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ABSTRACT: With the complex interconnection of the power
grid, rotor angle instability and voltage instability often occur
at the same time and are coupled with each other. Aiming at the
problem that it is difficult to identify the dominant instability
mode and adopt the targeted control strategy, this paper
analyzed the coupling mechanism of the two kinds of stability
modes. It puts forward the quantitative evaluation indexes of
coupling strength. Firstly, this paper analyzed the coupling
characteristics of transient angle instability and transient
voltage instability under different network structures. Then,
two mechanisms of coupling between rotor angle instability
and voltage instability were analyzed. One mechanism was
related to the dynamic characteristics of the load and generator,
and the other was related to the power transmission capacity of
the network and the load power. Furthermore, based on the
above two types of coupling mechanisms, two corresponding
quantitative indicators of coupling strength y, and y, were
proposed. Finally, four simulation examples were given to
verify the correctness of the coupling mechanism analysis and
the rationality of the index system in the case of uncoupled,
two different coupling and multi-machine systems. At the same
time, it is proved by the theoretical analysis and simulation
results that further analysis is necessary for the dominant
stability mode of the system when the coupling degree between
the two stability modes is strong.
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Wx0(12)s (3o, w] LA D f 43 F ik R v i
ZeErne )y, e T e DR AR G R F AL
T ThZRAF R, R Vopoi 6L 1, 24
RGRAEHE BN E TG R. TR aA ARk
HIALIR LA D) 2 D2 B8 T LR 6, T AZES:—
I ZITE 5 Vop FEARIN 75 20 TR 1) Ve FEARH N
BIE, ALY KB 1E VOIT sl A2 PV 11 ki
AL X W TR 5 — B TR) P AR REAS I 20 T 5
Vepipi 1 Veprois 85 BUIT A S Amr 15 SU BT 1B
ZIH A, B RGBS J 1K Vep TRFRE

AO..

CPI-Qi = %Q?GI (12)
_2AQq

CPI-Pi = AP (13)

{H: TAQei Fon ARG AT LIhTh &t &,
W MG D M2 v 4 (U0 SVC) JE Dt 1R A2 4,
s AP RN ER | AN S Th DR I s AQu
TR | AT RN T Th 1

AR (1) P AR B y (5 71T A 1 F R R
AHA) R (2) RS LS Jaconis 7T LATTEE Vepy
fabr, nal(14)F1(15)F7s.

oQ . oQ .

Vepipi = ZaPQ_gl :Z ang' (Jaconi) ™ 8(?:?- (14)
0Qyi 0Qy; 4, 0

VCPI-Qi = zaQLig =Z ayg (Jacobi) 1% (15)

3.1.4 ATHIFRGIETRPR Lu

A bR H 5 R Ge AT Th 57 e 1) 3
FEE M R e . IR, ¥
FLYE T SUCMAE VO s R FH I S AL (0 7 B AR
T T IAT SHITCINAR B, DR R 3 St sl ] DUR A A2
PRETTFE AR B R A e 1503 B0, RSkt il
B D) B3k Ji — BT TR] P (R BEAS B 220 ok 5 A7 e Dl 26 4
J&, ARG OG0 [ 0 A5 SR A VB v
e AIMEAE R AT DR A BEFR b L T
3.2 BEBEITMIER

h T AP R R A R A, SR
HURL AT 2 IR AE H R EEFR AR yo 58 A% 0 45 e i
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HEJIHEFE y2o
0k TR AT S A T DA K R d oy,
Sy ST H R AL AT T ) R U dSL. Bk
T 3 WO AL S s S A BLEL AT, E X
RHNUR A 2 TRV A HL SR BEARAR yr TR .
y, =dnxdS_ (16)

WA IR, FEA TP Xya|<0.1 4y AR 55 )
LTHAEH, |yile[0.1,0.3] K % 55 1 A HAE
lyale (0.3, 1 BRI A HAE T, |ya|>1 M ARBRMAZ T
YER.

RN AAETTI, M EE AL S RE ) T R,
RAGNATIE H 7 R DR AR, ARG
AR 2y IR DI Rk G o ITLUE A M
AR I HRRR 2 T

Y2 =Ly /Vep (17)

FEARSCHRE S, My,=0 I, RGEC&KkESE
SRS RA . yale(0,1]1F, WL F T AL e
Iz, Wb kBB O R AR AT LR R AR
Mly2le(1,10], WL 1SR AL RE 1K 2%, PrT-H6E
TR . Hly2|e(10,100], ThLhuae))—/, R4
Phigetase, (BAF e RS, MR
RIS ATRE R A 51 A A Mlyo|>100, F 40l &
AbF RSO, WA I DR A i Re IR, FeE
MR o

R T fR AR, PRI AR e S
JERSE M3 MR vT BEANUERF, st B0
ST AR, DA RS i i i

4 3THEEH

4.1 EHIiRAR

KB L TR 371 AUR S AL PSCAD/EMTDC
AT EAF ST . 54 R 100% 525 HL B LB,
HZH 1EEE-1 2mgh Ml S5k B0, &
LML AR 1 SO AR L fE Bl TR R 47 B 2 5500 DL
Co FHIVEAI T 3 AN, #BLE s I %I T & HAL
HH AR A AR R, B HIRE 0.01Q. T
KEBHIESIE . AR WS SHAN, &R
LI 3 PRI RFRR S, R AR 2R
I} 6 B B A H s e AR A o e da . (HAEEAT A
3P RFR RN B[ Th A R
R AL ST RAS B SRR AR . A A
SR KA.

42 B—RBRER
421 iR SEb T

LSRRI M 2% 45K 702, 3> SSM 2R
B, MEZHNE 1 LAT, D5 EPEAES-Ps 1
ERBGEUE 2 Fs o RAS [  RR INAREA T T
ST 4 DFUESRPR, LU RGERE PE 224
sy, RN 2.

F2 E/IRTEER
Table 2 Index calculation result

7 t n Sy Vepi Lm
1 0.320 0.306 0.504 1.533 317.282
2 0.340 0.261 0.476 1.540 311.270
3 0.360 0.202 0.434 1.546 305.418
4 0.380 0.134 0.353 1.546 300.338
5 0.382 0.120 0.332 1.545 298.526
6 0.384 0.120 0.331 1.545 298.318
7 0.386 0.103 0.298 1.545 298.376
8 0.387 —-0.015 0.044 1.709 153.658
9 0.388 —0.015 0.044 1.709 154574
10 0.390 -0.077 0.061 1.596 201.248
11 0.395 —-0.139 0.065 1.554 213.652
12 0.400 —0.261 0.070 1.540 291.582

FE3E 2 0t RN RRHF SEIN R, 5 J5 3T 14T
BRI RS . IRER R IR bR ST AR, B
Wb I 1] (RN, AR GE sl e TR ARUE B A2 Bt
ZJa KA, npIEZED, B SUIGE KT 0, PrLAR
GEHRASTE A DA K AG . I RN R G Sy
WAL E I Z . DI tZoRE, RAMAETT
AL N LR B 8L, Wil 12 fros. HN
K 13 HZhBLIHT 22 T LUE Y, sl
KA, MR R TR ARE RS B LRl Y
s HL SR FD 1 SRS IR Zh A 5T

RIS

600 | — = = G AR IR 0.95
1 0.90
500 F .
. 0.85
400 | \
_ ) 080 5
£ 300+ \ 3
= 0.75
200 0.70
100 0.65
0 s 0.60
0.5 1.0 1.5 2.0

t/s

12 REHINASGET R BEREGFER S 0.3875)
Fig. 12 Generator rotor angle and
load node voltage amplitude (t;=0.387)
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1 S, .
_ h - = = WE 0.045 Table 4 Index calculation result
091 " llli‘l 0.040 7 t n Su Ver Lu
™
3 Lt i, 0.035 _ Lo 015 038% 0569 1766 108871
5 08f =3 2 0.17 0.332 0497  1.840 90.262
0.030 @
3 0.19 0.266 0323  1.907 77.113
07t 0.025 4 0192 0.254 0307  1.916 71.323
0.020 5 0.194 0.241 0279 1925 60.976
06 0015 6 0.196 0.241 0281  1.925 61.371
0 2 4 U 6 8 10 7 0.198 0.224 0.197 2.004 47611
8 0.200 0.198 -100  2.245 25.928
- - N sw - = 2 nd 12
13 AHLIEE 5 . I8 (B (AR K 0.387) 9 0202  —0042  -100 2574 3.997
Fig. 13 Motor slip and terminal voltage amplitude 10 0.210 —0.154 _1.00 2400 4.424

(t:=0.387s)
422 HEmE R T

M t=0.2s Itf, RGCAKRETEFBILKE, H

WRPEE 3 FPRE G SR ARbR y1 A yo 75 4TR
yu (EAE/N, W R RE SN TR, R LS 67
i LB A AR VIBRI TR L, PIE A R
SIIAZHAR o yo (EHOR, B T I DI BR N TR R,
FLARTE LR yo (HACK T 100, U6 RS AL
RESIH M, AR GUMIF AR A A S s o DL s AN 2

AN, EIR DA RAS O 32 (M 20 A &

w8, RS SR T A R £

REMIDWARAE R, WE 14 Fis. KEILZhA
(PIMER, 3 B FE M Lo FELHE N B, (2 L sl AL B 2%
AT DA Job 8 i A AL 1) 158 e ) ke 56
UER AR T AT e . il 15 FoR, ¥
RIS ] B 1.7s B9ANF 25, 7F 0.2s Hik

150 -

100 -
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Table 3 Coupling strength quantitative index calculation

results
Fs te - & n ) ~ .

1t G 18 G
1 0.320 0.000 W55 206.908 R B
2 0.340 0.000 &S] 202.072 R
3 0.360 0.001 55 197.605 TR
4 0.380 0.008 55 194.297 R B
5 0.382 0.013 &S] 193.176 R
6 0.384 0.013 55 193.041 TR
7 0.386 0.024 55 193.149 R B
8 0.387 0.197 B 89.913 —f
9 0.388 0.194 LEE] 90.449 i
10 0.390 0.193 L] 126.106 R
1 0.395 0.184 %59 137.471 R
12 0.400 0.164 LEE] 189.353 TR

43 MWERREN 1
431 PIEMBEIHT

MRIE L ATHI 04T, A5 SMLC M, Kbl
LGRS R AEACH., S SUARE 5SS
R REE o T AR O AN ) i R R 2 N IR], 03 156

AATHIM S AT T i S fiabn it 5, 4RI 4.

51(°)

501

14 XREBHNINASAET S EEREGEER S 0.25)
Fig. 14 Generator rotor angle and
load node voltage amplitude(t;=0.2s)
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(MBERTHE 0.2s, % EBANIRERTEEEM 1.7s tEANZE] 25)
Fig. 15 Generator rotor angle and load node voltage
amplitude (t:=0.2, generator inertia time constant is
changed from 1.7s to 2s)
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Table 5 Index calculation result after changing the inertia

time constant

e te n Sp Vepi Lm
1 0.2 0.260 0.310 1.936 69.848
2 0.202 0.234 0.290 1.866 70.596

iR K # 0.202s I, FREE A R AT
SRR EESRIERE, WK 16 Pron. Hiz)
PURFR D T A LI R R, A A5 A HUATL S 7
Sy Ao T LAIEL L $ e FL WL AR5 I T 3 HOR
UE BT A L A R S . 8] 17 P,
K FEBIHLI TR I (8] H KO 3.4 3902 4s, RETH]
PAERFRRE , BTSN A L2 18] (R R £ e
KN o 38 I e SIS N [ 3 2 s 1 b
TSR IR 5 5 217,

432 ME R

R A AT LR AR R yo ATy, IITHA SR LR 6.
Bl SRR R K AE G, ys FRbRd R, Aoils
Gafif 2 8] AT s e TR N o, 55181 15, 17 [4
HOP T, UEHTRR  R EEFE ARy, RERS A H
He UL S AE R SR A TS T o Yo FER SR
RS DL AN, MR K DR AL RE )28 22, BiH]
PRS0 0 G AT W] AR T S R R AR
N R

*6 WMEBESUERTESR
Table 6 Coupling strength quantitative
index calculation results

ey t Y1 Y2

i1 i 18 S
1 0.15 0.108 59 61.780 —
2 0.17 0.029 55 49.155 g
3 0.19 0.116 LEE] 40.528 — &
4 0.192 0.120 59 37.254 —&
5 0.194 0.151 LEE] 31.541 g
6 0.196 0.152 LEE] 31.875 — &
7 0.198 0.327 LG 23.586 —
8 0.200 6.117 1RR 9.688 BE
9 0.202 10.925 TR 1.595 B
10 0.210 10.128 R 2.587 A

600 10
. KNI H
500 | (= = = S ARG
1 / 0.8
400 Lo l<
— \ i \ 06
< 300} NN . 2
“ v < A o)
hRN Mo 0.4
200 - « 1o
\/1 1
M 0.2
100 //// ~
0 : : 0.0
0.5 10 15 2.0 25
t/s

16 %RBHINAS AET R BIEREG R 0.2025)
Fig. 16 Generator rotor angle and load node voltage
amplitude (t=0.202s)
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TR AT 50, e dRbn v g R INAR 7.
HR4E 7, 4=0.043 I}, Vep 152 T 4.36€5, Ly=0,
R HEALS A B R [RINE  2F 2R AR, ] 18 19 R
HRHE & 20 ) Ve ik, 71 4.868s I, FRGEHIAEL
J7REFERS LEFE R Jaconi 77 77, D ELIEE T #7505, &R
G DA R R S SR AN . IR, R
R7 EIFTEER

tls
17 ZREHIAS AT S REREEGEFER K 0.202s,
BB 1R 2 B E) 2 3.4s 1B INE 4s)
Fig. 17 Rotor angle of the generator and voltage
amplitude of load node (t;=0.202 seconds, inertia time
constant of motor is changed from 3.4s to 4s)

Table 7 Index calculation result
g te n Sy Vepi Lm
1 0.02 0.746 0.434 2.504 123.970
2 0.03 0.742 0.481 2.733 99.978
3 0.04 0.723 0.278 3.260 66.634
4 0.041 0.723 0.281 3.260 66.611
5 0.042 0.723 0.284 3.260 66.653
6 0.043 -0.642 -0.997  4.36€5 0.000
7 0.044 —0.642 0997  4.36e5 0.000
8 0.045 -0.642 -0.997  4.36e5 0.000
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3001 e T ﬁ?ﬁ*ﬁﬁ%)ﬂa{ﬁ{ Table 8 Coupling strength quantitative
a0l ) % ) 0.6 index calculation results
T 20 RSN 2 i t = ~
= 150 - \L 04 5 fi %% fi e
X : 1 0.02 0.000 55 49,507 — it
100 W 1 0.2 2 0.03 0.000 EE 36.581 —f&
50 i : .
3 0.04 0.001 W5 20.442 M
OAV\ﬂJVP/ ! 0 ? L
0 5 , 5 . 1 4 0.041 0.001 e 20.435
t/s 5 0.042 0.001 EE 20.448 — M
18 A BHINAL fAET =B EREEGPER K 0.043s) 6 0.043 7.586 R 0.000 KA
Fig. 18 Generator rotor angle and load node voltage 7 0.044 7.588 R 0.000 KA
amplitude (t=0.043s) 8 0.045 7.590 R58 0.000 RAd
038 o 07 A AT g AR o, AEHAD tefH T, PIE 2 1AL
[EEN AR Y . . - N
. 0.6 FEA LA T REAE SR RSN TR G, Y,
06T 105 /N, M E AR RE ) AR BB P 7E 1=0.043
S 0.4 I,y SRR 0. REGERINH “RIR” R
5 04 lo3® B, WRTSCTE, X A RAREOT R A e G R R AR
R R
oa b 02
Lo 5 39 T=EH
00, 2 4 6 8 10° 51 HHlizeR

t/s
E 19 mHEE S5 B EREERER K 0.043s)
Fig. 19 Motor slip and
terminal voltage amplitude (t=0.043s)
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Fig. 20 V¢p curve (t=0.043)

MLZh# ok 34°, KT t=0.042 i T A2 TT (K5 K FA
(28.9°). B g A fir L FFLE N ik, KNS .

AN, 7 B3R S-Ps ~F1f BB WK 8
TNy RGN RIS LT 5 8 5 A AR g 1 A
B, WIEW T REMNESEEMESMNRE
5 R K,
4.4.2 &R

W 8 fhur, KRAMEG RGN, KBS T

Wi IEEE [f) 39 7 s RGT EL, M4 gk
EzlﬁﬁoﬁgmﬁﬁT%ﬁ$I%$MHéﬁ
JERACVPAN TR AR KA 2 . RS BU% [ SCHR[38]
WHE, FNRRESH LI RFEN T, RSO
AT 7 AT T EE, B80T SR Dy e (0 LB SR
D). 1s WZIAE 27 5745 55 bk A: = A e e,
% HLBH 0.01Q. 4 3% Hh Lo (R T G T 4Tt s 2k CL
G (L C2,

©
_0_30 37

. % 26—H—— 2sJIl- 29
2 27

Ci— L 1| T% 38

| —-1-1-3_181'11;1—' 17

| 16 21 _
39?-5 154 ! I

| T ©

4 14 -24 —T-36

: T ,,,,, C _ T

l 13 23

?__J > j__J. 12 l 19 l

7 L7 11 20 22
v =TT
31 32 43433 35
© + © ©
21 P9 PHRFRGRLE
Fig. 21 Single line diagram of 39 node system
52 (FESMEREREITE

1 3 22 OEAE T SR B W 1R I SR D) Bk I TR



5102 Hp A R D - 4 AL
Y FEI7E 0.09s 5 0.1s Z I, 51 AMBEIN KX ’
WA A E FabR, WK 9 Pron. FEbr SU A Ly #6 4
PR AL 8 FI 15 ik, 3% 9 e X
A M :
Fo EIRITHER 2
Table 9 Index calculation result ) = —— = |
s t n S Veri Lm §§§§5§§§§§§E§§é§
1 0.09 0.122 0.282 1.484 264.411 0 1 5_ — _2; — _;5 — 3_0_ — ;51
2 0.095 0.110 0.256 1.482 223.690 s
3 0098  -0.024  -0984  4.406 0.000 24 Ve B2 (MR 0.098s)
4 0099  -0.024 -0.984 4419 0.000 Fig. 24 Vcp curve(t=0.098s)
5 0.1 -0.024 -0.984 4419 0.000 *10 BABEESHERITEES
6 0.101 —0.246 —0.985 2.849 0.000 Table 10 Coupling strength quantitative index calculation

WIER 9 MZE R, 24t >0.098 ), 545 39 1)
KA AR LR, RO S R KR R
i, WKl 22, 23 Por, ARSI
PRASIUP RN R A . W 24, REGEHIEAE 3.609s
I Z3 277 5 40 Vep i8 2] 4.4, i FEUE R
B, BIMEARE 2R 87 5 2L, ZHLRGN Vep HELLE
3 R RGAFEAT BIRR B -

FhE om B IR bR T 545 sk 10 fros. o,
Yi_g M y1 15 23 RS ARE f i 1 60 8 T 15 A
SUE M BRI RN G o y (H o X PR AN a7 15 1 23 )

600 i 313211 & HL KL

T R3O A AL

0 1 2 3 4
t/s

B 22 % EBHTHh A& (EERHL 0.0985)
Fig. 22 Generator rotor angles(t=0.043)
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Fig. 23 load node voltage amplitude (t=0.098s)

results

Y1 Y2
Y18 Y115 371 i E494
1 0.09 0.000  0.000 5 178.157 TR
2 0.095  0.000 0001 K%y 150.893 Ro%
3 0.098  1.892 2475  1R3R 0.000 RE
4
5

5 te

0.099 1892 2475  Rum 0.000 PN S
0.1 1.892 2475  fRim 0.000 S
6 0101  0.604  0.638 0.000 PN

s 0 C1RI C2, # 5 R G B R WL AR &
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H25 3 mth ARG 2 ARIE, MRG0
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H T U 5 R LIRS SRR, LA
MR FEAIBAT OIS OU T, PG LI, Bl
HAR TS B, 7E 4=0.1 LR, e
R38R NS T H K 1% (A 904MW P
2] 895MW), il 5 RE kAR E, Wk 11 HpEs
EFRPR TS TR AT AT, WA B
AR AT A 8(El 1 05 1S) BT b,
b 20MW (1) 8l B A 5 46 Ry TR BB 47 Ay, e
Ja R EAGE, WK 11 PR,

* 11 ERSHENERTES
Table 11 Index calculation result after changing parameters

g t n S, Vepi Lm
38 0.1 0.099 0.184 1.516 145.942
8 0.1 0.061 0.058 1.604 15.633
15 0.1 0.071 0.097 1.535 79.756
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When transient rotor angle instability and
short-term massive disturbance voltage instability
coincide, it is difficult to distinguish its dominant
characteristics because the coupling mechanism is not
precise at present.

In this paper, the coupling characteristics of the two
instability modes under different network structures are
analyzed. It is found that the coupling between the two
modes is more reliable when the load is directly
connected with the oscillation center. Through the
mechanism analysis, the coupling types are divided into
two types: one is related to the dynamic characteristics of
the load and generator, the other is related to the power
transmission capacity of the network and the load power.

To measure the degree of system transient rotor
angle stability and short-term large disturbance voltage
stability, four stability indicators are proposed: the power
angle stability quantitative evaluation index 7, the load
stability index S;, the network transmission capacity
index Vcp;, and the load power margin index LM. The
expressions of rand S are as follows in (1) and (2). Vcp
is modified based on ref. [35], and Ly uses the
continuation method to calculate the power limit. Both
Veprand Ly treat generator nodes as slack nodes rather
than PV nodes.
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Based on the stability index, two quantitative
indexes of coupling strength are proposed as follows:
one is the interaction strength index between the
generator and the load y;, and the other is the network
transmission capacity index y, of the transient process.

y, =dnxdS, €))

Yo =Ly /Vep (4)
where d#z and dS_ respectively denote the sensitivity of 7
and S_ to the dynamic load power, and the generator
output active power before the fault.

The simulation study shows that, based on the
coupling strength indicators (3) and (4), the two types of
coupling instability types in the mechanism analysis can
be identified from y; and y,, respectively. The coupling
strength can be quantified, as shown in Table 1. Based on
the calculation results of the coupling strength, y; is
divided into extremely weak (EW), relatively weak (RW),
relatively strong (RS), and very strong (VS). Similarly, y,
is divided into instability (IS), RW, ordinary(O), and VS.

Table 1 Coupling strength quantitative indexes in the 3-node

system
case t L ¥

value grade value grade

0.386 0.024 EW 193.149 VS

1 0.387 0.197 RW 89.913 o
0.390 0.193 RW 126.106 VS

0.19 0.116 RW 40.528 0

2 0.200 6.117 RS 9.688 RW
0.210 10.128 RS 2.587 RW

0.042 0.001 EW 20.448 (0]

3 0.043 7.586 VS 0.000 IS

0.044 7.588 VS 0.000 IS

Besides, Table 2 also shows that the proposed
indexes have a wide range of application scenarios,
including multi-machine systems.

Table 2 Coupling strength quantitative indexes in the 39-node

system
Y1 Y2
tf
Y18 Y115 grade value grade
0.098 1.892 2.475 VS 0.000 1S
0.1 1.892 2.475 VS 0.000 1S
0.101 0.604 0.638 RS 0.000 1S




