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i, R G BB 71 & 4 Lyapunov 18 81 5
1 EAZ R 41 Lyapunov f8 4. BARIX L7y 0]
PLAERA A S0t 43 1 Lyapunov $8 4, {H— AL ER XS
R KM R4, il A 2.
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e, DRI FRATT 00 20 DA B R BB B o Rl R
I FRATIAE) V2 N 1 Jacobi v 3 4T eiidk.
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X T M ) m 4EEBEI ] R 4t
t=f(x) (zeR"),
H Lyapunov 8 27T AR F 3 Ze 1) 8 IR 32 73 J7 1%
u=Df(x)u (u€R")

R1F, R w KRR IRI R G AL (1) Fft
I w77 ) E R bR s g bR T E R SE
x(t) i n N M g, ua, -+, u, 1 Lyapunov
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H5AH
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e = g(z)/|lg(z)||. W%, 1331 =" Lyapunov
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T 0, X = Lyapunov 83t 2 FI/NF 0, RHZ R
RAFAE—NMIRIER 5] F. X 55 Jacobi HiEM
T A RERAFE. eAh, FATIEF) H Poincaré
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—0.3798, EARE — Lyapunov 8 8N 1E, (H & I
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fRARFE A
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exp(vy/Vin) — 1 )
exp(Voe/Vin) — 1)’

i9 = Pc/vs. (9)
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M ERRFEEH R Isc = 4A, JFEEHE
JE Voo = 46.2'V, KX PHfE H it FE 51 v FLE Vi, =
1.1385 V, JF ok E R RHE v, = 19 Moy, = 21, it
BINE Po =50 W, 4 2o = 0.576, LA H
S ¥ C, = 50 uF, Cy = 350 uF, L = 700 puH
Ay = OfF, Lim A1 Hamill*7 38 8 i 5 & K Lya-
punov 18 £ & % R G AFAE — N IR AT B 5] F,
WK 5 Fiow.

F) F A% 8t Jacobi .75 i+ & H Lyapunov #5 %1,
45 B °h 306.8343, 20.7590 F119.1718. [K A& VRl
W 511, 44— Lyapunov 6 508 0, &ARZ 45
RAIEH. % E24E 5 Lyapunov 8 80U 1511 B V)
e RGAFAE IR 22, Li %k PSR A 0 4 o B B e 0 &
4t Poincaré ML HEAT 7AW AT, UERH IR 5] 558
b EoNFEVEVE. RISk, 1E# 1 Lyapunov 48 208 1%
WAERTAS N IE B s — AR &

I
I

22.0 -

I

- 4 - 4 — + -1
I
I

— 4 - 1 _ L _1

21.5 4+ -

21.0 4+ -

I
I

20.5 4+ -

V2

20.0 4+ -

19.5 4 -

- —1— —I
— _i— i

19.0 4

18.5 A

5 RUREMLERGW S| TR LR 27]

N HEEATHASCHEZREAT R, LB w(t) =0
AT RS,

z = gi(z) = g(z,0); (11)
W w(t) = 1 AT RS2,
& = go(x) = g(x,1). (12)

WE B Tnax = 100, Tais = 1 F1 T, = 0.005.

TINTFRFLT BT RG220, s(x) =
ve — vp = 0NV H g &2 s(x) > 0, X
fi=g1, fo=go, HTHAEN=mn, =[0, 0,1]T.

BT RA2VIB T RALN, s(x) = vg —
v = 0 NI Hil 2 $(x) < 0, XB f1 = go,
fo=g1, FTFAFAIER = ny = [0, 0, I]T.

A, H A SCHE I E 15 2] 1 Lyapunov 15
Y 145.59, 15.56 1 —0.228. HI T 4% 3 T 52 Fr
I TR () 7 AR, T A 2R G2 IR N (R] R SR N, 2908

0.0005 s, FtPA Lyapunov f8 5UE K. 453 LLZ S
[ £, T4 303 T B 8] 1) Lyapunov 84,
%1740.0728, 0.0078 1 —0.0001. 4R F P KT
0, A ELEE = ANE R ZE VG A 0, B mT BAAE 1%
W 5] 7R SEAB VR, Ak, FATTIEF] A Poincaré #%
77, ¥ RGO YEREAE—4E, TR T SRR
8] 1] Lyapunov f8 £}, 45 R 215 145.59 F112.66. &
SR, XM IR TR EE AR R R, X MIIE T A
SCTIERA .

4 % #

AR ICAEAE S Jacobi iEHE Al 5] NV AMEH
P 38 H BB on 4E D) ¥ R 401 n A Lyapunov
TRE I L, FR % R R T TS e Vi v
4. Glass ML AR AL RS, 3k 1 ixHE
HIA e, TR T A& 4 Jacobi ¥ THE DI R 4t
ANHERE BRI W 8. 52T Poincaré BT i
FOTEAR G, AR SCS L RT DL B B2 1 B H 45 Lya-
punov 880, KA M Poincaré ML) Jacobi FE
B BUE SR A, R A SCRVE T R, 55Tt
8] 77 %) ¥ Wolf ¥E AR LE, AR SCEIEST RS AT A
JRPR I, DAk 5E a1

W& A X E T E R R R S Lya-
punov 45 %k #] Matlab 12 /7

function LE ex1

Dbg=1; % 1 3 R MMEE, 0 AR

global A ol 02 Dim

Dim=2; A=[110; —100];01=[0; —1];02=[0;1];

ns12=[0;1]; ns21=[0; —1]; % V)& (1) % &

Tmax=2000; Tdis=30; Ts=0.1; S=zeros(1,Dim);

opt = odeset('RelTol’,1e-8,' AbsTol’,1e-8);

opel=odeset(opt, Events’,Qevents1);

ope2=odeset (opt, Events’,@events2);

x0=[0.1;0;zeros(Dim*Dim,1)]; x=x0(:)."; T=0;

while T <Tdis % ZF—BUN ], MEHLBEAN 5]
[t,x]=0de45(@fun1,[0,Tdis],x(end,:).",opel);
T=t(end)+T;
[t,x]=0de45(@fun2,[0,Tdis],x(end,:).,ope2);
T=t(end)+T;

end

if Dbg,clf;grid on;xlabel('x_1");ylabel('z_ 2’);hold on;end

T=0;x0=x(end,1:Dim);Q=eye(Dim);tic;cnt=0; % fEH ¥

IHE R E

while(T<Tmax) %Main loop
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ie=[]; % RMEF F4 1 1) Lyapunov 1834
while isempty (ie)
[t,x,~,~,ie]=0de45(@fun1,[0,Ts],[x0(:);Q(:)],opel);
x0=x(end,1:Dim); T=T+t(end);
[Q,R]=qr(reshape(x(end,Dim+1:end),Dim,Dim));
S=S+log(abs(diag(R))");
if Dbg,plot(x(:,1),x(:,2),"b-");pause(0.01);end
end
%% IMET RGBT RE 2 Y1
Js12=JsFun(@funl,@fun2,x(end,:). ns12);
[Q,R]=qr(Js12*Q); if Dbg,disp(abs(diag(R).")); end
S=S+log(abs(diag(R))");
ie=[]; % KT Z%i 2 ] Lyapunov 184
while isempty (ie)
[t,x,~,~,ie]=0ded5(@fun2,[0,Ts],[x0(:);Q(:)],ope2);
x0=x(end,1:Dim); T=T+t(end);
[Q,R]=qr(reshape(x(end,Dim+1:end),Dim,Dim));
S=S+log(abs(diag(R))");
if Dbg, plot(x(:,1),%(:,2), r—");pause(0.01);end
end
%% M T RFE 2F T REG 1 MY
Js21=JsFun(@fun2,@funl,x(end,:). ns21);
[Q,R]=qr(Js21*Q);if Dbg,disp(abs(diag(R)."));end
S=S+log(abs(diag(R))");
cnt=cnt+1;if mod(cnt,10)==0,disp([S/T T/Tmax]);
end

end

fprintf('LE=%s\n',mat2str(S/T));

%% FMEFLRE ST B 4K

function Js=JsFun(hfl,hf2 x,n)

global Dim

f1=hf1(0,x);f1=f1(1:Dim);

f2=hf2(0,x);f2=f2(1:Dim);

e=f1/norm(f1);

theta=acos(n. xe);

d=(n."xe)*e-n;d=d/norm(d);

Js=eye(Dim)+(f2/norm(f1)-e)*(e-tan(theta)xd)’;

%% FHG 1 SUMHRGARR T R

function OUT = funl(t,X)

global A ol Dim

x=X(1:Dim);Q=reshape(X(Dim+1:end),Dim,Dim);

DX=Ax(x — ol); F=AxQ;

OUT=[DX(); F(5);

function [value,isterminal,direction] = eventsl(t,x)

value=x(2) — 1; isterminal=1;direction=1;

%% ¥ 24t 2 H5UIHFAFI T R HL

function OUT = fun2(t,X)

global A 02 Dim

x=X(1:Dim);Q=reshape(X(Dim+1:end),Dim,Dim);

DX=Ax(x-02); F=AxQ;

OUT=[DX(:); F();

function [value,isterminal,direction] = events2(t,x)
value =x(2)+1; isterminal = 1;direction =—1;
%% FMEFE R 5T R AR

function Js=JsFun(hfl,hf2,x,n)

global Dim

f1=hf1(0,x);f1=f1(1:Dim);
f2=hf2(0,x);f2=f2(1:Dim);

e=f1/norm(f1);

theta=acos(n. xe);

d=(n."xe)*e-n;d=d/norm(d);
Js=eye(Dim)+(f2/norm(f1)-e)*(e-tan(theta)xd)’;
%% T HRG 1 SUMHRSAFR T R

function OUT = funl(t,X)

global A ol Dim
x=X(1:Dim);Q=reshape(X(Dim+1:end),Dim,Dim);
DX=Ax(x-0l); F=AxQ;

OUT=[DX(); F();

function [value,isterminal,direction] = eventsl(t,x)
value =x(2)-1; isterminal = 1;direction = 1;

%% T HRG 2 HUIHEF KT R

function OUT = fun2(t,X)

global A 02 Dim
x=X(1:Dim);Q=reshape(X(Dim+1:end),Dim,Dim);
DX=A*(x — 02); F=A*Q;

OUT=[DX(:); F(:);

function [value,isterminal,direction] = events2(t,x)

value =x(2)+1; isterminal = 1;direction = —1;

SE

[1] Yang X S 2009 Int. J. Bifurcat. Chaos 19 1127

[2] Li Q D, Yang X S 2010 Int. J. Bifurcat. Chaos 20 467

[3] Li Q D, Tang S 2013 Acta Phys. Sin. 62 020510 (in
Chinese) [ZEi#l, A 2013 YH R 62 020510

[4] Kaczynski T, Mischaikow K M, Mrozek M 2004 Comput.
Homol. 157 100

[5] Neumann N, Sattel T, Wallaschek J 2007 J. Vib. Control
13 1393

[6] Yang F Y, Hu M, Yao S P 2013 Acta Phys. Sin. 62
100501 (in Chinese) [#775#t, B8, Bk 2013 PB4k
62 100501]

[7 Li Q D, Tan Y L, Yang F Y 2011 Acta Phys. Sin. 60
030206 (in Chinese) [Z=iE#, T, #I5H 2011 H %
& 60 030206]

[8] Li Q D, Zhou H W, Yang X S 2012 Acta Phys. Sin. 61
040503 (in Chinese) [Z1E#E, LIS, Mkt 2012 Y
it 61 040503]

[9] Zhang H G, Fu J, Ma T D, Tong S C 2009 Chin. Phys.
B 18 969

100501-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1142/S0218127409023548
http://dx.doi.org/10.1142/S0218127410025545
http://wulixb.iphy.ac.cn/CN/abstract/abstract51790.shtml
http://dx.doi.org/10.1177/1077546307077500
http://dx.doi.org/10.1177/1077546307077500
http://wulixb.iphy.ac.cn/CN/abstract/abstract53715.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract53715.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract18076.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract18076.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract45387.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract45387.shtml
http://dx.doi.org/10.1088/1674-1056/18/3/021
http://dx.doi.org/10.1088/1674-1056/18/3/021

¥ 12 Z R Acta Phys. Sin.

Vol. 63,

No. 10 (2014) 100501

[10]

[11]

[12]

[13]

[14]

[15]

Wu L F, Guan Y, Liu Y 2013 Acta Phys. Sin. 62 110510
(in Chinese) [ 70, X7k, XI5 2013 ¥ ¥ ¥k 62
110510]

JiY, Bi QS 2010 Acta Phys. Sin. 59 7612 (in Chinese)
[Z8, B 2010 #FL4R 59 7612

Zhang X F, Chen X K, Bi Q S 2013 Acta Phys. Sin. 62
010502 (in Chinese) [5KIET, FR/NAT, BEE)[IE 2013 H8E2:
& 62 010502

Gao C, Bi Q S, Zhang Z D 2013 Acta Phys. Sin. 62
020504 (in Chinese) [, FHIME, TKIES: 2013 Y32k
62 020504]

Lin C S, Xiong X, Shi L, Liu Y Z, Jiang C S 2007 Acta
Phys. Sin. 56 3107 (in Chinese) [#K3%, REE, fi%, %I
BiE, ZKE 2007 YHEFH 56 3107)

Li SR, Jian J G, Geng Y F 2009 J. Henan Normal U-
niv. (Nat. Sci. Ed.) 5 14 (in Chinese) [255%%, F£4k 5,
HkHalE 2009 T R ITVE K22 24R 5 14]

YuY G, Li H X, Duan J 2009 Chaos Solitons Fract. 41
457

(17)

100501-8

Chen W H, Guan Z H, Lu X M 2008 Asian J. Control
7 135

Wolf A, Swift J B, Swinney H L, Vastano J A 1985
Physica D 16 285

Galvanetto U 2000 Comput. Phys. Commun. 131 1
Stefanski A, Kapitaniak T 2003 Chaos Solitons Fract.
15 233

Stefanski A 2000 Chaos Solitons Fract. 11 2443
Stefanski A, Kapitaniak T 2000 Discrete Dyn. Nat. Soc.
4 207

de Souza S L T, Caldas I L 2004 Chaos Solitons Fract.
19 569

Li Q D, Yang X S 2005 Acta FElectron. Sin. 33 1299 (in
Chinese) [Z75#, #lbets 2005 HF24% 33 1299)
Kappler K, Edwards R, Glass L. 2003 Signal Process. 83
789

Li Q D, Yang X S 2006 Chaos 16 033101

Lim Y H, Hamill D C 1999 Electron. Lett. 35 510

Li Q, Yang X S, Chen S 2011 Int. J. Bifurcat. Chaos 21
1719


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/abstract/abstract54091.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract16356.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract51288.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract51288.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract51795.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract51795.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract12973.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract12973.shtml
http://118.145.16.217/magsci/article/article?id=2443469
http://118.145.16.217/magsci/article/article?id=2443469
http://118.145.16.217/magsci/article/article?id=14948616
http://118.145.16.217/magsci/article/article?id=14948616
http://dx.doi.org/10.1111/asjc.2005.7.issue-2
http://dx.doi.org/10.1111/asjc.2005.7.issue-2
http://dx.doi.org/10.1016/0167-2789(85)90011-9
http://dx.doi.org/10.1016/0167-2789(85)90011-9
http://118.145.16.217/magsci/article/article?id=14528943
http://118.145.16.217/magsci/article/article?id=14528943
http://dx.doi.org/10.1016/S0960-0779(00)00029-1
http://dx.doi.org/10.1155/S1026022600000200
http://dx.doi.org/10.1155/S1026022600000200
http://118.145.16.217/magsci/article/article?id=14529087
http://118.145.16.217/magsci/article/article?id=14529087
http://118.145.16.217/magsci/article/article?id=8223491
http://dx.doi.org/10.1016/S0165-1684(02)00479-6
http://dx.doi.org/10.1016/S0165-1684(02)00479-6
http://dx.doi.org/10.1063/1.2213579
http://dx.doi.org/10.1049/el:19990319
http://dx.doi.org/10.1142/S0218127411029380
http://dx.doi.org/10.1142/S0218127411029380

) I8 % 48 Acta Phys. Sin. Vol. 63, No. 10 (2014) 100501

Algorithm for calculating the Lyapunov exponents of
switching system and its application”

Li Qing-Du’  Guo Jian-Li

(Key Laboratory of Industrial Internet of Things and Networked Control of Ministry of Education, Chongqing University of

Posts and Telecommunications, Chongqing 400065, China)

( Received 9 December 2013; revised manuscript received 9 January 2014 )

Abstract

Lyapunov characteristic exponent is significant for analyzing nonlinear dynamics. However, most algorithms are
not applicable for the switching system. According to the traditional Jacobi method, in this paper we propose a new
algorithm which can be used to compute n Lyapunov exponents for an n-dimensional switching system. We first study
the geometric dynamics of two adjacent trajectories near the switching manifold, and obtain a compensation Jacobi
matrix caused by switching. Then with Q R-decomposition of this matrix, we compensate for the diagonal vector of R
to realize the Lyapunov exponent expansion. Finally, we use the algorithm in a two-dimensional double-scrolls system,
the Glass network and a spacecraft power system, and show its correctness and effectiveness by comparing the results

with the Poincaré-map method.
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