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Carleman embedding technology
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Abstract: The reduced Carleman linearization model is provided after introducing the Carleman embedding technology. The
nonlinear modes and the time response of single state variables and corresponding nonlinear participation factors are given.
The higher-order state variables are deduced and the concept of participation factors is developed to nonlinear participation
factors of higher-order state variables. These results can be used to study the nonlinear dynamic performances and evaluate
the interactions between each mode and variable. Finally, the proposed method is used to study a power system simulation
case and compared with Prony analysis. Through analyzing time domain solutions of every order variable and corresponding
participation factors, and comparing the changes of eigenvalues space when system’s operating condition changes, it verifies
the validity of the method.
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Table 1 System characteristic modes

(LS FHIEAR 2, B Hz FHJE EE/%
1 -19.060 167 0 100
23 —0.111 826+j12.063 696 1.919 997 0.926 924
4,5 —0.033 346+j7.964 903 1.267 654 0.418 655
6,7 —5.261 004+j6.770 876 1.077 618 61.356 026
8,9 —5.180 107+j4.787 777 0.761 998 73.436 953
10 -0.108 179 0 100
11 -1.353 255 0 100
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Table 2 Second order combined characteristic modes

Bt FER 22 BiEMz BB L%
23,33 AtA=-0.223 65 +j 24.127 39 3.83999 0.926 92
25,35 ArtA4==0.145 17 £j20.028 59 3.187 65 0.724 80
26,34 ArtAs=—-0.145 17 £j4.098 795 0.652 34 3.539 60
30,38 ArtAo=-5.291 93 4j7.275 92 1.158 00 58.819 75
31,40 ArtA10==0.220 01 £j12.063 70 1.920 00 1.823 39
42,50 A4t24=-0.066 69 +j15.929 80 2.53531 0.418 65
45,51 Aqtl7==5.294 35 +j1.194 03 0.190 04 97.549 92
47,53 Agtho=—-5213 45 43.177 13 0.505 66 85.392 78
48,55 Agt210=—0.141 52 £j7.964 90 1.267 65 1.776 57
49,56 Aqt211=—1.386 604j7.964 90 1.267 65 17.150 92
60,64 AstAo==10.441 11 £j1.983 10 031562 98.243 67
61,66 AetA10==5.369 18 £j6.770 88 1.077 62 62.133 63
70,73 AstA10=—5.288 29 £j4.787 78 0.762 00 74.131 70
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Table 3 Third order combined characteristic modes

[y FRHEAR 22 Wiz BLEH/%
144,199 Jytioti,=—0.335 48 £36.191 09 575999  0.926 93
145,154 Jotlotis=0335 48 £12.063 70  1.92000  2.779 83
146,201 Aytiotie=0.257 00 £32.09230  5.10765  0.800 78
147,200 A+l tis=0.257 00 4j16.16249 257234  1.589 89
148203 A+l tie=—5484 66 30.898 27 491761 174775
155,156 JotAstAe=0257 00 £7.96490 126765  3.224 96
163216 Aytiqtiq=0.178 52+j27.993 50 445530  0.637 70
164,209  Jytiqtis=0.178 52+12.063 70  1.92000  1.479 63
186,225  Aytirtis=—10.552 94 £j0.50504  0.08038  99.8857
244280  Agtigti=0.100 04 £j23.89471  3.80296  0.418 65
245252 JgtiqtAs=0.100 04 £7.96490 126765 125587
253254  JgtistAe=5.32770£j6.77088  1.07762  61.8376
255256 AgtistAs=—5246 80+j4.78778  0.76200  73.868 0

257 JatAstA=—0.174 870 0 100
268,291  JAytistA=-5.402 53 £1.19403  0.19004  97.6437
277305  Agthothi=0249 70 £7.96490 126765  3.133 51
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Table 4 Prony results of w, (SNR=114.34 dB, error=0.2541%)

5 e ARi# /Hz FEE T FHLJE Lb/%
1,2 0.000 000 50 1.301 541 -0.162 314 1.9844
3,4 0.000 000 56 0.551 010 -0.006 102 0.1762

5 0.000 000 01 0.000 000 —0.629 168 100
6 0.000 008 39 0.000 000 —1.994 287 100

7,8 0.000 000 56 0.893 122 -0.311 967 5.5507
9,10 0.000 001 61 1.664 609 -0.574 859 5.4880

11,12 0.000 001 49 2.025 568 -0.343 341 2.6968

13,14 0.000 002 03 2.359 376 —0.200 662 1.3535

15,16 0.000 001 45 2.611 001 —0.227 443 1.3863

17,18 0.000 017 60 3.258 839 -0.574 378 2.8040

19,20 0.000 003 76 3.415 605 -0.256 717 1.1961

21,22 0.000 016 54 3912319 —0.276 250 1.1237

23,24 0.000 005 66 3.800 176 —0.069 553 0.2913

25,26 0.000 051 73 3.716 064 -0.608 358 2.6046

27,28 0.000 051 28 3.170 452 -0.193 052 0.9691

29,30 0.000 759 67 2.984 969 -5.128 878 26.3780

31,32 0.000 125 50 2.505 604 —0.097 714 0.6207

33,34 0.000 033 52 2.449 569 -0.277 033 1.7997

35,36 0.001 790 97 1.913 633 -0.127 583 1.0610

37,38 0.000 102 50 1.856 931 -1.116 372 9.5248

39,40 0.004 593 97 1.260 021 —0.025 866 0.3267

41,42 0.001 573 42 1.232 018 —0.150 042 1.9379

43,44 0.000 025 96 0.626 456 -0.236 758 6.0041

45,46 0.000 789 83 0.047 023 -0.198 318 55.7319

47,48 0.004 606 25 0.935 691 —-5.853 981 70.5590
49 0.000 085 06 0.000 000 —22.241 012 100

30t FO

20} AR S
. T B

10, . R I T
RS .t e iz ]

E o ——

S SIS RS £ A
B RPN
ol . g IS
=301 B I

-40 *'35 *30 *55 *50 *I15 -10 -5 0 5
Re
(a) RGAE WRFEREA 53 A 14

FTBE4E Carleman MR W ) R G848 £ 28 HAE FH 2 Bl o2 - 63 -
30t : t
20 I U
‘% L . .. o -
op b o ih TRem
£ o L R R
-0 ST S-S
-20¢ : A
=30+ :. .' 4

20 35 30 25 20 15 10 5 0 5
Re
(b) FR G FAFFAE A 340 A1 4]
10 RG2S RIBTRFHERRR RIS b

Fig. 10 Comparison of stable and unstable mode

characteristic distributions
oA
5 it

Carleman R AN BEAR e 2 MEAL BRI 10 1K Ji
ORI S FU o B 4 e s — AR e
WA EY NI AL . i, SRS
(SRS R] T Heis FH G MEFR 40 A, E TR AT AT R
L AR e ol HA S 2 B SR A R

ARSI 200 B R G 1)l T AR
LRI T o IS Carleman ZBMEALAEAY (1) =
A B ) TCRBEAT T FRYE, IR/ 773
BTk SRARSERUG IBEYE Carleman F228Y, [
T T ASRAT I AR Ee 1t R G e ME AR IR S,
RSB ST AR E S S R 74, iE
AR R m b AR m R S I
S i 2 6 A E L E S S T

i, PIREIRERN] T RS & L ARk
Z 5N LR s s ) R 2 (AR B 315
K X HAFEZAE T R s A, miER
T ARG XT  RGE L . R T
THORGHA LRSI T TBL A2t &
MRSV T AR LM 9 5 70 M AN Ty LA K i e 45
QiU N R el R PSP SN 2 DR
SE R
(1] X85, 2608, 84T, 45, HIPEHL R4 AR G

)8 A EIE[D]. 4k FLES, 2005, 33(16): 70-77, 84

LIU Jun, LI Xingyuan, ZOU Quanping, et al. Research

and problem of low frequency oscillation in interconnected

power networks[J]. Relay, 2005, 33(16): 70-77, 84.

(2] RBOC, WENEE, Wik, A BT 2R RO H M



- 64 -

@A &R B R

(3]

(4]

(5]

(6]

(7]

(8]

. [9]

ISR TV S B SR R A (T]. W RGOy 5 4
i, 2016, 44(21): 54-60.

SONG Dunwen, WEN Boying, YANG Xuetao, et al. A
multiple information sources based early warning and
preventive control system for low-frequency oscillation
in large-scale power system[J]. Power System Protection
and Control, 2016, 44(21): 54-60.

SANCHEZ-GASCA ] J, VITTAL V, GIBBARD M J, et al.
Inclusion of higher order terms for small-signal (modal)
analysis: committee report-task force on assessing the
need to include higher order terms for small-signal
(modal) analysis[J]. IEEE Transactions on Power Systems,
2005, 20(4): 1886-1904.

RO, Wi, Tk, 5. RS ELIN L I e
YT S EIT R gER D). B, 2011, 35(10):
22-28.

SONG Dunwen, YANG Xuetao, DING Qiaolin, et al. A
survey on analysis on low frequency oscillation in large-
scale interconnected power grid and its control measures[J].
Power System Technology, 2011, 35(10): 22-28.

VITTAL V, BHATIA N, and FOUAD A A. Analysis of
the inter-area mode phenomenon in power systems
following large disturbances[J]. IEEE Transactions on
Power Systems, 1991, 6(4): 1515-1521.

NI Y, VITTAL V, and KLIEMANN W. Analysis of
structural properties responsible for nonlinear modal
behavior of a stressed power system using the normal
// Proc 1EEE, 39th Midwest
symposium, Circuits and Systems, New York, USA,
August, 1996, 3: 1029-1033.

LIN C M, VITTAL V, KLIEMANN W, et al. Investigation

of modal interaction and its effects on control performance

form technique[C]

in stressed power systems using normal forms of vector
fields[J]. IEEE Transactions on Power Systems, 1996,
11(2): 781-787.

LOMEI H, ASSILI M, SUTANTO D, et al. A new
approach to reduce the non-linear characteristics of a

stressed power system by using the normal form

technique in the control design of the excitation system[J].

IEEE Transactions on Industry Applications, 2017, 53(1):
492-500

HUANG Qi, WANG Zhougiang, ZHANG Changhua.
Evaluation of the effect of modal interaction higher than
2nd order in small-signal analysis[C] // Proc 2009 IEEE
Power & Energy Society General Meeting, Calgary,
Alberta, Canada, July 2009: 1-6.

[10] RODRIGUEZ O, MEDINA A, MESSINA AR, et al. The
modal series method and multi-dimensional Laplace
transforms for the analysis of nonlinear effects in power
systems dynamics[C] // Proc IEEE Power & Energy
Society General Meeting, Calgary, Alberta, Canada, July
2009: 1-8.

KOWALSKI K, STEEB W H. Nonlinear dynamical
systems and Carleman linearization[M]. Singapore: World
Scientific Publishing Co. Pt. Ltd., 1991.

ARROYO J, BAROCIO E, BETANCOURT R, et al. A

bilinear analysis technique for detection and quantification

[11]

[12]

of nonlinear modal interaction in power systems[C] //
IEEE Power Engineering Society, Proceeding of IEEE
Power Engineering Society General Meeting, Montreal,
Canada, 2006: 1-8.

TN, SUELL, WOH, A& RR TR B A L
Js A2 4 DX AR 3% 7 k], D R GRS S
i, 2015, 43(18): 18-22.

XIANG Li, BAO Yanhong, GENG Tianxiang, et al.

Damping inter-area low frequency oscillations method

[13]

for generator voltage control based on wide-area
information[J]. Power System Protection and Control,
2015, 43(18): 18-22.

EE L. BRI ARG HTIM]. dbat: Bh2: d e,
2003.

PR, RE P, 45 L TIEAIEBN Prony ik
(KRB AR BT FU[T]. L) ARG ORI 5 42,
2015, 43(3): 137-142.

LI Anna, WU Xi, JIANG Ping, et al. Research on

identifying low frequency oscillation modes based on

[14]

[15]

morphological filtering theory and Prony algorithm[J].
Power System Protection and Control, 2015, 43(3):
137-142.

Wi EER: 2016-12-09;
EE BT

EMEE(1981—), F, @fEEE, WAL, BT,
IR F e h e R R H s, o FHRAES ) A%
W 44 K2 Bl A5 % E-mail: abe811104@163.com

F H1976—), %, Hit, K, ARF@ AL HE
G B E L. FRURAMNELMNXERAT T,
E-mail: hwong@uestc.edu.cn

RAEA(1984—), o, AH, BMEIEF, TERFY
N BGIEAT. I BT,

f&[E BH#7: 2017-02-22

(%48 £Hm)



	DOI: 10.7667/PSPC162074 
	基于降维Carleman嵌入技术的电力系统高阶变量 
	交互作用分析研究 
	Analysis of power system higher-order variables and interaction based on reduced  
	Carleman embedding technology 
	[1]  刘隽, 李兴源, 邹全平, 等. 互联电网低频振荡的相关问题及研究[J]. 继电器, 2005, 33(16): 70-77, 84.  
	LIU Jun, LI Xingyuan, ZOU Quanping, et al. Research and problem of low frequency oscillation in interconnected power networks[J]. Relay, 2005, 33(16): 70-77, 84. 
	[2]  宋墩文, 温渤婴, 杨学涛, 等. 基于多信息源的大电网低频振荡预警及防控决策系统[J]. 电力系统保护与控制, 2016, 44(21): 54-60.  
	SONG Dunwen, WEN Boying, YANG Xuetao, et al. A multiple information sources based early warning and preventive control system for low-frequency oscillation in large-scale power system[J]. Power System Protection and Control, 2016, 44(21): 54-60. 
	[4] 宋墩文, 杨学涛, 丁巧林, 等. 大规模互联电网低频振荡分析与控制方法综述[J]. 电网技术, 2011, 35(10): 22-28. 
	SONG Dunwen, YANG Xuetao, DING Qiaolin, et al. A survey on analysis on low frequency oscillation in large- scale interconnected power grid and its control measures[J]. Power System Technology, 2011, 35(10): 22-28. 
	[13] 项丽, 鲍颜红, 耿天翔, 等. 基于广域信息的发电机电压控制抑制区间低频振荡方法[J]. 电力系统保护与控制, 2015, 43(18): 18-22. 
	XIANG Li, BAO Yanhong, GENG Tianxiang, et al. Damping inter-area low frequency oscillations method for generator voltage control based on wide-area information[J]. Power System Protection and Control, 2015, 43(18): 18-22. 
	[15] 李安娜, 吴熙, 蒋平, 等. 基于形态滤波和Prony算法的低频振荡模式辨识的研究[J]. 电力系统保护与控制, 2015, 43(3): 137-142. 
	LI Anna, WU Xi, JIANG Ping, et al. Research on identifying low frequency oscillation modes based on morphological filtering theory and Prony algorithm[J]. Power System Protection and Control, 2015, 43(3): 137-142. 



