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Abstract. Sommerfeld effect is a universal phenomenon which appears as a result
of the law of energy conservation. Arnold Sommerfeld discovered this phenomenon
in 1902, while making an experiment with a cantilever beam connected with an
energy source at its free end. He detected the change of energy between the source
and the beam. He observed that the motor has a speed which remains the same until
it suddenly jumps to a much higher value when the driving frequency is closer to the
natural frequency of the beam and the drive power increases further. Its amplitude
jumps to a much lower value upon exceeding a critical input power. Sommerfeld
observed that the structural response of the system to which an electrical motor is
connected may act like energy sink under certain conditions so that a part. The
Sommerfeld effect results from the balance of the energy and it is due to the coupling
between the excitation mechanism and the vibrational loads. When a dynamical
system is coupled to a power source, it acts like a energy sink for which a part of the
source energy is spend to deform the system rather than increasing the drive speed.
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1. INTRODUCTION

The reduction of vibrations for a resonant structure was studied by Felix, Balthazar and Brasil [1],
[2] and Souza et al. [3] using tuned liquid column. A tuned liquid column connected to the structure
works due to the inertial secondary system principle, by which the damper counteracts the forces
producing the vibration.

Nagem, Madanshetty and Medhi [4] have experimentally analyzed the reduction of vibrations for
a system consisted from a cantilever beam and a motor, by using a linear electromechanical vibration
absorber and an ideal eccentrically motor with a sinusoidal force. Bolla et al. [5] have reported
approximate analytical solutions to nonlinear vibrating problem, excited by a nonideal motor. The
case of a nonideal eccentrically motor or a source of limited power supply was investigated by Felix
and Balthazar [6] for a nonlinear friction of type cubic-quintic Duffing oscillator. This kind of devices
with nonlinear resistor and capacitor were studied by Yamapi et al. [7].
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Fig. 1. Scheme of the building coupled to a vibration absorber device.

In this chapter we consider a small building with two stories (Fig. 1). The second floor is equipped
with an electromechanical vibration absorber (a DC motor). The structure may be characterized by
the stiffness and damping which can be considered to be either the cubic Duffing, cubic-quintic
Duffing or Rayleigh, or another such as the Van der Pol with first, second, third, fourth and fifth term.

In the problem considered here, the stiffness is expressed as a sum of a linear and a cubic Duffing
term, while the damping is considered to be linear.

Because of the stiffness nonlinearity, the equations cannot be solved by usually applied Fourier-
integral type of solutions. The cnoidal method is used to solve the problem. This method is reducible
to a generalization of the Fourier series with the cnoidal functions as the fundamental basis function.

The presence of the vibration absorber device is expressed mathematically by coupling between
the motion equations of the building and the equations of the energy source. The resistive torque
applied to the motor is neglected. The motion equations are given by

my1+C(ZY1_y2_yo)+dY1+k1(ZY1_y2_yo)+k2(2y1_y2_YO)3 =0, (1)
m ¥, +c(Y, = ¥,) +ady, + K (Y, = ;) + K, (Y, = ¥,)> =Tq+m,récos o —myr¢° sing, (2)

m,ry,cose=1p+ap—b, 3)
T(¥, - ¥2) =-LG+R(1-i,°4° )4 - Cyla —igo,0° — lp ot (4)
Yo=f(1). (5)

where y; is the displacement of j™ story, j=1,2, m the mass of each story, c the interfloor
damping (internal damping), d the external damping constant (velocity damping), k, the linear
spring constant, k, the cubic spring constant, ¢ the angular displacement of the rotor, r the
eccentricity of unbalanced shaft of the electric motor, m, = m+m, with m, the mass of unbalanced

shaft of the electric motor, | the moment of inertia of the rotor, T = 2nnIB the transducer constant,
n the number of turns in the coil, | the radius of the coil, B the uniform radial magnetic field
strength in the annular gap, L the inductor, C the capacitor, R the resistor, V,,the voltage in the

resistor, V4 the voltage in the capacitor, i, the initial current in the electrical part, C; the capacitive

cond
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characteristic, o, o, the capacitor coefficients and g the instantaneous electrical charge.
The expression for the driving torque of the motor is b—a¢ (linear in the stationary regime) with

b related to the voltage applied across to the armature of the DC motor, and a is a constant
depending of the considered motor.

The electric component of the controller is composed by an inductor L, a capacitorC, and a
resistor R . The expression of the voltage in resistor and the capacitor are [6]

3
.14 1(g q 3 5
V. =-Ri —— v Voorg =—+ + , 6
res O(io 3['()}} cond Co asq O(‘Sq ()

In (2) the right side term represents the action of the source of energy. Eq. (3) expresses the
supplying of the last story with the source energy. Egs. (4) and (5) represent the boundary conditions
for Egs. (1)-(3). When loading is deterministic, the function f (t) is known as a function of time. The

function f (t) can be viewed as the harmonic excitation

f(t)=f,sinQt, O0<t<T, (7)
with Q a constant, or the step dependent function Q(t)
Q(t) = o, {1+ 22— (1+%tanh(g(t —ts)ﬂ , 0<t<T, (8)
0,

where @, and ®, the initial and final frequencies, t, is the time at which the frequency us

changed, and & — oo is a parameter which describes the step function limit
Eqgs. (1)-(5) and (7) are written in a dimensionless version as

X/ +PBX + Ao +8,A%) + o, A'=0, A=2X—X,—X,, 9)

Xj + Bytixy — Ay X; + B +8,B%) + o,uB’ = (1—p) (X5 cos X, — X5° sinx,), B=x,—x,, (10)

X —MyX; COSX; +UX; =V, (11)
X} — oL, X, + B, X +7,X, +8,X +1,X; +A,B =0, (12)
X, = 9(9), (13)

where g(9) depends on f (t) which can be viewed as an harmonic excitation (7) or a step dependent
function (8). In (9)-(11) prime means the differentiation with respect to t, and

k y . y q m m
T:(Dt, o, = —l, X :—O, :—11 X :—2, X, =0, X, =—, = =—,
e O Ty TN AT BT BT A o | mrm, m,
k c d k,r? T rm
a: 12:1’ a].: ’Blz—, 81: 2 2 }blz—qo ’1’]1:—0’
Me; ma, ma, ma; mrey, I
u=2, v (14)
lo, lo;

In (14) o, is the first natural frequency of the structure. The unknowns of Egs. (9)-(13) are the
dimensionless displacement of j™ story X;, ]=1,2,theangular displacement of the rotor x,,and
the dimensionless instantaneous electrical charge x,. The resonance condition with the building is
given by x;=1. In this case ¢=wm,¢'=0wm,. Only control parameter considered in this chapter is
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V=

= where b is related to voltage applied across to the DC motor, | is the moment of inertia

Joh
of the rotor and o, is the first natural frequency of the structure.
In the case of harmonic excitation (7), the function g(3) becomes

g(r)=g,sin(td), 0<1<T, T =0T, go=%. (15)
In the case of step dependent function (8), g(3) becomes
g(t) = gp sin(t9(1)), (16)
with
9(t) =1+ M(ultanh (s.(t—1, )j , (17)
20, 2
and
€
T, =of, g, =— . (18)
O‘)l

The general solution of the system (9)-(13) may be written in the terms of the theta function
representation [21]

2

d
9(t)=Flog®n(mnz,---.nn). (19)

where © is the theta function defined as

M g(—o0,0) i,j=1

O 13
O, (N My My) = D, exp(uZMini+§z MiBiij}, (20)
i=1
with n the number of degrees of freedom for a particular solutions, and
n,=-0t+d,, 1< j<N. (21)
In (4.21), ®, are the frequencies and the ¢, the phases. Also, we can write
Mn=-Qt+®, M =[M,M,,..M.], Q=Md, ®=Mo.

The integer componentsin M are the integer indices in (4.16). The matrix B can be decomposed
in a diagonal matrix D and an off-diagonal matrix O, thatis B=D+0O. The solution (19) of Egs.
(9)-(13) can be written as [21]

2 0°
0(t) = ——510g©,(n) = 6, (n) +6;,,(n), (22)
A ot
where 0, represents a linear superposition of cnoidal vibrations
2 0 , 1 .+
05, (n) =~ —510gG(n), G(n) =) exp(iMn+>M'DM), (23)
Aot v 2
and 6,, represents a nonlinear interaction among the cnoidal vibrations

_, 0" F (n.C)
eint(n)_zatz IOg£1+ G (T]) jv
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C =exp(%MTOM)—1. (24)

The first term 6, represents, as above, a linear superposition of cnoidal waves. Indeed, after a
little manipulation and algebraic calculus, (19) gives

n k+1/2 it 2
0in = |Z:1: [ \/7 [1+q2k+1 cos(2k +1)—K|] ] (25)

with

/2

K’ ~ ~
q=exp(-n—), K= K(m)+ K'(m,)
K I «/1 Msinu

Relation (25) can be rewritten as [21]

=K(m), m+m, =1.

0, = j acn?[@t; mldt, (26)

The second term 0.
write this term as

represents a nonlinear superposition or interaction among cnoidal waves. We

int

2d—22|og{1+':(t)}z pen”(@tm) 27)
dt G() | 1+ycn®(mt,m)

If m take the values 0 or 1, the relation (27) is directly verified. For 0<m <1, the relation is
numerically verified with an error of |e|<5x107" . Consequently, we have in the general case

j Ben’[Gti ]y, (28)

1+ hen?[@t; m]

|nt

As a result, the cnoidal method yields to solutions consisting of a linear superposition and a
nonlinear superposition of cnoidal vibrations.
In the general case, the solution of the problem (9)-(13) can be written as

X, (t) = T K, (t)g(t-r)d = T K, (t-0g(d)dr, j=12,...,4, (29)

where

Bjkcnz(a)jkt’ mjk)
1+7,0n* (@t m,)

Kj(t)sz; cn’[@,t; M, ]+ j=12,.,4. (30)

The solution (29) requires the evaluation of unknowns &, m, p and 7. Substitution of (29) into

Egs. (9)-(13) gives a set of identities from which the parameters can be evaluated. The identities
results by equating the coefficients for expression terms containing the functions cn and sn in the
same power.

The solutions are calculated for three cases of forces acting on the structure equipped with a non-
ideal excitation in the top. The first case is the harmonic forcing in its base with constant excitation
frequency, the second case is the harmonic forcing in its base with time-dependent excitation
frequency, respectively, while the third case represents the random earthquakes forcing.

The solutions are calculated from
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X, (t) = T K,®gt-vdt, j=12,..,4, (31)

where the choice of N depends of the required accuracy, which in our cases is 7 digits. We have
considered N =10 for the constant excitation frequency problem, and N = 15, for the time-
dependent excitation frequency problem, respectively. The functions K, (t) , j=12,3,4, are

calculated from

Z Z jkp (t)
K, (t) = 2nz ZZ 2 (t)+2nz '“/T , (32)
Jk \/T J

k=1
1+ o (©
jk \[ jk p= 0 JP
with
q p+1/2 t
Z,, ()= g ———cos(2p +1) (33)
ik jk

For both cases we have n=7 and P =5.

The solutions (31)-(33) are computed for n =7 degrees of freedom for particular solutions and for
different values of the parameters of the system and a constant excitation frequency Q.

Before discussing the results of the numerical calculations, we briefly explain the choice of the
control model parameters. Firstly, the range of p varies from 0.7 to 1. The value p=0.7

corresponds to the case when the m, represents 40% of m, while p=1means thatthe m, is

negligible comparedto m.
The decreasing of the control parameter v with respect to time in the transition interval (¢'=0)

is represented in Fig. 2. The time frames are the following: 0<t<500and 500<t<800 above the
resonance, 800<t<1400 inside resonance, and 1400<t<1600, 1600<t<2000 below the
resonance, respectively. The parameter values were selectedas pn=0.7, a,=0.015, f,=0.011,

7, =089, =083, %,=12 n,=04, %,= 2 a,=03, B,=007, y,=001, 3,=0.06,
n, :0-9, do =15and 9=1.
The time variation of the displacement X, corresponding to the last story without/with the

electromechanical vibration absorber, are plotted in Figs. 4.3 and 4.4, respectively, during the
transition through the resonance region.

e
P

200 400 600 800 1000 1200 1400 1600 1800 200
T

[§8]
T

control parameter v

Fig.2. The decreasing of the control parameter v with respect to time in the transition interval.
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Fig. 3. Time history for X, of the last story without the electromechanical vibration absorber.
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Fig. 4. Time history for X, of the last story with the electromechanical vibration absorber.

The time variation of the angular velocity x, of the DC motor without/with the electromechanical

vibration absorber, are simulated in Figs. 3 and 4, respectively, during the transition through the
resonance region.

Fig. 3 shows that in the case of no coupling between the electromechanical vibration absorber and
the structure, the vibration amplitude increase in the time range 800 <t <1400 inside resonance,
while Fig.4 shows that in the case of coupling, the vibration amplitude significantly reduce in time
ranges 800 <1 <1400 inside resonance, and 1400 <1<1600, 1600 < t <2000 below the resonance.

In Fig.5, the capture of the resonance of the angular velocity is put into evidence in the case of no
coupling. Fig. 6 shows that in the case of coupling, the Sommerfeld effect cancels the resonance of
the angular velocity and reduces significantly the vibration amplitudes.
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Fig. 5. Time history for X, of the DC motor without the electromechanical vibration absorber.
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Fig. 6. Time history for X, of the DC motor with the electromechanical vibration absorber.

The solutions (31)-(33) are computed for the time-dependent excitation frequency problem. The
step function (17) is introduced for two cases: (1) t=2 in the interval 0<t<500 above the
resonance and (2) t=815 in the interval 800 <t <1400 inside the resonance. Fig. 7 plots, for
example, the step function (9) in the interval 0<t<500 for ®, = 1and ®,=2 (solid line) and

o, =3 (dash line) and €=20, t,=2. For other intervals, the step function has similar shapes.

S
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Fig.7. 9(t) as a function of t in the interval above the resonance.
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Fig. 4.8. The variation of the control parameter v with respectto t in the interval above the resonance.

In the first case, the control parameter v knows a sudden variation with respect to t at the
beginning of the interval as shown in Fig. 8, for both the solid and dash lines, respectively. For t >
60, the control parameter is constant and then it jumps to the value 2.5 when t=500.

Upon the matching of two time independent solutions at the time when the step occurs, we obtain
the time variation of the displacement x, corresponding to the last story without/with the

electromechanical vibration absorber, are plotted in Figs. 9 and 10, respectively, during the interval
above the resonance, in the case of both solid and dash lines (blue and green contours), respectively.
The displacements present squeezing and weaving, and reduction in magnitude for 1> 475,
according to Fig. 9. Fig. 10 exhibits also squeezing and weaving with increase of the magnitude for
1 >400. The squeezing and amplitude are enhanced for the dash line (blue and green contours) in
both figures. Numerical experiments showed that the squeezing may be enhanced by increasing the
frequency difference o, — ;.
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Fig. 9. Time history for X, without the electromechanical vibration absorber, during the interval above the
resonance.

In the second case, the variation of the control parameter v isshown inFig. 1. As in the previous
case, the control parameter has sudden variations with respect to time at the beginning and at the end
of the interval, respectively, for both the solid and dash lines. For 900 < t < 1315, the control
parameter is constant and then it jumps to the value 1.5 when t=1400.

The time variation of the displacement X, corresponding to the last story without/with the

electromechanical vibration absorber, are plotted in Figs. 12 and 13, respectively, during the interval
inside the resonance, in the case of both solid and dash lines (blue and green contours), respectively.
The displacements present squeezing and weaving, and an increasing in magnitude for the last story
without the electromechanical vibration absorber, inside the resonance, according to Fig. 12.

The squeezing and amplitude are enhanced for the dash line (blue and green contours) in Fig.12.
Fig. 13 exhibits also squeezing and weaving with a substantial decrease of the magnitude for the last
story with the electromechanical vibration absorber, inside the resonance.

As a conclusion, by comparing Fig. 4 with Fig. 13 which presents the history for the last story with
the electromechanical vibration absorber for the constant excitation frequency and the time-dependent
excitation frequency, respectively, we see that the control system efficiency is higher in the last case.
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Fig.10. Time history for X, with the electromechanical vibration absorber, during the interval above the
resonance. The green contour corresponds to the dash line.
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Fig. 11. The variation of the control parameter v with respectto t in the interval inside the
resonance.
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Fig. 12. Time history for X, without the electromechanical vibration absorber, during the interval inside the

resonance. The green contour corresponds to the dash line
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Fig. 13. Time history for X, with the electromechanical vibration absorber, during the interval inside the

resonance. The green contour corresponds to the dash line.

Details on the problem can be found in[12-20].
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2. CONCLUSIONS

We realise our review of Sommerfeld effect which appears as a result of the law of energy
conservation. The phenomenon was discovered in 1902, while Sommerfeld made an experiment with
a cantilever beam connected with an energy source at its free end. He detected the change of energy
between the source and the beam. He observed that the motor has a speed which remains the same
until it suddenly jumps to a much higher value when the driving frequency is closer to the natural
frequency of the beam and the drive power increases further. Its amplitude jumps to a much lower
value upon exceeding a critical input power. Sommerfeld observed that the structural response of the
system to which an electrical motor is connected may act like energy sink under certain conditions so
that a part. The Sommerfeld effect results from the balance of the energy and it is due to the coupling
between the excitation mechanism and the vibrational loads.

Acknowledgement. This work was supported by a grant of the Romanian Ministry of Research and
Innovation, project PN-I11P2-2.1-PED-2019-0085 CONTRACT 447PED/2020 (Acronim
POSEIDON).

REFERENCES

1. FELIX, J.L.P, BALTHAZAR, JM., BRASIL, R.M.L.R.F., On saturation control of a nonideal
vibrating portal frame foundation type shear-building, Journal of Vibration and Control, 11, 121-136,
2005.

2. FELIX, J.L.P, BALTHAZAR, J.M., BRASIL, R.M.L.R.F., On tuned liquid column dampers mounted
on a structural frame under a nonideal excitation, Journal of Sound and Vibration 282, 1285-1292,
2005.

3. SOUZA,S.L.T.,CALDAS, I.L.,VIANA, R.L.,BALTHAZAR, J.M., BRASIL, R.M.L.R.F., Dynamics
of vibrating systems with tuned liquid column dampers and limited power supply, Journal of Sound
and Vibration, 289, 987-998, 2006.

4. NAGEM, R.J., MADANSHETTY, S.l., MEDHI, G., An electromechanical vibration absorber,
Journal of Sound and Vibration, 200(4), 551-556, 1997.

5. BOLLA, M., BALTHAZAR, J.M., FELIX, J.L.P., MOOK, D.T., On an approximate analytical
solution to a nonlinear vibrating problem, excited by a nonideal motor, Nonlinear Dynamics, 50, 841—
847, 2007.

6. FELIX, J.L.P., BALTHAZAR, J.M., Comments on a nonlinear and nonideal electromechanical
damping vibration absorber, Sommerfeld effect and energy transfer, Nonlinear Dynamics 55, 1-11,
20009.

7. BALTHAZAR, J.M., CHESANKOV, B.l., RUSCHEYV, D.T., BARBANTI, L., WEBER, H.I., Remarks
on the passage through resonance of a vibrating system with two degrees of freedom, excited by a
nonideal energy source, Journal of Sound and Vibration, 239(5), 1075-1085, 2001.

8. BALTHAZAR, J.M., MOOK, D.T., WEBER, H.I., BRASIL, R.M.L.R.F.,, FENILI, A., BELATO, D.,
FELIX, J.L.P., An overview on nonideal vibrations, Meccanica, 38(6), 613-621, 2003.

9. FROLOV, K.V., KRASNOPOLSKAYA, T.S., Sommerfeld effect in systems without internal damping,
International Applied Mechanics, 23(12), 1122-1126, 1987.

10. MOYA-CESSA, H., DUASTI, M.F., Coherent states for the time dependent harmonic oscillator: the
step function, Physics Letters A 311, 1-5, 2003.

11. KAPITANIAK, T., Chaos syncronization and hyperchaos Journal of Physics: Conference Series, 23,
317-324 International Conference on Control and Synchronization of Dynamical Systems, 2005.

12. ROSSLER, O. E., An equation for continuous chaos, Physics Letters A57, 397, 1976.

13. PEINKE, M. J., PARISI, J., ROSSLER, O. E., STOOP, R.., Encounter with chaos, Springer: Berlin
1992.

14. KAPITANIAK, T., CHUA, L. O., ZHONG, G. Q.. Experiment hyperchaos in coupled Chua’s circuits,



58

CA18232 — mathematical models for interacting dynamic networks. Sommerfel d effect

15.

16.

17.

18.

19.

20.

21.

IEEE Transactions on Circuits and Systems | 41, 499-503, 1994.

KAPITANIAK, T., STEEB, W. H.. Transition to hyperchaos in coupled generalized van der Pol
equations. Physics Letters A152, 33, 1991.

YANCHUK, S., KAPITANIAK, T., Symmetry-increasing bifurcation as a predictor of a chaos-
hyperchaos transition in coupled systems, Physical Review E, 64, 056235, 1-5, 2001.
SOMMERFELD, A., Beitrage Zum Dynamischen Ausban Der Festigkeitslehe. Physikal Zeitschr 3,
266-286, 1924.

KAPITANIAK, T., MAISTRENKO, Y., GREBOGI, C., Bubbling and riddling of higher-dimensional
attractors, Chaos, Solitons and Fractals, 17, 61-66, 2003.

MORAES, F. H., PONTES JR., B. R,, SILVEIRA, M., Influence of ideal and non-ideal excitation
sources on the dynamics of a nonlinear vibro-impact system, Journal of Theoretical and Applied
Mechanics, 51(3), 763-774, 2013.

LI, Y., BLAISTEN-BAROJAS, E., Nonlinear coupling between rotation and internal vibration in
simple molecular system, Journal of Physics B: Atomic, Molecular and Optical Physics, 30, 309-318,
1997.

MUNTEANU, L., DONESCU, St., Introduction to Soliton Theory: Applications to Mechanics, Book
Series Fundamental Theories of Physics, vol.143, Kluwer Academic Publishers, Dordrecht, Boston
(Springer Netherlands) 2004.

Received January, 2021



	Received January, 2021

