () 1() =Y, (5)- 2/ (5)- I (s)

15:0Q20) Y, L, ()1 (s) A E RHP R i, R4
FE. HT I(s)=2,'(s)J(s), HH J)AF RHP
Werl, FrClr s V)R E MR T Y ()2, (s) o
DRI, 6T H F R 54 MR P (19 8 2 R L AR SRR
PERIAR AR M R R GE, R T s SR RE AT F

SENES T TR AR

1) B RV AMREIE I AR AR BELIT Z et 2 (5)
ANAELE RHP 2 55 A% £

2) B IR AR R S Y
Ycrk(k m+,m+2, m+)(S)Iﬁr /£ RHP 1 5.

Ll e FIR SR, RERLEMEHFERE YL (5)



oo,

L L R RE 23 AT I S s BB i - 119 -

&5 RHP WA R HAE .. HATERE 0, FF7EST A
N, ARTER AN BEN R 1, o SRR, A HR
1, SRRV, KIERAS) W, Z,, (s) M
EMERERERIEAT S det(Y, (5)) HIE S AR,
MR R G REN. RGFEMEHELMEN: 1T
RFHBT Z 5, () AA7AE RHP 5

5 SCRRI19THE 1 s BB T vE AR b, AR SCdR
HE P S0 SRR U v R SR R R 28 AR i 2% P
Y Zogeshrnom () A& RHP M 5L, FRCOE T X
Z gkt () FRU BRI S5 AF - AN PSR HANAF A
RHP % 51, FEAC 7 BB R s 1, @A sz .
2.3.2 1 p ST E S & BHBUT ERT E

KA HAPUET RGifE ot h, &
YETFREMGET RS, FHEE MRS
. SR, HTERBE. LEEHPT SR 2T
A EAE AT REAE T RS HPTH I RHP EAR AL,
AR R/MENL RS, TR Z S B Bridfa e
PR3 B B RS2 Bs SR

HH @)= (12) AT %0, el v AT AE AR I
w RN IR SN WA EARA, (Hi@idAT
HI3 det(Y,, (s)) 9 RHP % i B2 46 1F, 4565 E

T IR ELAE B R

52 BT LG, ol ST
A LR A

1) EFRAG S HBAE— B B AT & 1F,
RIAESR H, (s) F1 H  (5) F25E 5

2) EFHRN DT RGN T RS, i
T2 5 A AH BAEH R B0 T RGFEST RHP
T TINIR R, H T AR E YAl IR

dbAh, BT 230 TR, DA R R
BH BT 75 2 BB R HLUR VR AR E T R A BH LA B
RHP % pi IRl o5, BRI T 73200 I Ya ), (H @
475 det(Y,,, (5)) Il RHP 2 55 0052 254, e
CREE IR T IXFAH AR R . BRIk, AT A
BH L7520 SLSHPTI AR bt B 28 iR AN 55

3 EHIothSHERIE

U UE 28 B BH B0 1) SR PR 1 DA B St OB
PUTEEIA &, 207 7 A PSCAD/EMTDC H1,
AT TN AR 2 B R i DL =i VSC-HVDC
R, KRGEEN LS HINE 1 i,
3.1 £F @i VSC-HVDC RSt S HTIEE

AR P35 VSC-HVDC R 48 tn & 1R,
ZRG LIRS ZRIEHAE . PANVSC-HVDCAE
s (P-VSCHIVdc-VSC) A B 2% B 44 il « P-VSC

PSRRI A DI D750 MW, HAE N8
#8175 Vde-VSCIIZERF FL £k i Fi Ik 9500 KV,
VERNIE AR GHEAT . BB DNVSCEAHIE, VSCH)
SR TR, HEHIREETIES PR, ZHaER
IBH BT @A 1 WOTHR[17, 27]
#* 1 VSC-HVDC R EESH
Table 1 Main parameters of the VSC-HVDC system

28 I 28 HiE
BE 77 S,/ MW 750 2 8% 1 HFE R, /Q 0.802
R fiHz 50 2R 7% 1 B L, /H 0.21
WiEHIHE U, /kV 500 2R 7% 2 HiFH R,,/Q 0.802
BE A HLE U, /kV 429 H 2 K L ,/H 0.21
JER IR L /pu 0.14 CEVESEZ 8
A RREAF L T/T, 525/290 HLEIR K, 20
ARSI X, /pu 0.15 R ke, 0.25
HLIA LR R, /Q2 0.33 K k, 33
FLR AL L, /H 0.25 R &, 0.48
ELHMHEZE C,/mF 5 IR &, 149.25
2Rt HPE R, /Q 0.802 BT &y 3000
LR PR UK L, /H 0.21 B Ky 2000

V Vod wgl) wPLL
0 w dg Ty + Fols HCOH @y /s Oy

AR t
5 VSC iRl

Fig. 5 Schematic diagram of VSC control architecture

3.1.1 ZIBHBTA BT TR BR 1 2 A

FEX 5 VSC-HVDC B AR E PE A iy, 2288
BE BT VEAFTE PR 52 28 8% FEL B B 77 1) PR ¢ T 7 <5
TS R R PR o

(DA @) T 50, B %A H,, (s) e
HI T RGBT Z,(s) T AT, RBKAT
H, (s) A& IR T RGBT Z,,,. (s) HIRR Aok
SE, IR R RS H, (s) MR EME T &R
GERHT Z g, (s) I AN T RGRLT Z (s) B
RILFEYE . NIRIE ST TR & S HLVEAFAE )
(K7 565 & Ry L W N B B U i = R g o 8




-120 - B 2GRy 524

1) 5 RGBT Z (s) 51N\ RHP % £ S 2T
PR B (s) RAKAE

W3R 1 Fon Bk BT R B S5k 1) 2
B Z, (s)=2x(0.802+0.21s) - BlJ5, SHEL&LEsEH
P T RGBT Z, (s) DLECE A D A i as
BHHT Z,, () BEAT TR 00 0, PITAS Al sl a0 A a1
6 Jfine g REW, METZRAEHEPTZ,, (s),
TT RGAILZ,(s) 5INT RHP E il FELLIE DL
T, ROF R ()M H,(s) B RAP 2 4, AH
REFREIRE, FHE MG AT AR % o
PEASFE AL

0BE 7. o 4001 0 4 <
4007 g P x W 5
200 200
= 0 5
B 0 £ s 0
-200 0 -200
400 o 400 %o
-3000 ~1000 1000 4000 2000 0 2000

6 ERF[EMEABFRGERTRSSH
Fig. 6 Pole-zero distribution of converter impedance and

load subsystem impedance

Y MBHPL M AR SR H (s) T 2R
B, #AhE HZ 75T Nyquist BT ML
S EREL H (s) HEATRE TV, HRImE 7 osr
H(s) B Nyquist BH2& S H AR S0 Akt . WA
DAARZZE], H(s) ) Nyquist £k AR H (-1,j0) £,
HAFAE—/> RHP Hrio HR¥E Nyquist F25E K5, 24
FFIAE 3 R AT Nyquist #ZR L (—1, jO) s AR
N ANFET TR RGN T A PR S P I, &
FITAFREIRES . Hik, eI ARFENSFRE .

A H(S) = Zyy ()Z Ls 0T H(s) = 24 ()12, (5)
2 20
o0 B oopx
-2 -20
— X:
4 40
-3 2 -1 0 1 2 0 400 800 1200
S B4

E7 HeoFZEHHMEERERR S
Fig. 7 Nyquist plot of H(s) and its pole distribution

N IRAIE 28 4 BT 73 Bt O VA AR ABBE 2% A 2R R
BUR A R, P VSC-HVDC A R 44T
AT H . B 8 JEoR T RGthid A ith &R K H
T S B R TY, Hh RGB TS HON:

BTN 750 MW, BELHE 500 kV. 1 545 1K,
RGRFF R BT WXt LA, 4BHST
M7 R 25 A S T, FeRG e M o A 4 SR 5
WA RS RN EZER, XRWEEZAAW
RRMEOLT, S BTaHT kTR TS RSt

etk
800 600
>
Z 150 % 500
A BN
400

700
20 2.1 22 23 24 20 21 22 23 24
t/s tls

8 RGEMERINNE P. BERWBE Vv, FHIIHEK R
Fig. 8 Time-domain simulation waveforms of system

active power P and DC voltage Vg,

MRt 5O R REWY, BT RGN
Z(s) 51\ RHP s 13 B W 07 i B T4 i
AT RAED H, (s) REFaE )R, SHMFHPT T
FIATIEH T R2ata g vl .

2) T RGP Z,, () 5IN RHP s SR
AR H,, (s) RBERAE

ANFET R G000 77 MER T RAE A E AR
FEICHE, KPR R REBE T REM AT RS
(1) BHAT 2 AR i BB 20T, 51N RHP AR s AT 520 £
ENETEAL . B9 B T AR R4 T &

T’J:T;/r‘lz Zl ZVdcl
sz{—‘ Zyaa ! 4—‘ Bl
RL‘L de
Uy &, L Lr I, T i Ly Lo I, R U,
@—:I—'VW—@—'\N\:—JG B C“'“T JG
P-VSC Vde-VSC

B9 MMTREIR. ABFRENISHR
Fig. 9 Two different partitioning schemes for source

and load subsystem

BT RN ERE SIS E, SRMLl
N IET RGPS Z,,, () BT A HT, 45
RUE 10 . g RRH, 51500 1 KR
Zoa () ABLG, FHSL 2 RIS TH Zyun () BIANT
RHP 5. tei, RO HEE W)l H, (s) BT
RHP #55, H,(s) REFREME, SEEMETHT
JTERT AR R S5 A AN AT

Db, B 11 R T 2 R4 5 R R ER
fE R AL Nyquist 2k B S HMR S Al ol . AR
Nyquist 45, H(s) ) Nyquist iz R (-1, j0)
MEAFE LD RAP AR S, B R T AR ERE.



L HL AR 3 AT I S s BB i

- 121 -

o 7,
X X
201 Zygei(s) 20 Zvaols)
10 10
2, %
] # 0
10 -10
-20 X -20 %
20-15-10 -5 0 5 4 2 0 2 4 6
S I
E 10 FwMHRIS AR TH Zye RID
Fig. 10 Pole distribution of Zy,. for two different
partitioning schemes
HG) = Zyg5 (). 20 x
1O}, H($) = Zyao ($)/Z3(5)
0.5 10
= 0 B 0
~0.5}(-1, 10
-1.0
-20 %
1.0 -05 0 0.5 4 2 0 2 4 6

SR AR

1 His)ZERFthZE R ER S92
Fig. 11 Nyquist plot of H(s) and its pole distribution

SRSV 43 BT R IR 14, X i VSC-HVDC
PR RS AT BT . B 12 JBIR T RS
B TR S B s sl A5 i N o 7 L4
KW, RGMAEREET. BT, HRAE
2 T R2G% 5 77 ), JET RGBAHTE] N RAP )
B, SRS ST BT TR TSR AR S A
BERS, 2 g BHPTIE b 5 JE S I I B gk AR R
RS, RRWAEBBEFMENHLAEBLT, S
BB AT T iR e = R

800 600
>
Z 750 = 500
Qg N
700 400

20 21 22 23 24 20 21 22 23 24

N FFIAL 3 R B H(s) T Nyquist BH 28 A H &5 5045 o
A L (B 13(a)),  H(s) ) Nyquist HiZ6 R
(-1,j0) sLHALELE RHP #55, BB AR HE Nyquist
foEtEAE, RS TRERE . TR
(B 13(b)), H(s) [f) Nyquist B2 A0 (-1, j0) 5 H.
fEAE 1 > RHP MR, HE RGUE T ARERS

P, =750 MW 20 X
1.0p ™
05 10
-0.5 -10
-1.0 _
(1,0) 20 x
-08 04 0 04 0.8 -20 -15-10 -5 0 5
S o N e
(a) WIS
80
Py =750 MW x
1.0
40
_ 0.5 - X o
E 0 J{g 0 XX x:
-0.5 \ x %
1.j0) —40
,1.0( 5J «
-80
-0.8 -0.4 0 0.4 -200 0 200 400

(b) Wl ¥ 5

E 13 EiRREEIE H) RERTHEERHERS ST
Fig. 13 Nyquist plot and pole distribution of H(s) before

and after power flow reversal

BRIy, 0 S e Ja B 5T R GER T Z, (s)
VALIIR T RGBAYL Z,,, (5) AT AR SRR A, B
AARTE I 14 Fos. g RERW, HT 250
U Zyy () BT B S I T 70 P10, Af/NEAL
R M T RGP Z, (s) /A7 RAP s, A
R/ MALL R G RAEIN(4), WIREL 5 iR Ik
ATHER 26 1E H, (s) B RHP # f5, S 34 gl
PUor AT T IR AE S A R

t/s

t/s

B 12 RGMEEININE P. EREBE 1V, FSHERER
Fig. 12 Time-domain simulation waveforms of system

active power P and DC voltage Vg,

Bt 5w R Ry, HET R
Zyg () 3IN RHP #5i, BUEBHGT M 751 1 AT 52
RBCFATFRB(ED H (5) R EFENE)S, 22 M BH AT
IMTIRER ARSI T RS RE v .

3) WIS e T BRI A 5 % A S4B e o5 AF
KA

ETR 1 PRNSEG XA R T T
ARG ETEREAT AT B 13 o 7 PR T 17

® Zvde(s) &8 X Zy(s)
20 o o ° 40 oTA

7 o x .| = X st

R » 0 B X
X x

=40 -80
-40 -30 20 -10 0 5 =200 0 200 400500
S S

14 MRRERR. ABTFREBERFRASH

Fig. 14 Zero-pole distribution of source and load subsystem

impedance after power flow reversal

R AIE 28 i BT 20 A 7 25 7E LR B G0 AL
SR AT RE PRSI, SR VSC-HVDC i)
RIAG AT T ED M. B 15 BT RGMEE



-122-

W) R Gy B

Dhoh 2 J By e s B 347 B . i B4 SRR
B, Mt=5s HMAGEIW T ELRT, Hdk DR
i 750 MW YJ#: ZE-750 MW, RGARFFaE 54T
RE, FRERBEKRESR 500 kV FH4ERHEE
X—UREW, EREWRETHT, HTHEb
ST ITE MR SR R AL, Ho A g SR 5 i a0
SR ER

700 1000
FFPees N750 MW *_
600 A H-750 MW 500
> ' z FiPrr NT50 MW
= 500 | 2 0 A H750 MW
N M <
-500
400
-1000
300

4 5 6 7 8 9 3 4 5 6 7 8 9
t/s t/s

15 FIRRERIEERRE Ve, REWMZEAININE P IR
Fig. 15 Time-domain simulation waveforms of DC voltage V.
and active power P before and after power flow reversal

3.1.2 B3k A B B AR BRAIE

5 i BHPTEA L, FET 590/ U R
BHAL AL E A Y T T R A TR . 1%
THEAMUTE TR H (s) Tl H () Fg BRI AR %
M, MHERKDETREM AR T RS, %
A Rk o 2 1% BH 0 -5 70 AL A BH B B R IR AE FH 45 R
T RGO T ARG HPTTI N RHP 4% s 0 o E
PEVEAL B2, AT el 1 & SRR S5 A R
PR SNIGUE SR m BHTVE I A 2, AT BAXL
¥t VSC-HVDC £ 40 A1 3147 SLIRI0AIE -

T 1 FroRRIXGH VSC-HVDC RGi45H),
G 1 4N VSC B SEIEHIZH £ 3.1.1
TR T RGMEITZ, (5) 51N RHP & 5 3 HAT 12
B2kt H, (5) R B0AIE F) BLIR 2R B S H0 26 41 (R
Z,.(5)=2x(0.802+0.21s) ), JBIL AT LTG0
HRHEEEIGE, BB RSP
i B 16 J&7R T iR s BRI s A I Ot o
SNT SRR, BPUERE Z, T S s BT

PASCERE PP ANS RHP M, HEETAEET A
PEBTAT A EEL 1R — Bl R, 12450 5K 7 B
TRIMAPUNEN e R EZ 7. DRI
R, BT TR A R S 8 I A A
R—B, WAE ARSI TR A A AE R .

20 Zgen\ 5 20 Zgeni2 5
1o _ 1o
4:1; 0 x X j@ 0
10 -10
20 - -20 X
=30 20 -10 0 =30 20 -10 O

20 Zye1 X Zger2 *
10 10
HE 0 x XX X Eg Ofx X%
-10 -10
-20 x -20 X
-30 20 -10 O 10 -30 20 ~-10 0 10
i i

16 KRR REBANBRR S
Fig. 16 Pole distribution of driving-point

and transfer impedance

At 0 B E SO T S BRI A R, Xt
Vde-VSC AL N S HCEAT B, WELEI 2%
ky=0.01. B 17 o T 250G Z,,, SRt 2%

gen

FBN RHBT AR PRI S AR . T R R
B, &5 S BHPT S RS FHBTIAFAE 3 A RHP M)A,
H 45— Xt LB R AR 141.96 + j425.25(67.67 Hz)
A=Al s FE T SEBURRRE AR, RE%
WeblE AR E, HA&ET SR tras R B A — k.

J9EGUE AR 53 BT B IR, X% VSC-HVDC
RGEATIHE G B FT. B 18 JB/R T A 4% Vde-
VSC RN BB E L RS, REMIEE
Tha P K E L 1, (P85 % . 1 B 45
RER: fEr<35sh, RGMRFREBIT: 1£
t=35s, Bk, ZH8a, RGEHARE, NI
BARYG o XA T RIA DI P AT Pud (il 5
45 4 (fast Fourier transform, FFT)Z0#7, ifS+ 5
WRGFAN 67.5 Hz, SELHHEEIN 67.67 Hz
FEA—F

2000 Zgen11 1000} Zeeni2
141,96 + 425.25 141.96 + 425.25
1000
= X x | K 2716 5001 £ X 2716
4o 0 Y ,a—’é x Y
i i | & R 0 s A
_ X x 0 X
1000 141196 - 42525 ~500 x W 2
2000 1000 141,96~ 425.25
-3000 -1000 1000 -500 500 1500
521 e
2000 2000
Zyen21 N Zyenr2
1000 141.96 + j425.25 1000 141.96 + 142525
- X x ¥ 26| o x & X‘( 2718
Ao . By PO
5 P & g O .
_ x| Xig X X 0 Y
1000 141,96 - j425.25 ~1000 4196 j425.25
2000 2000
3000 ~1000 1000 <3000 -1000 1000
KA S

17 A% ky RRH SR REBERNRES
Fig. 17 Pole distribution of driving-point impedance and transfer

impedance after adjusting k,;



Wk 5, 5F

L HL AR 3 AT I S s BB i

- 123 -

SR, B 21 BRI P-VSC AR 2% Fl) I Bk S % FH
L Z, () M1 Z, (s) SI471E RHP W f, HARZLEW 5
ST H (s) BAFZE RHP M2, R4 Nyquist S48,

840 1.9
1.7
Z
S 760 = 15—l
5 =5
1.3
680 1.1
35 3.6 37 38 39 4.0 35 3.6 37 38 39 4.0
t/s t/s
x104
£ 25 .
& 50 67.5Hz
bl
R 1.5
mo1.0
=
& 0.5
&
= 0

0 10 20 30 40 50 60 70 8 90 100

18 BINThE P, BRI L KK FFT 5347
Fig. 18 Time-domain simulation waveforms of active power P

and DC current /4, along with FFT analysis

WEFLEE R, ol A PP RE S v e
RgtaEtt, Wik TR BHPUER AR S L
PUAHEAE S BB IR 2 AR ARk i, 38 o] LA
RGURFR IR AR, B R R A E .
3.2 £F =% VSC-HVDC &%t 51

A K ) =3 VSC-HVDC & G W 2 7
AR FEEHEELS. 3MVSC-HVDCA i A7 (FLFE
PNP-VSCHI—Vde-VSC). AT 2 UL & Hi
LRERMI . Horb, Vde-VSC A 37 43 B 4R BK L
HELE500 KV, B§PP-VSCH 5l #1375 MW K4 1
AL . BEX3ANVSCERME, BANP-VSC
PR S HE R BAAEERTIN, HREBHSHEME
SSHHSRIBE 8, HVSscimlg it AEs
Fm AU VSC-HVDCF2 il 45 K A 7]

3.2.1 i R G0 H LA 5 G B A BRI

ER 1 S EMSEEM T, A P-VSC(R A H
TRURAMREE ) AR A8 I R B B PP 4 . 2R T2l
BHPT AT 55, TR 2 Bs =3 VSC-HVDC R4t
HATREME . B 19 IR T RGP AL R
H(s) ) Nyquist 2 SR S ATt . o0 ires Rk
B, H(s) ") Nyquist fIZE ARG (-1,j0) s, HALEE
RHP % 55, 45 Nyquist 4, KRG TRERE.

Rt B IR VAR R G RR A o, K
AR P-VSC HL A PR L Z R0 B &y = 0.02
BB R G AL 3 2R L H () 7 Nyquist Hi 28 S A% &
AR 20 Fron. g5 SR, H(s) [ Nyquist f
AR (—1,j0) 55, ST AXHE I H(s) AT
7t RHP #2545, R4 Nyquist #1458, RGRFaE M.

ARG LR T AR,

5 H(s) 800 | H(s) « X
1 400 xi | %
iy 0 i 0 pe i ]
-1 ~400 Xo| X
2 -800 X x
-2 -1 0 1 -3000-2000-1000 0 500
19 Ho) ZEHHthZ& B R ER S0
Fig. 19 Nyquist plot of H(s) and its pole distribution
L T R R H(s) «
5 1000
) 500 ~ x
= 5
-1 =500 . I
-2 ~1000 «
-2 -1 0 1 -3000 —2000 ~1000 0 500
el S

20 FRR/IHEE HORERFHERERR 25
Fig. 20 Nyquist plot and pole distribution of H(s) after

pole-zero cancellation

RAFW AR IH(s) Tk Zuls) . Ziols)
1000f " x 1000} 2 g 10463 jidd 21
500 1.0463 +{ j444.217BX P - 500 oI &
A ol x 0 X% 5¢ E of =lo
2 i < 1.0463— j444.21
_500}1:0463 71444.210 A, X\ ~500 P>~ oA ®
—-1000 x -1000 X
-3000 -2000 1000 0 500 —3000 -2000 -1000 0 500

Bl

21 REFMR/AXHA Hes) RAH S HEBEMR S0
Fig. 21 Pole distribution of H(s) and load branch impedance

without pole-zero cancellation

NYIE _FIRES AT IER Y, 7E =i VSC-
HVDC A AT 5. B 22 JeoR TR ds
P-VSC Hijit W IR LU S 3k, BT IS, RGHis A
DiTha P e ELRLHIA Lae PRI BHAS I R T o 11 .45
LW, £ <35shf, RGFEBIT: F£t=3.5s
B, 2405, 2ahfaeREEE RS RERES.
X—UEEH, YRGATAREBITREN, &
I R SO I AT 45 RS bR AT, TiRE&
T ARV (1 2 A 5 SR ) 5 N 3 B 4 SR — 3K

gr FRTA, #EZ VSC-HVDC &4 RHZ
HBABT TR AT R E M TR, BT RS
M2 A B IHPUARSS, B SEUR BT RGPt
S ELE A T I B, T BT A% 33 R H ()
ARG . MR AT RGPS KB HAT



N 56 E SO T R B TV AE 2 i R 4 v A A
T ST BRSO DT %, fER 1
HEMSECEA T, XE 2 fras=ik VSC-HVDC
RGHATHIIL, RELHE 3.2.0 HREF 8. &
Jo, BT RGININERENL) SR RERE, IR
e TV TV SR A 5 SR R BB L e R B b . BT 23
&R T KB BB S e B BB RO s A ket o 23
Brati REM, Py Sl sl BT e R BT A A A7 AE
RHP 55, HIMHE Rgifee, HIETANFSY
PUI AT e REAT R — 2k, 24585 - 19
2 I PHGTIERIRS B VE AT 4 R — 2

800+ Z» x X 800 Z3 x X
400 « X 400 x %
jag 0k x [0¢ : , E Ok x 6 >o
-400 0 by -400 x0 ¥
-800 X x -800 X
—-4000 -3000 —2000 -1000 0 -4000 -3000 -2000 1000 O
SR S
800 | Z31 x %
400 x %
E 0 x X XX
-400 X0 X
-800 *x
~4000 -3000 -2000 1000 0

& 23 K= B REBERRRS
Fig. 23 Pole distribution of driving-point impedance

and transfer impedance
Nt — IR T IR AE R G AR A, B
X% P-VSC LI IR LB S E0R N ky = 0.02 .
K 24 JEoR 1 ZHORHE G B RUBHPTR A 1 0

- 124 - W) &SRy SR 4
390 SERERW, FTA KRB S A R P TAAAE —X
RHP s, AR R S BT A E RGN E
z W0 HAATT R 8 AR — 2. SR, 24510 51K 20
8 BT 2 W SH P TTVE T RO 5 AR € 1R 4y B 45
70 .
RAFAEZ R
303536373839 40 34 3.6 38 40 42 1000l 2= x 1000l 22 x
t/s i/s s00| LTI IR | o 5000 1047h+ 444217 | %
22 IR P ERER L FHEHE SR B A TR 18 ] Noh g [
. - X 0 x
Fig. 22 Time-domain simulation waveforms of system ~1000 . . ~1000 »
active power P and DC current /4, -3000 —2000 1000 0 500 -3000 —2000 1000 0 500
P L
7E RHP iy, 5% i XHE J5 19 H (s) Jc RHP )
$ MRG TN AR H (s) V3TE(E RHP BEAT, too0; > L
0 N v - 5001 10470+ 44421 B | o
A AR w0 TH B S DR 5 BUR E PR 45 IR H IR B ofx oo
A, AESEBR TR o 7 Rl 5. 5001 L047R— 44421k, X
3.2.2 2 0m R GO R B TR R RAIE ~1000 x
3000 ~2000 ~1000 0 500

e
24 B k; BRASERREBERNRE ST

Fig. 24 Pole distribution of driving-point impedance and transfer
impedance after adjusting &

M2t tenr g, FEF AP s R S
Kl 22 BFIEA AR5, WAE T ARSI R A
RO FERE . X 22 BT i) =35 VSC-HVDC
RGRFRES T HIE ThINE P 3T FFT 204, 45
Wil 25 fos, W2 SR N 70.5 Hz, 5
WS R 70.73 Hz FEA—3,

x103
390 S 16
.lgi:{ 14 70.5 Hz
380 w12 =
Z R 10
2 =g
& 30 £ 6
24
% 2
360 E 9

3.5 3.6 3.7 3.8 3.9 4.0 0 1020 30 40 50 60 70 80 90100
ils Hi%/Hz

& 25 BININE P FEH R FFT 54
Fig. 25 Waveforms of active power P along with FFT analysis

WEFCE KRB, SO R PUAE 2 i VSC-
HVDC 2 4t g fo 22 i B B ik ) B A 2 A0 s 36F
HPEBS ORISR, ATHER AT AR e VA
T F Ge R ARG IR IR

4 i

AL T 2R AT WIS A S TR R 3 B
2 P PTERT IR B R AL, 39T 1
TR BN, i T H TR A
50, JFRM T R RS . A A AN



Wk 5, 5F

L HL AR 3 AT I S s BB i

- 125 -

HEALE, 45800 F:

1) AT e T s BT, e IR
T RGN T RS LR ICTH H, (s) F1H ()
fag, Fik T EMEPUEMEAA RRE. thsh, BT
FEI7 VA RS BHPUAN S Bl s BHpT A T 0 R Gk e
PEHEAT 08T, —F s R B A — S0k B R R Tl
W R G RF RGN, Dy E IR H M (R AR 1
Preefit 7 o A S A

2) fif ik 1 BT T 9/ BEATUHE B o AT 07 v R R
B E5 T e S S T A BELT SR A ORI A 1) A, BT T
FHELE R B B s i . 53T S 9050
B TR s BHAT T VEAR L, B 7328 e 1 1E VG
S 3k

(1] JERK, UL, sk, 55 Zun IR H RS0 ETR

FANOLAMEARHIHNE[T]. B RGO 5], 2025,
53(2): 50-61.
TANG Xin, QU Bei, ZHANG Ruining, et al. Phase
compensation control strategy for load converters in
multi-terminal DC distribution system[J]. Power System
Protection and Control, 2025, 53(2): 50-61.

(2] XERK, XK. FET HEEFIL AR M SR
PRI HNS ()] ) RGRYT E ], 2023, 51(4):
62-71.

LIU Zifa, LIU Yan. Voltage stability control strategy of a
DC microgrid based on a virtual DC machine[J]. Power
System Protection and Control, 2023, 51(4): 62-71.

(3] sARE, XNEWN, PREEZR, 4. B A BE T 54k

GNLEL K FaoE B VA7) B R R 5,
2020, 48(7): 108-117.
HUANG Xucheng, LIU Yali, CHEN Yandong, et al.
Impedance-based modeling, stability analysis and virtual
damping approach in DC grid[J]. Power System Protection
and Control, 2020, 48(7): 108-117.

(4] f18E, TSR, REEF. SEIIR AN BRI

RE B R IR & I H BORD]. B A s B,
2021, 41(5): 167-174.
FU Yuan, WANG Yaoduo, ZHANG Xiangyu. State
feedback voltage oscillation control technology of DC
microgrid with constant power load[J]. Electric Power
Automation Equipment, 2021, 41(5): 167-174.

(6]  EF, ZBbK, X458, 55 LIRS T If AR
i SROE AR G ML S A S A0 (0] RS Ak, 2024,
61(6): 51-57.

WANG Yi, LI Qionglin, LIU Shuming, et al. Mechanism
analysis and suppression strategy of forced oscillation for
grid-connected inverter under complex power grid

conditions[J]. Electrical Measurement & Instrumentation,

(6]

[7]

(8]

[9]

[10]

(11]

[12]

2024, 61(6): 51-57.

e, Wik, Pz, % g8 VSC-HVDC HiH &
G ELRPHPTR I . R 20 BT S D7 k(] b E AL
TR, 2018, 38(15): 4359-4368, 4636.

WU Wenhua, CHEN Yandong, LUO An, et al. DC
impedance modeling, oscillation analysis and suppression
method for VSC-HVDC system in the field of islands
power supply[J]. Proceedings of the CSEE, 2018, 38(15):
4359-4368, 4636.

WHT, MG, H5, 55, L umaR i B B s A
IRGHRFEHT]. FIM SIERERER, 2023, 39(7): 54-60.
LEI Aoyu, WANG Linguang, MEI Yong, et al. An analysis
of medium & high-frequency oscillation characteristics in
flexible HVDC networks[J].
System and Clean Energy, 2023, 39(7): 54-60.
FH, M7, B, % XERBG ML RS E RN
Pra#ts KRR e A [0]. AR, 2020, 46(10):
3477-3490.

NIAN Heng, YANG Jun, CHEN Liang, et al. DC impedance
modeling and stability analysis of AC/DC hybrid power

multi-terminal Power

supply system[J]. High Voltage Engineering, 2020, 46(10):
3477-3490.

T, T, FH, F T VSC IR H
THIR 2R Gt B BEL TR 14 20 A S ST, o [ AL
TLAREAR, 2024, 44(19): 7660-7671.

WANG Yaoxin, LI Meng, NIAN Heng, et al. Analysis
and reshaping of DC-side impedance characteristic in
VSCs-based bidirectional power AC/DC interconnected
system[J]. Proceedings of the CSEE, 2024, 44(19):
7660-7671.

RICCOBONO A, SANTI E. Comprehensive review of
stability criteria for DC power distribution systems[J].
IEEE Transactions on Industry Applications, 2014, 50(5):
3525-3535.

ESLE, B, BTECR, S5 H0EREIRIT N RGE R
FR 102 G B DTG I SRR S BB Tk (], O RGER
P 5, 2024, 52(11): 74-83.

WANG Liqgiang, TAO Jun, A Minfu, et al. Parameter
design method for the impedance adaptation branch of an
inverter to suppressresonance in new energy grid-connected
systems[J]. Power System Protection and Control, 2024,
52(11): 74-83.

BR¥r, FRRE, 28E, & SRAEYU IR M
WA VT RLLEIR[T].  E AL TR R, 2018,
38(7): 2082-2094, 2223.

CHEN Xin, WANG Yuncheng, GONG Chunying, et al.
Overview of stability research for grid-connected inverters

based on impedance analysis method[J]. Proceedings of



- 126 -

W) R Gy B

[13]

[14]

[15]

[16]

[17]

[18]

[19]

the CSEE, 2018, 38(7): 2082-2094, 2223.

X, FEZH, Xk, & JET BT AR I AR
TS ENE G — T IERTIE[T]. B R G R 5 4%
i, 2023, 51(4): 114-125.

LIU Pu, CUI Yibo, LIU Zhaofeng, et al. The unified analysis
method of grid-connected converter stability based on
impedance analysis[J]. Power System Protection and Control,
2023, 51(4): 114-125.

AMIN M, MOLINAS M, LYU J, et al. Impact of power
flow direction on the stability of VSC-HVDC seen from
the impedance Nyquist plot[J]. IEEE Transactions on
Power Electronics, 2017, 32(10): 8204-8217.

LIAO Yicheng, WANG Xiongfei. Impedance-based stability
analysis for interconnected converter systems with open-
loop RHP poles[J]. IEEE Transactions on Power Electronics,
2020, 35(4): 4388-4397.

TRVEE, #e5, B, 55 B RA P IR i = A F
PR e 5 N T AR AT )], B RGO S
2024, 52(6): 42-50.

XING Facai, JIANG Zhe, WU Cheng, et al. Small signal
stability analysis of three-phase grid-connected converters
with right half plane pole[J]. Power System Protection
and Control, 2024, 52(6): 42-50.

AMIN M, MOLINAS M. Small-signal stability assessment
of power electronics based power systems: a discussion
of impedance and eigenvalue-based methods[J]. IEEE
Transactions on Industry Applications, 2017, 53(5):
5014-5030.

ZEYNGN, FFE. /) LU HR M T PR X 5 2k B R bt
TR BRI I]. ISR, 2024, 61(6): 58-64.
LI Nana, WANG Bin. The analysis of zero-sequence
impedance characteristics of feeder in distribution system
with neutral point non-effective grounding[J]. Electrical
Measurement & Instrumentation, 2024, 61(6): 58-64.
BT, R, 0. AR EIFP R STRE
ARG T SRS [J]. B ST A BRI, 2024, 40(6):
137-144.

ZHAO Wenguang, LI Yunfeng, WEN Tao. The virtual
damping control strategy of flexible HVDC connecting to
pmsg-based wind farm for sub-synchronous resonance

suppression[J]. Power System and Clean Energy, 2024,

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

40(6): 137-144.

HE Bangbang, CHEN Wu, RUAN Xinbo, et al. A generic
small-signal stability criterion of DC distribution power
system: bus node impedance criterion (BNIC)[J]. IEEE
Transactions on Power Electronics, 2022, 37(5): 6116-6131.
JIANG Shan, KONSTANTINOU G. Impedance-based
stability analysis: nodal admittance or bus admittance?
[J]. IEEE Transactions on Power Systems, 2024, 39(1):
2327-2340.

FAN Lingling, MIAO Zhixin. Admittance-based stability
analysis: bode plots, Nyquist diagrams or eigenvalue
analysis? [J]. IEEE Transactions on Power Systems, 2020,
35(4): 3312-3315.
ZHANG Haitao,
SAEEDIFARD M,
stabilization of point-to-point HVDC systems based on a
hybrid AC-DC impedance model[J]. IEEE Transactions
on Industrial Electronics, 2021, 68(4): 3224-3238.

WEN Bo, BOROYEVICH D, BURGOS R, et al. Inverse
Nyquist stability criterion for grid-tied inverters[J]. IEEE
Transactions on Power Electronics, 2017, 32(2): 1548-1556.
ZHANG Chen, MOLINAS M, RYGG A, et al. Impedance-

based analysis of interconnected power electronics systems:

MEHRABANKHOMARTASH M,

et al. Impedance analysis and

impedance network modeling and comparative studies of
stability criteria[J]. IEEE Journal of Emerging and
Selected Topics in Power Electronics, 2020, 8(3):
2520-2533.

STRANG G Linear algebra and its applications[M]. 4th ed.
Brooks Cole, 2005.

XUE Danhong, LIU Jinjun, LIU Zeng, et al. Modeling
and analysis of DC terminal impedance of voltage-source
with  different modes[J]. IEEE
Transactions on Power Electronics, 2020, 35(6): 5883-5896.

converters control

Wi HER: 2025-02-12;

&M@ HEA: 2025-05-13

EEEN:

B F 20000, F, MEHRLLE, FRFTEGHEHZ

%A% 542 %); E-mail: 447288618@qq.com

MRREF (1974—), %, @fstE4, 3, #4%, AL

©) A8 A R GAEE 545 4], E-mail: chenwuhui@tyut.edu.cn

(%4 2. m)



