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Abstract. This paper is concerned with the stability and bifurcation behaviour of a
nonlinear autonomous system in the vicinity of a compound critical point character-
ized by two pairs of pure imaginary eigenvalues of the Jacobian. Attention is focused
on the local dynamics of the system near-to-resonance. The methodology developed
earlier for the bifurcation analysis into periodi¢ and quasi-periodic motions (unifica-
tion technique coupled with the intrinsic harmonic balancing) is extended to consider
the stability and bifurcations of resonant cases. A set of simplified rate equations
characterizing the local dynamics of the system is derived. These equations differ
from those associated with nonresonant cases in that they are phase-coupled. Fur-
thermore, the stability conditions of the phase-locked periodic bifurcation solutions
are presented. All the results are expressed in explicit forms.

1. Introduction. It is well known that a nonautonomous system may quite often
exhibit periodic as well as quasi-periodic bifurcation solutions. Nonlinear systems
with periodic driving forces have been considered in detail by, for example, Nayfeh
and Mook [1], Iooss and Joseph [2], who used perturbation techniques and operator
function theory to obtain the first-order approximations of bifurcation solutions and
stability conditions. In a nonlinear autonomous system, interactions of static and
dynamic bifurcation modes in the vicinity of a compound critical point may lead to
invariant tori, which has been investigated by many authors (e.g., see [3-7]). Recently,
such phenomena are studied by using the unification technique [7-11] coupled with
the intrinsic harmonic balancing [12] and its generalization, multiple-scale intrinsic
harmonic balancing [11]. The approach enables one to obtain systematically a set
of simplified rate equations which govern the local dynamics of the system. The
solutions for static bifurcations, Hopf bifurcations, and quasi-periodic motions lying
on two- and higher-dimensional invariant tori, as well as the associated stability
conditions, are expressed in terms of the system coefficients.
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An interesting problem associated with nonlinear autonomous systems is con-
cerned with a Jacobian that has two pairs of pure imaginary eigenvalues. Mainly,
two cases may arise. The case without resonance (i.e., when the ratio of the two fre-
quencies at the critical point is irrational) has been studied by a number of authors
[5, 11, 13, 14].

The second case is concerned with resonance which can occur in several ways: the
ratio of frequencies w,/w, can be equal to 1:1, 1:2, 1:3, etc. and also has been
studied by some authors (e.g., see [15-18]). In this paper, the unification technique
(coupled with the intrinsic harmonic balancing) is extended to the analysis of such
resonance problems, with particular attention to the case of w,/w, = % Based
on the assumption of near-to-resonance (that is, the ratio of the two frequencies of
the bifurcation solutions is near %) , a set of rate equations is derived by using the
techniques which are then used to explore phase-locked periodic bifurcation solu-
tions. Furthermore, the bifurcation critical lines and associated stability conditions
are presented. All the results are expressed in terms of the system coefficients. The
methods used in this paper can be applied to investigate other special and even more
degenerate resonant cases.

2. Formulation of the problem. Consider an n-dimensional nonlinear autonomous
system described by a set of first-order differential equations. Suppose that the Ja-
cobian matrix of the linearized system evaluated at a critical point ¢ has two pairs
of pure imaginary eigenvalues, while the rest of the eigenvalues have negative real
parts. With the aid of the Center Manifold Theory, one may reduce the system to a
new system in terms of four critical state variables as follows:

oz ohy G j=1,2.3,4. B=1,2), (1)

where the z' denote the state variables and the n/’ are two certain independent
parameters. It is assumed that the functions Z; are analytic, at least in the region of
interest, and an equilibrium path z' = fi(ryﬂ) in this region exhibits a critical point
¢ with two pairs of pure imaginary eigenvalues. Introduce a nonsingular transfor-
mation,

= fnh)+ T (2)
into Eq. (1) to obtain the system
i )
B —ww'oh) G=1.2.3.04 5102 3)

such that its Jacobian matrix evaluated at the critical point ¢ is in the canonical
form

0 w,, 0 0

] _|-w,. 0 0 0

¢ 0 0 0 W,,

0 0 -w, O

where the ratio w, /w,, is assumed to be rational, and will be assigned the value of

(W, >0, w, >0), (4)
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% . It follows from the transformation (2) that system (3) has the property
W01 n°) = W,(0,1°) =W, (0:n°)=--- =0, (5)

where the subscripts on W, denote differentiations with respect to the corresponding
parameters.
Suppose that the eigenvalues of the Jacobian matrix [W, j(uﬁ )] , where yﬂ = r]ﬂ -

nf , consist of two distinct complex conjugate pairs given by al(uﬂ ) £, (,uﬂ )i and
az(,uﬂ) + wz(/tﬂ)i. Then
2,(0)=a,(0)=0, (0)=w,, and w,(0)=w,. (6)
It is further assumed that a transversality condition, given by
da,jou' Ba,/ou’
det [ O/OK O fOK 4 (7)

da,/0u' Ba,/ou’

is satisfied, which implies that both pairs of the eigenvalues cross the imaginary axis
in the complex plane with nonzero velocity. It can be shown (see [11, Appendix A])
that

60!1 _ B _ 1 3042 _ B 1 _

W:al —z(p‘/]lﬂ-'_%zﬂ)’ mzaz _§(W33/}+%4ﬂ) (ﬂ— 1,2) (8)
and

ow, g1 ow, g1

—l=gf=c - Do w, —w, - ,

au Cl)l 2(W12ﬁ VVZ]/})’ Ouﬂ wz 2( 348 43ﬂ) (B l’ 2) (9)

In order to apply the multiple-scale intrinsic harmonic balancing procedure and
the unification technique here, suppose that the steady-state solutions of Eq. (3) in
the vinicity of ¢ are in the parametric form

w'=w'(t,;0%, 7' =n"(0"), w, =00

(i=1,2,3,4; k,a,p=1,2), (10)
where 7, = w, ¢ and o? are certain unidentified small perturbation parameters [12].

Assume further that these solutions can be expressed as a multiple time scale Fourier
series [11]

M
J . a a
wi(t,,0 )= E [pj,mlmz(a )cos(m, T, + m,1,) (11)
m=0
ml+ z=m
a .
+rj’mlm2(a )sin(m, 7, + mzrz)] .

This expression can be introduced for both resonance and nonresonance cases. In
the latter situation, the governing equations can be constructed readily from the
perturbation equations, which will be generated next. This paper is concerned with
resonant cases and attention will be focused on phase-locked periodic bifurcations
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near-to-resonance. Here, only the case of w,/w, = % is considered in detail. Setting

7, =217, =27 and w = 2w, = 2w, Eq. (10) takes the form

wi:wi(t; ), nﬂ = nﬂ(oa), w = w(c) (i=1,2,3,4; a,=1,2),
(12)
and Eq. (11) therefore, is in the form of an ordinary Fourier series
. M
w!(1;0%) = Z(pjm cosmt+r,, sin mt). (13)
m=0
Next, a sequence of perturbation equations is generated by substituting Eq. (12)
into Eq. (13) and differentiating the resulting identity with respect to the ¢ succes-
sively,

,a i i,a
W W, + =W,-,-w +WB” , (14)
,ab i a_ i,b N i,ab
w wr+w 'LUT + w 'U) -+-Cl)'l,l)I
Jj.a_ k.,b B.b b B.a
= ijkw w +VV,Jﬁ( lu +wj M )
Jj.ab B.a y.b B.ab
+W,w + W u" u + Wn , (15)

etc., where i, j, k=1,2,3,4; a,b=1,2; B,y =1,2, the subscripts on the
functions W, denote differentiations with respect to the corresponding variables,
and summation convention applies. For clarity, differentiations of the variables with
respect to the ¢ are indicated by the superscripts after a comma.

Now, evaluating the first-order perturbation equation (14) at the critical point ¢
with the aid of Eqgs. (5) and (13) yields

M
,a .a ,a .
wCZ m(r}, cosmt—plm sin mt) = I.j Z(pjm COS/MT + rj, Sin mt), (16)
m=1 m=0
where W, is given by Eq. (4). Comparing the coefficients of cosmt and sinmt
for each m gives the nontrivial solutions

p,a_r,a p.a__r,a
a0 . and R (a=12). (17)
Fy = =Dy Fao = — Pz

Next, evaluating the second-order perturbation equation (15) at the critical point ¢,
introducing Egs. (5), (13), and (17), and then comparing the coefficients of cosmt
and sinm7 results in

%(Wm+szz)(pl‘napl‘nbﬁwflarhb)+%(W,~33+W,44)(P33P44 +rg )+ W, P =0, (18)
for m=0;
(wiarl.'lb + wl’brl. )+ w,.r; “*
- % {(Wm + W) pi1p3s + iy Py + i + i)
T (Wia =W )(pl‘larﬁh +p|'lh’3'; _rl‘lap3‘2b —’1'1[71’320)]
# Wil 4 p i+ W ) W (199)
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(wl,api,lb + wl’bpi’la) + wlcpi’lab
= % [(Wim - Wl.23)(pl’fp3‘2b "'pl‘fps’; +’ffrizl) +r1’1b"3’;) (19b)
= Wiz + Wi24)(pl’fr3’2b +p1’|br3,; -y pif - rl’lbp3’2a)]
t [Woagoit "+ i W) = Wi f ] = W
for m =1 (where the first two terms on the left-hand side vanish for i =3, 4);

,a_.b b ,a ,ab
(w371 @y 1) +wyrp
1 ,a_,b ,a_,b ,a_,b b ,a
=5 [(Win = W)y iy =1y 1)+ 2W,(pyy ) +p”r”)]

2
a B.b b B, a Bb . b B, ,ab
+ [Wi3ﬂ(1’3gl‘ﬁ +1’32/‘B 9+ Wi4ﬂ('32aﬂﬂ + 73 o a)] + Wijpjza » (20a)

,a_,b b ,ab
(@,°ply + @3 Piy) + Wb}y
1 ,a bbb a b b a
=3 [ZWilz(l’upn =) = (W = W)y ry +pyy 1) )]
,a B,b b B, ,a B,b b B, ,ab
+[Wi4ﬁ(1’3;l‘ + D3 ) = Wiag(rig i 4135 a)]_Wij’jza » (20b)

for m =2 (where the first two terms on the left-hand side vanish for i =1, 2);
ab 1 ,a b b .a _,a.b _.b..a
(@, +wy)ry =5 [(Wils = WadP{\P3y + P11 P3y — 1173 1 T3)

1

,a_,b b o.a ,a_,b b La ,ab
H(Wia + W) (11135 + P13 + 111 P3 +r“p32)] +Wipjs s

(21a)
,ab 1 ,a_,b b La ,a_.b b oLa
(@ +wy)p; =5 [(Wim'*' W) (P P3y + P13y =11y T3y +10173y)
.a b b o.a a_.b boLa .ab
= (Wi = W) 135 + P 3y + 1y P3; ‘”nl’sz)] - Wiris s
(21b)
for m=3;and
,ab 1 ,a_,b ,a_,b .a b b La .ab
20y tiy =5 [(Wm = Wiaa) P33y =13y 13y) + 2Wiy(P3y 13y + 15515 )] +Wipjs s
,ab 1 .a_,b ,a b .a b b oLa .ab
20, Pis =5 [2I’Vi34(1’321’32 = Ir3) = Wiz = Wi (b3 13y + P31, )] ~Wiria >
(22)
for m=4.

A close inspection of these equations suggests that Eqs. (19) and (20) may yield
important relationships, and are rewritten more explicitly
b ,a ,a ., b b La ,a b N
ri = AP\ Py + P\ Py + 1Py 1 T5y)
,a b b ,a ,a_.,b b La
+B(p r3y +P{ 135y — 1 Py 11 P3;)
b b B.a

s b b N . N
+ it ol NP (23a)

.a_,b ,
W, r; +w
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,a_ b b La ,a_,b b La a b b La
W[ Py + @ Py =B Py, +P)P3y TPy 7 13;)
,a b b La a b b o La
— A(p), 13, +p“r32 =i P31 P3y)
B, ,a b B.,b ﬁ a B.b b B,
+ o ;i o P = Bt %) (23b)

and
,a_,b b La ,a_,b ,a b a b b a
W, Py + @y py =Cpypyy —ryry) =Dy +p)r)
): N b B, B, ., b
+ah (031" pgu® ) + b (gl 4 i), (24a)

,a_,b ,b ,a .a _, b ,b a_,b b La
Wy Iy W, 1y = —D(p“p“ r“r“) Clpy +1’11 )
B.b B, B, ., b B,
+w2(p32a/l +p32/" a)’az(";;za/‘ +r32ﬂ a) (24b)

where af and wf (k=1 2) are given by Egs. (8) and (9), respectively, and

Z (W13 = Wap3) + (Wype + Wy, )],
|
=2 [(W Wyra) = (W3 + 213)] )
1 (25)
=3 (W31, = Wap) + (W + W)
1
[( 411 — 422) - (W W321)]

These equations, which are in terms of the derivatives of Py > P> @, and uﬂ ,
can be combined through the unification technique to yield the governing bifurcation
equations. Consider, for example, the first equation (23) which involves three equa-
tions (for a, b = 1, 2). Multiplying the first equation for a = b = 1 by (a')2/2,
the equation for a=1, b =2 by o'c’, and the equation for a = b =2 by (02)2/2
and adding them together yields

B B B B
Qryy = A(py\P3y + 1y 33) + B(py r3y — 1\P3y) + 0y /‘ trpon,

. (26)
Qp,, = B(py,1p3; + 1) 73y) = ADy 135 = 11, P3y) = 1 O‘I/‘ TP W R
Similarly, the first equation of (24) gives
B B g B
Qr32—C(p“ r“) D(2pyryy) + 3o it + oy p (27)
B B B B
Q,py, = —D(p”—r“)—C(2p“r“)—r32a2/1 TP 0,
where Q, =w, ~w,, (k=1,2). Similarly, after some algebra one obtains
2 2 ; 2
(p||+r1|)al|g/‘ +A[(p” )p32+2p“r“r32
2
+B[(p” 11)’32 20y 111’32_ =0,
(P, + 3y +C[1’11 [Py + 2011 32
[1’11 '32 2py 1y P3| =0 (28)
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and
2 2 2 2 2 2
(Pry + 1), = (b}, + i@ u’ + B [(p“ —rll)p32+2p11r11r32] g
2 2
—A[(p“—r“)r32—2p“r“p32] ’ 29
2 2 2 2. BB 22 (29)
(P3; +1r3)8, = (P + )5 1 —D[(p“—r“)r32+2p“r“r32]

2 2
+C [(Pu — I = 21711’111’32] :

In order to obtain the dynamical equations in the vicinity of ¢, let p,,, r,, P3,,
and r;, be replaced by p, cosé,, —p,sing,, p,cos¢,, —p,sing,, respectively. It
can be shown (following the approach described in [11, Appendix B]) that the rate
equations up to second-order terms are given by

d .
by _ P, {a’fu’g + p, [Acos(2¢, — ¢,) + Bsin(2¢, — ¢2)]} ;
ddt (30)
22 = pofu + 9} [Ceos(29, - 6,) + Dsin(29, - ¢,)]
and
d .
P]% =p(-Q, + w'f,uﬂ) +p,p, [Bos(29, — ¢,) — Asin(2¢, - ¢,)] , (31)
do,

Py = (=0, + i) + p] [-Dcos(26, — §,) + Csin(2¢, - $,)] .
Next it is noted that the first-order approximation of the periodic solutions is ex-
pressed by

P, COST+ 1, SINT = p,COSp, COST — p, Sin¢g, sint
= p,cos(T+ ¢,) = p,cos(t, +¢,),

32
D3, €08 2T + 13, Sin 2T = p, COS ¢, COS 2T — p, sin @, sin 27 (32)
= p, €os(2T + ¢,) = p, cos(1, + ¢,).
Let
0,=1,+¢, and 6,=1,+9¢,, (33)
and define the phase difference
=20 —¢,=20 -6, (34)
Thus, Egs. (30) and (31) can be written as
d .
% = p]af,uﬂ + ppy(Acosy + Bsiny),
d (35)
2 .
d_t2 = pzafu’g + p;(Ccosy + Dsiny)
and 6
pld—t‘ = p,(wlc+w’fuﬁ) + p,py(Beosy — Asiny),

a (36)
pzd_tz = p,(w,. + wzﬂ#ﬂ) + pf(—D cosy + Csiny).
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It may be noted that setting uﬂ = 0 in Egs. (35) and (36) leads to the normal
form, which is equivalent to that given in [5]. Moreover, for the nontrivial solution
(p, #0, p, #0), one may reduce Eq. (36) to

2 2
dv = (wa—wg)uﬂ+ Zsz+Dp—l cosy — 2A,02+Cﬁ sin . (37)
dt Py P

3. Bifurcation and stability analysis. Based on Egs. (35) and (37), we shall analyze
the bifurcation and stability properties of the system. The steady-state solutions can
be obtained by setting dp,/dt = dp,/dt = dy/dt =0 as follows:

(I) initial equilibrium solution p, = p, =0; and

(II) phase-locked periodic solution

2 2

2 _ (Daju” — Bpy b i)’ + (Calp” — ap, ofu”)

2 (AD — BC)?
2 2
Py = PPy
siny = St = Alasu’)p) (4D = BC #0),

2
(AD — BC)pip,
D(a} i’ )p} - By’ )p3

cosy = —
(4D - BC)p;p,
(38)
where
—-P+\/P’+Q P+\/P*+Q
P2 = 2(C* + Db pf’ Pn = 4(4% + BYab b’ 39

P = [(AC + BD)(2a} — o) - (4D - BO)(20) - )] 4’|
2 2, 2 2
Q=8(4"+ B*)(C* + D*)(a] i ) (a5 ).
Here, it can be proved that p,, = 1/p,, and (/’1//’2)2 =P,
The stability of the initial equilibrium solution is determined by the Jacobian of
Eq. (35). It gives the conditions
ofuf <0 and oSuf <o, (40)

which are identical to those obtained for the nonresonance case [11]. These stability
conditions imply two critical bifurcation lines:

L =0 (4’ <0) (41)
and

Ly’ =0 (i <o), (42)
along which a family of phase-locked periodic solutions lying on a 2-D torus bi-
furcates from the initial equilibrium solution. This family of periodic solutions is
represented by solution (38).

Before discussing the stability of solution (38), consider the existence conditions
for the family of phase-locked periodic solution (38). It is clear from Eq. (38) that the
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existence conditions are given by pf > 0 and pg >0,andso p,, >0 (or p,, >0).
Therefore, the existence of the periodic solution is equivalent to the existence of the
positive solution p ,. One may conclude from Eq. (39) that there are three cases:

(1) afuﬂ > 0 but azﬂ,uﬂ < 0, which implies Q < 0; then if P > 0, there is no
solution; if P < 0, there exist two solutions when P+ 0>0.

(ii) o u” <0 but ofu” > 0, which also implies Q < 0; then if P < 0, there is
no solution; if P > 0, there exist two solutions when P’y 0>0.

(ii1) af;/j > 0 and afﬂﬂ > 0, which implies Q > 0; then there exists only one

solution
_ —P+\P +Q
C2CP+ DY
Now, the stability of the phase-locked periodic solution (38) can be determined
by evaluating the Jacobian of Eqgs. (35) and (37) on Eq. (38), which is in the form

Py

i 0 — (&) @’y pipy(Beosy — dsiny)]
y -2 (%12) (af,uﬂ) afuﬂ p]z(Dcosy/—Csin V)
T12(%) (Dcosy ~ Csiny) 2ABeosy —Asiny)  (20f —ad)
2
I —(%l) (Dcosy — Csiny) ]
’ (43)
The characteristic polynomial of Eq. (43) can be written as
GA)=1"+al’ +bi+c (44)
where
a= - Z(af + af),uﬂ ,
2 2 2
b=p} [px(C* + D) = 4(AC + BD)| + 4(a{ " )(af "), (45)

c= ﬂ:2pf\/P2+Q.

Thus the stability conditions for the family of the phase-locked periodic solution are
given by

a>0, ¢>0, and ab-c>0. (46)
a > 0 gives (a’f + af)uﬂ < 0, hence, the solutions belonging to (iii) in which
af ,uﬂ > 0 and af ,uﬂ > 0 are unstable. Moreover, ¢ > 0 requires that the positive
sign of the square root (P2 + Q) has to be chosen. So only one possible solution

corresponding to
-P+\/P +Q

2 2
2(C* + Dol u?

P =

in (i) or in (ii) is stable, in particular (i) o’ y# >0, ofu® <0, P <0 and P*+Q >
0; (i) ou? <0, £y’ >0, P>0 and P>+ Q > 0, if, in addition, satisfying
ab—-c¢>0.
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