Pendulum with a vibrating base
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1 Fast perturbations- rapidly oscillating perturbations

We consider perturbations of a Hamiltonian perturbed by rapid oscillations. Later we ap-
ply this to the case of a pendulum with a vibrating base. The basic idea is to see if the
unstable fixed point of the mathematical pendulum can be made stable by perturbing with
rapid oscillations of the base (pivot)!. We first consider the general theory and then the
application?.

To set the setting consider the motion of a free particle in a rapidly oscillating field:

H(p,q) = Ho(p,q) + qF sinw, t

where F'is a constant and Hy = p*/2m is the unperturbed Hamiltonian. It is easy to see
that the equation of motion is given by

mq = —F sin wt.
Integrating we have

Fsinwt
t) = qolt t) = qo(t) - ———

alt) = ao(t) +&(t) = aolt) — ——
and 7 ;
COS W
p(t) = po(t) +n(t) = qo(t) + Q0

Thus the average motion always follows the unperturbed motion given by ¢o(t) = vt which
is linear in time. Without further proof we may in general assume that

q(t) = qolt) +O(1/w?)

p(t) = po(t) + O(1/w). (1)
in the presence of fast perturbations, that is when w is large. Thus in the order of perturba-
tions we assume that n?and¢ are of the same order. We will use this fact presently.

Consider now a general Hamiltonian with a perturbing field that is rapidly oscillating.
We want to find the Hamiltonian of mean motion. Let

H(pa q, t) = HO(pa Q) + V(Q) sinwt, (2)

where V' (¢) sinwt is an external perturbation. In the general the soluton may be written as
a combination of the smooth and oscillating part:

q(t) = qo(t) +&(t), p(t) = po(t) +n(t),

where we assume that the oscillating has a mean which is zero.
The Hamiltonian equations of motion are
=25 =

_ 0H,

q(t) do(t) +&(t) = o

! This is a statement made by Feynman in his Lectures on Physics.
2See Percival and Richards, Introduction to Dynamics for more details
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Now consider making a Taylor expansion of the full Hamiltonian given in Eq.2 in two
variables around the variables of the mean motion (pg, qo):

aH 82]‘]0 772 8[—]0
N+ -5+ 5—
8 0 op; 2 dqo

Hy(p, q) = Ho(po, q0) +

and oV
Vi(g) =V(q) + —5 +-

where we have used the fact that £ and n? are of the same order.
The equations of motion to first order in £ are given by
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In order to get the mean motion we average over the period of rapid oscillations with
(€) =0=(n). We have

. OH, &*Hy n?
= —)+
(@) = G+ G5
) OH 0% H, 0%V
gy = 2o _ OHo iy OV oy 4

D90 Op3oqo g3

The equation of motion of the oscillatory terms keeping terms up to the leading order
only is given by

and

0) .
simmwt 4+ -,

Assuming qo, po vary very little over a period, the approximate solutions for the oscil-
lating parts, £(t),n(t) from the above equations are therefore given by

~ coswt IV (qo)
and OV (q0) O°H
sin wt
() = =

w2 dqy Op?

Further we also have, for the averages,

1 8V(q0) 82]:1

(€(t) sinwt) = 22 Op OF n
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and
0P (0) = 55 (T

_ 2
2w? )
We now substitute these results in the equations of mean motion:

8H0+ 1 BV(QO))283H0
Opo  4w?" Jqo op}

(q) =

and
8H0 1 8V(QQ) 2 83H(] 1 8V(qo) 82H 02V

W)=~ 0q0 4w Oqo ~ Opi0qe 2w? Oqo Op} OG
Both these equations may be combined and written in the form of Hamiltonian equations
albeit with a new Hamiltonian K,

N\ aK(Q()ap())
(9) On
and oK ( )
N 40, Po
where
1 GV(qo) 282[{0

K = H,
(g0, Po) 0+4w2( o0 ) B2 (3)

which is the desired effective Hamiltonian of mean motion. Note the correction is of the
order 1/w?.

2 Pendulum with a vibrating pivot

Consider a pendulum consisting of a mass m attached to a light stiff rod which is free to
move vertically about the pivot. We choose z— axis along the vertical and z— axis tobe
horizontal. If the length of the rod is [, then the coordinates of the bob are given by

x=lsiny, y=—lcosy)— F(t)

where F(t) is the time dependent vertical displacement of the rod about the pivot and ) is
the generalised coordinate which is the angle between the rod and the down vertical. We
will choose a specific form for this later. The potential energy is then given by

V(z,t) = mgz = —mgllcosy + F(t)]
The Lagrangian of the system is given by
L= %m[zQ + 22 — V(2,1).
Substituting for the velocities,

1 . . 1 .
L= §m[l2¢2 — 21 F sin ] + mgl cos ) + §mF2 +mgF
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The last two terms are independent of ¢ and its derivative and are functions of time only.
They may be ignored as far as dynamics of the system is concerned.
We can further manipulate the Lagrangian by using the following identity:

%[Fcosw] = —Fysine + F cosp.

Substituting the above in the Lagrangian above

1 : .
L= iml2¢2 +m(g — F)lcos,
where we have ignored the total time derivative.
The conjugate momentum is given by

p=mi*)

and the Hamiltonian is )
p

~ omi2
This is indeed a nice form since the forced vertical movement can at best alter the accelera-
tion, hence shift g.
Now consider the case when the F'is given by an oscillating form:

—ml(g — F)cosp

F(t) = Asinwt.

This is the same form as the rapidly oscillating perturbation that we considered in the general
theory in the previous section. The Hamiltonian may be written in the form

2 2

A
H = 2:1[2 —mlg(1+ Twsinwt) cos

solving this explicitly we may consider the Hamiltonian of the mean motion K given in
Eq.3. The additional potential due to vibrations is given by

V(q) sinwt = —mlw®Asin wt.

Substituting this in Eq.3 we have

2 2
P . Yy
K(po, ) = 5 - — mgllcos ) — ksin® 9] = o2 + Veys (1) (4)
where
A%w?
C d4gl

The fixed points of the system are given by po = 0 and ¢» = 0,7, and, cosy) = —1/2k
where we have the first two are the old fixed points of the pendulum and the third one is
due to the effective potential.



e At ¢ = 0 is always a stable fixed point since

d*V,
d@[)gf =mgl(2k + 1) > 0.
This is ofcourse expected.
e At ¢ =1 we have
d*V,
dwgf =mgl(2k — 1)

Thus the fixed point is always stable if 2k > 1 or equivalently
A?w?)2gl,

that is for fast enough oscillations the originally unstable fixed point can be made
stable.

e At costy = —1/2k we have

d*V, 1
d@/);f = mgl(— — 2k)

2k
which is always unstable since for any real 1) we have [2k| < 1.

Thus indeed the unstable fixed point of the unperturbed pendulum may be stabilised
provided the oscillations are fast enough.



