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We consider the Hill’s equation with damping describing the parametric oscillations of the torsional pen-
dulum excited by means of varying the moment of inertia of the rotating body. Using the method of a small
parameter we have calculated analytically a fundamental system of solutions of this equation in the form
of power series in the excitation amplitude ¢ with accuracy O(g?) and verified the conditions of its stability.
In the first-order approximation in €, we have proved that the resonance domain exists only if the excitation
frequency Q is sufficiently close to the double natural frequency of the pendulum, and the corresponding
equation of the stability boundary has been obtained.

Po3zensndaemuvca pigHanna Xiana 3i 32ACAHHAM, WO ONUCYE NADAMEMPULHI KOAUBAHHA KPYMUALHO20
MAAMHUKA, AKI 30YONCYIOMbCA 3MIHOIO MOMEHMY iHepyii mina, wjo obepmaemvca. 3a 00NOMO2010 Me-
Mmooy Man020 napamempa aHAAIMUYHUM UWAAXOM OMPUMAHO PYHOAMEHMAABHY CUCEMY D038 A3KI8
Ub020 PIBHANHA Y 6UAA0I CMENeHesux pAdié 6IOHOCHO amnaimyou 36yoxcenns ¢ 3 mounicnio 0o O(g?)
ma nepesipeHo BUKOHAHHA YMO8 11020 CIIUKOCMI. Y nepuiomy HabAuxceHHI no € 008e0eHO, U0 06aacmb
pe3oHancy icHye auute 8 o6aacmi yacmom 30y0xceHHa ), OAUSLKUX 00 NOOBILHOL 8AACHOT YacmOomu ma-
AMHUKA, T OMPUMAHO PIBHAHHA MENHCE 00AACME CIILIKOCMI.

Introduction. We consider the second order linear differential equation of the form

d*9

=+ B(t, g)@ + K(t,€)0(t) = 0, 9]

dt

where (3(t,¢) and k(t, €) are continuous periodic functions of time ¢ with a period 7, i. e., 3(t +
+T,¢e) = B(t,e), k(t+T,e) = k(t,e) for all t and ¢ is a small parameter. Equations of this type
describe dynamical systems with intrinsic periodicity and appear in many branches of science
and engineering. A physical example which is considered here is the torsional oscillations of
the body mounted on an elastic shaft and excited by means of alternating its moment of inertia.
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In the case where ((t,e) = 0, equation (1) reduces to the Hill’s equation which has been
the subject of many papers (see, for example, [1-3]). The case 5(t,e) = const was analyzed
by P. Pedersen [4]. It was shown that in both cases, depending on the parameters of the system,
there are values of the excitation frequency 2 = 27 /T and amplitude ¢ such that the solution
0(t) increases unboundedly as ¢ — oo and the motion of the system becomes unstable. This
phenomenon is known as a parametric resonance.

The parametric resonance in linear oscillating systems has been studied quite well and di-
fferent methods were developed [5]. The most general method is the classic Floquet method [6]
which is based on a calculation of the monodromy matrix and an analysis of the behaviour of its
eigenvalues. It was used for studying equation (1) and some more general systems of differential
equations in [7, 8]. But this method requires a large number of numerical integrations and this li-
mits its possibilities, especially, if coefficients of the equations depend on some parameters. The
main aim of the present paper is to study the stability of equation (1) in the case of parametric
oscillations of the torsional pendulum with damping and to determine analytically boundaries
of the domains of instability in the space of the parameters. It should be noted that the stability
analysis of differential equations with periodic coefficients is rather cumbersome but it can be
successfully done with a modern computer software such as, for example, the computer algebra
system Mathematica [9].

Criteria of the system stability. According to the general theory of linear differential equati-
ons with periodic coefficients (see, for example, [1]), behaviour of the solutions of equati-
on (1) is determined by its characteristic multipliers p which are just the eigenvalues of the
monodromy matrix X (7) and, hence, are given by the characteristic equation

det(X(T) — pl2) = 0, )

where Iy is an 2 x 2 identity matrix. Here X (¢) is the principal fundamental matrix for the
equation (1) which is defined as

(0 60
x0 = (o) o )

where 6;(t) and 02(t) are two linearly independent solutions of equation (1) satisfying the
following initial conditions

6:1(0) = 1, 6,(0) =0,

®)
02(0) = 0, (9/2(0) = 1.
Hence, the characteristic equation (2) can be written in the form
p? —2Ap+ B =0, (4)

where

A = S(0u(T) + #4(T)),
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B = 6,(T)64(T) — 6(T)6:(T).

Thus, the characteristic multipliers p; » are functions of two parameters A and B and are given
by

P1,2 :A:t\/AQ—B. (5)

In order to determine p; » we should find two linearly independent solutions 6 (¢) and 65(t)
of the equation (1) satisfying the initial conditions (3). Although these solutions are not found
yet, we can characterize the properties of p; » in terms of the parameters A and B.

a) If 0 < A% < B then, according to (5), p1 2 are a complex-conjugate pair of characteristic
multipliers with absolute value |p1 2| = v/B and can be represented as

2
P12 = \/Eexp (:I:i %),

where i is the imaginary unit and ¢ is a real number. The corresponding characteristic exponents
1,2 are defined then as

1 Q
Hi2 = flnpm = InB+io

and the general solution of equation (1) may be written in the form
: : Q
0(t) = (CiRe(e"") f(t)) + Colm(e™" f(t))) exp (t - B) : (6)
s

2
where f(¢) is a complex-valued periodic function with the period 7' = ﬁﬂ and Cy, Cy are

arbitrary constants. It is obvious now from (6) that in the case where 0 < A2 < B < 1 the
function #(¢) — 0 ast — oo and the motion of the system is asymptotically stable. For B = 1
solution (6) is bounded and oscillatory, and the motion of the system is stable. Thus, the system
becomes unstable only if B > 1.

b) In the case where A> = B there is a single real characteristic multiplier p; = A. It
can be regarded as the limit ¢ — 0 in case a). Again, the system is unstable for |A] > 1 and
asymptotically stable for |A| < 1. In the case where A = 1 and A = —1 there exists a periodic
solution with periods 7" and 27T, respectively. Besides, there may exist an additional solution
growing linearly with £ — oo and the system will be unstable.

¢) If A2 > B then, according to (5), the characteristic multipliers p; » are different real
numbers. They are both positive or negative if B > 0 and A > 0 or A < 0, respectively. In the
case where B < 0, the characteristic multipliers p; 2 have opposite signs. The general solution
of equation (1) can be written in the form

0(0) = a0 (1 5 ol ) + Cafaltyexp (1 5 mlpal ). )

2 4
where f1(t), fo(t) are real-valued periodic functions with the periods 7' = TorT = =

depending on the sign of the corresponding characteristic multiplier. Hence, the system will be
unstable if at least one characteristic multiplier has the absolute value greater than 1.
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As a result, we can conclude that the domain of asymptotic stability of the equation (1) is
inside a triangle bounded by the lines B = 1, B = —1 £ 2A in the A — B plane. The points
that lie on the boundary of the triangle determine stable behaviour of its solutions, while the
domain being outside the triangle is just the domain of instability.

The parameter B can be found without solving equation (1). Indeed, since the functions
61(t) and 65(t) are the solutions of equation (1), we can write

01(t) + B(t, )01 (t) + K(t,€)61(t) = 0, (8)
05(t) + B(t, €)05(t) + K(t,€)02(t) = 0. )

Multiplying equations (8), (9) by (—62(t)) and 6,(¢), respectively, and adding them we obtain
the following relationship:

OLEOL(1) — B00(1) = - (O1(1)05 (1) — Oa(1)04 1)) =

= — B(t,e)(01(t)05(t) — O=2(t)01 ().
Hence, the function y(t) = 6,(¢)05(t) — 02(t)0; (t) satisfies the following differential equation:
y'(t) = —B(t,e) y(t). (10)

Using the initial conditions (3) we obtain the solution of equation (10) in the form

y(t) = exp —/5(7,5)d7’
0

Thus, the parameter B is determined only by the function 3(r, ¢) and is given by

T
B = exp —/B(T,E)dT . (11)
0

Now we can conclude that B > 0 for any (¢, €). Hence, we can formulate the following criteria
for stability and instability of the system.

T
1. If the average value of the function (¢, ) is negative, i.e. / B(t,e)dt < 0,then B > 1
0

and the system is unstable.

2. If the average value of the function (¢, ¢) is equal to zero then B = 1 and the system is
stable for |A| < 1 and unstable for |A| > 1.

3. If the average value of the function (¢, ¢) is positive then 0 < B < 1 and the system is

asymptotically stable for |[A| < = (B + 1), stable for |A| = =(B + 1), and unstable for |A| >
1
> §(B +1).

3 3
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Equation of motion of the system. Let us imagine that a disk having a moment of inertia .Jy
is mounted on an elastic shaft and two point bodies of equal masses m are placed on its surface
symmetrically with respect to the axis of the shaft and can move without friction along radius
of the disk. The distance of each body from the axis of the shaft oscillates near the equilibrium
value ry according to the law

r(t) = ro + ¢ ©(Q),

where 2 and ¢ are the excitation frequency and amplitude respectively and () is a continuous
periodic function of time ¢ with the period 27. Hence, the moment of inertia of the system J
varies as

J(t) = Jo + 2m(ro + € p(Q1))2. (12)
Denoting the twisting angle of the disk by 6 we can write the equation of motion of the system
in the form
d do do
7 <(t)a> = Vg (13)

where v and c are the coefficient of viscous friction and the stiffness of the shaft respectively.
Substituting (12) into equation (13) we see that it is just the equation (1) with the coefficients

v+ 4emQ(ro + € ()@’ (28) c
tie) = te) = 14
flt.e) Totommrep@? ") Tty repany Y
2
that are periodic functions of the period 7' = % Substituting (¢, <) in (11) we can represent
the parameter B in the form
[ 7+ 4emO(ro + = p(01))¢!(01)
v + demfd(rg + € p(§2t))p (§2E
B = — dt | . 15
P / To + 2m(ro + € ()2 (15)

Since the function ¢(¢) is supposed to be periodic with the period 27, we have

@1 = p(257) = e2m) = 410)
and

/T 4emQ(rg + € p(Qt)) ' (1) p
Jo + 2m(ro + € (1))

T
t = /d(ln(Jo + 2m(rg + € p(Q))?)) = 0.
0

Thus, the relationship (15) can be rewritten as

T

v
B = — dt | . 16
oxp / Jo + 2m(ro + € p(02t))? (16)
0
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The denominator in the expression under the integral sign in (16) is a positive function of t.
Hence, if v < 0then B > 1 and the system will be unstable for any values of other parameters.
So, we'll suppose further that v > 0 and, hence, 0 < B < 1. This means that the system can be

1
unstable only if |[A| > §(B + 1). And the lines

B=-1-24, —-1<A<0, (17)
and

B=-14+24, 0<A<I, (18)
are stability boundaries in the A — B plane.

Calculation of the parameters A and B with the method of a small parameter. The coeffi-
cients ((t,e) and k(t,e) defined in (14) can be represented as series expansions in powers
of ¢

B(t,e) = 2060 + Z ﬂj(t)sj, k(t,e) = wg + Z fij(t)aj, (19)
j=1 J=1
where
B0 = ob = 5 p = Jo 2mrd, By = T (2p(O) + 2 (20)),
4 Q
2 = T () — $mrd) + 20 — 4mr) (),

4 2m
m= —omrowe(Q), ke = 5 (—p o+ Smrg)ugp(Q), .

The series (19) converge for any ¢ and sufficiently small € and 3;(t), () are continuous functi-
ons. So, according to Poincare — Liapunov theorem [10-12], a general solution of equation (1)
can be also represented as a power series

o(t) = Z 0;(t)e’ (20)

Jj=0

that converges for any ¢ and sufficiently small € with 6;(¢) being continuous functions.

In order to obtain differential equations determining functions 6;(t) let us substitute expansi-
ons (19), (20) into equation (1). Then, equating coefficientsof ¢/, j = 0,1,2, ...,in the left- and
the right-hand sides of the equation we obtain the following system of differential equations:

05 (t) + 26005 (t) + wibo(t) = 0,
(21)
07 (t) + 28005 (t) + wib;(t) = fi(t), j=1,2,...,
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where

Z ﬂn + ”n( )Gj—n(t)) . (22)

n=1

Two linearly independent solutions 6y (t) of the first equation in (21) must satisfy the initial
conditions (3). The corresponding functions are easily found and are given by

Oo(t) = et (cos(wt) + %sin(wt)) , (23)
Oo(t) = % et sin(wt), (24)

where w = y/wi — (3. Initial conditions for the functions 6;, j = 1,2,..., can be written
then as

0,(0) = 6(0) = 0. (25)

Solving the second equation in (21) with initial conditions (25) we obtain the following expressi-
on for the functions 0; j = 1,2, ...,

t
1 ) )
0;(t) = — 5o e~ (Boti w)t /j(r) elbotiw)T g 4
0
t
- —(ﬂo i w) Oszd 26
+ 22 - / T, (26)
0

where the functions f;(¢) are defined in (22). Using the recurrence relation (26) we can successi-
vely calculate the coefficients #; in the expansion (20). But, as j is growing the calculations
become more and more cumbersome. So this method can be reasonably realized only with a
computer software.

Using the system Mathematica we have done the above calculations in the case of ¢(t) =
= cost for the initial functions 6y given in (23), (24) with accuracy of 2. As a result we have
found the parameter A as a power series in €,

= oo 2) (e () 2 i (o -0

X (( — 63 S11r1(2Q ) + 2wfo cos(zgw)> + 8m7‘8((w2(3w2 -0% -

2w

~ BB(6? — 02) — i) sin( Z2) + 2w (46? —~ 9?) o (Q)))), 27)
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where the error term is O(¢?). Substituting the expansion (19) into (16) we obtain the parameter
B in the form

4”—50) (1 L2 A, 8m7“3))- (28)

B = (—
exp q 20

It should be noticed that the series (27), (28) converge for any €2 and sufficiently small . And
calculating the parameters A and B we can easily find the characteristic multipliers p; 2 accor-
ding to (5).

Determination of the domains of instability. It follows from (27), (28) that in the case of
¢ = 0, the parameters A and B take the form

A= exp(—zﬂ—ﬂo> cos<27r—w>, B = exp<—47;f0).

Hence,

B+1+24 = 1+exp(—47;2ﬁ0) :I:2€Xp<f27;§0>cos<27rvw> > (1—exp(f2%ﬁo))2 >0

for any Q and 5y > 0. This means that the corresponding point (A, B) in the A — B plane
belongs to the domain of asymptotic stability of the system. This has been expected because
for ¢ = 0 equation (1) reduces to the damped oscillator equation whose general solution is
well-known. Since the parameters A and B are continuous functions of ¢, the point (A4, B) will
belong to the asymptotic stability domain for sufficiently small ¢ > 0 and fy = const > 0 as
well. Only in the case of 3y = 0, e = 0, the point (A, B) belongs to the stability boundaries
(17), (18) if

Qo0p= 20 L1923 ... (29)

n

Hence, the domains of instability in the space of the parameters (€2, 8y, €) can exist only in a vi-
cinity of the points (29). The boundary of every such domain is some surface which degenerates
into a point as ¢ — 0. Thus, considering these domains we can represent 2 = (¢), By = [o(e)
for sufficiently small € as the power series

Q=00+ e+ e +...,
(30)
,30:601€+60262+....

Substituting (30) into (27), (28) and expanding their right-hand sides in powers of ¢ we
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obtain the parameters A and B in the form

2 2 2 2
A= Cos( g::o) - %(ﬁmﬁo cos( gjo) — wofh sin( gtjo)) +
me? [ o o 2mwo . (27w
I CC S C R

— 2801w Q202 (27rw0 sin ( 2?;:0) — Qo cos ( 2?;:0 )) _

2mw
— 2w 03 + 71w20?) cos +
300 + e cos (222

2
TwWoe 2 2 2 2002 2
+ P2O3(Q2 — 4w?) (4w0 (mQG(—p + 6mry) + 2p~Q7 — 2p™Qp22) +
2
+ Q%(mﬂ%(p — 8mr%) — 2p2§2% + 2p2(20§22)> sin< gj()),

(31)
_ 47Tﬁ016 47T62
Q Q2

B =1 (27651 — Bo2S0 + Borh).

Now one can easily see that, in fact, the relations (17), (18) can be fulfilled only in a vicinity
of the points (29). Moreover, only one of them can be fulfilled in every point (29). Substituting
(31) into (17), (18) we obtain, successively for n = 1,2, 3,4, ..., the following equations:

B+1+24= iw%Q(wgijg Lt 4”;"%) =0, (32)
B+1—-2A= 47;—2352<531+Q§> =0, (33)
B+1+42A= i”—o:;(zmgl +903) =0, (34)
B+1-2A= 16;7262(@2}1 +403) = 0, (35)

Equations (33) —(35) have the only solution §y; = €2; = 0. This means that the domains of
instability in a vicinity of the points (29) for n = 2,3,4,... can be found only if we take into
account the third and higher order terms in the expansion (20). Equation (32) shows that the
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R

2mp Q

Fig. 1. The cross-section of the boundary surface
by the plane 5y = const.

Ny

2, Q

Fig. 2. The cross section of the boundary surface
by the plane 8y = const.

domain of instability, where the inequality B 4+ 14 2A < 0 is fulfilled, exists in a vicinity on the
point 9 = 2wy. The boundary of this domain in the space of the parameters (£2, 5y, ¢) is given
by the equation
2,2 2
455 + (- 2u0)? = T2 (36)
where we have taken into account the relations 8y = ¢8p1, Q2 = 2wy +¢e€2;. Thus, we have found
the stability boundary (36) in linear approximation in .

Equation (36) determines a cone in three-dimensional space (£2, 5y, ) and the system will
be unstable if the point determined by these parameters lies inside the cone. The cross sections
of the cone by the planes ¢ = const and 3y = const are shown in Fig. 1, 2 respectively. The first
graph shows that for any value of the excitation frequency €2 from the interval

10— 2| < 2mrowpe

and amplitude ¢ there exists a maximal value of the damping coefficient 3y for which the
parametric resonance can still occur. On the other hand, if the coefficient 3y is small enough
and fixed then the parametric resonance can occur only if the excitation amplitude ¢ is greater
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then some threshold value. Recall that the equation for the instability boundary (36) has been
obtained in the first approximation in the excitation amplitude . Taking into account the hi-
gher approximations we can notice that it is deformed with € growth. Besides, the domains of
instability can arise in a vicinity of other points (29).

Conclusion. In the present paper we have studied the parametric oscillations of the torsi-
onal pendulum with damping which are described by the second order differential equati-
on with periodic coefficients. The excitation of the pendulum is realized by means of vary-
ing the moment of inertia of the rotating body. We have calculated analytically two linearly
independent solutions of the equation of motion in the form of power series in the excitati-
on amplitude ¢ with accuracy O(e?) and verified the conditions of its stability. It has been

shown that the domains of a parametric resonance can exist only in a vicinity of the points

2
Q=225 = 1,2,3,..., where Q and wq are the excitation frequency and natural frequency

n
of the pendulum, respectively. In the first approximation in the excitation amplitude ¢ it has
been proved that the resonance domain exists only in a vicinity of the point {2 = 2w and the
corresponding equation of the stability boundary was obtained.
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