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Power System With High Shares of Renewables and Power Electronics:
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ABSTRACT: With the energy reform and the development of
power electronics technology, the trend of high proportion of
new energy and high proportion of electronic and electronic
equipment("double high") in the power system is obvious,
which brings new power system stability problems. This paper
deeply analyzes the common instability factors and stability
criteria of "double high" power systems, and explores the
essential instability mechanism of system. The system
impedance angular stability analysis method is proposed.
Based on the proposed stability analysis method, the
impedance angle stability criteria of "double high" power
systems is constructed from the basic operation requirements of
system active power and reactive power balance. The validity
and correctness of the proposed stability criteria are verified by
building a simulation model. Meanwhile, the stability
classifications proposed by IEEE are further discussed. Based
on the principle of maintaining the classical classification and
the stability criteria constructed, a new stability classification
system is proposed, which is helpful to clarify the "double
high" power system stability problems and provide guidance

for subsequent system planning and stability control.

KEY WORDS: "double high" power systems; impedance

angle; stability criterion; stable classification

THE: MEA REIAS AN ALy B ORI, LB RE A
ey EL B P R B (FRTPR “ Ui 7 ) FE L ) R e v Ll v
RGBT RS RE 1R R o 12300 “ X0 L R G I R A R M R
AR E HIEREATIRARINT, SRR W B RGN RR
PLEE, $Eth RGBT EE Tk T iR th I Aa €

E&WH: FEEREAPRITRITH (2018YFA0702200); |~ 7R 4 FEAl)
37 SR 78 3 42 (2021 A1515110915).

National Key R&D Program of China (2018 YFA(0702200); Guangdong
Basic and Applied Basic Research Foundation (2021A1515110915).

AT, NRGH TIThER . oD &R P 3 A T
MR, HIER R HL RS M R I, Sl R
15 B AR IGIE i $2 A 8 JIIE 1O 2R IE R M . R, Xt
IEEE & H a0 23 TR, Ml IEfE guia e o2k
JEIN e b, T i e e A, SR — R riE
TSI, HHEEBTHEE “XE” ARG R E N
W, RESE RS R MR S

KEER: “WE” BHRSG: Mt REAE: Rk
0 3l

ERETEA TR PUE R R, RER T SRAW 22
Fto BEERHED, KT B AR RER L ) T
BEAFENHM . T3] 2050 F4ER 0T HAGETR &
FER R 55%MM, o AT AR e IR AL R
B 85% LA, ]I SR R/ B A E B AR P
K A ) e ASAL IS R, (RIEH ISR
JHERAE P R Y, 2, BEE X G
S5 AT P AR B AR 1 PR RS AR - I - AT I A 0 15
“CHLTHTAR T AR, Al ) R <Ll
Al AR RRYR A R L TR AT (TR
XU RIHAT R R

LT RS R B E SSRGS I RE, B
T2 B AP S 22 el ) R i I AR5 1 A 55 Pk
PEUY, {845 s i R EAT AR R L AR
SR A A S SRS Rk,
“XWET BN RGRENESERE T RGN
P2, 75 B HB B RS E n) U Fe A BE R
F, [ BT AR AU AL, MRS e M I
Xp R RGikE U A B R, IR RS



8 1

IVKEFSE: X7 HLI R8Tl KA e R ARG E P 0 SR 3017

TRFEIBITIRBE SR

e LGB HT BRI AN K B T I A E L R
W, i “X0E” RS 2R AR E
WA, EEAFELCN LA 1) PR
AR M 20 397 R TE A AR PR AR s,
TRGEY EH 107'~10° Hz; 3) FKInshta e
PR R N7 I | 1 Bo 2 S S d =N AR g TS
1%%[14-15]0

BEXE XU WA 2R G H PR R R e 1 )
B, I HRFRR R HATIRNEINT, N EE
{16 2 R B DR 2 300 A 2 2 B L oA g el B 2z L0171,
R 2R G0 BH AT (38 A8 2 25 25 L0 RH DX 0 BEL 470 2 i) ) i
HontE, B —EEE, Rakfa. BRI
AL DR 7= A 1 2 [ A5 18 i R E AR R X [
HREEBHLA O, AR ] 77 722 ol Am ) X B AR Vi
A% L BELTRR RS, XU LR 1B A Tho) R
i, PR —/MEE LR, R A ] SR RO
— ANl AR A R BRI R AR SR LR, IF HaZ PR
SR X A5 1 F AT T TETh o6 R 0L, s XL
() A5EAE FLBELAE IR R P VSRR T oAUl FF Haz
{8 BRI 7 A B AN S50 5P, JLAE R A5 A
DA IR S 7 L L A P R T e AR 1 A ELAE F 5
RARHP . BIRXBUE R F IR %R N RPN
“ONEBAZSBL” 5 R RETIE B 6 B e R
i [ 3% 51 R % 2. SCRR[23] BRI P2 A R
) Ji R A IR A28 o 8 SR B 67 A 5B L S (B, 4
HAES 2| —EH 5 2% kR,

[FI, AT A [RGB A B AR T AR R AR e
FIE, FREET AT AR R Rt e P R RN LB SE
JRIT T 27 mEaT AT, HcH R BB
SCHR[257 38 3 20 W Hie ) Lt -5 00 A 2% o BELATT 1 Bl
1B 72 750 2 % 2 BT RE S SR I I I R G 15 AR
JE o SCHR[26135 T dg AAFR F VL AR 2 i H FE B s
R, WA g 5 R TR BT TT R 5 80 e Fa
LB, SCRR[2713 tH—F) SCRHBTAE, DN
A R AR VE IR 1 ) B A 5 % 7V 2 R FRL I 5
SHPLZ AR A T B BETR, AR as 5 M “H
FAHPT” AHEAE BTG RER) . SCER[281IA R L
(1) 55 BEJE 9% 9% 45 20 2 L Fe v T DU f i LR
ERHPTRIAR AR, Bt 2 AR R 55 B SR (R
TR A RS B AT . SCHR[291E X & 1E
R AIIIFTHEM, FE TP AR T &Mt
XA, LIRBEFRRXT “XE” B R G RFEHL

AT o0 HT, AEAAEAE—E R B, RAELG H—A
RETE R T MR RFRING . v] AR e VeI 5
G, H EIRFFRE “XE7 B RGN E
P R T8 A 2% 2 AU BE P AN H X BEL B 2 [ f 56 R % 1)
K, WRFMEZE S ZRafREMERER.

T BIARXT X7 B RGN R E R
) K] 22 A AR E FIFE 1 AT, R G Fe e R R4 FH
PUAHIG, R AR 38 5 o 2 [ BH ATV RE ¢ R %
Plo RPMARGPLIX B RGs T+
M A R A A “ X 7 L) RGN AR E 1t 2 T AT
o [RIE,  ANE 2 10 AR 4 55 A% BE 0 1) s B PH A A
R AR AEAR I 2 PN BEL e 1 i L B BELAT A7 R A2 A4
REGHPUIBEYT A AR 2 I MR A AR AL, BIRSEFH ST
IS T LAUR L “ X5 " B RABIBATIEN, o]
DLJE ok BHT A AR LR A “Xm” TR GR
PR ENE. AR, RGNS EAN L&A
IR MR sh At 2, TR 1
fafasE . MR E BUIR R B MM RS ThIh 1
7. TIhThZR P OISR, Rk, A “XL
w7 BARGHE IR LI R
GIERIBATE RN RIRT RARFERERN RS
PURIBE BT A B AT A, WA R G FRHLEE,
Fg BT B RGRRE ERA .
X 1EEE #& H (Fe € M or KR53 30T TR, Hitr
T HE R RS R TIRE “XET B RS L
IANIE M o AR SCAE A 28 M RS 1 4 248 i U A
b, FET TR R BT R A, S
BrHRRE M 2RITE, AT ER “WET A
GEEVENE, NSRS FRoE et
a3,

1 FhEEREN SR MR G IRTT

DA DR 3 B B A Tzt X, 45
R e 2R R BELPURE I, R X B 55 R PR
BEIREE N 55 N 5 R AR AR 3 A 4R >,
WG AR S EE SO TR B R N 55 FLIM R SR I (1) 2R A
BLEE o SR FH A% DX 2R 42 i) SR 8% P18 BE R 3 DX AR 46 28 4%
NFGHR RN E 1 FRtY, o, iR kg R
T4 ) SR B4 T 4 o) R 0L R D LA o 555
SR FH BRI 28 42 o] S W 14D B R S DX A 8 4 45 N 55
FL R AR SN P 2 Bt Sk, RS s K
B3 (phase locked loop, PLL)SZILHLMI[EE, H.
WIS ITERAMIIRF R T, B On=0.



3018

moORE OB B TR ¥ R

44 %

-

tabe Ug

U“IJH} o =T 1" ﬁé’@

PES
Line Ulabe A

ab
PWM O 0
Q Pe
i iqfﬁ »Lfmi ] Tmmiztief’mr

€ref [abe ] F25 i) S Y- Pl g [« Orer
qref qref

1 #PIBYIEHR BRI\ 55 BB I A PR $ P AN I SRS
Fig. 1 Topology and control of

grid-forming converter in weak grid

Ude

N
]

B2 ERMBIIEHRIFIEN 55 6 RIS S R
Fig. 2 Topology and control of

grid- following converter in weak grid

A HTRETR 5 N /AT ThIh R . oD Th R
MEM AR GREN REATUA BT, Fink
BT RE TR AT A T ZR e o R X B AR 4 38 (grid-
forming converter, GFM)X 4B H HL s J4REE,
i SR FH H R AR IR A5 S8 BT 11 4% R (Thevenin) HL
BFoRPY, B TR 3 e R, Hi, U,
U, 2 et i BRI RREZR L Uy A0 U, N HR
JEWEME: Z) v GFM 20084, |2 HIEE, 2N
LRERPHAL, | AHIRME, Z ARG, Z=Z+2Z),
\ZNHMEE; 6, = arctan(X, / R) N GFM 544 BH T
HIFHIT M, 0, =arctan(X, / R,) N 5T AP HT
i, O=arctan(X /R) ARG BLMABL A oA
GFM it LR A BE L LR DA, 0=61— o BRI
Y3 AR 3% (grid- following converter, GFL)XJ 4R E
HH LRI, R IR R I S SRR B ) T

I N

\ | RSz, 2, |

‘ S | [ ! | [ ! | |

| ‘[R+JX‘ Z[R+J;(‘ |
\ U, 235, Lffiffffjuzéq
- J

3 H BT AR\ 55 B R R B
Fig. 3 Equivalent circuit of

grid-forming converter in weak grid

MRt B 2 WTHE 4 SRR, Hh
1,48y, 7% GFL HJF HLiiL, 4% GFL R85 H Mg [a] %
FIHLI, Zo 4 GFL %34T, 6, = arctan(X, / R,) /&

GFL 234 BHPT AP/, GFL JH M R4 R G bt
NZ=(2,2,)/(Zy+Z,) -

'l i 2z |
PCC
| B —
| \ \ \
‘1c45pu_ ‘ Zy ‘ ‘ U,46,
| ‘ &gz zo//zz‘
L — — +—=

[ 4 EEW%!Q??&%%&)\SEEEH-;%&EE%
Fig. 4 Equivalent circuit of

grid- following converter in weak grid

2 HMBIE AR IR SS R MARE M A

21 BYWNEMATREREESH

RIEE 3, GFM fir th B 240 (1) P
U,cosd +jU, sin§)

|Z]
U, cos5+jU! s.in5— 0
cosé + jsin @

HIZ(1) R 75 GFM #ai th A Th o M Dh By 3 7y

nRQ2). G)Fis:

S=U,I"=(

U,..

P=|U—1|[U1 cos@—U, cos(0 +9)] 2)

0= Z |[U sin@ — U, sin(8 + 9)] 3)

RYAGEIBATIN, &7 i i R IR (AR ZE B,

N T, 28U R U, FIlR(E %, GFM fitis
D] Q)& H A (4):

P= [|J§|2 [—cos(S + 6) +cos O] 4)

BAGRUEIBITN T N6, RGMITTA NG,
WA A D)= Py in(5) s :

R, =%I—cos<5o +6))+cos,] )

BT OFE[0, 7] X A AZ LIS, GFM 4t A )
Di% PRIy ok 2 M 2 (R A T D #- Ty i1 ith £8)
WK S A, IS vk, 4P MA oK, GFM
A IR -D i m) 2 N R . B E BR B A
IR, 13 GFM Hath A Thohz-Dh M th 4 fr T
FIRE TR Py £ T 77, B GFM fr i A ThIh %
BNENTREAIINER, R REH IR TE
LB, RGAEFaE. Bk, BAE GEM 3K



5% 8 W FNRKEF 56 -

X7 IR GE: R R RE PR ARG E P SR 3019

RGRE, HADR-DAMLS G %
Py &N AZE 1L, RGA DI A Re-F-, Bl GFM
i 1 A D Th Z- Tl A i 2 MR LK T 9 80 Th T
Py LI, RGBT OB 2 X (6):
(%-F%COSQ) > P, = 0<6<arcos(F) —1)(6)
K B =—cos(S, +6,)+cosb,» P r=2LL GFM %

AT D Th R AR D BEHEELIN (1 S B D5 bs KA

20 0dn/2 | 7 ‘\\ oL 0

1.5 7 ¥

1.0 RN /N ‘\ \ Py
A 77 G A

;\\

GFMi i Ih T /pu
(=)

= AN

3 =2 -1 0 1 2 3 4 5 6
Tifa /o

B 5 6el0, nlft, GFM BINIhZE-Ihfehtk
Fig. 5 Curve of output active power and power angle
under fe0-x for GFM

Y PTA OFE (7, —2n] X [H]AZ LB, GFM Hir A
DiohZ-Thfath e & 6 Fros. HIE 6 nl%n, HBaHt
1 O8RS, GFM it A D)D) Z-Dh f i 2k e B0
¥z, BEERDUHOMIG R, {H15 GFM A Ih%-
Difath & i — IR 5 R A DT Z Py EAFAERL 5,
ROANINRAL P, RAREIBIT. M,

F 48 [P O i 7 (7):
(UU2 +—1=2 Y, —~2cosf)> P,
|z |Z]
= 2n—arcos(PB) —1) <0 <2n @)

2.0 e , -

. NS \\“. 9L2n >\\;\0/_3n/2
N
2 NN
= VvV I/ N
T 00 . i
gaé—o.s / v / / A7
%—1.0 / 4% \ \QJ/ / 7/

-1.5 !‘/ o5 &‘ /" //

2T 0 1 2 3 4 5 6

hef/AL
E 6 Oe[r, 2n|Ff, GFM BININZE-Thfaehsk

Fig. 6 Curve of output active power and power angle
under den-2x for GFM

H R GAT DI 26T AL GFM IR &

Gt Is AT, RGP i 2 (8):
0 <@ <arcos(F) —1)
{27: —arcos(R) —1)<@<2n

22 TWIWEMBTREREM S
22,1 FHFUMARE XA KR e s A

RGFEBATI, & S HEMMAZERAN, N
T, RGBT ARR e —RAE, A%
RRGAERLTITZE, A S=0, HE GFM fiit
D ARG H N KO FIR:
_UL -ty

|Z|

L AT 2 A SO AT AR PR AN, S
BH AR, A T3 — R @it KRG
FEEAR X ER, 75 GFM HM ARG LR E
AR JE FL B EORAS, RS ASBLBUII BT B
WA AKR, NMRF T IIHRMM T R Gk E
I 2R GEBHBT A X 8] SRt AR 2% 1F

D RGHITMA0<0<0,.

HRBEXRARA A, MK 2z MM TE
0, —m <6, <0 X a3k, ATLAERIE 7 sl RS
PRBTRE R R HE 7@TTH, 296,-1/2<6,<0,
i, BEE Z IR(ERG I, Z IRERE N, Z fEHT A
W, Z B AR BR AE A B R Ak T 1 A e, B
dZ|/do<0. LK, GFM fi (0 2h oh & b H 45
B 8(a)fin, B GFM 2534 FH it
TRAEIG N, RGEFHPURMERS I, GFM th it
SPIBPIES S YN IR/ 2 N 93 O TS EARGEN o X e it
WO 2R, RGETD I ICTHin RS AT
MFTALKR, HH Z REA TR RSP A
BHEMTE, RELHEARBICTE, Rk
ZAE . HE 70T, 46, -1<6,<6,-n/2 H
16, -0>n/2 K, B Z, M1 Z BAGUMZEE KT
n/2, BEF Z WIEERIN, Z WiEERN, Z BIRR
LA, Z R AE ER AR AL B 4 7 AR ], R
dz|/d6>0. K, GFM %Ko pE 4%
B E 8(b)fin, BRI GFM ZE34FH T
TRAE IS N, REEHPURAE N, GFM fth it
Dy Dh e s RAE RGN, BOw an B ol o th & A6
AR, RGN RS T
TN, 5 Z, B EA LSRN RS UA R

(®)

no )

%8, RGN HRAT LT, ARG L
FaEisfT.
WG EIR T, RGFABATE0<O<6, X



3020 ST £ N =< 1 R B =3

44 %

Xt
Z X1
A
7/ // / Z

Z’v/ L 7 7, // S

s aDhd

0z .
2 4// Z

R R

(@) 6,-m/2<6,<6,
i R G PIR K R

(b) 6,-n<6,<6,-n/2R
|6, — 0> n/ 20 RGFHHTRE R R

7 0<6<6,FARGANMKEXR
Fig. 7 System impedance vector relationship under

0<66,

(@) 0,-n/2<6, <O (b) 6,-n<6<0,-n/2H|6,-0]>
R IY RN ES /20 RE TN TR A

8 0=k, B RGRINTNERE WL
Fig. 8 Change trend of

system reactive power under 0<656,
I, RGufew AR FMA 2, B RS HPT
AKAEZXER, REGERLG K. REHL
0,-n<6<60,-n/2H|0-0>n/2 REK, R4
T A R K ARG J5 B 2P EPIRES, R
SEIBAT

2) RGAPLA G<6<n/2.

HARER RO, Ui Z, ST MA AT 7E o<
O<O+n X [H A4, AT LLAF 2N 9 Frs i) RGFHTIR
ERAE. HE 9)TH, MKO<O<n/2 I, i
Z, WM, Zz BMtRES i, BAbtMAAEKR, B
d|Z)/d6>0. UL, GFM i th 170 ) Dy 2 il 55 30 fH
AR EHE 10a)FR, B GFM 254 PR R
EIGIME, RGPHPUEEIE N, GFM L)
IhER S KRR/, T T P 21 e il 2 1 58 Co R
2B, RGTTDZE FHCTE N RS H b
TR, Sz, BB RGP A
H—H, RGETILHIRCTE, Rgin] fEis
7. HE 9ab)rr%n, Mern/2<6<6+nH|0-G>n/2
W, ZWREEI, Z KRR, FRPTAAR R, B
dz|/d6<0. M, GFM % ETh R pEH 4%
BOA P aE 10(b)FTR, 24 GFM 2530 PPt
TRAE X IR, R HBURIERCD, RSEERTLY)
Dha s RAES N, Wow B i e th 2o R e A2
B, RGN TN RS H ST A

N, Sl Z IEEARSE RS E
KT G, RALNIRAGRBICTH, RGKE

X1

(@) <6, <0+n/2 (b) O+n/2<6 <6, +nH
N RGHPIKELRR |6, -0 > n/ 20 REFAIIRER R

9 6<én2 RGHERKEXR
Fig. 9 System impedance vector relationship under
6,<6Km/2

[0 [0

(a) 06, <0+m/2
I RGETC I HAA

10 6<6<m/2 Bt RFTRINNETLES
Fig. 10 Change trend of system reactive power under
6,<6Km/2

W R HTAIR, RGP AE G<0<n/2
XA, RGuRFa&A AR %5 Z), B RS
A ZX AN, REEEHEE. REWHL
|O—0>m/2 RAER, RGN FEELER A FIR
e R EPEEORAS, RGBT,

3) RG22,

HRBRRRATF, W Z, UM AT E <6<
O+ A, FTLASEIE 11 B R HPUR &R
ZE. HE 1@ TH, 10<6<0,+n/28f, Z
TRAESE N, Z WM ERE o0, PEETAIGI, IR
PR TT AR TR, BPdiZ|/dé>0 . BEE, GFM
it R JC D D AR AF B ST AR A A A & 12(a)
fizs, Hl GEM AERGFHATIRE G e, RSB
I, GFM it TS Th Dh A3 s KBRS, BOE
b th A R AR A 22, RAETLY)
D& FIRCP AN R G AR DN, 5 Z) IR {EAR AL
SRR RGBT E, RGELIFE
ANREFIRPT, RGURERRE. BB 110 H, 2
0,+n/2<6,<60,+nH |6 -0>n/21f, Bl Z, f1 Z
MBI ZE R T n/2, Z MIRERIN, Z KiEE

(b) O+m/2<6,<6,+nH |6 -0
n/ 20 RGN



8 1

IVKEFSE: X7 HLI R8Tl KA e R ARG E P 0 SR 3021

N, BHATCA RGN, R E PR AR AL A AR A T AR
Bidz|/do<0. B, GFM it sh o R EEH
SR BAHTAR AL AN 12(b), B GFM 3L IR
ERE ey, REGFHURMER/N, GFM Hth o)
T s RAB I, W% & ol 8 th AR e AN AL

Ml 26224k, RGBT RS
PR, 5 Z, RS R R G ESUR
B —8, R URCT, RERERBIT.

X

(@) 0<6,<6,+m/2 (b) 6,+7/2<6,<6,+nH
NRGMHGIAERXRR |6 -0>n/ 20 RGEHEIIKRELXR

B 11 n2<nBfRGHEMAEXR
Fig. 11 System impedance vector relationship under
n/2<6<n

QA

(a) <6, <6,+m/2
I RGTCI) D) A T

12 #n/2<0<nBNRGRINNFL LIS
Fig. 12 Change trend of system reactive power under
n/2<0<mw

D VI v Y e TN S T O < £ 71 =< I
n/2<0<m XA, Rk AR &k
Z, W) RGP UAVEEZIX RN, RATER G K.
RAWR O, +n/2<6,<0,+n H|6-0|>n/2 K
R, RGETINIFA Gt KAETHIRY; J5 1B 2
BOIRES, RAFEEIBIT,

4) RGHPIMA-n/2<0<0.

MARGIHPUAE -n/2<0 <0 XA, HO)
AR, MR TR RIA AN UE, KB GFM M
RAWWTLII I . HAREXR R, B Z, T
FATITE 0, —n< 6, <074k, "TLSEIE 13 B
ZGHRRERAZAKE. HE 137 %, X4
0,-n/2<6, <O, Z WEELGN, Z rnEEssmn,
PP M e nt i AE &, B dZ|/dé>0. i, GFM
W WS P JE ) Dy 26 B S5 R BB AR A 5 W 14(a)
Fiiw, el Qo N RS AL IE E B DI D)% . 4 GFM

(b) 6, +m/2<6,<6,+nH |6 -0
/20 RG T TR AL H

S FUIRAE I i, RGEPUIRERS N, GFM )
WL R B T B 2 B RABLR DS, BT G B v 21t il 24T
KLEME A ML TN, RELIRICPER R
GUHPURANER R, 51 Z REZ L 5ER RS
PEBT AR EH 3, RGETW LR, R
Gl RS EIZAT. HE 13(b)A %1, 2460, -n<6 <
O,-n/2H|6-0>n/28F, Z EERN, Z KiE
BN, BBTAZERMERSR, BIdZ[/d0 <0 . BEi,
GFM W WS 1) 76 3y Dy 26 I HG 4 25 Bt A2 A 34
Kl 14(b)T7r, 24 GFM S HPTIRE G iy, R4t
BEHTIRAR I8/, GEM IR 0 T 3 2 s R AL HE T,
POV A0 Bl Al 8 it AT SR e AL B i AR M, REE
TPy BT RGP A EAR N, S
Zy TRAE A S RS RGP U B HAR T G, &
GRININEABTHICTH, RGUKEFE.

A

i2e

v

@) 6,-m/2<6,<0 (b) ,-n<6 <6 —n/2H
NAZGEMREEXRR 16 -0/ 2 REMEPURERR

El13 -n/2<0<0BRGEMEELR

Fig. 13 System impedance vector relationship under

-n/2<60<0
O A [ORN
<« _ D N
[ [
------------------------------------- 0 SRS \S— Ao
X i
i v

(a) 6,-m/2<6,<0
I RG T D HRAL T

B 14 -n/2<6<0BRGETIHINFKTLHERE

Fig. 14 Change trend of system reactive power under
-n/2<60<0

B VI o 3 T T IS I < U W S
—n/2<0<0XIEN, RGKTaFAM LR E FAT
Zl, RGETUREAEZIX AR, REEEHDEE.
HEGHAL |6, -0 </ 2 KA, RGETIIHREEAE
RAENRIRG JE B 2RSS, RGREBIT.

5) RGMHGIAO, -n<O<-n/2.

R 8RR A A, UL Z B30 M e
0, —m <6 <A, TTUSRIE 15 i) Rg M

(b) 6,-n<6<6,-n/2H
|6,— 0> n/ 20 RETC TR s



3022 i ZEN I

PREXRAE. HE 15 /5, 24 Z, FmEEE e,
Z WIEAE S, BRPT AL HEAS K, BId|Z]/dé >0 .
e, GFM WIS T8 ) 3y 26 i HL S5 2 B AR AL
AU 16 Arn, 24 GEM 2530 R pis s e, &
GURHPTIEEIE N, GFM MRS i) JE Bh Th 2R fe K AR 98
/N, P InE H AL h  A E ERTE 2R AR A
R TCTIN R BRI R G8 P LaHE /N,
5z, (A5 RS A R4
&, RALINTNRARIE K AEIRG J5 H 2P, R

(5 e e D

15 RGMARKEXR B 16 RGELINNETHES
Fig. 16 Change trend of

system reactive power

Fig. 15 System impedance

vector relationship
6) RGiHYMA-n<0<0,-n.
MR8 R AT, K Z fH$t M e
0<6, <0, —n Ak, FTLMFEIE 17 Frsi)R450H
PiREXRE . HE 17 /5, & Z, Mg EsGn,
Z W AE G, FHPLA LA /N, Bl d)Z|/do<0.
BRI, GEM W JE D Bl 4 B H A5 R B AL AL
N 17 fias, 4 GFM SR HATIR A I ey, &
GUEHPTIRAE G N, GFM WRUS 1) TG Th T 26 e KA Ik
AN, ORI AL i 2 AT SR R i 2 ARk
RGN I RS TTA LB,
5 Z, WA SR 1 RGBT A AR A — 3,
RGN Z AT LAE R AR J5 | 2, Rgin]
ARG EB T .

X

Y

O \\ e o Qo

El17 RGHEREEXR E18 RERXNNERLNESE
Fig. 18 Change trend of

system reactive power

Fig. 17 System impedance

vector relationship

R4 FR o Hr, EAE GFM 3 MW RS TE D)L %
RANRG Ja T A 24T, iR R GRS IBAT, &
GEBHGTA X RN B A € A 10) AT 19 K
X E s o

T % 44 %
n/2
1
|6, -0|<m/2
6,+n/2<6,<6,+mn
H|6-0>n/2 7
// 0, -mn<6 <6, -m/2
4 H|6-0>n/2
/’)02 !
T >0
=) 7
7
7
7
7
7
4
|16, -0<n/2
-n/2

19 RERNNEFHRER, REERARXIE
Fig. 19 System impedance angle range under system

reactive power oscillatory stability
0<60<6,,0,-1<6,<6,-n/2H|6,-0>n/2
6,<0<m/2,|6,-0<n/2
n/2<0<m,0,+n/2<6,<6,+nH |6, -O|>7/2
-n/2<60<0,]6-0|<n/2
-n<6<6,-n

(10)

222 GFM F£ M R4 fH bt ffe et — Mkl 4

H BRGSOl A, MR GHSIAE0<0<6, X
[Em, WE 0, -n<6<6,-n/2H|6-0>n/2%
IS, dZ|/d6 >0 ;s M RGHIUMAEG, <O0<n/2 X
(I, 2|6 -0<n/2 %0, dz]/do>0; 4
RGP AEn/2<0<n X H K, 2
0,+n/2<6,<0,+n H |6-0>n/2 % 1,
dZ|/d0<0; HRGHBAE —n/2<60<0° XA
I, W26 -0 <n/2 %M, dZ]/do>0; 4R
GHPLAIE G, —n<O<-n/2 XA, dZ|/dO>0;
M RGP AL n<O<0,—n X 7] B,
d|Z|/do < 0. FIRXINIEZRE 20 .

T
(-m) 4z ol

-n/2
20 RGPEIMEEFERAERXER
Fig. 20 Relation between system

impedance amplitude and impedance angle



8 1

IVKEFSE: X7 HLI R8Tl KA e R ARG E P 0 SR 3023

H=U(9)GFM it T Th DR B R il BT A Rk
A AT AS R R R AR

g>0,—7[/2S6?S1t/2

jg (11)
9O on/2<0<3n/2

do

i 2.2.1 T RGHPUA R E X AR E %A
AFTIERE, TTLAEE] GFM 3 M 2R 48 B0 e v
— I =R (12) TR

d—Q%>0
do do
223 Dyfrgma T BT A AR E X (8] K Fe e 2k 1
F R I RS TC ) D) Z 2, GFM Hi
H D Ph A A 3) B K (13) s .
Q=%[sin¢9—sin(9+é}])]:—
w0,
|Z]

%sm(%) sin(@ + % - g) (13)

H - 22 Gt BEL470 A S R R BEL 7L 71 9% R AN B2 T £
S, RdiZ|/de KMEAZ DI, Bk
AR, T FH IR AR 20 PR .

MAGIIHx (£0< 5, <n XEAHER, GFM
B E DI ThF M R GG A IR R an &l 21 fr
e HEC(I3)FIE 21 W50, Bl D)MIIEIN GFM
Wt T DI DA, PO BTN, K
B — A B 5 8 A AP Bt A
0=(n/2-8,/2)3n/2-5,/2) MEEAKIFTAE
NO=-6,12, n—56,/2 . AE-8/2+n<0<—4,/2+2n
XA, GFM [ &4t4a it C DI DI, £ -6, /2+2n <

(12)

. 50 5
=0 O0+-2L)=
sin(—>) cos( )

2.0 -
N 77 N
T NN
B 05 P S NN
E—os"/y/\ 5, =n/1 \\\ AN -
A S I NN S/
= : .
Z;
20 1 2 3 4 5 6
REL4T /A0

B 21 IhAEARENERT,
GFM it T INThERMZ G B M X Rk
Fig. 21 Curve of reactive power output of GFM with

impedance angle under power angle taking different values

0<-5,/2+3nX[A, GFM MARGWRITEThTZ .

E0<O<2m X[, GFM %ithITCY) 22 R R 4000
PrAMAEES O/ do BUEARF .. H GFM JEM &
Gt A E M — I (12) T A, RFIBATIRGS
A, BIZHAARRE, RGTCDZRE e i

PUsf X TRIAN ] o
HBo21 WOk, M R 4 T M fE

[~6,/2 m—0,/2] X[, dQ/d6; X RGP
FATE[n -0,/ 2.2n—5, /2] XA, dQ/d6 . Bk
AUk 22 fiore.

n/2
A
£ g>0
- 6
T = = » 0
S~ D-6,/2
do T~ o
7<0 <
do )
-n/2

E 22 GFM IR MRSFARAELES
Fig. 22 Change trend of reactive power output of GFM

with impedance angle

HE 20, 22 F1x0(12)15 3], GFM HM #2470
DTy Z 4R 5 K g I 1) 28 48 BEL Bt A X 18] B A L A2
SE SN 14) R 23 w6 X A TR o
-n/2<0<-8,/2,6,-1<6 <0, -n/2H|6-0>n/2
-6,/2<0<0,16 -0<n/2
0<6<6,,6,-1<6<6,-n/2H |6 -6>n/2
6, <0<n/2|6-0|<n/2
n/2<60<-6,/2+n|6-0<n/2
—6,/2+n<0<m,0,+n/2<6 <6, +nH |6 -0|>n/2

—n<0<6,—-n

(14)

Kl 23 FBHST A R X AT AR 7 AN X

8], AERRRAN X (AR RS G 2 1 A B A8 2 26101
X G FE AN o (9 ER(14) & 2.2.1 A #rid FEmT
F1, IXDE] 1. A0 VI RS E 25 PRk i e xR
WTRE, YARGHPUMEEZX A A 5K
Fas IXIA] I IV A1V FRE SRR BER S, |
BT RAR, RAEEGFE: XIE VI EA
ke e %A, B4 RGHTTAEAIZXER, RS



3024 ik BNl T ¥ Rk %44 %
w/2 n/2
h A
v
V 4o dz arcos(P} —1) dg.g>0
0 30" e (X i) do_do o
p dz .
£ L £ EEQO 7
y 200 7 - o e
>SS d 7 RS X i
VI ~~ 4 d—g>0 ./ i NI = (/)02 E%
N ///‘92 X =™ g<0d7Q<9// \2:50/2
(_nn) do N >0 de d&/, E S<
4z =<0, <56 /2 y 47z =
—<0do 7 . SO =<0
de 7 ~_ I / do deo
VII y S~ 2n —arcos(F) —1) g.dl<0
Sz @, dg de
’ do do
&0z _, /2
d6 do . N N ‘ .
VIl E 24 GFM BEARGRENBEARXE
RAGX (] /2 Fig. 24 Impedance angle range of GFM in weak grid

23 RGBRNhERHEEN AR AXE
Fig. 23 Impedance angle range under system reactive

power balance oscillatory stability

23 RGMHEMAREXBRRBESRHE

H 2.1 AR A T RGuRE A e]
K, RGUH DR R G 2 2(8),
455K 23, IR EIZRE 5 I8 RYUH DD R YE 11
ML R G T E, GFM B\ 55N RS
U E DX T8 AR AR E 26 AF 0 B 24 BT

GFM 2\ 55 HL 1M 5 4 1 BEL BT A A € X TR) ATAR
RS E AT PR IR IR 1 P . Herb, A E(0,+m)
NARG TV ZARG R4 E N R YT A X RIE S
ZRIRALIE, 2n—arcos(B) —1) NRFAA T P1HF

system stability

i N AR g8 BH P M XA AR R = RBR AL A .
0, + > 2n —arcos(P) — 1) "R RRAEH — RIRAFAE
Z OB PR e X Ja], XF M X ] A [ 2n — arcos
(B -1),0,+n]. 6, + n<2n—arcos(P) —1) X/x R4t
TEH = RIRAAFAE RGPA A ASE X ]

1P RGREE N R GEHGTA X )M R AR E
FARAE LR P PT 2 PR VIR I /45 . 2k P
PUEHAVERS, WRAERTSCHrid i, v RIS RHZR
BT R GRS N R GEHHTAA X 8] MR 4G 2 o
W 2 Pos. H, ME(O+m) N RGN TIFHR
Dite BN RGBT A X AR R IRAIL AR,
arcos(Fy —1) ARG A DDy F-F- it RGRHHTA X

F1 LREMZMARMN, REERABREXBREESRYE

Table 1 Impedance angle stability range and stability conditions under the line impedance is resistor-inductance

6, + 1> 2 —arcos(Fy —1)

0, + n < 2n—arcos(F) —1)

X075 ZGHpiMAXN Fa e %1 XHFs  REHyfMmXE Fa g %M
I [-1/2, —&/2] 0,-n<6,<0,-n/2H |6, -0|>n/2 I [-/2, -&/2] 0,-n<6,<0,-n/2H |6 -0|>n/2
I [-&/2, 0] |6, -0|<m/2 I [-&/2, 0] |6 -0<m/2
111 [0, &] 0,-1<6,<6,-n/2H|6-0|>n/2 111 [0, 6] 0,-n<6,<60,-n/2H |6 -0|>n/2
v [6, /2] |6,-0<n/2 v [6, /2] |6, -0<m/2
\% [n/2, arcos(Fy —1) ] |6 -0l<m/2 v [n/2, arcos(Ry —1) ] |6 -0l<n/2

VI [2n—arcos(Fy —1),0, + 7 ] —

R2 LHMEMEERMEN, RSGENAREXBRRBESRG

Table 2 Impedance angle stability range and stability conditions under the line impedance is resistor- capacitive

0, +m > arcos(Fy —1)

0, +m < arcos(Fy —1)

XEFS RGBS XA FaE 51T XEFS  REGMEFMIXIA FasE 51T
I [-n/2, 6] 0, +m/2<6, <0, +nH |6, -0>n/2 I [-n/2, 6] 6, +n/2<6, <6, +nH |6 -0>n/2
1 (6, —%/2] |6, —0|<n/2 i} (6, —%/2] |6, -0l<n/2
11 [~&/2, 0] O, +1/2<6, <0, +nH |6, -0>n/2 11 [~&/2, 0] 0,+n/2<6, <0, +nH |6, -0>n/2
v [0, 7/2] |6, -0|<m/2 v [0, /2] |6, -0l<n/2
\ [n/2, arcos(By —1) ] — \ [n/2, Ortm] —

VI [2n-arcos(By 1) ,—n/2] 6,+n/2<6, <0, +nH |6 -0|>n/2

VI [2n—arcos(Fy—1),—m/2] 6,+7n/2<6,<0,+nH |6 -0>n/2
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stability conditions when the system is stable
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Table 3 Simulation results of

impedance angle stability criterion
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Table 4 Simulation results of

impedance angle stability criterion
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Compared to traditional power systems dominated
by synchronous generators, the low inertia, multi time
scale response characteristics, and weak immunity of
power electronic devices make the "double high" power
systems have dynamic characteristics such as nonlinearity,
time-varying, heterogeneity, uncertainty, and complexity.
Therefore, the stability mechanism of the "double high"
power system is no longer consistent with traditional
power systems. It is necessary to conduct basic theoretical
research on its new stability problems, clarify the
instability mechanism of the new stability problems,
construct stability criteria, and make reasonable
classifications of the stability of the "double high" system
to provide support for ensuring the safe and stable
operation of the system.

This paper deeply analyzes the common instability
factors and stability criteria of "double high" power
systems, explores the essential instability mechanism of
system. The system impedance angular stability analysis
method is proposed. Based on the proposed stability
analysis method, the impedance angle stability criteria of
"double high" power systems is constructed from the
basic operation requirements of system active power and
reactive power balance, shown in Fig. 1.

Meanwhile, the stability classifications proposed
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Fig. 1 Impedance angle range of GFM in weak grid system

stability

by IEEE are further discussed. Based on the principle of
maintaining the classical classification and the stability
criteria constructed, a new stability classification system
is proposed, as shown in Fig. 2. The proposed
classification system has the following features: 1)
Added two layers. 2) Frequency stability is considered to
be dominated by active power balance, while voltage
stability is considered to be dominated by reactive power
balance. 3) Inverter drive stability and harmonic stability
are replaced by impedance angle stability.

Active power
balance dominant

Power oscillation Physical
stabilit essence
: — L
Reactive power Conversion of kinetic/ Conversion of Inherent
balance dominant potential energy potential/potential driving
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- Impedance angle System
Angle stability ‘ ’ stability variables
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Fig. 2 Proposed classification of power system stability

S7

Time
scale



	16_23-08-3016-X230587孙秋野
	17_23-08-S7-X230587

