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Fast algorithm for transient stability numerical simulation using Padé approximation

WANG Fangzong, NIE Yun
(College of Electrical Engineering & New Energy, China Three Gorges University, Yichang 443002, China)

Abstract: Numerical integration method is the basic method of power system transient stability analysis and calculation.
Looking for a fast and reliable numerical method can effectively improve the calculation speed and accuracy of power
system transient stability. This paper puts forward a numerical integration method of power system transient stability
which is based on Padé approximation, analyzes the numerical stability of this method and uses transient IEEE145-node
calculation system for simulation calculation. By comparing the results of Padé approximation method with the results of
Taylor series expansion method, it proves that the numerical integration method based on Padé approximation has high

accuracy. Therefore the new method could be more suitable to numerical analysis of transient stability and other like-wise
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problems.

This work is supported by National Natural Science Foundation of China (No. 51377098).

Key words: transient stability; Taylor series; Padé approximation; step control; parallel computation

0 3l

M) ARG SEE MR EME T, s
KBRS T BB REME AR TE AT 7328, K
on] BL4y oAy B U 37 K fi# 2 (Simultaneous  Implicit
Method, SI)A 275 B9 3K figf i (Partitioned explicit
Method, PE)F kM. [T sk fiitid 25 SR T B
BB R, Ho i Newton 67 SR FE B
BAFHSPE. (HE, TP Newton HBEA7 K fg
FE T B2 2 IO BUHE v LU AR B % st AT — 8 0 fi
DAL B RIS SR TV T SRR LS, G fE A bl
WSk o TR, SR SR A 5 VAR HME AL B[R] B A ]
W B SR E— R 4 2 4 B 25X RK 77,

EEMB: BRAAHAFZALAA (51377098)

XK AR TR B THE R R R RO R R T
Paie &5 A1k, LG R kA A-
FasE B, PImAEAE B SR e v o) . Sek
(4] SCHR[STH 42 H S FH PR =i B Taylor 2080284 T
W R SR M5, 2o ik A DUk
RN G AT B A, AR T VRAE R T RESE PR
) A A R A

EAREE IR iR f s 8 e Ll X — JEUAR
JEat b, ARSCNSZERN A R, SRR
T S (T AR E HEEUE VS V. JRRA
IEEES0 AL 145 5 i RG24 T 05 LA, it b
BARRIR P, 23 R s 1 7 2R )
WHOTEFHAA R R ZE L, WP RAE % AL
THEOR P B —e s, v N TR R
G LS ML R AR AT ) B o 4



S0 ® & AEY 5

1 MREEERZEE T

WAEESET 5 VA O 2 T R OB I HE) S 2
B+ Taylor 20502 WAOKA I — FSUTBLIAT #7050
BRHCRACEE R 2. e AR AR . XA
e BN AL, AL R ) Taylor ETHAT /AT fiE
2 IS ORI R RN &, TR ) — M
PR B, XA B R B i EiE i sk

X B o T RE IR e, R

()= 5(t) = f(t.x(1).0<1 <T

dt (1)
x(1=0)=x,
4 t,., =t +h )
FIH Taylor @ JF, 4
0)
xm=%+MVJ%L§ﬁW+W 3)
FQ)E smgHoE, R’
nﬂ=dw=§hﬁf )
e A(R) (1 (L, M) By Padé 3@ bric M
P, (h)
L/M]= 5
[ ]Qum (5)

Kope P (n) U N L 2T 0, (h)
AN M2 TR, B P, (h) RO, (h) %
HAK T

A(R). P,(h)5 0, (h) 2 I e A

PL (h) L+M+1
Alh)— =0 6
=g =) ©
XEX*E‘Y&{{ /§\ /f/:*: j N
0,(0)=1.0 ™)

¥ p(h) O, (h)MIRKERUIT:
P, (h)=p,+ph+--+ph" ®

O, (h)=1+qh+--+q,h"
W), o, () M RBERLA(6), "W13E
K Dos D1 Pas s Prt 410Gy Gy FIENMETTFEA :

a, =D
a4, =P
a + a,9, + a4, =D

: O
a + a9 + + ayq, =P
a,  * arq, + + oa ya9y =0
ay + a4 + o F a9y =0

il K
a,=0,n<0 10
q,=0,7>M (10
= GB)~=(9) AT 4N
a,=x, (11)
22 (L0, WA (1) B KA
det|A1|
[L/M]= (12)
det|A2|
N rl_l:
I a; mn A mi2 apy 1
Al = a, A Arim (13)
L , L ) L )
Zaijh’ Z a, yoh' - Zajh’
| j=M j=M-1 j=0 ]
Ay Apmer 7 Ay
A= : : (14)
a ap, Ay
hM hM*l 1

A D)~2(14), 1T RA 2 B aEr [1/1]2)
S

1 h
xn+l = +a1 xn (15)
1-ph
Horrs
= 4 (16)
a,a,
a
:81 == (17)
a;
4 priagEEr([2/ 2) B R
1+a,h h?
X, :Jral—Jr%zxn (18)
1+ Bh+ pB,h
HLrp
e e R (19)
a, aa; —a,
a) _ 4y, 4,4, +a,a,a, —aoza32 -ala, 20)
ay a,(a,a; —ay)
a,a, —a,a
p=Ba e
a,a, —a,
al—a,a
By =——" (22)
a, —a,a;



TR ) BT A A PE R B v 57 ik -3 -

HEIR %
2 ETHEELMESREETET L

2.1 S ESHHREBREITERE

SCHR[4] 5 SCRR[ )R T B SR 5
B PR HE TV, T T RERR BT R
HATHE S RN HT ) R AR

MRS n MR MRS, H1isshr
A
ddat) Pmi _Pei (5)_Dia)i
a5 (23)
=,
A

A MR BRI HNL MO BIER LG 5,
NHA: o, NEGE: P, BV, P,y fizh
KPR S1NEES - i

AR A HEU LA 1 T e ) I T S ke ik 30

§(P+2) — (p+1) — P( " (24)
Mi
o
B =R =R (5)-Da” (25)

HLrp, PP ONINESH R BEHLIIA T S E M,
MR $i Taylor 250 A

§5(1) k+] ZLk )j

5 k+1 ]‘

i ( ) k+1 ZLlc )j
()= 20" 1 —fF—- (26)

k+l B tk )j

k+l ZP(/) j!

K RQORETT, AP S, He )
(1 P i o
ARG AT R R e X

YV =1(5) @27)

ﬁq:‘r
1(8)=1"(5)-D(5)V (28)
ot v B, =(V,.1,) 4UKIG a R
P s R ) i T A B I, = ( ) 2 Ak
(0 n B R HLE TR B 1Y ) R

1Y =(1.1)) 4URH n B R HLE T Norton L
ks ¥ Sk B TR REALIN nxn B S A
W, A TR

G. -B,
= v v / | — DY
Y, _[B.. G }, (i,j=12, ,n) (29)

D(6) i1 B 7R B 5 A HL LA AR AH
KT nx n IR A ERE FE
D(&):diag[D,(b‘,),Dz(ﬁz),---,Dﬂ(éﬂ)] (30)
2,
pOrG) ww] o
Q7)) FI(28), AT 2 2% TR

(Y+D(0))V =1"(5) (32)
B2 AR K A BT FLA 3 1k
QR =i SR HE A, A

(Y+D(8))V™ =d(5) (33)

fc':fj,

I () =1"" ()-S5 LD (S (34)

HH N (33) AR A A AL R 32, AT AT
DLSK R HATL FL A Dh 28 1K 2 80 0 TR RP G
AN T HE, G REFERE R FFAZL, ]
KH LU SRR AT PR AR, X AR
IS T R PR A MBI RS 1) R A I A
X W 2% 7 R SR AR A R SN E] B AR, A
AL AR T IR AL R AR RS B BT T, v 03
PR A T iR R

MR ET S0: FH Taylor %ﬁiﬁ(ﬁﬁﬁﬂ{ﬁﬂi
NRGARSIREMHR, BRAXPK. s 8ins:
AR S R e b, A A
It HgmREfa] o, (R A2 A-REr),

AR tHE IR 45 2
2.2 BUEREES
%M Dahlquist 35675 F20,
x=Ax, AeC (35)
X, 79 C R HU R 1 .

102 & E o T U TR RS E e, HR
RGO NIAE TN, B4 b B 2 A
HHn — oo NEHUARZEALRR IR IIEA . B2
PEASBUE T B B e TR —

HREHRNAK(15), 7T FHH:

1+%/Lh
T 1 xn (36)
1-—Ah
2

K GBSHRAK(18), 73

X n



4. ® ) %S5

1+lwaLum2
Xy =, (37)
1——1h+—4ﬂm2
%ﬁﬁﬁ“ﬁ&mﬁ ﬁ%ﬁ%
x,,=R(z)x,, z=2h (38)
o, SR 2 B4 a8 T i
1+lz
R(z)=—2 (39)
1
1-—z
4 B fsE i
1+lz+—z2
-

13X (39)FN(40) rT %, SR 2 B s i i (1)
i€ RO exp(z) = e 11 (1) -Padé T& 1T, SR 4 By
PR 30T N )RR PR A exp(2) = 111(2,2) -Padé
AT, P, 2 YIAERELT vk 4 iR iE Ty
BB A-RER

S b, A-FRE MBI 7 1B D KB A AT AT PR
il #FRRRGREFEM, WXHMEMEK A KT 0,
AR EAALRR L R AR S, HLBE n CPRIE K
Mt 0. Kk, A-RUEHRgxFE .

MR R Eh T LUE BRI R Ad sk o
G F RS e e B G R RPRINY Eﬁ&%k
Wi A-RUER, WA XA RER BRI K,
ﬁﬂﬂ%%k%%*fﬁm%mﬁ@ DAL,
@ﬁﬁ@w&ﬁm%ﬁtﬁ PR
2.3 BIKKBRE

E%*%i%%@lﬁﬁo

M1 ATBLEH: kifx,, W5y, LK, K
AT DA B SR AR 3 7 R o 3 58 W) P i ok 3 3 3
TSR E T A AT .

3 EBHIERKSR

ASCHEAIR A IEEES0 H1 145 35 5556 R 48,
PR MEVH S o A LR R D O 2 g )
e i 1 %ﬁ E e T B WA e, e R S N TR A
0.10s, AN 1.5s. LIEK A 2%5T 0.01s
N%ﬁﬁﬁﬁﬂﬁ“&m”ﬁﬁﬁﬁk%mﬁﬁw
AE U, K ST 0.01s B, 2051
2 Wi E S 7 VAN Taylor ZLE0T AT 44, 75
A b ST 0.02s I, 2R 4 B e I s
RN T QAR BRI S, A

LD SR AR RSN
i H)LAJJuu?f'iIUnJ/ﬁL
L]/'J/»r f‘)”]‘l Yo

v

TR B
YIH x,

'

|ummw$wmm¢\

I}

] W0, WEBLEK A |

LA o g

Y
|%&Mﬁﬂﬂﬁﬁﬁﬁﬂ&%ﬁﬁmmn‘

|

SR IEE I, T
Xt = R(z)x”

v

SRAR 2% 5 FEG (X015 P,y ) =0
.

A

T RS REATRE

| mbisormmnsg e
&1 RiEE
Fig. 1 Flow chart

5,=05 -6, (41)
e o ARWBHNE 1 o, Mk R
DA RPTR S DL N TR S R
WLIIARXS DO A S M E AT LR, BB K h &+
0.01 s i 2 B s 7 VAR AR B BT 1R 2%
ML B (Kl 2 fios), 2K h 55T 0.02s I 4
By 12 3 3 g v RN 2 B B R st 22 i 4 LR
(il 3 fiaR).

ME 2. B3 aTRLEH: AEMFESKAERT,
AR T 7 V2 TSRS LE 28 S R BT TR T SR
R/



TR ) BT A A PE R B v 57 ik -5-

IR ZE/(°)
i

0 02 o4 05 08 10 1z 14Ls
t/s

2 2 MBI 2 SRR B ERIRE & ELER

(h=001s)

Fig. 2 Error trajectories comparison of second-order Padé
approximation method and Taylor series method (/4 =0.01s)

s . , ‘ : : : :
~~~~~~~~~ MR -

— WE T PN -
10
R
e

0.5/

0 0.2 0.4 0.6 0.8 1.0 1.2 1.41.5
t/s

3 A MIATRIEIL 774 5 R MBE T AR E Hh 2k LLR
(h=0.025)
Fig. 3 Error trajectories comparison of fourth-order Padé
approximation method and Taylor series method (2 =0.02s)

XLGE 2. B3 LRt R RKHRR, R
F 4 By vk, TR T LLORRE— 2 (TSRS
F& 5 33U BH P 5 T v LA KN TR RS e 3R A T 4
AR . BRIk, SR 4 BhinfsiEis vk, 78
KA TR D[R] IS, VR BRIV
K, Pl BILETE EUMERU DA, R EET
RPN &

4 Lig

AN SR TP ST AR E MR 5
Jrid, WL, AR ARUER, HEA
IREFIIIFAT

SCHH IR ISR IL s T R
ASRUEMEVI R, WSO, 5 HRAREE
TR R AL A iRz ik, R 524
PAFAT LR AR ZE AT AL, W] DA B
N

1) SRR ST, A VA i o5
K HE LR B B B 4

2) b KBRS, SR A e e 3y

WREORFE BT SORE R, HUH SRS LA AR LER A

BRENPHBOL LT
PRlt, WA T IR A R — A B, T EE

(B A 2 o B SR AR 7%, WRGE S T HL RS

AR v SR ] P2 B 5

S0k

(1] VDT oR. KB ) &R 488 A Aeue YU v 55077
M]. dbst: BheA e, 2013,

(2] 5, fI—W. W R G AR e PR R TS L

Tl g 7 V5 R LR (0], W) R OR Y 5 406, 2000,
37(23): 15-19.
WANG Fangzong, HE Yifan. Several new numerical
methods and their comparative studies for power system
transient stability analysis[J]. Power System Protection
and Control, 2009, 37(23): 15-19.

(3] VEJTZR, AT, BT 29057 Runge-Kutta J7 %)

YRR EMIHAT R IED] o RGP S,
2011, 39(11): 22-26, 32.
WANG Fangzong, HE Yifan. Parallel computation of
transient stability based on multi-level high-order symplectic
Runge-Kutta method[J]. Power System Protection and
Control, 2011, 39(11): 22-26, 32.

(4] FR&A, M. Podmby Taylor ECEE ST EHH
(0], P E AL TRE2AR, 1991, 11(3): 8-16.

GUO Zhizhong, LIU Zhuo. Fast transient stability
simulation by higher order Taylor series expansions[J].
Proceedings of the CSEE, 1991, 11(3): 8-16.

(6] 4R, AEWgE, FRE. SR 3IAZ e s dil g

ARSI, R E BN TR, 2008, 28(19):
81-85.
XU Ying, BAI Xuefeng, GUO Zhizhong. Transient stability
calculation method using dynamic multi-dimension order
control[J]. Proceedings of the CSEE, 2008, 28(19):
81-85.

(6] HYL, sk, AT, & SLRREAGESERY
SEE[D]. RGO S, 2015, 43(1): 1-8.
YAN Kai, ZHANG Baohui, QU lJiping, et al. Photovoltaic
power system transient modeling and equivalents[J].
Power System Protection and Control, 2015, 43(1): 1-8.

(7] T, Ahiede, mlls, 55 s B r A A TRy
ST REN]. B RGERY S, 2015, 43(2):
148-154.

YU Yang, SUN Xuefeng, GAO Peng, et al. Analysis and
prospect on transient protection for HVDC transmission

lines[J]. Power System Protection and Control, 2015,



@ ERIEF B R

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

43(2): 148-154.

W, W, A, A TR U AR MR £
BT PR R R T TE ], ) R GRS A,
2015, 43(19): 149-153.

TAN Jing, XIAO Hao, LI Yan, et al. Study on influence
of transformer magnetizing inrush current on the line
Zero sequence overcurrent protection by transient
simulation[J]. Power System Protection and Control,
2015, 43(19): 149-153.

FER . Padei@ T T M BT 7 [D]. Ki%: KiE# T
K2, 2004,

ZHENG Chengde. On univariate and multivariate Padé
approximation[D].  Dalian: Dalian University of
Technology, 2004.

TR, BRI, IEACZ I N Pade JEIT[]. N
BE R 12, 1998, 19(7): 619-623.

FAIZ A. The orthogonal polynomials and the Pade’
approximation[J]. Applied Mathematics and Mechanics,
1998, 19(7): 619-623.

SRR R EAL A I I e R R ).
FHL TR 23R, 2005, 25(16): 147-152.

GUO Zhizhong. The binomial derivative recursion laws
of generator’s power and angle[J]. Proceedings of the
CSEE, 2005, 25(16): 147-152.

e, WEL. 2LENEARREER ST
S, RS S, 2011, 39(23): 11-15, 20.
XU Ying, GUO Zhizhong. Transient stability calculation
by implicit multi-step Taylor series method[J]. Power
System Protection and Control, 2011, 39(23): 11-15, 20.
W, AW, FEE. 2 mN SR E Tk
[7]. MRS EFhMk, 2009, 33(15): 33-37.

XU Ying, BAI Xuefeng, GUO Zhizhong. Transient stability
calculation based on explicit multi-step multi-derivative
integration method[J]. Automation of Electric Power
Systems, 2009, 33(15): 33-37.

Hitbgl, AT, Prbgk, 55 2R Taylor 080
HASRGE D] ARG AZE, 2010, 34(10):
24-28.

XIA Shiwei, BAI Xuefeng, CHEN Shilin, et al. Transient
stability calculation by multi-machine equivalent Taylor
series method[J]. Automation of Electric Power Systems,
2010, 34(10): 24-28.

GERMUND G D. A special stability problem for linear
multistep methods[J]. BIT Numerical Mathematics, 1963,
3(1): 27-43.

PR, HAK5E, TR SRR R I UK

WAL Bl D). L LRORAER, 2014, 29(5):
9-16.

CHEN Zhenfei, XIA Changliang, WANG Huimin.
Modeling for open circuit magnetic Field prediction in
slotted surface-mounted permanent-magnet machine[J].
Transactions of China Electrotechnical Society, 2014,
29(5): 9-16.

[17] VITTAL V. Transient stability test systems for direct
stability methods[J]. IEEE Transactions on Power
Systems, 1992, 7(1): 37-43.

(18] LM, BRAFfh, skFAk. AW KRG HL 5
M. demt: R Lk, 2002.

[19] i, ) R geksE vh SRR A2 B SR AR (7], WL
ik, 1997, 21(2): 1-3.

TANG Yong. An implicit integration alternating solution
method for power system dynamic stability simulation[J].
Power System Technology, 1997, 21(2): 1-3.

[20] 3%, sk, BIESF, &6 B RGBITIRES &S

W] B HEARER, 2015, 30(24): 171-180.
WANG Tao, ZHANG Shang, GU Xueping, et al. Trends
identification of power system operating states[J].
Transactions of China Electrotechnical Society, 2015,
30(24): 171-180.

[21] RRA, Z T, DHW. kb HrhiEA W R4

B 8 A I R I [0 B T EORE R, 2015,
30(24): 160-170.
ZHU Junjie, NIE Ziling, MA Weiming. Control of mode
conversion transient process of medium frequency
solid-state power supply[J]. Transactions of China
Electrotechnical Society, 2015, 30(24): 160-170.

[22] WEEUH, T%, B, 55 SETHEPAL L i 45 1)
RADCARIE W RG] HATFE[I]. b AL R 273,
2013, 33(36): 27-33.

YAO Zhiqing, YU Fei, ZHAO Qian, et al. Simulation
research on large-scale PV grid-connected systems based
on MMC[J]. Proceedings of the CSEE, 2013, 33(36):

27-33.
Y5 HER: 2016-01-15; {&E A H7: 2016-03-04
1EE TN

Exw (1966-), 5, HE, ik, HEAFI, MR
FE AR HELA L. BB AL A FHNF; E-mail:
fzwang@ctgu.edu.cn

BOWA989), K, @BEMEH, MEHARTAE, RS
B A8 A RGA A . E-mail: 279461255@qq.com

CYEIN



	DOI: 10.7667/PSPC160089 
	基于帕德逼近的暂态稳定性快速数值计算方法 
	Fast algorithm for transient stability numerical simulation using Padé approximation 
	对比图2、图3可以得出：在步长增大时，采用4阶帕德逼近方法，仍然可以保持一定的计算精度，这说明帕德逼近方法具有长时间稳定地进行数值计算的优点。因此，采用4阶帕德逼近方法，在求解时间区间一定的情况下，允许采用较大的计算步长，减少总共所需的数值积分步数，提高数值计算的效率。 
	4   结论 
	本文提出基于帕德逼近的暂态稳定性数值计算方法，通过分析得出，该方法是A-稳定的，且具有很好的并行性。 
	文中成功地将帕德逼近方法运用于电力系统暂态稳定性计算中，通过算例仿真，得出采用帕德逼近方法时发电机的相对功角误差曲线，将其与泰勒级数法计算结果的误差曲线进行比较，可以得出以下结论： 
	1) 采用相同步长计算时，帕德逼近方法的计算精度比泰勒级数法更好。 
	2) 当步长较大时，采用较高阶数的帕德逼近方法能保持一定的计算精度，且计算精度仍然比采用泰勒级数法更好。 
	[1]  汪芳宗. 大规模电力系统暂态稳定性数值计算方法 [M]. 北京: 科学出版社, 2013. 
	[2]  汪芳宗, 何一帆. 电力系统暂态稳定性数值计算的几种新方法及其比较[J]. 电力系统保护与控制, 2009, 37(23): 15-19. 
	WANG Fangzong, HE Yifan. Several new numerical methods and their comparative studies for power system transient stability analysis[J]. Power System Protection and Control, 2009, 37(23): 15-19. 
	[3]  汪芳宗, 何一帆. 基于多级高阶辛Runge-Kutta方法的暂态稳定性并行计算方法[J]. 电力系统保护与控制, 2011, 39(11): 22-26, 32. 
	WANG Fangzong, HE Yifan. Parallel computation of transient stability based on multi-level high-order symplectic Runge-Kutta method[J]. Power System Protection and Control, 2011, 39(11): 22-26, 32. 
	[4]  郭志忠, 柳焯. 快速高阶Taylor级数法暂态稳定计算[J]. 中国电机工程学报, 1991, 11(3): 8-16. 
	GUO Zhizhong, LIU Zhuo. Fast transient stability simulation by higher order Taylor series expansions[J]. Proceedings of the CSEE, 1991, 11(3): 8-16. 
	[5]  徐英, 白雪峰, 郭志忠. 采用动态多维阶数控制的暂态稳定计算方法[J]. 中国电机工程学报, 2008, 28(19): 81-85. 
	XU Ying, BAI Xuefeng, GUO Zhizhong. Transient stability calculation method using dynamic multi-dimension order control[J]. Proceedings of the CSEE, 2008, 28(19): 81-85. 
	[6]  闫凯, 张保会, 瞿继平, 等. 光伏发电系统暂态建模与等值[J]. 电力系统保护与控制, 2015, 43(1): 1-8. 
	YAN Kai, ZHANG Baohui, QU Jiping, et al. Photovoltaic power system transient modeling and equivalents[J]. Power System Protection and Control, 2015, 43(1): 1-8. 
	[7]  于洋, 孙学锋, 高鹏, 等. 高压直流输电线路暂态保护分析与展望[J]. 电力系统保护与控制, 2015, 43(2): 148-154. 
	YU Yang, SUN Xuefeng, GAO Peng, et al. Analysis and prospect on transient protection for HVDC transmission lines[J]. Power System Protection and Control, 2015, 43(2): 148-154. 
	[8]  谭靖, 肖浩, 李艳, 等. 基于暂态仿真的主变涌流对线路零序过流保护的影响研究[J]. 电力系统保护与控制, 2015, 43(19): 149-153. 
	TAN Jing, XIAO Hao, LI Yan, et al. Study on influence of transformer magnetizing inrush current on the line zero sequence overcurrent protection by transient simulation[J]. Power System Protection and Control, 2015, 43(19): 149-153. 
	[9]  郑成德. Padé逼近若干问题研究[D]. 大连: 大连理工大学, 2004. 
	ZHENG Chengde. On univariate and multivariate Padé approximation[D]. Dalian: Dalian University of Technology, 2004. 
	[10] 法埃兹. 阿赫买德. 正交多项式及Pade逼近[J]. 应用数学和力学, 1998, 19(7): 619-623. 
	FAIZ A. The orthogonal polynomials and the Pade’ approximation[J]. Applied Mathematics and Mechanics, 1998, 19(7): 619-623. 
	[11] 郭志忠. 发电机功角的二项式导数递推规律[J]. 中国电机工程学报, 2005, 25(16): 147-152. 
	GUO Zhizhong. The binomial derivative recursion laws of generator’s power and angle[J]. Proceedings of the CSEE, 2005, 25(16): 147-152. 
	[12] 徐英, 郭志忠. 多步高阶隐式泰勒级数法暂态稳定计算[J]. 电力系统保护与控制, 2011, 39(23): 11-15, 20. 
	XU Ying, GUO Zhizhong. Transient stability calculation by implicit multi-step Taylor series method[J]. Power System Protection and Control, 2011, 39(23): 11-15, 20. 
	[13] 徐英, 白雪峰, 郭志忠. 多步高阶暂态稳定计算方法[J]. 电力系统自动化, 2009, 33(15): 33-37. 
	XU Ying, BAI Xuefeng, GUO Zhizhong. Transient stability calculation based on explicit multi-step multi-derivative integration method[J]. Automation of Electric Power Systems, 2009, 33(15): 33-37. 
	[14] 夏世威, 白雪峰, 陈士麟, 等. 多群模式Taylor级数法暂态稳定计算[J]. 电力系统自动化, 2010, 34(10): 24-28. 
	XIA Shiwei, BAI Xuefeng, CHEN Shilin, et al. Transient stability calculation by multi-machine equivalent Taylor series method[J]. Automation of Electric Power Systems, 2010, 34(10): 24-28.  
	[15] GERMUND G D. A special stability problem for linear multistep methods[J]. BIT Numerical Mathematics, 1963, 3(1): 27-43. 
	[16] 陈浈斐, 夏长亮, 王慧敏. 考虑齿槽效应的表贴式永磁电机空载磁场建模[J]. 电工技术学报, 2014, 29(5): 9-16. 
	CHEN Zhenfei, XIA Changliang, WANG Huimin. Modeling for open circuit magnetic Field prediction in slotted surface-mounted permanent-magnet machine[J]. Transactions of China Electrotechnical Society, 2014, 29(5): 9-16. 
	[17] VITTAL V. Transient stability test systems for direct stability methods[J]. IEEE Transactions on Power Systems, 1992, 7(1): 37-43. 
	[18] 倪以信, 陈寿孙, 张宝霖. 动态电力系统的理论和分析[M]. 北京: 清华大学出版社, 2002. 
	[19] 汤涌. 电力系统稳定计算隐式积分交替求解[J]. 电网技术, 1997, 21(2): 1-3. 
	TANG Yong. An implicit integration alternating solution method for power system dynamic stability simulation[J]. Power System Technology, 1997, 21(2): 1-3. 
	[20] 王涛, 张尚, 顾雪平, 等. 电力系统运行状态的趋势辨识[J]. 电工技术学报, 2015, 30(24): 171-180. 
	WANG Tao, ZHANG Shang, GU Xueping, et al. Trends identification of power system operating states[J]. Transactions of China Electrotechnical Society, 2015, 30(24): 171-180. 
	[21] 朱俊杰, 聂子玲, 马伟明. 静止式中频电源组网系统模式切换暂态过程控制[J]. 电工技术学报, 2015, 30(24): 160-170. 
	ZHU Junjie, NIE Ziling, MA Weiming. Control of mode conversion transient process of medium frequency solid-state power supply[J]. Transactions of China Electrotechnical Society, 2015, 30(24): 160-170. 
	[22] 姚致清, 于飞, 赵倩, 等. 基于模块化多电平换流器的大型光伏并网系统仿真研究[J]. 中国电机工程学报, 2013, 33(36): 27-33. 
	YAO Zhiqing, YU Fei, ZHAO Qian, et al. Simulation research on large-scale PV grid-connected systems based on MMC[J]. Proceedings of the CSEE, 2013, 33(36): 27-33. 



