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Analysis of power system nonlinear oscillation modes

WANG Yu-jing, YU li-lai
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Abstract: The stability of power system with nonlinear oscillations is analyzed by using Carleman linearization theory. The explicit
second order and high order solutions of the power system dynamics are obtained. The nonlinear high order modes of the system are
calculated by Carleman linearization, which can be used to analyze the stability of the power system with large disturbances, as well as
the nonlinear dynamical characteristics. Influences of the nonlinear mode correlations on the dynamical characteristics are studied. The
concept of participation factor is extended from linear mode to nonlinear mode, and the interactions between different oscillation modes
are evaluated. Epri-36 simulation results, compared with that of the Prony analysis, show the efficiency of the proposed method. By
analyzing the interaction between nonlinear modes of power system through Carleman linearization theory, the dynamic characteristic
of nonlinear system could be more clearly understood than small signal stability method and conventional linearized analysis. Carleman
linearization theory provides a new method for studying the stability and the dynamic behavior under large disturbance and nonlinear
condition.

This work is supported by National Natural Science Foundation of China (No0.50877014).
Key words: power system; low frequency oscillation; Carleman linearization; nonlinear oscillation; nonlinear interaction
TESEKS: TM712 SCERBRAS: A LGS 1674-3415(2010)20-0001-05
TR . AR, WIRGEAFEZE DRI AE

0 3l5 LM ARG, A&k th ARG AR U5 R i

BEE L ARG H 2K, BERHLM 5 R
(AR 35 ) 7 o e 5 P ) R e i 4isA T il
2y AR i s KLk, AT
I I INB 3 AT AN E A AL AL BE R IR0k 7 [
A, FET ARG T VE BV L) R GERRE A
(PSS) 735 7 ) Z R ZeEALARFIE M BT S
TR R RIFEARGS, P T IR RN

HEEWMEB: BXAAHAFALAE (50877014)

1 EAEACRRUE PE T T3 V5 TC 75 B AR A A Rk
X RGN AR E LIS, DR A B A7 AE ik
Bo 0 T RUBLECR I HL D R G UE,  BIMEAE /N TR
ERR, Aot RO BRARL R E, P
RITELAEA W T35 22 1 TR Wi AR e s B v
HERRPEAIA 20 o 1 I el BT ik AR AT LAAS 2 3R
AR R, HERE R ATTIRS LR KRS
SHEINANZ KRR, HELLE 7R R GRS IR
I 72 B PHL AR 325 T SRS



0. LY R

ARG R ), ] N A LA R ] )
IERUE (normal form) SR ARGt R SRR
TN S AR, JERE R TR . 1E
KT 532538 Ik H5O(E SR A 1) i 3 A1 2 1 1 ) AR 4 5
e, UL T ARG I R E AR e, AT R
NRGORSTT R it e, AT KT RGeAa

S P FIAIE U AT DAAE B A2 25 [0 K 58 o

AN Carleman 28 P4k 77701090 My v &
5k ) =R db o TN BNV B | 57 GPNI P S B B
Carleman Z&PEALTT 5, JRUEAEZRME RGE v LLAERCh —
MNEYERSE, T SR ARG 8 RG] LIRS
JRARL A RS AT, IR0 S UG et &R
GEIEAT RS S B k4 7 S AR e 1 R 4 RS (R AH
1E R ALEE BL S /N B 3 B eV A e ) — Le W B RR
Mo fEFERE I, S DR AR 2 S AR 2R PR A
LA LIRS B R AR A AR, SRR/ s)
g S KT E 2 AR, DUAARAR 37 14k
PR TR e TR R A B FER . IFgh
LR AH O R 7 BT S 7 VRO 3 S s A )
FEPF o

1 Carleman ZkTH{k

1.1 Kronecker 2
ESC 1M WA E MM A R HIBe R,
‘BT Kronecker FA5E X H
aB a,B---a,6B

ale azzB e aZmB

ARB = ERruxml (1)

aB a,B--a,6B

=
XTI X =[x, x,,00,x, ] ATAN:
2
x®x =[x ,xx,, XX, XX, ,
n i
2
XXy Xy s XXy oo o, X0 X,
n I
2
XX, Xy, 5 Xsyt ety Xy X, (2)
n i
29T 2
XX, X,X,,-,X,] €R"

pre i LR WA M x (r=1,2,m)3 N mH
FHBE A 1) RE R B SR IR R AE ) By R
Y, (s=12,,n) 73 5l n YFERE B (FRFAE AR SO0 Y.
PIFFE IR . W A® B RFIE(EE mxn ANME A p,
XN PR AE W &N x ®yp, s r=1,2,-,m,
s=1,2,,n0 AQI +1 QB 1] mxn MFMEAE N

A+ a5 FERF I FIRFAE ) H 2
s=1,2,--

piel Iii A®In+Im®B P A BE 4 F1 B
Kronecker #il.
1.2 REGHRE

XA n G RBHIHE RS, HRGEHHRR
AU IR (3D:

®ys ’ r=l,2,--‘,m

X = f(X) (3)
A X ZndelREWE; R - R A—DHIE
W&, n ARG
F2X (3D BN G B RS E P a T AT
Taylor Z A I 7] U420 (4):
f(X)=Ax+A[x®Ox]+ A[x®x®x]+--+HOT. (4)

Aln+k—1
:,H\:':F': A/(ER"XW; x=AX ; mk=( i ],

k=125 A NRGHMEATLLHRE; 4, 8 RG AR
F. HOT. Mo,
é\

X =x®x®---®xeR™
\—W_—J

kI3

WU FEE T )i PR AR BEARZS T3 R Al AR A«

X = ZAx(“ (5
HARE L (5 EﬁﬁjNﬁﬁ‘Iﬁ 3%
)'c:ZAkx(k) (6)

HH Kronecker A1) X a] £3
i[xm] _d
dt dt

£®x+x®2= D)
dt dt

Z[A I +1,®4 ]x"
k=1

R (7) ATAL X SR xS X, X 2
[ AR T K R IRILRHE, 485 W{/\Xfx“)jz‘%

(x®x]=

(j=12,--,N ), n[f}:
[ “)]— {x@ ®x}
i
(-1 G-D
Rx+x® (8)
dt dt
N—j+1
g
k=1 s
e 4,=4, 4j>18,
A4,=401 QI +1 ®A4 ®
k [Rf 9)

[ ® QI ++1®-®I ®A,



E5E, AF

HU R G E M I s i -3-

E X x® é[x’xm’...’xuv)]T , Hrh
dim(x*)=M =n+m,+---+m,
BTATAT LA B — N 5 AR MR (4) AHALL
AT R A 2 1t oy g 7

_All A12 A13 AIN

d 0 A21 Azz A2N—1

al:x®:| = 0 0 4y - Ay, x® = Ax®
00 - 0 Ay

(10)

o A NASHGI M x M YRR, AA L=
fsity, HA a4, R RS (4) 104
PALEE S A, HARTTEM R T R RS AEL MR
1k, 3 (10) FoA (4 BENT Carleman £k 1PE4L
EER
2 JEZLMAESSR

N FRATTG M Carleman ZeMEAE T FE (10) #F
ATREASINT, i 5 A o BT 7 025 R xt L
KRR MBS TE RZE BT A P FTEIR
FMLE ]

B OEREL A (L. T A4 & =R,
TRA
d = 4| = |21 - 4, |21 - 4, |2V T - 4 [=0 (D
Hor: A RHE A =[ 4, 4y, . 4, | ML R SE
FRPREAEAR,  FIIN ERat (8) T4 Ay, FRIRRIEA ik A2
20— 4| =| 2T (4, @1+ T® 4)|=0  (12)
HERE 1 A4, Ay, =A, QI +1® A, LN
A=A 44, r=12,n, s=1,2,-,n . KKILAKHE

Ay =4,01 ®---QI +1, ®A4,®

e
[ ®--QI +-+1 ®--QI ®A,

RFIEAE R AN =4 + A ++ 4, » r=12,,n,
s=1,2,n, t=1,2,,n . FULWFE] A [FFFEAE
KA, A+, +A ++ A, r=12n,
s=1,2,---n, t=12,---,no

WAMARIE R BN O, AR R
V=U", A=diag(4, A, Ay) - HEHIEESAT: x®(0)
LRG0, AT LAR B0 AR e 5 R G810 1 eh i 1

x®(1) = Ue"Vx®(0) (13)
A S50 3R 56 1 i A i AT i

n ) ﬂ,l[ n+n2 5 ;th

— 17 J 7 k

x,(t)= E ugc e + E uyc.e™ +
J=1

k=l+n

(14)
n+n’+n’ s
PRI
m=l+n+n>
Hp, ¢ AR AR .
n+n’+n’

;= Y Vx50, j=12-n (15
p=1

5 n+n2+n3~ o
c, = v, x. (0),
=2 Ty O (16)
k=n+1Ln+2,-,n+n’
s n+n2+n3~ o
= O’
Cm z er'xr( ) (17)

mzn+nz+1,nJ:nz+2,---,n+nz+n3

X Q) 5 —10h 4 AR ARG HEA LA,
BT A=A+ A4, N R AR, =T
Ay =2, + A + A, A= AR k] A B
TR 2t RS2 B E R SR A S A
1A, T 52 BB Y AR Ee 1k FR e ) A AMY
AL AR, I H A A ARG R, BT
WK A, Ay, oo, A, TR R4 S A X

3 FHMURAMSERT

Lt 5T p, ST — A o T
HOMES, AR kAR R 8 MR I 2
ST, YR PERE PR A A4 BT 7 el
AT B 2 5 I TR SRS BT, 240
USRS L, WA 5 S50 T p, (e 2
L F 2 AEPSS BRI — MR SRR . 3L
X HPIEIRA T X, =, Ce, FRAE A
TEENSL, TR B0 I, 8 k AMRE R x,
fok/h. TTBGEIER (18) L4 5.

P = Uy X Vy (18)
W2k SRS RN ZE W78
x, (1) = ZPkiei"' (19
k=1

FIFEH, % x, = W 2le e, e ]
AU RS S5 IS, BRI EIELM S
B T 5% W) () 2 55 L1«

Pri =ty X (Vg + 7, g +

vi,kxn2 +hkxn+k ) ( 20 )
.5 ~ 5 VAN =[] = - 3T
;H\: L[—l P Vi vi,kxn+k N vi,kxn2 +hkxn+k %n Uy 7 jJ]J ZEEEHEF[

Carleman Z& 1AL 7 PR ASFERE A 1) 22 A TR AL 1) 42



_4- LY R

V. UWNRSEifT5 k. Fhkxn+kHIE kxn® +
kxn+kHICE; p, FIBAEAML GRS M7 528 £ ASIR
SRR AL S S5EE, WalblE s
RSB ENA IR RN S 5REE .. i
WAL RGOV R AR R A T VAT 0 #r s 3K
UEAR L PERFAEAE S S VAR 2 .

4 RS

A DL [ H BRI I B 4 A A e B
1) 8 ML 36 1RGN NIILHEY], REgiuE 1
B, RHHERH E] PEE R —BrER, S b e e
i, RGBMEIL 16 o fFE e ik A 30 5
BFER 0 s I 202 = AR I B b T %, IRR IR a)
0.2 so JEIF, H PSASP R e )T i M RS A e
e RGNS TR E S Rk 1 s, Wik

B25 B26 B27 B28

1
B24 | Bl
Bl I_.‘JL JE_IBSZ B12 '?c B13
Gl B51 G6
B6
——B14
-{323 BY ﬁ Ble —+E°
B[ v B20 vl[[L
B2 |
G2 B34
oo T B L
Foi vt
G4 G5
B2 T B30 B31 B33
B3 B7 BS
G3 G7 G8

1 EPRI-36 3 2 & W £5 44 ]
Fig.1 The single-line diagram of EPRI 36 nodes’ system

R 1 RAFRTRARN

Tab.1 System inertial modes

B sk RHAEAH Wi /Hz  FJE/%
T BT
1, 2 8 o 050 —1.49+2294i 3.66 6.50
3,4 8, o 044 —1.69+10.53i 1.70 15.90
5,6 8, o 008  —0.62+7.44i 1.19 8.39
7,8 85, o3 028  —1.16£9.65i 1.55 11.96
9, 10 &, wg 0.3  —1.07+9.03i 1.45 11.84
8, @7 0.10
1, 12 8 os 041  —0.65£6.49i 1.03 10.01
8, o 025
8 wg  0.10
13, 14 84 o4 045  —0.67+4.96i 0.79 13.43
8, @7 031
8 o 023

PHARIR KT 0.1 Hz, FEHPHLJE /N T 20% )k
Ao LRGSR AT 2 MR A
AR GE, FRAEAR 11~ 14 S 1 iR (i [ 3 ) 9 3%
i, DXIARZ M3 0 1.04 Hz F1 0.80 Hz.

i LTI Carleman £EPEAL M HT T4, n LRSS
AU AL 2n 1M RIS, PO 2 ]2
IR . Bl A, A A, Z A TR
4 0.49 Hz, BILJELE A 56.07%MFR, 4, FA, 2
[F) 7745 T 1.83 Hz, FHLJBLEN 11.45%[ 8k
Ao Carleman ZePEAL TS 2 AR A0 A1 B an 1 2

Fi7Re
50
40
b s
20} = ;
Y *
10 Z,,
x X« Ea
% s
E 0 - 1; 2
10 TR .k
% % %
20
30 S
40
50 ; , , , , ,
35 3 25 2 15 -1 05 0
Re

B 2 REMEMEXSHE

Fig.2 Modes distribution of stable simulation
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