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Abstract. In this paper, for the first time, a quenching result in a non-ideal system is rigorously obtained. In order to do this
a new mechanical hypothesis is assumed, it means that the moment of inertia of the rotating parts of the energy source is big.

From this is possible to use the Averaging Method.
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1. INTRODUCTION

In the design of structures it is necessary to investi-
gate the relevant dynamics in order to predict the struc-
tural response due to excitation. In the selection of ro-
tating machines for applications in structures, often little
thought is given to the effect that the structure has on the
machine, i.e., the excitation is considered independent of
the system response.

Mathematical models of real systems are usually ide-
alized by prescribing the forcing term as a known func-
tion. In reality, for a great number of structures this is
not the case, and such structures are called non-ideal. In
general, it is possible that an energy source fixed to a
structure may be affected by the structural response. Sys-
tems having dynamic coupling between structure and the
energy source often exhibit peculiar behavior, especially
systems with limited power supply. Non-ideal systems
operating in the neighborhood of resonant frequencies
are often more expensive and perform poorly as com-
pared with ideal counterparts.A number of authors stu-
died this class of mechanical systems. We can mention
some of them Kononenko [8], Nayfeh and Mook [10]
and Balthazar et al. [1], [2], [3].

In applications, for example Mechanical Engineering,
a basic question is how to suppress, or at least, how to
quench an undesirable vibration, see for example [11].

This work concerns with quenching in a class of non-
ideal mechanical systems. In [4] a numerical study is
performed with same mechanical system that is inves-
tigated here. One of the motivations of [4] is the problem
of vibration attenuation in a structure due to a nonlinear
energy sink. Such kind of problem has been investigated
by several authors such as Felix et all [5], Malatkar et all
[9] and Jiang et all [7] in other mechanical systems.

In this paper, it is proved that a non ideal system
exhibits a stable vibration and it is asked how to quench
such oscillation. This is achieved by appending to the
original system another one. Quenching of the original
vibration has been achieved if there is a reduction of
the (x, x') amplitudes when comparing the initial system
and the final one. It is worthy to note that all results are
rigorously obtained by using the Averaging Theorem, see
[6].

We organize this work as the following. In Section 2
the equations of motion of the non-ideal system under in-
vestigation are given. By assuming that angular momen-
tum of the rotating parts of the motor is big, one has rwo
scales, €, €2, in the equations of motion of the system.
These scales afford the correct use of Averaging Method
in this problem. We believe that this approach is a step
beyond of Kononenko’s modelling, see [8]. In Section 3
it is shown that the last foregoing system has two hyper-
bolic periodic orbits, one of them is stable. In Section
4 a mass is attached, by springs, to the Main Body in
the original system. It is proved that this new system has
an asymptotically stable periodic orbit. And in Section
5 it is rigorously proved that the oscillations of the Main
Body have been quenched in the new mechanical system.
Finally, in Section 6 some comments are given.

2. ANON-IDEAL SYSTEM

In this section let us consider a mechanical system com-
pound of a damped linear spring linked to a wall and to
a principal body. On this principal body there is a DC
motor, with limited supply power, which rotates a small
mass my . Both, the spring and the body-motor set, are
at the same height from the ground and such system has
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two degrees of freedom. Such system is given in Figure
1.

N

FIGURE 1.

A Non Ideal System

In this system, Mj denotes the mass of the fixed part
of the mechanism such as its base. In Figure 1 this
mass is indicated by the region in gray. The mass of
the rotating parts of the motor is denoted by M| and its
moment of inertia by J. Besides M, given by My + M,
means the mass of the body-motor set. The constant
ki is the stiffness of the spring. The resistance of the
oscillatory motion is a linear force c;x}. Let r be the
distance between the mass m and the axis of rotation
of the DC motor. It is assumed that —r < 6 < oo,

The kinetic and potential are given respectively by

r = Yoy
+2 (W () =re'(eos0 () (1)
+(r0' (1)sin6 (1)*) + ‘59’ (r)?
and
Vo= B2 gm0 ). @

Let L =T —V be the Lagrangian of this system then
the equations of motion are given by

d (9L _ (oL
dt \ ox' dx

$(35)-(%) = e,
where function Ty (+) is the difference between the dri-
ving torque of the source of energy (motor) and the re-
sistive torque applied to the rotor. Such function I'y (-) is
obtained from experiments.
Let us define the following dimensionless variables and
parameters

—c1xy (1),

3)
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0(r) = 9(,/MZ—I’"°T>7

M+ my ki
T T .
(Z) kJ 0( M+mOZ>

By substituting the above equations in (3) one gets

HE = (0= e ()

iz (cos (01 (2) (6] ()

—sin (6 (<)) (6] (7))°)

o/ (t) = — 2 T(6{(r)) @

J+m0r2

mo gr (M+mg)

kl (J+m0r2) Sin(el (T))

mo }"2

Tt mr2 s (01 (D) (7).

It is assumed that my < 1, ¢ < 1, I'(:) < 1 and
J > 1. This last condition means that the moment of
inertia of the rotating parts of the motor is big. In terms
of adimensional parameters the following conditions are
imposed:

C1

— =g, 5
Vki M+ mgy : ©)
mo

=— 6

ot M £q1, (6)
1‘4()1"2

= 7

J €44, ( )

where A1, ¢ and g4 are adimensional parameters. From
(5), (6) and (7) one has

mo }"2

2

—— =—& 8

J+my ) q2, ( )
mg gr (M+ my) 5

where ¢, and g3 are dimensionless parameters.
In view of (8), (9), it will be assumed that

J 2

—I()=¢eT( 10

J+my 2 ( ) 1 ( )7 (10)

where 'y (-) is an adimensional function. Using (5),
(6),(8), (9) and (10) in (4), the following two scale sys-
tem is obtained



W) = —yi(r)—ehy(7)

~eq1(cos(61 (1)) (6] (1))

—sin(@ (D) (6(@)7).
o/(r) = € (1 (6](r)
~ q2c03(61 (7)) (¢)

+¢3sin (6, (7).

3. STABLE AND UNSTABLE ORBITS

From now on the following replacements in the notation
will be done, T — ¢, y; > x1, 6 > 0 and '} — I. Of
course it will be assumed that ¢, x| and I" are dimension-
less. By rewritten (11) as a first order system, one gets

(0 = ul),
W(0) = &(qp@)’sin(6()
—llu(t))
—x1 (1) +0 (€%) (2
6'() = p(0),
P = & Cp0)+qsin(60)
+q2 (1) cos (6 1)) +0 (&%)..

Following [8, pg.38], let us assume the frequency p is
close to natural frequency 1. Thus

p()=1+epi(1). (13)

By substituting (13) in (12); one gets 6’ (¢) = 1 +€p; (¢).
Since 0 < € <1 then one can write ¢ in terms of 6 and
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obtains the following reduced system

u(6)—ep, (6)+u(6)

+e (sin() g1
+71(8)x1(0) —A4iu(0)  (14)
+0 (&?),

€ (sin(6) g3

+%1 (0) cos(0) g2 +T'(1))

+0 (€%).
Consider now the following change of variables

X

7(0) =

._.

—~
(s

=

cos(0) x11(0)+sin(0) u; (6),
cos(6) 11 (8) —sin(6) 1y (8) (1)

By using (15) in (14) one obtains a non-autonomous
system 27 periodic in the 6 variable. In this case the
Averaging Theorem can be used. So, performing the
average of this system on the interval [0,2 7] one gets
the following averaged system

— X —=2p1ih — q

x,(0) = € 2 )
2p1xn— Mu

17(6) — ¢ 19196112 1u17 (16)
@211 +2T(1)

p1(6) g,

2

The equilibrium solutions of (16) are given by

2T°(1
)?1”17 = = ( )7
q2
P V2T V4192 -2T(1) A
! Vg -
Maig 2
s~ lr(l)z 244
1 72% )
and



! 2T (1)
fil = - ’
q2
~ _ V2VT()Vai-2T () 4
1 Vg 1y
A
i B 24
P = 3
22

Of course the following inequalities must be hold in
order (17) and (18) could be valid.

A >0,
r(1) >0,
q1 q2—21“(1) A1 >0.

The eigenvalues of the jacobian of the vector field given
by the right side of (16) calculated at the equilibrium
point (17) are roots of the characteristic polinomial
P(A)=A>+AA%+BA+C, where

(19)

A:Ah

H 3 3
B— _22T()2 Va1 a 2T A—A g1 92
- b
8T(1) /2

C=_V T() /M Va2 A
= % ,

(20)

_ Mag
AB—C="Hue

From (20); one concludes that C is negative thus it
follows from Hurwitz Criterium that P(A) has a root
which real part is positive. Then one concludes from
Averaging Theorem that (14) has an unstable hyperbolic
periodic orbit.

In the case of the equilibrium point given by (18) one
gets

A=A,

H 3 3
_221(1)2 7192 2T() A +A2 q1 9

8T(1)\/A1 ’
C— VIO VA Va2 -2T(H) A
- 2 ,

B

(e2))

AB—-C=

Maia
8T(1)

So all roots of P(A) have negative real parts, thus
it follows from Averaging Theorem that (14) has an
asymptotically stable hyperbolic periodic orbit.

As it was assumed in [4], let us take T (¢') =a—b ¢/,
where a and b are adimensional parameters. For physical
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motivation of this choice see [4, pg.2]. Now, using the
parameters given at the following table, the equations
(18), (17) and the Averaging Theorem, one can obtain
the initial conditions for the cases stable and unstable of
(14). The final results are given in the next table.

| Parameters || Initial Conditions |
| € | 0.01 || StableCase | Unstable Case |
g1 | —2 || x(0)=066 | x(0)=0.66 |

lqr | =3 || u(0)=-1.49 | u(0)=149 |
g5 | 0.1 | pi(0)=—-0.55] pi(0)=055 |
nl 05 | |

la] 6 | | |
ol s | | |

Using this data, one gets the following graphics.
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FIGURE 2. The Stable and Unstable Orbits
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4. ANOTHER NON IDEAL SYSTEM

Although the existence of an asymptotically stable peri-
odic orbit obtained in Section 3, it should be interesting
to suppress or at least to quench this orbit. The way we



chose is to append a mass to the principal one, given at
Figure 1 in a way given in the following figure.

X21 (t)+X11 (l‘)

ky e i k2 \ x1 (1)
W W rivi (t) +rau (1)
WY u (1) ) )
D_ 3 AN _|: r ()  ritxn ()
c1 p ° M ° ° c2 X2 (l) 1’22 -1 7'12 -1
\ = 24
. v (1) rrvi(t)  ritru (1)
FIGURE 4. A Non-Ideal System with Three Degree of Free- 172 V1 12t
dom }"22 —1 }"12 —1
. . . ot
The equations of motion of the mechanical system ®) 0(1)
given in Figure 4, in its dimensionless form and after the (1)
introduction of a small parameter € as in Section 3, are p )
given by P
where u () = (t), v(t) = x, (¢) and p(z) = 0’ (¢), one
) = —xi(r) obtains the following system
e (62 (0) =31 (1) — €205, (1) A0 = w),
+eq (sin(6 () (6' (1)) b = )
+e2 (e (@p(Psin(6 ()
—cos(0/(1)) 6" (1) )
~Aa (01 )+ (1))
x’zl(t) = & (x1 (t)—xz(l))—sllez (t) (22) +02( )/ C7)C21 t +03X11(Z))3
ey (1), ~h (e (t)Fesun W))
+0(e?),
6"(1) = &(I(e'()
x/21 (t) =V (t) )
—q2 cos (6 (1)) (x{ (1))
1 o = ()
. . 25
+q;3 sin (6 (t))) +eo <C4 (qlp(f)2 sin (6 (¢)) =
Of course the parameters in (22) depend on the physical —A (1 () + (t)))
constants ki, kp, k, M, mgy, my, r as well as of the moment +es (—7(C7X21 (1) +csxny (t))3
of inertia of rotating parts and acceleration of gravity. As
in the Section 2, the function I' is the difference between =X (e7vi (¢) + cguy (t)))>
the driving torque of the source energy, in this case a 1o (82)
motor, and the resistive torque applied to the rotor. Again ’
this function is given in its dimensionless form. We will 0@ = pl)
write (22) as a pair of perturbed harmonic oscillators = PU)
coupled with (22);. , 5 )
Let r1, 7, be positive parameters such that 7, < 1 < 7 and i) = ¢ (F (p(2))+q3sin (6 (7))
+ (co (x21 (1) +x11 (1))
_ 2 2
a = (2712*1) (1-r3), 23) —coq2 (c7x21 () +cgx11 (1))
a2 =i <os(6(1))),
By writing (22) as a first order system, using (23) and the
following change of variables where ¢y, ..., c9 are adequate rational functions of 1, ;.
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Assuming now the ansatz

plt)=awmo+epi (1), (26)



where @y is parameter to be chosen later. By following
analogous steps to those ones performed in Section 3,
see (13), one can obtain a 6 dependent reduced system
from (25) This new system has five equations and its
unknown funtions are given by ¥, (0), #; (0), %21 (0),
v1(0) and P, (0). In this new system is applied the
following change of variables

6y
0r sm(W)zl
. cos ( o ) Z1t ,2
11 97’2 : 97’2
77 COS| —= | Z] —rSin| —= )2z
X2 sin(m)z
_ 0r Z1 + Q1] 2
Vi Cos o 21 "

By using (27) in the 6 dependent system described ear-
lier one gets

71 G (z11,21,221,22, D1, 0)
Z 2 (211,21,221,22, 51, 0)
2y | =€ | G3(z11,21,221,22,51,0) | +O(€?),
A 4(211,21,221,22,P1,0)
Yzl s (z11,21,221,22, 71, 0)
(28)
where G, j=1,..., 5 are C* functions . Their algebraic

expressions are very complicated and we will not give
them here. Now, assuming that

Wy =711, (29)
let us adopt the following resonance condition
3
ry = E . (30)

Substituting (29),(30) in (28) one obtains another 6 de-
pendent system with period equal to 6 7. Computing the
averaged system, one has

7y Fl (z11,21,221,22, 1)

E Fy(211,21,221,22, P1)

2 | =€ | F5(Z11,21,221,22, 1) (31)

Z) Fy(z11,21,221,22, 1)

P Fs5(211,21,221,22, 1)
where

( 187‘[0207208 7?22/2\12%1

+8 7l'C2072 cg Y/Z\l 2%

+9 7l'C2033 y,,2221 /Z\%l

+ (—127‘[126208 — 1277,')Ll Cl) r24211

F= +97r02033y’231—167w3p1r2221)

36 Tes }"24
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( 1877.7020726‘8 7/7’2231]2%1

+8 7170267203 Y/Z\II/Z\%

+9TECzC'83 ’}/}’222\?1

+ (9 TTc) 033 }/3% —167mes py 722) Z11

+(12717126ng +127 M4 (21) r2231 )
3671'03 I’22

R=-

(18mescy’ )/rf?zfgl

+ (—547‘612 cscr—54mA 04) }’24/2\21
+87’EC5 673 ‘)//Z\%

+ (36 Tes e cg? yrf?%]
+36mes ey cg? )/3% —48mes py r22) Z

—8lmeaq ry°
A 49172 )

108 Tes 1’24
( 97'505 073 )/7’223%1
+ (4 Teserd 7/3%
+18mcs 07082 ')/FQZE%I
+18mcs 07032 7/2%
—2471'03]/9\1 1’22) 321
+ (12 nhycser+ 12w 64) r2232 )

2474'.03 }”22
(18 ey — 18escrq2) 12201 +367”2F(3%)

54rm l’22
An equilibrium point of (31) is given by

8r<32rz>
=0,71=0,73, =—

Fy=—

Fs =

& 9g272?
1 R 3
2 = —IF(£>,
3qara \| Rz \ 2
2y (94 -4) VR (8’
+VRiga (3 — 1)R2,/r(7’)
m = 3r
40q, (1 1)R2r( 2)

(32)
Of course the parameters ¢; were substituted by the ori-
ginal ones. It is assumed that the following inequalities

hold:
3r2
r - >0, (33)

3
- 16R2r<%> >0, (34)

Ry= (94 —9A1) 2 =44+ 94, > 0. (35)

Hence, computing the jacobian of (31) at the equilib-
rium point (32) one gets the matrix M) @ M, where

A B
Ml_(frgB A)’

Ry =243q1q> (1 —r%) I

(36)



(9&2—911) }”22 -9 +4 M

A:
15}’2

and
3, 2

127q17% (993 - 89) T (332)
Rig (3 -

B—
0q:13 (3 —1) BT (%42

Besides M, is given by

Moy
Moy
M3,

M1
Mo
M3,

Moz
M3
M3

M, = (37

where

3
\/_(144)/r2 —647)T (3’2)2
-|-81R2 q2 (rz—l) "

My =— 5
1215V/R;q22 (13 — 1)1

3
(2304712 —10247) T (72)
+81\/R|R2q2 7"2*1 }’2 F(%

324042 (13— 1) rZF(%)

3q212
4

M) = —

Moz =

F81VRIR] g2 (B3 — 1) r(%
My = " )
7290R> 5% (13 — 1) r23l"(72)

3
\/12_(1447/@ —647) T (%)’
—81R2 q2 (rz—l) r
1215 Ry 22 (3 —1)° 12
w7 %)
21VR o1

My =

)

M3, =0,

8F(3r2)
My =————
223 9qzrz

Since we are interested in stable periodic orbits, we
have to find out sufficient conditions on the parameters

Mz = —

Mazz = 0.
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such that all eigenvalues of the jacobian M| & M, have
negative real parts. For M, in view of (36) and since
det(M;) = A> + B*13 > 0 the following inequality

(9% —9A1) 2 =94 +424, <0 (38)

is enough.

The characteristic polynomial of (37) is given by
p(s) = s34+ Ay 52 + By s+ Cy. From Hurwitz Criterium,
all roots of p (s) have negative real parts, if, and only if,
A1 >0,B;>0,C; >0and 4) B; —C; > 0. After a long
computation one has

2R,
15r,

A = >0, (39)

3

16VRIRT (7))

) 3yq|r§ 9,,%, )
+25¢> (l—rg)

2
+243¢q q% (1 — r%) r%R%

B = >0 (40)
3600q; (1-12) 2R T (%72
2VRIVR T (32
Ci = s >0 1)
”2
3
16)/q1\/R1R2F<3%)2
-(9;’%74)
201 2\2 2
A B —Cy = +81q1q2(1 r2) rR3 S0 (42)

9000g; (1-13) 2T (332)

Since is assumed that € > 0, it follows from (6), (8) that
q1 < 0,q2 <0, but this does not change the following
conclusions. From (34) and (35) it follows that (39), (41)
are true. And (40), (42) hold if, for example, 3, —2 >
0. This last condition is compatible, by (30), with the
condition r; > 1. From this we have that (31) has an
asymptotically stable equilibrium point. Thus, it follows
from Averaging Theorem that (28) has an asymptotically
stable periodic orbit near the point (32). Particularly, the
first two coordinates of such orbit are near zero. And
from (27) one gets that x;1,u; are near zero.

5. QUENCHING

In this section the body with mass M in Figure 1 and
Figure 4 will be referred as Main Body and the body with
mass my in Figure 4 as Secondary Body.



From (18) and (15) one gets that the two first compo-
nents of the stable periodic orbit of (14) obtained Section
3 can be written as

%1 (8) = Xy cos(0)+uj(0)sin(6)+0(e),
= —Xj,;sin(0)+ujcos(6)+0(g).
(43)
So, the amplitude of (x; (¢),u(¢)) of (12) is given by

\/X3+ =

This last result implies that, even for a periodic stable
orbit, the Main Body of the non-ideal system given in
Section 2 can suffer great oscillations in position and
velocity when A < 1, and this can be undesirable.

For the system given in Section 4 and assuming the
stability conditions obtained in that section, one has from
(32) that

2T ()

+0(e).
Mgz ©)

(44)

211(9) = 0(8),

21(6) = 0(8)7

21(0) = 2,+0(e), (45)
»(0) = Z+0(e),

p1(6) = pi+0(e).

Note that this means, in the coordinate system in
which (28) is written, the Main Body is "almost" stopped.
Anyway by using (45), (27), (24) and (26) one has the
following estimate

3r 2
16RT(352) 4 Ry
4q%R2

+0(g). (46)

\/xF+u? <
Comparing (46) with (44) and using (35) one has
that the Main Body, in the mechanical system given in
Section 4, has an uniformly bounded amplitude for all
A1 < 1. Thus the movement of the Main Body has been
quenched due to the attachment of the Secondary Body.

6. CONCLUSIONS

In this paper, for the first time, a quenching result in a
non-ideal system is rigorously obtained by using the Av-
eraging Method. The main reason behind this result is
a hypothesis on the angular momentum of the rotating
parts of the energy source (motor) of the system. Esti-
mates of the amplitude of the Main Body in the original
system, see Figure 1 as well as the Main Body in the sys-
tem given in the Section 4, Figure 4, are obtained proving
the quenching.

The method used here can be applied in other inter-
esting mechanical systems and it will be the subject of
future research.
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