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A parallel algorithm for electromechanical transient simulation by recursive block matrix inversion

HUANG Yuanyang
(State Grid Jibei Electric Power Company Limited Engineering Management Company, Beijing 100038, China)

Abstract: In electromechanical transient simulation, there are some problems in sparse triangular decomposition, such as
low decomposition efficiency and low parallelism. Based on the implicit trapezoidal integration method, this paper first
splits Jacobian matrix according to the characteristics of the Jacobian matrix, and then uses the extended
Sherrman-Morrison inverse formula to solve it recursively, so as to avoid sparse triangular decomposition, finally a novel
kind of electromechanical transient simulation algorithm is presented. The large-scale synthesis system is tested and

analyzed by using high-performance Graphics Processing Unit (GPU). The results show that the parallel algorithm

proposed in this paper can achieve better acceleration ratio and good scalability.

This work is supported by National Natural Science Foundation of China (No. 51309258).

Key words: electromechanical transient; simultaneous implicit approach; Sherman-Morrison formula; Graphic

Processing Unit

0 3l

Bt TLIBCH R BRI, L R G
ST EAFS N RS T, U ZR, JF
AT 4 AR TS S I ELIBE K HL L T 2 S B A3 T
(&R YA Nk, AR RGN &
HATHRERIBE R 2, WSEBLR B EoRAE, 32k
oIt T 11 = RN NI 11 P AT
W G —— I IR SR,

AT AL L EER IS 7 1) KRS el
LR 23 284 1 LR . B o 4 4 S R A 4 34y
(1022 ) AT SEIRAR AL 2 v E PR 23 18] IFATBE, X
AR ) R G 2 it . BEAh, X —ANSEBRIN

ELWE: BXAAMFELRAE F8) (51309258)

LIRS, ALGE M 2% o3 B THEARMER A 50 h 2
NGEA W T RS, NI, 1E5M. ETK
25 0y B 023 (A FRAT B T IO AR AR “ B T
THI PR IR, 5 70 90 G5 RS L ) R G ) 4 DX Bk
PE, ARG 23 8] AT S0 T DLSRAH A IR AT V5
R, HIREEAR S A R A& . IR AT 5
AR UL RS0 B R 03 J7 REZLAE 22 AN I 1] A
TS L RS RIS M s AT
IR RAF o I R AT SRR A N R) ROAR R AN T
AT A AE SRR B AR (3 51 o0 e, L S 2
WK RAE D R B EUERANSL, Bitt, o8
K 5 A WUE A S 2 8] 0 JG B T AT 5
REROYIIPE e SN

Bl AU LK, BB AL PESR(Graphics Processing
Unit, GPU) il FHE K R IS H AT 03, 2



SORVE TR HOR R ) RGN R AT A -9 -

I LA 32 L NI e 2/ o = B = A T o
WS . GPU &K 2 22 SEIHAT IR, ”
2% CPU AT LU 2 2 Z9F4T 1A, (H GPU
W] R I 2 e R AR I 2 /% CPUL. GPU 4k
FE(thread) LA % (grid) 111 75 AL, T REAS A% R S
& AL (thread block), &F AN nl{y
T 2Ik 512 MR, Ik, 7E GPU 1, ZefEn] L%
SEUKEDRL FE (1) £ R B A AT ) 2R 2 9 /N 2 A T 41
2, Ik & CUDAR2UR 2 2 P
ARAEE IR R iL el L, 454
FETC LR P i 2 B SR K A e LU R A 20 3Rk
PRANHELRER AN, R JE 1 Sherman-Morrison K iJ
AP, WS T TR BRI L R SRR
SE B MIAT IR Ik #E GPUs “F- &K 45 R & 1
TAZJTAT LA R AF I D R R A T o R e

1 BRREXILKAETT %

DI ER RSN oy it Y SR N D UK 7
REU)y #E4H (Differential Algebraic Equations, DAESs)
ﬂ%%:‘@o

x=f(x,V)
(1)
g(x,V)=0
A x AR RGN SFFERRESZ & VoA

281 U

HAT, 3R B OB TR R 2Rk sk o T Fe ]
N SR B2 i vy e I Y SR R R TIPS
I IRETTREANARETT R EAT IR KA o

1) M BB IERR > 7%, Ry TR 25y
h

xn+1 = xn +%h[f(xn’Vn) + f(xn+1’Vn+l)] (2)
K@/ H

1 1
xn+1 _Ehf(xnﬂﬂynﬂ) = xn +Ehf(xnﬂl/n) (3)

L, x)=x,V )=V, Kt FHZIHE.

2) WAL 7 AR A Q) SR BT A
g(x,,,V,.) =0, FIFHAwE0 AT IEASK AR
HAR AN

Ax] [VF(xV
‘“*V{Av}:kég;g} @
;L o) 5 1)
_ ox i 2 oV
L e R v S e )
ox [ oV

Vf(x,V)zCn—x+%hf(x,V) ©)

Vg(x,V)=-g(x,V)
Horp, TGP R A BHEAR T R

M EIRSKAF P IR AT AR e HE TR R E R
IIERRIE R SR E” . HARIEN
WS o AHTE B2 UKW L — £ 20 i A T b 2 B 5
(5), HIHAMEBEA G HATEREE S, —H L
Sk LA H T BRI AT U5

HERTLLHRE J (e, V) 4 AN 3B pE LAy — 2
FERE e TN AT HARI A

WHHRGEW T m G REHL. n DL AT,
IR BEE S § &K HEHL(j e 1,m))ERET M4 F i)
Fi T R(ieln)), HHXNMEELRILN
jcio B j B RN IANRY ) Bhas sofF PR
AL x;, B x; AR u,

BT LR 0T P BhaS To i 2 R A # G R
Z, Kk, MERTHHRE of (x,V)/ox AT AR IR K —
YL F R, R

% =diag (JG/)

X

o vy .0 sem O

Jo = eR
' ax;
1 AKO R ny B s 8) e

YWwW=IxV) ®)
A ¥y e RPN RUPARERE, Bk
WRBERE: T(x, V) A PISET RE A LIRS A
EIRAAE R x A SRRV IR @), A

BXV) _y AV _y iy ) (9
v I 4 Mo
og(x,V) __ol(x,V) (10)
ox ox
2R 9) I ¥, (x) 1T LISE— 25 ik iy
Y, (x) = diag(yg (x,))» ie(ln) (11)
_ aIi(xpVi). .
yGi(xj)__ aV,. VA (12)
yGi(x/):0§ J&i
& X
ﬁg%ﬁlz[%Jza, je@,m) ie(n) (13)
BED) [ ]=p. ichms jedm) (4
ox

JUES)



-10- @A &R B R

af (x,,V,) .
o, =——"——, jcCi
o, (15)
aﬁ=0, j&i

ol,(x;,V,) . .
N
‘ Ox; (16)
Bi=0,j&i

2  ETF¥ R Sherman-Morrison 2R BIFFIT
5iE
E X
Y=Y, +Y,.(x) (17)
4=1, —%hJGj, je(,m) (18)
Ay I, Dy AR BT R Y, (G B%E
FICEILN yi,ie,n) , XHFEY BT, R
Y=Y +AY, AY =diag(y,)+¥,(x) (19)

AR, Y AN REGERE, 1 AY 2
B A

BT BaksE S, TT RS RIHE R LA FE J (X, V)
A LLRIR Ny

A, E Ka,
L
i
J(x,V)= Ami ‘i (20)
B - B, Y+AY
R k=-h/2: B,,je,m) FIEREH g rhEs
MOYOIIE: @, ) (l,m) AHFED a PIIEE
NOrPOAT IR . R IR AERT LU R T o 2, /)
J(xV)=J,+AJ @21)
JdE[A Ay} A=diag(4,), je(Lm) (22)
| xa,
o
AJ = \a, (23)
B B Y
JUES]
1, . E
| :
J(x,V)=J, ] E 24)
H, H, I+AY'Y

m

Ko

I, kA,
i .
i :
J(x,V)=J, I i" 3 (25)
B - B, AYY
— |
J [’ | 0} ar=|’ E_%ha (26)
= e = i -
010 B Y,x)
'
d,=Yu,, d=d,+2n (27)

<
(N

VAW @ e R S ATEO o, K
A IR TE RN ATEN 61 B p,.q, € R
g d BT e, € Ry d Hey 2R B,
P kAT 1, SRR 0. 4

P=[p]=[e]. ke(.p) (28)
0" =[q,]> ke.9 (29)
P
[ 0i——h
zmdijsz] (30)
k=l p ; Y (x)
JliEs
[
A=Y pa; (31)
pa
2 LAY Sherman-Morrison 23 2 ] FHEAR S
Ty-1 _ 4-1 _ A(;l.“vTA(;l
(Ag+muv' ) =4, —1+vTA(;1/4 (32)

Xf, A4 eR™; myveR™ . CHR[2210H 1L SE M)
Sherman-Morrison AT R, FHT 8 i
#) Sherman-Morrison A2\, B

(A + 2 mv) =4, —AJUR'W' 4, (33)

k=1

L, p,v, eR™, ke(l,s)s
U=[u], u eR™, ke(ls) (34)
W=[w], weR™ ke(,s) (3%5)
R=diag(r,), ke(ls) (36)

< WTAglﬂk
u,=p, — ) ———u,
C Z‘: ! ke(l,s) (37)
"Z’iv,ngluiw ’
i=1 7

1

W, =V, —

i

ro=lvv A u, =1+ wl A, ke(l,s)  (38)
5E X



POBVE TR B R B ) RGN AT 5L - 11 -

Vf(x, V)} 39

Ax
M=l 5y | VEG)= oo
i FidHES, KPR Sherman-Morrison %
B SR 38 28 XN 2R 804X 7 R (4) v 44

Az=A;-J,'PR'Q" A% (40)
e

AZ" =[(A5ch.) (ar? )] ., je(lm) 1)
AR, =J;'Vf (x,.V,), je(,m) (42)
AV =Y,'Vg(x,V) (43)
P=[p,], 0=[4] ke (44)
R=diag(7), ke(lg) (45)

P=n —kZi—‘iiT(Jr"lpk) P,
S ke @6

4, =4, _Z;_(qu: b, q;

R=l4 g (J7 ), ke(lg) (47)

M ERHET HTHRE A, TRUE -

1) A%, je(l,m) FSREEE2MMT, BA m
AN TR AT B

2) Mk<c i, J)'p, MtHEZEW K I e,
ke(Lr) M5, X8, ¢, & d 4eslmE; Mk>r
i, J) p WHEEEW R Y'e,, je(,g—1) i
B, XL, e g n dEB . BAR, AT
BA m A RIHATEE, EEHERA (9-10) M7
[ AT RE

3) Mk <), ¢ I, LW K aY,' 1ITF
o BT a S m AL F M i, B,
a¥, Wt BA m AT .

4 Mk > i, gl I THE W K g UK
Y, (x)V, . Ha—F, BRIY, (x)¥WHAE
m NN EWFEG A &, Bk, g5 Y, (x)Yy
5% AR m AN IATIE .

5) #cHiX(46), p, 5 g, MTHEAT LARIN2EAT
HEFHATRIE T p, ~ qr I BERE L p, 5 g, 1
T 22U R AT B PR B 1) v

6) A (40), Az [RRAFIR T 2B K M LR o
Bl ) B

MEFREE R, E IR SR SRR HE vT LU R I (x,1)
(FOFR G = 11 3 A A BT m AT RERE T, L —A
2n HEMAERE Y, IR = f i, AT IR U023 10)

HATHE, 1 Yy AN REGERE, FUR A8 W 1 A
DA s U 3% i 0 i) 5 e FEEA T — IR M A o — A
an
3 EHBHFESHSh
3.1 BAmEAMREMIK

SR 10 #1139 715 5 18T ek 22 R G0 AL
P AT BERAT A T IR UE, BT 0EAs 2 RS
e WE 1 P, REFEHEIZE N 100 MVA, JEHEH
&4 345 kV. BAUIEA, Fr RBEHER A =ik
R RS AE R REER AL AR M S, 42 0.1 s
Ja bRk FRECERER P K 0.01s, S
IR 1.5 s.

©
—T-30 37
- 25 26
2 Y

S

5 13 23
9+ J 12 l_ 19 l

L5 11 —20 22
X Fy —IO-|'_
31 32 —+34—33 35
©] ©

v
110 #1 39 T m i SA% = R R4 A
Fig. 1 Wiring diagram of the 10-machine 39-node

New England system

T SCERHE 5 LU AR BB IR R, AN SCHER T
Fe R AL S5 w0 a AR TR A, WK 2
e MEIHASERBL: HEF Ja HE v LA R o3
A IO A AL R (B 2(b) I 2L A bRid B
RN EB ). £EICIERY b, R SRR 2> 243 A4S
B v LU PRI 7 2B

T SCE R 5 LU AR BB IR R, AN SCRER T
F R LT s 5 il e MR c 2 A L i 2
Fiore MEIHAHERIL: HEF 5 HE v LA R o 3R
G3 A SN A N ) 8 X (E2(0) T IR ZE bRl 43
(U aEliL W 4 o i O S DR 0 e 5 N
B v LU PRI 7 2B

K] 3 oK IEL h=0.01 s+ 0.02 s+ 0.03 s
0.04s. 0.025s B, FIFHACESPRAENLER &
U5 LA PSASP 1545 SV e KA Dy A 2= it
X EE A .



@A &R B R

CPU Ml GPU Z [AIfAEI£FEE T KA I Ta], 2t
IERBCRA ] &
F 1 MR AR
Table 1 Scale of test system

(a) HET i

after generator nodes sorting

:‘ﬁj ETIII I%"-J.'-E
2 1A BT SR HE AR BT 58 L AR RS TE R ) A

Fig. 2 Elements distribution of Jacobian matrix before and

RO UL B BOMU e
W OMH RH iR
1 10 39 107 87x87
2 20 78 184 174x174
4 40 156 428 348x348
8 80 312 856 696x696
16 160 624 1712 1392x1 392
32 320 1248 3424 2 784x2 784
64 640 2 496 3 848 5 568x5 568
128 1280 4992 13 696 11 136x11 136
256 2 560 9 884 27 392 22 272x22 272

0.030 : :
7=0.01s B
0.025F - == h=0.02s / N
> —— = = h=0.03s [
0020 f 1=0.04 s [
e 1=0.05s AN oy
& oolsf AN 1
<0010} \ e W
oz e, oV R
0.005 | =z 4
O
olagagfis = ; bt SR
0 025 050 075 100 125 150

t's
3 RAARXS %S PSASP L RIRE M3 LLE
Fig. 3 Error curve comparison chart of the proposed
method and PSASP simulation

M3 H R DUE e ARSCRE ShRAEN LR
15 BARA PSASP ¥ d5 KAHXS TR ZEAE L KA
0.05 s I KZy24 0.028°, TMAEAKN 0.01 s B, ek
FERT T AR 22 AN 0.001 ; 111 55 AHH XS Ty £ 152 2 bt
HAKM MG, MRS, ASCI#Em
INENLASRAS R BT RS RE, XN a2k i) ATk
SBE e T A
3.2 FiTEREMIR

NS ST T $ TR R B 3 B UH SR T A 5K
ATCUE s 2k R KR, X HRE S
MR A Ui £ B4 U (Single-Instruction-Multiple-
Data, SIMD)4bBE #82—GPU . A< S04 7 sk 22t ik
GRS, ISR RS, B
PRUNER 1 B e R tH 0 AT B 1 RE AT DU
K, ACHZA GPU R(E'5 4 NVIDIA Tesla K10)
A CPU tHEHLT ) PCle ikli, Mg T AN 5
] GPUs 1% 8L, ATHF CPU #4534 Intel Core i3
550, H: A=k 3.20 GHz.

2 AT UK I R e v LR R AR
CPU A GPU _EMTHE R . MR 2 thrfLUE
e B RGBSR, GPU RN 24 e i 2,
M LAR BRI EROA R 1 T2, ng Lk #|
10.19, 11y 2% v LU 4 1 2 BRI I, SRS £

% 2 CPU #1 GPU B9t &5 SR ¥t bt

Table 2 Comparison of test results on CPU and GPU

RGN CPU GPU T Lt

1 0.070 s 0.118 s 0.59

2 0.131s 0.121 s 1.08

4 0.253 s 0.126 s 2.01

8 0.501 s 0.136 s 3.68

16 1013 0.201 s 5.04

32 2.103 s 0.291 s 7.23

64 4203s 0.507 s 8.29
128 8.156's 0.800 s 10.19
256 16.447 s 1575 s 10.44

2, ACEBA GPU (KR R s 24
GPU I, 431k 3 Frosillitss . % GPU
DD R B[ P = e = A 151 R G VA L A=
INELBIBAR P IR 7o § R S T S vE R ]
Borark, K450 7Y REFERR RGBT N
RE . AMEFH: BT R4 1 XIEEE-39 4b, HABZER
Gy RN FEA BRI R GPU NS I,
X EIE T A SCEVL T R AT .

= 3 % GPU Mites
Table 3 Multi-GPUs test results

RYFNE 1MGPU  24GPU 44 GPU 8/ GPU

1 0.439 s 0.264 s 0.223 s 0.123 s

2 1.122's 0.488 s 0.247 s 0.135 s

4 1.125s 0.557 s 0.280 s 0.148 s

8 1.404 s 0.764 s 0.386 s 0.188 s

16 3.143 s 1.600 s 0.870 s 0.433 s

32 4617s 2379 s 1.296 s 0.627 s

64 20.252's 10.207 s 5.843 s 2.803 s
128 132.938 s 67.005 s 342425 17.061 s
256 1237.990s  616.534s  310.769 s 156.889 s




SOBVE TR BB RGN ) RGN AT A

- 13 -

B B
2-GPUs 4-GPUs 8-GPUs

PR T

3 4 5 6 7 8 9
ARG

4 FRIAFHMR T RETF
Fig. 4 Scaling factor for different systems

4 i

ASCAERS R IEAR I SRR A b, Je TR
ff) Sherrman-Morrison 3I¥ 23 2UHEF T B TR
Iy POBHER W PR A IATEE, {E GPUs B
I ES R

1) AP R IR AT R S AE B AR TE A 2y
TR EEER AR R AEHE S IR T B RIME
L. P, AZSENEIRRE T RIS,

2) AR ORI I A, LS
# multi-GPUs o145, 1 HAE multi-GPUs 157 R
AARLF IR HETE -

A ST AT SR LR OK R I R AL H B A
PrEe, ATLGERAG B R INIE L, &M T I
IR FEL AL LB SR 1 LS N T o B 75 5K
SE 3k
[1] YAN Cai, ZHOU Linli, YAO Wei, et al. Probabilistic

small signal stability analysis of power system with wind

power and photovoltaic power based on probability
collocation method[J]. Global Energy Interconnection,

2019, 2(1): 19-28.

[2] LIU K, LIAO X, LI Y. Parallel simulation of power
systems transient stability based on implicit Runge—Kutta
methods and W-transformation[J]. Electric Power
Components and Systems, 2017, 45(20): 2246-2256.

[3] SHIJ, SULLIVAN B, MAZZOLA M, et al. A relaxation-
based network decomposition algorithm for parallel
transient stability simulation with improved convergencel[J].
IEEE Transactions on Parallel & Distributed Systems,
2018, 29(3): 496-511.

(4] 51, Bfd, ©479%, 4. 5T PSS/E ) MMC-UPFC
BURLE A&7 SLOTVET]. W R R 5420, 2018,

46(19): 123-131.

CAI Hui, YANG Jian, PENG Zhuyi, et al
Electromechanical transient simulation method for
MMC-UPFC in PSS/E[J]. Power System Protection and
Control, 2018, 46(19): 123-131.

(6] W, VEIT 5%, REIOC, & FeT ) Sn 525 T
R H ) RGeS AUE P BBV HTTVALT]. R
Gefiy L, 2018, 46(1): 9-15.

PAN Mingshuai, WANG Fangzong, SONG Dunwen, et al.
Fast simulation algorithm for power system transient
stability based on a new predictor-corrector strategy[J].
Power System Protection and Control, 2018, 46(1): 9-15.

(6] BICHE, BER, ™IE. A RGEIATIHEIIRE D

exd £ n i i K 43 Sk (0] b 1 B DR AR
2010, 30(25): 66-73.
ZHAO Wenkai, FANG Xinyan, YAN Zheng. Nested
BBDF partitioning algorithm in power system parallel
computation[J]. Proceedings of the CSEE, 2010, 30(25):
66-73.

[7] TOMIM M A, MARTI J R, FILHO J A P. Parallel
transient stability simulation based on multi-area
thévenin equivalents[J]. IEEE Transactions on Smart
Grid, 2017, 8(3): 1366-1377.

(8] VLI KHUBIH ) 2 G0 e AT TS [D]. At
Mz #ITKA, 2012.

JIANG Han. Transient stability parallel computing for
large-scale power systems[D]. Hangzhou: Zhejiang
University, 2012.

(9] VEDF R, KRB ) R g8 8 AR e v UE v 52077
M]. dbxt: B R, 2013.

[10] WAL, #AMEM, FCEE, %, FET3F Gauss JjvE KT

AbEE GMRES Tk ARGEMIFAT IS, &R
GefRY L, 2012, 40(22): 19-24.
WEN Baijian, HU Jiayi, GUO Wenxin, et al. Parallel
computation of power system transient stability based on
symplectic Gauss algorithm and preconditioned GMRES
method[J]. Power System Protection and Control, 2012,
40(22): 19-24.

(11] SRIFBE, AA7FIE. 5 REIN 5 RN 1 4 P2 1 73 A X IFAT

T EHLEID]. B RS A S, 2016, 40(15):
106-112.
ZHAO Haibo, ZHU Cunhao. Distributed parallel
calculation management mechanism considering time-
space and application dimensions[J]. Automation of
Electric Power Systems, 2016, 40(15): 106-112.

[12] B/NEe, VEJ55%, M. 5T m i J7 ¥ & Sherman-



-14- &0 &GP DA
Morrison 2 2 AFE VEIAT IR D] & Transactions on Power Delivery, 2014, 29(3): 1045-1053.
SR H 1, 2017, 45(4): 1-8. [18] LIAO X, WANG F. Parallel computation of transient
LIAO Xiaobing, WANG Fangzong, YANG Meng. Parallel stability using symplectic Gauss method and GPU[J].
algorithm for transient stability simulation using Gauss IET Generation, Transmission & Distribution, 2016,
method and Sherman-Morrison formula[J]. Power System 10(15): 3727-3735.

Protection and Control, 2017, 45(4): 1-8. [19] ZHOU G, ZHANG X, LANG Y, et al. A novel

[13] R, B, T, 25 HF KB ) REVLEE GPU-accelerated strategy for contingency screening of
A% SE I B IR AT NS F I VD] m R R, static security analysis[J]. International Journal of
2016, 42(1): 296-302. Electrical Power & Energy Systems, 2016, 83: 33-39.
XU Dechao, ZHAO Min, JIANG Han, et al. Power [20] At T GPU MimtERe T HEAR[D]. K&
system parallel network topology algorithm applied to R, 2010.
electromechanical transient real-time simulation of [21] &M, B, XK, & ERTEA LU ok
large-scale power system[J]. High Voltage Engineering, GMRES ¥ &% € 05 HIFATHE D] mb s HOR,
2016, 42(1): 296-302. 2017, 43(10): 3419-3426.

[14] R BT @ BT B A 1007 v 1) 8 A R e PR 5 DOU Peng, MA Ming, LIU Dong, et al. Parallel algorithm
o3 Ar v S AT SR ] ML T RE2A4R, 1999, for transient stability simulation based on GMRES method
19(11): 14-18. preconditioned by hybrid LU decomposition[J]. High
WANG Fangzong. Parallel algorithm of highly parallel Voltage Engineering, 2017, 43(10): 3419-3426.
relaxed Newton method for real-time simulation of [22] BRU R, CERDAN J, MARIN J, et al. Preconditioning
transient stability[J]. Proceedings of the CSEE, 1999, sparse nonsymmetric linear systems with the Sherman-
19(11): 14-18. Morrison formula[J]. SIAM Journal on Scientific

[15] OWENS J D, HOUSTON M, LUEBKE D, et al. GPU Computing, 2003, 25(2): 701-715.
computing[J]. Proceedings of the IEEE, 2008, 96(5):

879-899. WS HER: 2019-02-17; f&E HHA: 2019-05-26
[16] ARAUJO Igor, VINCENT T, DIEGO C, et al. 1?%%?1 . .
. . . HiRE (1986—), B, TARF, HEFTEOHEH LG
Simultaneous parallel power flow calculations using . . .
. ) %5 A ITA2%E . E-mail: Ixbctgu@163.com
hybrid CPU-GPU approach[J]. International Journal of G BAH)
Electrical Power & Energy Systems, 2019, 105: 229-236.
[17] ZHOU Z, DINAVAHI V. Parallel massive-thread

electromagnetic transient simulation on GPU[J]. IEEE



	DOI: 10.19783/j.cnki.pspc.190171 
	基于矩阵分块递归求逆的电力系统机电暂态并行算法 
	A parallel algorithm for electromechanical transient simulation by recursive block matrix inversion 
	2   基于扩展Sherman-Morrison公式的并行算法 
	 ，      (47) 
	[22] BRU R, CERDÁN J, MARÍN J, et al. Preconditioning sparse nonsymmetric linear systems with the Sherman- Morrison formula[J]. SIAM Journal on Scientific Computing, 2003, 25(2): 701-715. 



