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1. INTRODUCTION

In an early paper a technique was presented for the analysis of Hopf bifurcations
of a single-degree-of-freedom (sdof) non-linear system under stochastic
disturbances [1] by employing the perturbation method [2], the stochastic
averaging of Stratonovich [3] and some results from the singularity theory and
group theory [4]. Loosely speaking, Hopf bifurcations are known as limit cycles
in mechanics while in engineering they are called flutters. The unfolding of
degenerated Hopf bifurcations can reveal some important and interesting global
dynamic behaviors of the system. However, the issue of degenerated Hopf
bifurcation in which the eigenvalue crossing condition is not satisfied has not been
addressed. Therefore, in this note an approach is presented for the analysis and
results of degenerated Hopf bifurcations of a system excited by stochastic
disturbances are included. The approach is based on the perturbation method [2],
the limit theorem of Khas’'minskii [5] which is in essence similar to the stochastic
averaging of Stratonovich [3] but is relatively more simple to use for second order
approximations, and some results from the singularity theory and group theory
[4]. It should be emphasized that the application of the results from the singularity
theory and group theory enables us to examine the important issue of degenerated
Hopf bifurcations of system excited by stochastic disturbances which cannot be
dealt with using other existing established techniques, such as the multiple scale
technique. A direct application of the currently presented analysis technique is in
the random vibration control of structural systems which may be treated as sdof
systems with random velocity feedback. An illustration of such an application is
presented in section 5.

The main result presented in this note is that with a positive unfolding parameter
the stochastically disturbed system bifurcates at a larger magnitude of the
bifurcation point than the corresponding deterministic value. With a negative
unfolding parameter the stochastically disturbed system can have bifurcation if a
certain criterion is satisfied, otherwise, the system does not bifurcate similar to the
corresponding deterministic system. It may be appropriate to mention that
another purpose of this note is to serve as an example of applying advanced
mathematical theories to difficult vibration problems which, otherwise, are
impossible to analyse or solve.
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2. STATEMENT OF THE PROBLEM

In order to present the brief and yet tractable steps the minimal amount of
algebra in this note is unavoidable and essential.
The equation of motion for the problem is

7 =F(, 2, 0) + /e DA, (1)

where i=1,2,...,n and yeR* A, aeR';fi(t) are independent stationary
broad-band stochastic processes with zero mean values, |¢| <1 and f(z) has
arbitrary smoothly varying spectral density function. F(0, A, ) = 0 and A, are
2 x 2 matrices.

Let A(4, o) = D,F(0, 4, ), then A(4, ) has eigenvalues a(4, o) + iw(4, o). The
generic assumptions that one adopted here are: there exists a point (4o, o) such
that (i) a(4, %) = 0, w(L, o) = 1, (if) 6; (Lo, %) = 0, 7, (Ao, o) # 0, 7, (Lo, %) # 0,
where the subscript denotes differentiation with respect to that subscript and the
double subscripts designate differentiation twice with respect to the subscript; and

B O'(i, O() a)(i, OC)
A4, a) = |:_a)()b, a) o(4, O():|

The type of degenerated Hopf bifurcations of interest here is the one in which
the eigenvalue crossing condition in (ii) has a zero crossing speed, that is,
O‘;}(}u(), OC()) = O

To proceed further one expands the real part of the eigenvalue as

5(%, 0) = 0 (h0, %) + 0 (Ao, 00) (A — 2o)

+ 6, (Ao, 20) (2 — o) + 261 (Zos 00) (A — Jo)* + -

= 0, (o, 00) (o — o) + L 632 (os a0) (A — Ao)> + -+ - )
Let
a—oa=¢ and  A—d=./e, (3)
then
a(L, o) = e(yo, + ((*/2)a.:) + o(€) “4)
and
(2, 0) = 1 + Jeonl + cwy + (/20,0 + o(c). (5)

Expanding F(y, 4, «) of equation (1) at y = 0, one obtains
Fy, A, a) = A, )y + Ha(y, 4, 0) + Hs(y, A, ) + - - -,

where H(y, /4, o) and H;(y, 4, o) are homogeneous polynomials in y with degree
2 and 3, respectively.
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By rescaling y = \/Ex, then
Hy(y, 7, 00) = eHa(x, Jo, %) + €PHI(X, Jo, 00) + o(€7),
H3()’a A, o) = 63#2H3(X, 2o, o) + 0(63""2),
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where the prime denotes partial differentiation with respect to 1. Thus, the above

expression for F(y, 4, o) becomes
F(y, 7, ) = A(L, 2)/ex + €Ha(x, 2o, o)
+ 63/’2[H2/(~x3 ;"0’ O(O)C + H}(xa )L'Oa OCO)] + 0(63f2),

where
AG o)x = [_? (ﬂx +B(x, A, o) + (o),
in which
_ o+ 1 o) (Jelw, + ey, + (€/2)00s)
Blx, 4, @) = [—(\/dwx + o, + (€[00 (o +1 0o }“'

Applying the above results, equation (1) reduces to
. 0 1 €o* \/ga)* )
X = |:_1 0:|x + |:_\/;w* o }x + \ﬁHz(x, Ao, )

+ €[HL 4 Hi(x, Jo, )] + JeAfi(D)x + o(e),
where

o* =0, +1 00, 0F = (0, 4+ Joo, + (2w

) BV x, x,
HZ(-X7 /L'(J’ OCU)Z {B’(;)‘C’X N I"<S, }’,S= 1,2,
rs rovs

CUx,x,x,
H}(X, /103 OCO):{ oy s

2
C/(‘sg X X Xo

DVx,.x
Hj(x, Ay, o) = SR r<s, r,s=1,2.
( s s ) Dg)xrx: s N O bl bl

(6)

(7a,b)

(8a)

(8b)

(8¢)

Before proceeding further some results are introduced for degenerated Hopf

bifurcations in the deterministic system [6] as a theorem below.
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Theorem 1. When € =0 in a system defined by equation (1) where F(y, 4, «)
satisfies the assumptions in section 2 above and that r.(0, 4, %) # 0 then the
non-trivial periodic solutions with small amplitudes are Z,-equivalent to

01X* + 0:(A — Ao)’x + ux =0, 9)

where d, = sgn r.(0, A, o), = —sgn ag;,,(4o, %), and A is the bifurcation
parameter and u is the unfolding parameter, that is, u = o — oy.

In the language of discrete symmetry group theory, the Z, referred to here is
the two-element ‘‘reflection” group. The bifurcation diagrams of the above
deterministic system are given in reference [6] and r.(0, 4o, o) has been obtained
and presented by the authors in reference [1] as

70, Jo, ) = —L QBB — BUBY — BRBY — 2BYBY + BYBY
+ BBE) — L (3O + O + Ol + 3CR). (10)

3. STANDARD FORM AND SIMPLIFIED EQUATIONS

In this section the standard form and simplified equations for equation (1) are
considered. This is accomplished by making use of equation (6) and the
transformations

xi=asin®, x,=acos®, ®=1+¢ (11)
such that
a* = xi + x3, @ = arctan (x,/x,), a=Xx;sin ® + x,cos P,
ad = x,cos @ — X, sin P. (12)

By making use of equation (6) and (12), and after some lengthy algebraic
manipulation one obtains

i = \/(@HX\(D) + \/ecaXs; (DU (1) + Xs(a, D) + o(c),
= Je@/®) V(@) + S Y (DVi(t) + e[y, + 1 L + Xula, D) + o(c), (13)
where
X\(®) = (BY + BY + 3BY) cos ® + (3B + BY + BY) sin &
+ (B — BiY — B{) cos 3@ + (BY, + B — BY)) sin 30,
Xoi(@) = Aui sin® @ + 1 (Air + Api) sin 2@ + Ap, cos® D,
X (a, @) = g*a+ (@’/8)(3CH) + 3CH, + Ci)h + Cih) + o.t.,
Xi(a, @) = (@’/8)( — 3CH, + 3C, — CP, + Ciih) + o.t,,
Y\(®) = (B — BY + 3B®) cos & + ( — 3B + B{) — BY) sin @
+ (BY + BY — BY) cos 30 + (— BY + BY + BY) sin 30,
Yoi(®) = Air cos® @ + 1 (Aai — Am) sin 20 — Ay, sin® @,
O =(1+Jlo)t+ ¢,  ¢=¢— S,
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and o.t. denotes oscillatory terms.

Equation (13) is the so-called equations in standard form. After all oscillatory
terms such as sin 2@, sin 3@, cos 2¢ and cos 3® in equation (13) are eliminated,
the resulting equations are known as simplified equations.

Note that in the foregoing X:(®) and Y;(®) are periodic in ¢ with period

T=2n/(1 + /).
Clearly,

fTXl(cb) dr = J'[Yl(d)) dr = 0.

By the limit theorem of Khas’minskii [5], as ¢ =0, the solutions (a,¢;) for equation
(13) converge weakly to the Markov processes governed by the following Ito’s
equations:

da = ebi(a, p) dr + Jeny dw,,  depy = ebs(a, 1) di + S dw;, j=1,2,
(14a,b)

where
Neslls = Qs r,s=1,2,
an = (@/3)[wS0) + BSi(1 + Jelw)l,  an=E[Si0) + BiSi(1 + /elw,)];
in this last equation
b, = da — Ra®,
by = c*a + (a’/8)(3CY 4 3CH, + CiY + Cy

+ (@/16)[2:S:(0) + 3B:S:(1 + /elw,)]

— [@/16(1 + \/cLw))(FIG\ + F.G> + F:Gs + F,Gy),

= @ = (a/4) (A + Am) (A — A421)S:(0),

5= 0% + £ [0:51(0) + 3B:Si(1 + /elwy)],

4 ,
R= —L1(3CH +3C% + CY + CB) + Y (FG)[1/16(1 + /elw,)],
r=1

b, = Yo, + % CZCU;,A‘ + (02/8)(—36'?21)1 + 3C512)2 - C(lzz)z + C(lll)z
—HBY(1 4+ Jelo)] + [@/16(1 + /clw,)]

4
|:_ Z F + (G\F, — G,F, + % G:F, — % G4F3):|3
r=1

o0

Si(w)=2 j R;(t) cos wt dr, Yi(w)=2 J Ri(7) sin wt dz.
0

0
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o = 2(Aill + Ai22)2; Vi= Z(Ailz — Ai21)2a

ﬁi = (A4n — Ai22)2 + (4 + Am)z-

Note that in the foregoing the superscript T designates the “transpose of”” while
the subscript i is understood to take wvalues from i=1,2,...,n.
Ri(t) = fi()fi(t + 7)», here the angular brackets denotes the mathematical
expectation, and

Fy=BY— BR+3BY,  Fi=—3B + BY — B2,
Fy=BY+BY— B,  Fo=—B%+BY— B,
G = B + By +3BY,  G.=3B\) + Bii + BY,
Gi=BY — B~ BY,  G.=BY+ BY— B,
Note also that the above convergence is at the interval 1€[0, 7,/¢] for any positive

T0>O.

4. FOKKER-PLANCK EQUATION AND BIFURCATIONS

From the simplified equations of the last section it is clear that equation (14a)
is independent of phase angle defined in equation (14b). Therefore, the
Fokker—Planck equation for the amplitude « is

dp(a, 1)/0t = —ed[bip(a, 1)]/da + (¢/2)0[anp(a, t)]/0a’.
By setting u = et the above Fokker—Planck equation becomes
op(a,u)/ou = —0a[bip(a, u))/da + 1 anp(a, u)l/dda’. (15)

Substituting for the drift coefficient from equation (14) and applying the lemma
in reference [1] one has

{ad"(u)y—constant as wu—oo if y=(0a’—1an)/an >0, (16a)
where k& now is the order of the statistical moment. Also,
{a"(u)y—>0 as u—-oo if 7<0. (16b)
Equation (16a) gives
da’ > 1 ay. (17)

Substituting for the symbols by using equations (14) and (7), equation (17) reduces
to

0o > =290, — RS + /elw,). (18)

This relation and equation (16) enable one to obtain the bifurcation diagrams.
To clarify this statement and to demonstrate the steps involved in such
determination one proceeds further as follows by assuming

V_->0 and 0;‘1<0 (19)
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such that with the theorem in section 2 above d, = J, = 1 and the bifurcations in
the deterministic system are Z, equivalent to the following equation

¢+ g + g =0, (20)

where u, and u, are the bifurcation parameter and unfolding parameter,
respectively.

Equation (20) is a universal unfolding of the normal form ¢* + uig, which has
Z, codimension one. The bifurcation diagrams in the deterministic case from
reference [6] are presented in Figure 1.

Before making use of the above results and equation (18) for the determination
of bifurcation diagrams one has to find the relationship between u; and u,, and
the parameters of our oscillator, A and o. From Golubitsky and Langford [6], the
bifurcation non-trivial solutions of the deterministic system are determined by
b(z, A, o) = 0. Expanding b(z, 4, o) in a Taylor series at (0, Ao, o),

b]oZ + boz(}v — 20)2 + bu(OC — OC()) 4+ = 0. (21)

Disregarding terms with order different from those in equation (20), one can write
the last equations as

Z 4+ (by/bro) (o — o) + (boa/bro) (A — 4o)* = 0, (22)
where
b, = 7,(%, %), b = —3 6, (Ao, %), by =r.=r.(0, Ao, ).
Comparing equations (22) and (20), one has
i = (boa/bi)(A — A)* = —% (0:/r:)(2 — Zo),
o = (b, /b)) (e — ) = — (0 /r-) (e — o). (23a,b)

In equation (23) the arguments (A,, «,) for ¢;;, and o, are ignored for simplicity.
To first order approximation (4 — 4,) and (¢ — «,) as defined in equation (3),
equation (23) become

i = _6<g> i = —ep (24a, b)

@) (b)

> [y

0

Figure 1. Bifurcations of a deterministic system: (a) w, < 0; (b) @, > 0.
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(b)

(C) <a > (d) <a >

Figure 2. Degenerated Hopf bifurcations for r.>0 and o0, <0; u = unstable, s = stable,
bifurcations points (¥ < {.. Deterministic system: (a) yo, > 0, (b) yo, < 0; stochastically perturbed
system: (c¢) yo, > 0, (d) vy, < 0 and 2yg, + f:S:/4 > 0; (¢) yo, <0 and 2yo, + f:S:/4 <O0.

Equation (23) establishes the relationship between u; and A as well as u, and o,
whereas equation (24) relates ui to {* and w, to y. Thus, one can make use of
equations (18) and (19) such that

0 < 290, + 1 B:Si(1 + Jew))(—0s)

and —(. < { < (., where

L= 20 + 1851+ Lo~ 02

if
2’))0'95 + % ﬁiSi(l + \ﬁ(:w/) > 0. (25)

By making use of Figure 1, and equations (24) and (25), one obtains the
bifurcation diagrams presented in Figure 2. From the latter one can see that when
the unfolding parameter yg, < 0, the deterministic system has no bifurcation, while
the stochastic system may have bifurcation if the condition 2yg, + :S:/4 > 0 is
satisfied.

To provide a closer inspection and understanding of the difference between
degenerated Hopf bifurcations of the deterministic and stochastically perturbed

SIS IS SIS e e

_Zc _Zc*
Figure 3. Degenerated Hopf bifurcations of stochastic and deterministic systems for r. < 0, ,, < 0
and yo, > 0: ---, unstable for both stochastically perturbed and deterministic systems; '/, stable for

deterministic system, unstable for stochastically perturbed system.
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system and, in turn, reveal their implications, the solutions for the case yo, > 0
in Figure 2 are superimposed and amplified as in Figure 3.

5. DEGENERATED HOPF BIFURCATIONS IN VELOCITY FEEDBACK CONTROL SYSTEMS

It should be noted that the two-dimensional problem described by equation (1)
has incorporated a wide class of practical non-linear systems.

As an illustration the velocity feedback control of a sdof nonlinear system under
a parametric stationary random excitation process is considered. Without the
velocity feedback control this is the Van der Pol oscillator under a parametric
stationary random excitation process. Of course, the main purpose for employing
feedback control here is to stabilize the system response. As such the question of
existence of degenerated Hopf bifurcation is of interest.

Without loss of generality the non-linear system has the equation

X+ 22X + XX + X = f;+ /S(0)X, (26)

where X is the random displacement, f; denotes the random control force derived
from the force actuator, f(¢) is a stationary broad-band stochastic process with
zero mean value, f and the remaining symbols have their usual meaning.

The random control force f; is related to the actuator input p by the equation

Jr=Gup, 27)

where G, designates the actuator gain.
To relate the velocity feedback to the system the output of the sensor ¢ is
expressed as

q=GX (28)
in which G, is the weighting factor or sensor gain.

For the particular problem considered one assumes constant feedback gain G,
such that

p=—-Gg=—-GGX. (29)
This type of control law is known as the output feedback. The objective is to
choose Gy such that X has some desirable properties. Note that p and ¢ here have

different meanings from those in section 4.
Then equation (26) can be written as

X+ (240X + XX + X = /)X, (30)

where o = G.G/G,.
Now, let y, =X, y,=dX/dz, and y = [y »»]". Then equation (30) can be
expressed in a similar manner to equation (1) as

7 =F(, 4, %) + /f(DA Y, 31)

where

0 0
F(y, A, a) = L A=
>4, ) {—yl — (2 + )y — ﬂy?yz}’ 1 [1 0}
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and

AL, a) = [_(1) _(/121+ oc):|’ since  A(4, o) = D,F(0, 4, a).

Thus, the matrix A(4, «) has two eigenvalues as o(4, o) + iw(4, ), where
o(Z,0) = —(A*+ a)/2 and w(4, o) = [4 — (4> + «)*]"*/2. Clearly, ¢(0,0) = 0 and
w(0,0) = 1. Moreover, g,= —4, g,,= —1 and o,= —1/2. In other words,
conditions (i) and (ii) of section 2 are satisfied.

Following the remaining steps in section 2 and after some algebra, equation (10)
gives

r:(0, Ao, 000) = r. = /8. (32)

By making use of the results above, equation (9), and assuming that § > 0, one
has 6, =1,0,=1,r.>0, g,, = —1/2 < 0 such that the bifurcation solutions for
this particular deterministic system are similar to those in Figure 1. Note that in
the latter figure, iy = 4 = \/ el and u, = p = o of the oscillator. In the latter, if now
the intensity, ¢, of the stochastic parametric excitation in equation (30) is not equal
to zero while the other system parameters are identical to those of the deterministic
system considered above, then following the steps in sections 3 and 4 one also has
the bifurcation solutions presented in Figures 2 and 3. From Figure 2 one notices
that with a positive unfolding parameter, yo, the stochastically excited oscillator
bifurcates at a larger magnitude of the bifurcating point than the corresponding
deterministic counterpart. On the other hand, with a negative unfolding
parameter, the stochastic system can have bifurcation if a certain condition is
satisfied.

6. CONCLUSION

In this note a method for degenerated Hopf bifurcation analysis of
single-degree-of-freedom (sdof) systems disturbed by stationary random
excitations has been presented. The method is based on the perturbation method,
the limit theorem of Khas’minskii which in essence is similar to the stochastic
averaging of Stratonovich but is relatively more simple to use for second order
approximations, and some results from the singularity theory and group theory.
The application of the results from the singularity theory and group theory enables
us to examine the important issue of degenerated Hopf bifurcations of systems
excited by stationary stochastic forces which cannot be dealt with using other
existing established techniques.

The main results obtained by the above method and presented in the foregoing
are summarized as

(1) the bifurcation points are independent of the order of statistical moments;

(2) with a positive unfolding parameter the stochastically disturbed system
bifurcates at a larger magnitude of the bifurcation point than the corresponding
deterministic value; and
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(3) with a negative unfolding parameter, however, the stochastically disturbed
system can have bifurcation if the criterion, 2ys, + ;5:;/4 > 0, is satisfied;
otherwise, the system does not bifurcate. The latter is similar to the corresponding
deterministic system.

Finally, an example of application of the presented technique has been made
on the velocity feedback control of a sdof non-linear system under a parametric
stationary random excitation.
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