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Summary We study awell known regenerative machine tool vibration model (adelay differential equation) near a codimension-2 Hopf
bifurcation point. The method of multiple scales is used directly, bypassing a center-manifold reduction. Both sub- and supercritical
bifurcations occur near the reference point, depending on choice of parameters. Analytical approximations are supported by numerics.

INTRODUCTION

The regenerative effect in metal cutting is an important source of undesirable vibrations in machine tools [1]. Mathe-
matical models of the same are delay-differential equations (DDEs). Hopf bifurcations arising in such DDEs have been
studied using center-manifold reductions [2, 3] and the method of multiple scales (MMS) [4, 5]. Fofana [3] has also
treated double Hopf bifurcation points. We study a double Hopf bifurcation in a tool vibration DDE using MMS, with
a definition of the associated small parameter that allows us to not treat the vibration amplitude as small. Both sub- and
supercritical Hopf bifurcations are observed, depending on how two key parameters vary near the double Hopf point.

MODEL FOR REGENERATIVE TOOL VIBRATION

We consider the non-dimensionalized 1 DOF model for regenerative tool vibrations derived in [2], but with an added
stiffening cubic nonlinearity in the restoring force (as in [6]). The governing equation then is:

B(t)+2¢a(t) + (1+p)a®t) + az(t)® —pa(t —7) =3p/10{(z(t) —z(t — 7))* — (z(t) —z(t —7))*}, (1)

where ai; = O(€) (where € is defined below), p is a parameter
proportional to chip width, and 7, the time-delay, is inversely
proportional to the cutting speed. Linear stability analysis of
Eqg. (1) is given in [2]. The stability boundaries showing the
first two lobes in the p — 7 plane for ¢ = 0 and ( = 0.1
are plotted in Fig. 1. Q = (27,5/8) = (6.283,0.625) and
Q" = (5.980,0.877) represent double Hopf points for ¢ = 0
and ¢ = 0.1, respectively. Observe that, though the presence of
small nonzero damping affects the stability boundary, the local
structures (near Q and Q') are similar.
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Figure 1. Stability boundary of Eq. (1), thick line: { =0 Ft)+ (1 +p)a(t) —pz(t—7) = 0. (2)
and thinline: ¢ = 0.1.

Substituting z(t) = Ce** in Eq. (2), we get the characteristic equation, A2 + (1 +p) —pe " = 0. When 7 = 27
and p = 5/8 (as noted above), there are two pairs of pure imaginary roots corresponding to A = +i and A = +3i/2
with all other roots having negative real parts (verified numerically; details not presented here). We will now study small
perturbations of Eq. (2) near this double Hopf point.

Scaling: To perform multiple scales analysis, we could scale () as ey(t), where e is some “small” parameter (as in [4]).
However, this restricts z(¢) to be small. Instead we take 3p/10 = 3/16 = 0.1875 as ¢ in Eq. (1), allowing z(t) = O(1).
Detuning: To indirectly account for variations in 7 near the double Hopf point, we stretch time as ¢ = (1 + ¢ A)¢ (and
then drop the overbar for notational simplicity). An increase in A now corresponds to a decrease in the delay.

Finally, letting p = 5/8 + ep;, we obtain
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where D = z(t) —x(t —27), (1 = (/e and @ = a1 /€. Introducing the two time scales ¢ and T, = € ¢; writing the solution
to Eq. (3) as x(t) = X (¢, Tv) = Xo(t,To) + eX1(t,To) + - - -; substituting in Eq. (3); and simplifying, we obtain
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+§ A Xo(t —27) — %A Xo + p1 (Xo — Xo(t — 2m)) — (Xo — Xo(t — 27)) + (X0 — Xo(t — 27r))3> +0(e2) =0.

(4)
The solution to the lowest order equation is Xg = Ajsint + Ascost + Agsin(3t/2) + Ay cos(3t/2), where A; =
A;(Ty),i = 1,2,3,4. Here, we have explicitly dropped infinitely many exponentially decaying components in the solution
(see [5]). Substituting this at the next order leads to potentially resonant forcing terms. Eliminating these resonant forcing
terms as usual, we obtain 0 A; /9To,i = 1,2,3,4. Now setting A; = Rj cos(¢1), Aa = Ry sin(¢1), As = Ra cos(3¢2/2)
and A4 = Rosin(3¢2/2), we obtain
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(along with two equations for ¢; and ¢ that are not presented here for space). The bifurcation structure of the above
system in the p1 /{1 — A/¢q plane is shown in Fig. 2. The plane is divided into 5 regions with distinct behaviors.
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DISCUSSION

The direct use of MMS without center manifold reductions simplified the calculations near the double Hopf point. Our
choice of ¢ allowed x(t) = O(1), giving a glimpse of the dynamics for not-too-small amplitudes. The supercritical
bifurcations observed here are important in the context of control: a minor excursion into the unstable region causes
small amplitudes of vibration, leaving scope for returning to stable operation. In contrast, in the subcritical regime, any
excursion into instability leads immediately to large amplitudes from which return to stable operation is problematic.
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