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Abstract

:

The present two-part paper concerns the active vibration suppression for the simplest damped continuous system, namely the transverse oscillations of an elastic string, with constant tension and mass density per unit length and friction force proportional to the velocity, described by the telegraph or wave-diffusion equation, in two complementary parts. The initial part I considers non-resonant and resonant forcing, by concentrated point forces or continuous force distributions independent of time, with phase shift between the forced and free oscillations, in the absence of damping, in which case the forced telegraph equation reduces to the forced classical wave equation. The present and final part II uses the forced wave-diffusion equation to model the effect of damping, both as amplitude decay and phase shift in time, for non-resonant and resonant forcing by a single point force, with constant magnitude or magnitude decaying exponentially in time at an arbitrary rate. Assuming a finite elastic string fixed at both ends, the free oscillations are (i) sinusoidal modes in space-time with exponential decay in time due to damping. The non-resonant forced oscillations at an applied frequency distinct from a natural frequency are also (ii) sinusoidal in space-time, with constant amplitude and a phase shift such that the work of the applied force balances the dissipation. For resonant forcing at an applied frequency equal to a natural frequency, the sinusoidal oscillations in space-time have (iii) a constant amplitude and a phase shift of   π / 2  . In both cases, the (ii) non-resonant or (iii) resonant forcing dominates the decaying free oscillations after some time. Even by optimizing the forcing to minimize the total energy of oscillation, it remains below the energy of the free oscillation alone, but only for a short time—generally a fraction of the period. A more effective method of countering the damped free oscillations is to use forcing with amplitude decaying exponentially in time; by suitable choice of the forcing decay relative to the free damping, the total energy of oscillation over all time can be reduced to no more than   1 / 16  th of the energy of the free oscillation.
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1. Introduction


The active suppression of oscillations is considered: (i) in acoustics [1,2,3,4,5,6,7] by considering anti-noise sources that generate sound with opposite phase [8,9]; (ii) in solid mechanics [10,11,12,13,14,15,16,17,18,19,20] using forces and moments to oppose the vibrations [21,22,23,24,25,26,27,28,29,30,31]. In an earlier study [32], which has an extensive bibliography, the authors considered an hybrid approach using forced oscillations superimposed on the free oscillations of an elastic sting, in the simplest case of constant tangential tension and with constant mass density per unit length, in the absence of damping. The countering of free vibrations by forcing without damping was considered in part I [32] for non-resonant forcing by point and distributed forces, allowing for different phases of the free oscillation and of the forcing. After considering all possible cases without damping, it was found that suppression of oscillations or a reduction of their energy was of limited effectiveness and for short periods.



These not-so-promising results motivate the extension in the present part II to include damping, which causes amplitude decay and introduces a third phase. The physical mechanisms of damping, decay, or dissipation include friction or viscosity in fluids [19,33,34,35,36,37,38,39,40,41,42,43,44,45,46] and solids [10,12,14,18,19,20,47,48,49,50,51,52,53,54,55,56,57,58,59], thermal conduction [60,61,62,63,64,65,66,67,68,69,70,71,72,73] or radiation [74,75,76], phase changes [77,78,79,80,81,82,83,84], and electrical effects such as resistance [36,85,86,87,88,89,90,91,92]. In the simplest case of a mechanical circuit with masses, springs, dampers, and applied forces [91,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109] or the equivalent electrical circuit consisting of resistors, capacitors, and batteries [110,111,112,113,114,115], the forcing of oscillations is most often considered with amplitude independent of time. The case of forcing with amplitude exponentially decaying in time [116] is shown in the present paper to be far more effective at vibration suppression than forcing with constant amplitude.



In part II, again non-resonant and resonant forcing is considered, and the inclusion of damping still does not lead to effective vibration suppression, for constant damping amplitude. The countering of vibrations or partial vibration suppression is quite effective for forcing decaying exponentially with time with a suitably chosen decay rate. Thus the main difference between parts I and II is the inclusion of damping and allowing for forcing decaying exponentially in time. This implies replacing the classical wave equation for the transverse displacement of the elastic string by the wave-diffusion or telegraph equation.



The background literature addresses two distinct problems: (i) the transverse vibrations of an elastic string, corresponding to one-dimensional acoustics (references 1–48 in Ref. [32]), for which active sound cancellation corresponds to superposition of a wave with the same amplitude and opposite phase; (ii) transverse vibrations of elastic bars for which active vibration suppression is done by applied forces or moments (references 49–120 in Ref. [32]). The present problem is an hybrid since it considers (i) transverse vibrations of an elastic string and (ii) attempts suppression by applied forces. There are four combinations of the superposition of free and forced oscillations: (a) absence or presence of damping; (b) non-resonant or resonant forcing. The cases of superposition of resonant and non-resonant forcing with free oscillations were considered without damping in part I [32], as a baseline to add damping effects in the present part II. The distinction starts with the fundamental equation, namely the classical wave equation in part I [32] is extended to the wave-diffusion or telegraph equation to include damping in the present part II.



The free or unforced solutions are (Section 2) sinusoidal waves in space-time with amplitude decaying exponentially in time due to dissipation; the wavenumbers and frequencies are determined by boundary conditions fixing the string at the two ends (Section 2.1) and the amplitude and phase are specified by the initial displacement and velocity (Section 2.2). The sinusoidal forcing of the damped space-time oscillation with applied frequency and phase leads (Section 3) to two cases: (i) non-resonant case if the applied frequency is distinct from the natural frequency leading (Section 3.1) to forced space-time oscillations with constant amplitude and a phase shift such that the work of the applied force balances the dissipation; (ii) resonant case if the applied frequency equals the natural frequency and (Section 3.2) the space-time oscillations have a constant amplitude with a phase shift of   π / 2  . In both cases, the decaying free oscillation is dominated (Section 3.3) for a long time by the forced (i) non-resonant or (ii) resonant oscillation with constant amplitude.



The total energy (Section 4) is the sum of (i) the kinetic energy associated to the transverse velocity and mass density with (ii) the elastic energy associated to the slope and tangential tension. The total energy decays for the damped free oscillation, but not when the forced oscillation is superimposed either in the (i) non-resonant (Section 4.1) or (ii) resonant (Section 4.2) cases, because forcing leads to constant amplitude. Thus, an energy of the total, free plus forced, oscillation less than for the free oscillation is possible only: (i) by selecting the forcing to oppose the free oscillation; (ii) matching the applied phase to the phase of free oscillation and phase shift due to damping; (iii) for a sufficiently short-time.



Total cancellation of the free oscillation by forcing is not possible because: (i) the amplitudes vary differently in time, namely exponential decay for the free oscillation, constant amplitude for the forced non-resonant or resonant oscillation; (ii) the phases are different for the free and forced oscillations, with the frequency being the same for the forced resonant oscillation or with the frequency also being different for the forced non-resonant oscillation. In conclusion, even by optimizing the forcing, the total energy of the free plus forced oscillation can be less than the energy of the free oscillation only for a short time, usually a small fraction of the first period of oscillation.



It follows that the objective of substantial suppression of free oscillations over several periods is not attainable by the four standard strategies I-IV of superimposing: (I) non-resonant undamped, (II) resonant undamped, (III) non-resonant damped, and (IV) resonant damped oscillations.



This is the motivation to consider the two novel strategies, namely (V) resonant and (VI) non-resonant forcing with exponential time decay. The forcing with exponential time decay (Section 5) can be considered with: (i) opposite free and forcing amplitudes; (ii) matched free, applied, and damping phases; (iii) applied frequency equal to oscillation frequency. This leads to resonance (Section 5.2) if the forcing decay equals damping, but no resonance otherwise (Section 5.1).



Considering the energy of the total free plus forced oscillation in the strategy V of forcing decay equal to damping (Section 6), the forced oscillation has an amplitude initially increasing linearly with time, until dominated by exponential time decay at a later time. The build up of energy of the forced oscillation (Section 6.1) may be too slow to compensate for the damping of the free oscillation with little or no benefit of overall energy reduction (Section 6.2).



The final most effective strategy VI is to avoid resonance by having a forcing decay distinct from damping (Section 7) which is compatible with: (i) applied frequency equal to oscillation frequency; (ii) opposite free and forcing amplitudes; (iii) matched free, damping, and applied phases. In this case, both the free and forced oscillations decay exponentially with time (Section 7.1) at different damping and decay rates, both leading to finite energy over all time. Their ratio can be adjusted to achieve a reduction of the energy over all time of the total oscillation of more than 96% relative to the free oscillation (Section 7.2). In conclusion (Section 10), the strategy VI is the most effective at partial suppression of free oscillations (Section 8). It also suggests a redefinition of the concept of resonance for more general types of forcing than constant amplitude (Section 9).




2. Free Damped Modes with Dissipation


The free damped waves are described by the unforced wave diffusion equation with boundary conditions, specifying the wavenumbers and frequencies (Section 2.1), and with the initial conditions, specifying the amplitudes and phases (Section 2.2).



2.1. Wavenumbers and Frequencies from Wave-Diffusion Equation


The classical wave equation applies to the linear transverse vibration   y ˜   of an elastic string with constant tangential tension T and mass density per unit length  ρ . It is extended in the presence of damping  μ  proportional to the velocity to:


  ρ    ∂ 2   y ˜    ∂  t 2    + μ   ∂  y ˜    ∂ t   − T    ∂ 2   y ˜    ∂  x 2    = 0 ,  



(1)




which can be written in the form of a wave-diffusion equation:


     ∂ 2   y ˜    ∂  x 2    −  1 χ    ∂  y ˜    ∂ t   −  1  c 2      ∂ 2   y ˜    ∂  t 2    = 0 ,  



(2)




involving, besides the wave speed:


  c ≡   T ρ   ,  



(3a)




also the diffusivity:


  χ ≡  T μ  .  



(3b)




In the absence of damping,   μ = 0  , the diffusivity is infinite,   χ = ∞  , and the wave-diffusion Equation (2) reduces to the classical wave equation:


     ∂ 2   y ˜    ∂  t 2    −  c 2     ∂ 2   y ˜    ∂  x 2    = 0 .  



(4)







Considering an elastic string of length L held at the two ends,    y ˜   0 , t  = 0 =  y ˜   L , t   , the spatial eigenfunctions are:


    y ˜  n   x  = sin   k n  x   



(5)




with wavenumbers:


   k n  =   n π  L  .  



(6)







The solution of the wave-diffusion equation is sought by separation of variables in the form:


   y ˜   x , t  =   ∑  n = 1  ∞    T n   t  sin   k n  x  ,  



(7)




leading to:


     d 2   T n    d  t 2    +   c 2  χ    d  T n    d t   +    k n  c  2   T n  = 0 .  



(8)







There is a solution exponential in time:


   T n   t  = exp   v n  t  ,  



(9)




with   v n   satisfying:


   v n 2  +   c 2  χ   v n  +    k n  c  2  = 0 ,  



(10)




whose roots are:


   v n ±  = −   c 2   2 χ   ±       c 2   2 χ    2  −    k n  c  2    ,  



(11)




and thus:


   T n   t  =  P n  exp   v n +  t  +  Q n  exp   v n −  t  ,  



(12)




where   P n   and   Q n   are constants determined by the initial conditions.




2.2. Amplitudes and Phases from Initial Displacement and Velocity


In the case of high diffusivity or sub-critical damping:


   k n  >  c  2 χ   ,  



(13)




the roots (11) are:


   v n ±  = − δ ± i   ω ˜  n  ,  



(14)




where:


  δ =   c 2   2 χ    



(15)




plays the role of damping and


    ω ˜  n  =      k n  c  2  −     c 2   2 χ    2    =      k n  c  2  −  δ 2     



(16)




plays the role of oscillation frequency. After substituting (14) in (12), it is rewritten as:


   T n   t  =  e  − t δ     P n   e  i   ω ˜  n  t   +  Q n   e  − i   ω ˜  n  t    =  e  − t δ      P n  +  Q n   cos    ω ˜  n  t  + i   P n  −  Q n   sin    ω ˜  n  t   .  



(17)




Choosing the amplitude   A n   and phase   α n   by:


      P n  +  Q n      =  A n  cos   α n   ,     



(18a)






     i   P n  −  Q n       =  A n  sin   α n   ,     



(18b)




with inverses:


     A n     =      P n  +  Q n   2  +   i   P n  −  Q n    2    = 2    P n   Q n    ,     



(19a)






     tan   α n       = i    P n  −  Q n     P n  +  Q n    ,     



(19b)




leads to the real solution


   T n   t  =  e  − t δ    A n  cos    ω ˜  n  t −  α n   .  



(20)




Substitution of (20) in (7) specifies the free vibrations of the string:


   y ˜   x , t  =  e  − t δ     ∑  n = 1  ∞    A n  sin   k n  x  cos    ω ˜  n  t −  α n   ,  



(21)




that consist of a superposition of modes: (i) all with the same damping (15); (ii) with wavenumbers (6) related to the wavelength   λ n   by:


   λ n  ≡   2 π   k n   =   2 L  n  ;  



(22)




(iii) with oscillation frequencies (16):


    ω ˜  n  = c    k n 2  −    c  2 χ    2    ;  



(23)




(iv) with amplitudes   A n   and phases   α n   determined by the initial displacement:


   y ˜   x , 0  =   ∑  n = 1  ∞    A n  sin   k n  x  cos  α n  ,  



(24a)




and initial velocity:


    ∂  y ˜    ∂ t    x , 0  = −   ∑  n = 1  ∞    A n   δ cos  α n  −  ω n  sin  α n   sin   k n  x  .  



(24b)







The Fourier sine series (24a) and (24b) may be inverted to specify the coefficients:


      A n  cos  α n      =  1 L   ∫ 0 L   y ˜   x , 0  sin   k n  x   d x ≡  X n  ,     



(25a)






      A n  sin  α n  −  δ  ω n    A n  cos  α n      =  1   ω n  L    ∫ 0 L    ∂  y ˜    ∂ t    x , 0  sin   k n  x   d x ≡  Y n  .     



(25b)




Rewriting (25b) in the form:


   A n  sin  α n  =  δ  ω n    X n  +  Y n  ,  



(25c)




it follows that the amplitudes and phases are given by:


     A n     =    X n 2  +    Y n  +  δ  ω n    X n   2    1 / 2   ,     



(26a)






     tan  α n      =   Y n   X n   +  δ  ω n   .     



(26b)







In the non-dissipative case   δ = 0  , the shape of the string is given by


   y ˜   x , t  =   ∑  n = 1  ∞    A n  sin   k n  x  cos   ω n  t −  α n   ,  



(27)




with    ω n  =  k n  c   in agreement with the Equation (6d) in Ref. [32].



Figure 1 shows the dimensionless amplitudes,    y ˜  / A  , of the free oscillations (for instance, of a string), without forcing, versus dimensionless axial coordinate   x / L  . All the oscillations shown in the figure result from Equation (21). Each line corresponds to one term of the series in (21), depending on the mode of oscillation n (or depending on the row of the figure). The total deformation of the string is the sum of all the contributions of each natural mode n of oscillation. The deformation is dominated by the natural modes with greater values of   A n   (in modulus) which depend on the boundary conditions. The blue solid lines correspond to oscillations without damping,   δ = 0  , whereas the red dashed lines are for oscillations with damping,   δ = 0.5 c / L  . Figure 1 shows three distinct situations regarding the values of the mode of oscillation n and consequently the values of wavenumber   k n  . The upper plots are obtained for    n ,  k n   =  1 , π / L   , the plots at the middle row are for    n ,  k n   =  2 , 2 π / L    and the bottom plots correspond to    n ,  k n   =  3 , 3 π / L   . The oscillation frequencies    ω ˜  n   are obtained from (16). In all the three cases, the oscillations are shown for three distinct times:   t =  0 , 0.5 , 1  L / c  . The plots are obtained with no phase shift,    α n  = 0  . There is no loss of generality in the next figure to set    α n  = 0   because the phase   α n   of each mode may be eliminated by changing the time t to    t ′  = t −  α n  /   ω ˜  n   . In all the plots, the vibration is always fixed with    y ˜  = 0   at the two ends of the string because that was imposed as the boundary conditions.



By comparing the lines of Figure 1, the effect of changing the mode of oscillation n, which corresponds to one term of the series in (21), can be observed. The mode of oscillation n has direct effects on the values of spatial wavenumber   k n   and consequently on the temporal frequency   ω n  . The two effects can be studied separately because the solution of the differential Equation (2) was deduced by separation of the temporal and spatial variables, t and x, respectively. The first effect, specifically the changing of the value of spatial wavenumber   k n  , can be noticed by comparing the plots of Figure 1 for the same time, for instance, at times   t = 0   and   t = 1 L / c  . The bottom plots are obtained for a higher value of n, therefore for a higher value of wavenumber   k n  , compared to the top plots. Increasing the wavenumber means reducing the wavelength of the vibration, according to Equation (22). Therefore, the bottom plots show a vibration with a higher number of crests, troughs, and nodes, since the vibration is spatially more “compact”. For each mode n, the string has n peaks and   n − 1   nodes (not counting the both ends of the string). These peaks and nodes remain at the same positions all the time due to the separation of the variables x and t in the solution. For a higher mode of oscillation n, the temporal frequency    ω ˜  n   also increases and consequently the movement of the vibration is faster (the period of oscillations is lower), that is, it increases the velocity of the wave for the same velocity of propagation c and decay rate  δ ; this property is verified in (16). For instance, in the case of Figure 1, in the upper plots where the frequency is lower (the period is greater), the stage of vibration at   t = 1 L / c   is the same as at   t = 0.5 L / c   in the intermediate plots where the frequency is greater (the period is lower). The stage of vibration at   t = 1 L / c   of the intermediate row is only reached by the vibration of the upper row at   t = 2 L / c   (these equivalences of stages of vibration neglect the effect of damping). Another difference is related to the direction of the movement of the oscillation. For instance, although the upper and lower plots of Figure 1 are identical at the time   t = 0.5 L / c  , the direction of the movement is not the same: in the upper plot the string is moving downwards whereas in the lower plot the string is moving upwards. Figure 1 also shows the effect of the value of decay rate  δ . At the initial time, there is no difference between the plots with and without damping. When   δ = 0  , as in the blue solid lines of the plots, there is no damping and the maximum amplitudes (in modulus) of the vibration remain constant over time. When   δ ≠ 0  , the vibrations are damped and the amplitudes of the vibrations are decreasing over time (the vibrations cease to exist when   t → ∞  ). The greater the damping value, the faster the oscillations are damped. In addition, the presence of damping changes the temporal frequency    ω ˜  n  , according to (16). With damping, the temporal frequency decreases and consequently the period of the oscillation is greater.



The damped oscillations are considered both free (Section 2) and with forcing (Section 3).





3. Forced Oscillations with Applied Frequency and Phase


Next, we consider the forcing of the wave diffusion equation (Section 2) with constant amplitude, and an arbitrary frequency and phase shift (Section 3.1). The cases of applied frequency distinct from or equal to the natural frequency lead respectively to non-resonant or resonant forcing (Section 3.2). This allows a comparison of total, free plus forced, oscillations in the non-resonant and resonant cases (Section 3.3).



3.1. Damped Non-Resonant Forced Oscillations with Phase Shift


Next we consider the forced oscillations with damping and forcing of the dissipative wave-diffusion Equation (2) with the same wavenumber    k n  ≡ k   as one mode of natural oscillation, applied frequency   ω ¯   and phase shift  β  in:


     ∂ 2   y ¯    ∂  x 2    −  1 χ    ∂  y ¯    ∂ t   −  1  c 2      ∂ 2   y ¯    ∂  t 2    = F sin  k x  exp  − i  ω ¯  t − i β  .  



(28)




with a phase shift  β  distinct from the free oscillation (21) when each mode n has a phase shift   −  α n   . The solution of (28) is sought as a plane wave with the same wavenumber    k n  ≡ k  , applied frequency   ω ¯  , and phase shift  β :


   y ¯   x , t  = B sin  k x  exp  − i  ω ¯  t − i β  .  



(29)







Substitution of (29) in (28) and omission of common space-time dependence leads to:


   c 2   F B  =   ω ¯  2  +   i  ω ¯   c 2   χ  −  k 2   c 2  .  



(30)







The substitution of the damping (16) gives:


   c 2   F B  =   ω ¯  2  −  k 2   c 2  + 2 i  ω ¯  δ ≡ E  e  i ϕ   ,  



(31)




corresponding to: (i) the amplitude factor:


  E =       ω ¯  2  −  k 2   c 2   2  + 4   ω ¯  2   δ 2    1 / 2   ,  



(32a)




(ii) the phase factor:


  tan ϕ =   2  ω ¯  δ     ω ¯  2  −  k 2   c 2    .  



(32b)







Using the oscillation frequency (16) in (31) leads to the alternative results:


   c 2   F B  =   ω ¯  2  −   ω ˜  2  −  δ 2  + 2 i  ω ¯  δ = E  e  i ϕ   ,  



(33)




and hence to the amplitude factor:


  E =       ω ¯  2  −   ω ˜  2  −  δ 2   2  + 4   ω ¯  2   δ 2    1 / 2   ,  



(34a)




and phase factor:


  tan ϕ =   2  ω ¯  δ     ω ¯  2  −   ω ˜  2  −  δ 2    .  



(34b)







In the non-resonant case of distinct applied and natural frequencies,    ω ¯  ≠ k c  , then the Equation (31) can be solved for B, and substitution in (29) specifies the forced damped oscillation:


   y ¯   x , t  =    c 2  F  E  sin  k x  exp  − i   ω ¯  t + β + ϕ   .  



(35)







Taking real parts, the forced wave diffusion Equation (28):


     ∂ 2   y ¯    ∂  x 2    −  1 χ    ∂  y ¯    ∂ t   −  1  c 2      ∂ 2   y ¯    ∂  t 2    = F sin  k x  cos   ω ¯  t + β  ,  



(36)




leads to the forced oscillations:


      y ¯   x , t      =    c 2  F  E  sin  k x  cos   ω ¯  t + β + ϕ           =  c 2  F       ω ¯  2  −  k 2   c 2   2  + 4   ω ¯  2   δ 2    − 1 / 2   sin  k x  cos   ω ¯  t + β + ϕ  .     



(37)







Figure 2 shows the dimensionless amplitudes,    y ¯  /  F  L 2    , of the forced oscillations at three distinct times:   t =  0 , 0.5 , 1  L / c  . All the oscillations shown in the figure result from Equation (37). The blue solid lines correspond to oscillations without damping,   δ = 0  , whereas the red dashed lines are for oscillations with damping,   δ = 0.5 c / L  . Figure 2 shows three distinct situations regarding the values of the mode of oscillation n (or as a consequence in the wavenumber   k = n π / L  ) and forced   ω ¯   frequency. The upper plots are obtained for    n ,  ω ¯   =  1 , 4 π c / L   , the plots at the middle row are for    n ,  ω ¯   =  2 , 4 π c / L    and the bottom plots correspond to    n ,  ω ¯   =  1 , 3 π c / L   . In all the three cases,    ω ¯  ≠ k c   means that the oscillations are not resonant.



The values of the mode of oscillation and forced frequency influence the amplitude and phase of the oscillation. The presence of damping attenuates the amplitude of oscillations. Indeed, Equation (32a) shows that when the value of damping  δ  increases, the amplitude factor E is greater and consequently the amplitude of oscillation decreases. The other effect of damping that can be visualized in Figure 2 is that it delays the stage of oscillation. This property can be confirmed by Equation (32b) with the existence of damping  δ . As opposed to the free oscillations, the maximum and minimum amplitudes of the forced oscillations remain constant over time. The amplitude of the oscillation does not depend on time.



The free oscillation is considered for the mode n with the simplified notation    k n  ,   ω ˜  n  ,  A n  ,  α n    substituted by   k ,  ω ˜  , A , α   in:


   y ˜   x , t  = A exp  − t δ  sin  k x  cos   ω ˜  t − α  ,  



(38)




and adds to the forced oscillation (37) in the total oscillation:


  y  x , t  =  y ˜   x , t  +  y ¯   x , t  = sin  k x   A  e  − t δ   cos   ω ˜  t − α  +    c 2  F  E  cos   ω ¯  t + β + ϕ   ,  



(39)




showing that the cancellation for all time is not possible because: (i) the applied   ω ¯   and oscillation   ω ˜   (16) frequencies are generally distinct:


   ω ¯  ≠  ω ˜  =    k 2   c 2  −  δ 2    ;  



(40)




(ii) the free damped oscillations decay exponentially with time,


   lim  t → ∞    y ˜   x , t  = 0 ;  



(41)




(iii) the forced oscillations have constant amplitude and dominate for a long-time:


   lim  t → ∞   y  x , t  =  y ¯   x , t  =    c 2  F  E  sin  k x  cos   ω ¯  t + β + ϕ  .  



(42)







Choosing the forcing amplitude:


  F = −   E A   c 2   = −  A  c 2         ω ¯  2  −  k 2   c 2   2  + 4   ω ¯  2   δ 2    − 1 / 2   ,  



(43)




still does not cancel the total oscillation at any time:


  y  x , t  = A sin  k x    e  − t δ   cos   ω ˜  t − α  − cos   ω ¯  t + β + ϕ   ,  



(44)




because   y  x , t  = 0   would require:


  Re  exp  i  ω ˜  t − i α − t δ   = Re  exp  i  ω ¯  t + i β + i ϕ   ,  



(45)




that is equivalent to:


  i  ω ˜  t − i α − t δ = i  ω ¯  t + i β + i ϕ + i 2 π p ,  



(46)




where p is an integer; solving (46) leads to a complex time:


  t =   α + β + ϕ + 2 π p    ω ˜  − ω + i δ   ,  



(47)




and thus the total oscillation (44) cannot vanish for real time.



Figure 3 shows the dimensionless amplitudes,   y / A  , of the total (free plus forced) oscillations at three distinct times:   t =  0 , 0.5 , 1  L / c  , and equating the unknown constants of both oscillations,   A = F  L 2   . All the oscillations shown in the figure result from Equation (39), by defining the values of   ω ¯  , k (or mode of oscillation n) and  δ , as in Figure 1 and Figure 2. The phase shifts are equal to zero,   α = 0 = β  . The blue solid lines correspond to oscillations without damping,   δ = 0  , whereas the red dashed lines are for oscillations with damping,   δ = 0.5 c / L  . Figure 3 shows three distinct situations, one for each line. The three situations, regarding the values of mode of oscillation n and forced frequency   ω ¯  , are the same as in Figure 2. In all the three cases, the wavenumber is related to the mode of oscillation by   k = n π / L  . Consequently, in all the cases,    ω ¯  ≠ k c   means non-resonant oscillations.



In this particular set of values of forced frequency, wavenumber, and damping ratio, the amplitudes of forced oscillations are much smaller than the amplitudes of free oscillations. Therefore, the total oscillation is almost reduced to only free oscillations, unless the value of the force F is much greater than the value of the constant A. Ultimately for a sufficiently long time, the forced oscillation with constant amplitude will always dominate the exponentially decaying free oscillation, as stated in (42).




3.2. Resonant Forced Oscillation with Dissipation and Phase Shift


The resonant case corresponds to applied frequency   ω ¯   equal to the natural frequency:


   ω ¯  = k c ,  



(48)




implying that (31) simplifies to


   c 2   F B  = i 2  ω ¯  δ = i 2 k c δ = E  e  i ϕ   ,  



(49)




corresponding to the amplitude factor:


  E = 2  ω ¯  δ = 2 k c δ ,  



(50)




and phase shift of 90 degrees:


  ϕ =  π 2  .  



(51)




From (49) follows:


  B = − i   c F   2 k δ   ,  



(52)




implying by (29) the resonant forced oscillation:


    y ¯  ∗   x , t  = −   c F   2 k δ   sin  k x  sin  k c t + β  .  



(53)







The non-resonant case,    ω ¯  ≠ k c  , is valid for zero damping,   δ = 0  , when the amplitude factor (32a) simplifies to


  E =   ω ¯  2  −  k 2   c 2  ,  



(54a)




and the phase (32b) zero,


  ϕ = 0 ,  



(54b)




and leads (37) to the undamped non-resonant forced oscillation:


   y ¯   x , t  =  F    ω ¯  2  /  c 2  −  k 2    sin  k x  cos   ω ¯  t + β  .  



(55)







In the case of resonant forcing (48), the limit of zero damping   δ → 0   is not valid, because it involves a division by zero in (53); the correct solution [32] involves a linear increase of amplitude with time. Henceforth only the case with damping will be considered when comparing (Section 3.3) non-resonant (Section 3.1) with resonant (Section 3.2) forcing.




3.3. Comparison of Total Free Damped Oscillation plus Resonant or Non-Resonant Forcing


The comparison of non-resonant forcing (37) with    ω ¯  ≠ k c   and resonant forcing (53) with    ω ¯  = k c   shows that: (i) the amplitude is constant both for non-resonant forcing (37) and for resonant forcing (53); (ii) the resonant amplitude factor (50) coincides with the second term in the non-resonant factor (32a), excluding the first term,    ω ¯  = ± k c  , that would be zero for resonance; (iii) the non-resonant phase shift (32b) reduces to the resonant phase shift (51) for coincident applied and natural frequencies,    ω ¯  = ± k c   since   tan ϕ = ∞   implies   ϕ = ± π / 2  , meaning that (iv) the resonant case (53) has a phase shift of   π / 2   relative to the forcing (36):


  sin  k c t + β  = cos  k c t + β −  π 2   .  



(56)




In the resonant case, the total free (38) plus forced (53) oscillation:


      y ∗   x , t      =  y ˜   x , t  +   y ¯  ∗   x , t           = sin  k x   A  e  − t δ   cos   ω ˜  t − α  −   c F   2 k δ   sin  k c t + β       



(57)




cannot be zero, even though the applied and natural frequencies coincide,    ω ¯  =  ω ˜  = k c  , because: (i) the free oscillation decays exponentially with time as in (41) while the forced oscillation has constant amplitude and thus dominates for long time:


   lim  t → ∞    y ∗   x , t  =   y ¯  ∗   x , t  =   c F   2 k δ   sin  k x  sin  k c t + β  ;  



(58)




(ii) even if the amplitudes are opposite:


  F =   2 k δ  c  A ,  



(59)




there is still a phase shift of   π / 2  :


   y ∗   x , t  = A sin  k x    e  − t δ   cos   ω ˜  t − α  − cos  k c t + β −  π 2    ,  



(60)




besides the phase shifts of   − α   for the free oscillation and  β  for the forced oscillation. Choosing for the forced oscillation a phase shift:


  β =  π 2  − α ,  



(61)




the total cancellation of (60),


   y ∗   x , t  = A sin  k x    e  − t δ   cos   ω ˜  t − α  − cos  k c t − α   ,  



(62)




would be zero at time zero:


   y ∗   x , 0  = 0 .  



(63)







The oscillation would not be zero at other times because: (i) the free oscillation decays exponentially and the forced oscillation has constant amplitude; (ii) the free oscillation frequency (40) coincides with the natural frequency (48) only for weak damping,    δ 2  ≪  k 2   c 2    with


   ω ˜  =    k 2   c 2  −  δ 2    ∼ k c .  



(64)







In the latter case of weak damping (64) and forcing out-of-phase to the free oscillation (61), the total oscillation:


   y ∗   x , t  = A sin  k x  cos  k c t − α    e  − t δ   − 1  ,  



(65)




does not vanish due to the damping effect alone.



Figure 4 shows the dimensionless amplitudes,    y ∗  / A  , of the total (free plus forced) resonant oscillations at three distinct times:   t =  0 , 0.5 , 1  L / c  . In this case, the applied frequency and wavenumber are related by (48). All the oscillations shown in the figure are from Equation (62), which are deduced assuming that the amplitudes of the free and forced oscillations are opposite, as in (59). Furthermore, there is a phase shift difference of   π / 2   between  α  and  β , according to (61). The value of  α  is set as zero. The blue solid lines correspond to oscillations without damping,   δ = 0  , whereas the red dashed lines are for oscillations with damping,   δ = 0.5 c / L  . Figure 4 shows three distinct situations, one for each line, depending on the values of the mode of oscillation n and consequently on the wavenumber k given by   k ≡  k n  = n π / L  . The first row is considered as the default case, when    n ,  k n   =  1 , π / L   ; in the second row, the value of n is greater, in which    n ,  k n   =  2 , 2 π / L   ; in the last row, the value of n is even greater compared to the second row, because    n ,  k n   =  3 , 3 π / L   . In all the cases,    ω ¯  = k c   implies resonant oscillations.



Comparing the rows of Figure 4, the effect of changing the mode of oscillation n can be observed. The second row shows the oscillations for a greater value of the mode of oscillation n than in the first row and the third row shows the oscillation for an even greater value of n. With a greater value of n, the free and forced frequencies increase and therefore the period of oscillations is lower, which means that the velocity of oscillations is slower. Moreover, the effect of changing the value of mode of oscillation n is also present in the value of spatial wavenumber k. For a greater value of n, the wavenumber k also increases. Increasing the wavenumber means reducing the wavelength of the vibration. Therefore, the bottom plots show a vibration with a higher number of crests, troughs, and nodes, similar to Figure 1. Figure 4 also shows the effect of the damping  δ . When   δ = 0  , as in the blue solid lines of the plots, there is no damping and the maximum amplitudes (in modulus) of the vibration remain constant over time. In this particular case, the forced and free frequencies coincide and because the amplitudes of the free and forced oscillations are opposite, according to (59), there is no oscillation when there is no damping. When   δ ≠ 0  , the free and forced oscillations are different and hence the free oscillation is not opposite to the forced oscillation; consequently the difference between them does not result in a zero deformation. Even with the presence of damping, the total oscillation is zero only at the initial time. With some attenuation, the vibrations are also damped and the amplitudes of the vibrations are decreasing over time. There will be an instant when the damping significantly attenuates the free oscillations, meaning that the total oscillation will be reduced to a forced oscillation (with a maximum amplitude in modulus equal to A). The greater the damping value, the faster the oscillations decay.



The decay of the free oscillation and dominance of the forced oscillation for a long time, both in non-resonant (39) and resonant (57) cases, implies that the reduction of total energy is possible only for a limited time (Section 7), because the free oscillation decays due to dissipation, whereas the forced oscillation remains for a constant applied force.





4. Total Energy of Free plus Forced Oscillations


The superposition of free oscillations (Section 2) with forced oscillations (Section 3) can lead to partial suppression of the total oscillation that can be assessed considering the energy (Section 4). The total energy consists of kinetic and elastic energies, and is compared between (i) the free oscillation and (ii) the total free plus forced oscillation. The comparison is made in the cases of non-resonant (Section 4.1) and resonant (Section 4.2) forcing.



4.1. Energy of Total Oscillations in the Non-Resonant Case


The total energy density per unit length of the string is the sum of kinetic and elastic energies:


  E =  1 2  ρ     ∂ y   ∂ t    2  +  1 2  T     ∂ y   ∂ x    2  .  



(66)







The resonant forced oscillation (53) is the particular case (48) of the non-resonant forced oscillation (37), so only the latter needs to be considered in the total, free plus forced, oscillation (39). Choosing the forcing (43) leads to the total oscillation (44), which can be zero at time zero, but not at other times.



Figure 5 shows the dimensionless amplitudes,   y / A  , of the total (free plus forced) non-resonant oscillations at three distinct times:   t =  0 , 0.5 , 1  L / c  . The constants of free and forced oscillations follow the relation (43), given by   F = − E A /  c 2   , remembered here for convenience. All the oscillations shown in the figure result from Equation (44), similar to Figure 3, obtained from Equation (39), but with the relation between F and A according to (43). The blue solid lines correspond to oscillations without damping,   δ = 0  , whereas the red dashed lines are for oscillations with damping,   δ = 0.5 c / L  . Figure 5 shows three distinct situations, one for each line. The three situations, regarding the values of frequencies, are the same as in Figure 2 and Figure 3. In all the three cases, the wavenumber is given by   n π / L  . Consequently, regardless of the case,    ω ¯  ≠ k c   means non-resonant oscillations. The plots are obtained with no phase shifts,   α = 0 = β  .



The parameters of the oscillations, such as the applied frequency, the damping factor, the oscillation frequency, and wavenumber (with the last two defined by the mode of oscillation n), are the same in Figure 5 and Figure 3. The only difference is in the value of F. In Figure 5, the force F is opposite to the amplitude A, following the relation (43) whereas in Figure 3 the relation is   A = F  L 2   . Figure 5 shows that even with this relation, the total oscillation is not canceled at all time. Indeed, only at time zero is the oscillation totally canceled when there is no damping. Otherwise, with damping, the total oscillation is not canceled at any time, including the initial instant. This property can be verified using Equation (44) at time zero:


  y  x , 0  = A sin  k x   cos α − cos  β + ϕ   ≠ 0 ,  



(67)




unless   β + ϕ = α  ; in the figures,   β = 0 = α   and   ϕ ≠ 0  , so this last condition is not met. This would be zero only if  ϕ  is zero, which corresponds to no damping. In this last case, with no damping (with   δ = ϕ = 0  ), when the phase shifts are related by   α = − β  , as in the blue solid lines of Figure 5, there is no oscillation if the natural    ω ˜  = k c   and applied   ω ¯   frequencies coincide. However, in that lines of Figure 5, the two frequencies do not coincide and they show zero oscillation only at instants when    ω ˜  t =  ω ¯  t + 2 π p   or    ω ˜  t = −  ω ¯  t + 2 π p   with   p ∈ Z  .



In the case (43) of forcing F and natural amplitude A having opposite signs, the total oscillation (44) does not vanish at all time and leads to the energy:


     2   E  x , t    A 2       = T  k 2   cos 2   k x     e  − t δ   cos   ω ˜  t − α  − cos   ω ¯  t + β + ϕ   2           + ρ  sin 2   k x     ω ¯  sin   ω ¯  t + β + ϕ  −  e  − t δ     ω ˜  sin   ω ˜  t − α  + δ cos   ω ˜  t − α    2  .     



(68)







When averaging the energy (68) over the length of the string denoted by the symbol   …  , the following factors appear:


       cos 2   k x  ,  sin 2   k x   ≡  1 L   ∫ 0 L    1 2  ±  1 2  cos  2 k x    d x =  1 2  ±  1  2 L      1  2 k   sin  2 k x   0 L  =  1 2  ,     



(69)




and thus the average energy as a function of time is given by:


      4 e  t    A 2      =  4  A 2    E  x , t   = T  k 2   cos 2    ω ¯  t + β + ϕ  + ρ   ω ¯  2   sin 2    ω ¯  t + β + ϕ           − 2  e  − t δ    T  k 2  cos   ω ¯  t + β + ϕ  cos   ω ˜  t − α            +    T  k 2  cos   ω ¯  t + β + ϕ  cos   ω ˜  t − α    ρ  ω ¯  sin   ω ¯  t + β + ϕ    ω ˜  sin   ω ˜  t − α  + δ cos   ω ˜  t − α             +  e  − 2 t δ    T  k 2   cos 2    ω ˜  t − α  + ρ   ω ˜  2   sin 2    ω ˜  t − α  + 2 ρ  ω ˜  δ sin   ω ˜  t − α  cos   ω ˜  t − α   ,     



(70)




where the assumption of weak damping (64) was used, implying:


  ρ   ω ˜  2  = ρ  k 2   c 2  =  k 2  T ,  



(71)




and leading to:


      4 e  t    A 2      = T  k 2   cos 2    ω ¯  t + β + ϕ  + ρ   ω ¯  2   sin 2    ω ¯  t + β + ϕ           − 2  e  − t δ    T  k 2  cos   ω ¯  t + β + ϕ  cos  k c t − α            +    T  k 2  cos   ω ¯  t + β + ϕ  cos  k c t − α    ρ  ω ¯  sin   ω ¯  t + β + ϕ   k c sin  k c t − α  + δ cos  k c t − α             +  e  − 2 t δ    T  k 2  + ρ k c δ sin  2 k c t − 2 α   .     



(72)







The total energy is simplified further in the case of resonant forcing.




4.2. Energy of Total Oscillations in the Resonant Case


The resonant forcing is a particular case (48) of non-resonant forcing, simplifying the forced non-resonant oscillation (37) to the forced resonant oscillation (53). Choosing the forcing amplitude to oppose the free oscillation (59) leads to the total oscillation (60). The total energy is (72) with (48), leading to:


      4  e ∗   t    T  k 2   A 2       = 1 − 2  e  − t δ       + sin  k c t + β − ϕ   sin  k c t − α  +  δ  k c   cos  k c t − α      cos  k c t + β + ϕ  cos  k c t − α            + sin  k c t + β + ϕ   sin  k c t − α  +  δ  k c   cos  k c t − α            +  e  − 2 t δ    1 +  δ  k c   sin  2 k c t − 2 α   ,     



(73)




or equivalently:


      4  e ∗   t    T  k 2   A 2       = 1 − 2  e  − t δ   cos  α + β + ϕ  +  e  − 2 t δ            +  e  − t δ    δ  k c    − 2 sin  k c t + β + ϕ  cos  k c t − α  +  e  − t δ   sin  2 k c t − 2 α   .     



(74)







Choosing the phase:


  β + ϕ =  π 2  − α ,  



(75)




the energy (74) simplifies further to:


    4  e ∗   t    T  k 2   A 2    = 1 +  e  − 2 t δ   +  e  − t δ    δ  k c    − 2  cos 2   k c t − α  +  e  − t δ   sin  2 k c t − 2 α   .  



(76)







Taking the average over a period, denoted by   …  :


    cos 2   k c t − α   =  1 2  ,   sin  2 k c t − 2 α   = 0 ,  



(77)




the average total energy becomes


   4  T  k 2   A 2      e ∗   t   ≡  G ∗  = 1 +  e  − 2 t δ   −  δ  k c    e  − t δ   .  



(78)







The free oscillation has energy corresponding to the terms in (68) with factor   exp  − t δ   :


       2   E ˜  ∗   x , t    A 2    e  2 t δ       = T  k 2   cos 2   k x   cos 2    ω ˜  t − α           + ρ  sin 2   k x     ω ˜  sin   ω ˜  t − α  + δ cos   ω ˜  t − α   2  .     



(79)







Using (69) in (79) simplifies the energy of the free oscillation:


      4   e ˜  ∗   t    A 2      =  4  A 2     E ∗   x , t   =  e  − 2 t δ    T  k 2   cos 2    ω ˜  t − α            + ρ   ω ˜  2   sin 2    ω ˜  t − α  + ρ  ω ˜  δ sin  2  ω ˜  t − 2 α      



(80)




with the weak damping approximation (64) and (71), leading to:


    4   e ˜  ∗   t    T  k 2   A 2    =  e  − 2 t δ    1 +  δ  k c   sin  2 k c t − 2 α   .  



(81)







The average over a period (77) for the free oscillation (81) is:


   4  T  k 2   A 2       e ˜  ∗   ≡   G ˜  ∗  =  e  − 2 t δ   .  



(82)







Thus, the ratio of energies of the total oscillation to the free oscillation is:


    G ∗    G ˜  ∗   = 1 −  δ  k c    e  t δ   +  e  2 t δ   > 1 ,  



(83)




showing that there is an increase, because the forced oscillation has constant amplitude and dominates the damped free oscillation.



Figure 6 shows the ratio of energies of forced oscillation   G ∗   to free oscillation    G ˜  ∗   as function of dimensionless time. The plots are based on Equation (83). Therefore the plots follow that equation, which is a composition of exponential functions and so the ratio of energies increases over time. That ratio increases faster for a greater value of damping   δ L / c   because as damping increases the free oscillation decays faster and has less energy compared with the forced oscillation that has constant amplitude. Although it seems that the plots in the subfigures in Figure 6 are the same for different values of k, in fact the values of the graphs are slightly different. Changing the value of k only has an effect on the second term on the right-hand side of (83). In all the cases, the value of   δ /  k c    is almost zero and therefore this term is negligible with respect to the plots of Figure 6. For weak damping (64) from    e  t δ   > 1 > δ /  k c    follows    G ∗   t  /   G ˜  ∗   t  >  e  2 t δ   > 1  , that the total energy of the free plus forced oscillation will exceed the energy of the free oscillation. Thus, forcing with constant amplitude is not an effective method of suppressing damped free oscillations. This suggests the consideration of forcing with the amplitude decaying exponentially with time (Section 5 and Section 6).





5. Forcing with Applied Frequency, Phase and Decay


Next, forcing is reconsidered with arbitrary applied frequency and phase, replacing constant magnitude (Section 3) by magnitude decaying exponentially with time, with a decay rate that does not need to coincide with the damping (Section 5). The applied frequency may be distinct or coincident with the natural frequency respectively in non-resonant (Section 5.1) and resonant (Section 5.2) cases. The forced oscillation is considered with: (i) amplitude opposing the free oscillation; (ii) exponential decay in time of the forcing equal to the damping of the free oscillation; (iii) matching of the applied and free phases due to damping.



5.1. Non-Resonant Forcing with Exponential Time Decay


Next the wave-diffusion Equation (2) is forced not only with applied frequency   ω ¯  , but also with exponential decay  ε  in time:


     ∂ 2   y ¯    ∂  x 2    −  1 χ    ∂  y ¯    ∂ t   −  1  c 2      ∂ 2   y ¯    ∂  t 2    = F sin  k x  exp  − ε t  exp  − i  ω ¯  t − i β  ,  



(84)




retaining the phase shift  β  relative to   − α   for the free oscillation. The forced oscillation is sought in a similar form:


   y ¯   x , t  = B sin  k x  exp  − ε t  exp  − i  ω ¯  t − i β  ,  



(85)




and substitution of (85) in (84) gives:


   c 2   F B  = −   i  ω ¯  + ε  2  +    i  ω ¯  + ε   c 2   χ  −  k 2   c 2  =   ω ¯  2  + i  ω ¯     c 2  χ  − 2 ε  −  k 2   c 2  +    c 2  ε  χ  −  ε 2  ,  



(86)




which simplifies to (30) for   ε = 0  . Introducing the damping (15) and oscillation frequency (40) in (86) leads to:


   c 2   F B  =   ω ¯  2  −  k 2   c 2  −  ε 2  + 2 ε δ + 2 i  ω ¯   δ − ε  =   ω ¯  2  −   ω ˜  2  −   δ − ε  2  + 2 i  ω ¯   δ − ε  ≡ E  e  i ϕ   ,  



(87)




with amplitude


  E =       ω ¯  2  −   ω ˜  2  −   δ − ε  2   2  + 4   ω ¯  2    δ − ε  2    1 / 2   ,  



(88)




and phase:


  tan ϕ =   2  ω ¯   δ − ε      ω ¯  2  −   ω ˜  2  −   δ − ε  2    .  



(89)




Setting   ε = 0   in (88) and (89) leads back to (34a) and (34b). Substituting (87) in (85) and taking the real part, the forced oscillation with applied frequency   ω ¯  , phase  β  and decay  ε  is given by:


   y ¯   x , t  =  c 2   F E  sin  k x   e  − ε t   cos   ω ¯  t + β + ϕ  ,  



(90)




as the solution of (84):


     ∂ 2   y ¯    ∂  x 2    −  1 χ    ∂  y ¯    ∂ t   −  1  c 2      ∂ 2   y ¯    ∂  t 2    = F sin  k x   e  − ε t   cos   ω ¯  t + β  ,  



(91)




that is the wave diffusion equation with sinusoidal forcing with applied frequency   ω ¯  , phase shift  β , and amplitude F decaying exponentially with time at rate  ε .



Adding to the forced (90) the free oscillation (21) still leads to the next oscillation:


  y  x , t  =  y ˜   x , t  +  y ¯   x , t  = sin  k x   A  e  − t δ   cos   ω ˜  t − α  +  c 2   F E   e  − ε t   cos   ω ¯  t + β + ϕ   ,  



(92)




where (i) both oscillations have the same spatial dependence (5); (ii) the amplitudes are different, and by choosing opposite values:


  F = −   E A   c 2   = − A         ω ¯  2  −   ω ˜  2    c 2   −    δ − ε  2   c 2    2  + 4   ω ¯  2     δ − ε  2   c 4     1 / 2   ,  



(93a)




leads to:


  y  x , t  = A sin  k x    e  − t δ   cos   ω ˜  t − α  −  e  − ε t   cos   ω ¯  t + β + ϕ   ;  



(93b)




(iii) the damping (15) of the free oscillation is generally distinct from the decay  ε  of the forced oscillation, and if they coincide:


  ε = δ =   c 2   2 χ   ,  



(94a)




then the forcing amplitude F, opposite to A, is related to the free wave amplitude A by:


  F = −  A  c 2      ω ¯  2  −   ω ˜  2   ,  



(94b)




and the forced oscillation simplifies to:


  y  x , t  =   F  c 2      ω ˜  2  −   ω ¯  2    sin  k x   e  − t δ    cos   ω ˜  t − α  − cos   ω ¯  t + β + ϕ   .  



(94c)







Choosing an applied phase shift:


  β = − ϕ − α ,  



(95a)




further simplifies the total oscillation to:


  y  x , t  =   F  c 2      ω ˜  2  −   ω ¯  2    sin  k x   e  − t δ    cos   ω ˜  t − α  − cos   ω ¯  t − α   .  



(95b)







Choosing an applied frequency equal to the oscillation frequency (16):


   ω ¯  =  ω ˜  =    k 2   c 2  −  δ 2    ,  



(96)




leads to resonance, which is considered next.




5.2. Resonant Forcing with Exponential Time Decay


Next we consider the resonant forcing, with: (i) applied frequency equal to the oscillation frequency (96), which reduces to the natural frequency (48) in the absence of damping; (ii) exponential temporal decay of the forcing (94a) equal to the damping of the free oscillation (15); (iii) applied phase (95a) matched to the phase of free oscillation (26b) and phase shift due to damping (32b). This corresponds to the limit    ω ¯  →  ω ˜    in (95b), for which both the numerator and denominator vanish. Applying L’Hôpital’s rule [111], the   0 / 0   indeterminacy is solved, differentiating with regard to   ω ¯   the numerator:


   ∂  ∂  ω ¯     cos   ω ˜  t − α  − cos   ω ¯  t − α   = t sin   ω ¯  t − α  ,  



(97a)




and denominator:


   ∂  ∂  ω ¯       ω ˜  2  −   ω ¯  2   = − 2  ω ¯  ,  



(97b)




and taking the limit    ω ¯  →  ω ˜   , which leads to a finite solution:


    y ¯  ∗   x , t  =  lim   ω ¯  →  ω ˜    y  x , t  = −   F  c 2  t   2  ω ˜    sin  k x   e  − t δ   sin   ω ˜  t − α  .  



(98)







Note that the linear amplitude growth in time typical of resonance is ultimately dominated by the exponential time decay of the forcing.



An alternative method to obtain the result (98) is to reconsider (95b) with close oscillation   ω ˜   and applied   ω ¯   frequencies, that is, the frequency difference   2 Δ ω   is small compared to the average frequency   ω ^  :


  2 Δ ω ≡  ω ¯  −  ω ˜  ≪  ω ^  ≡    ω ˜  +  ω ¯   2  ,  



(99a)




which is equivalent to:


   ω ¯  =  ω ^  + Δ ω ,   ω ˜  =  ω ^  − Δ ω .  



(99b)







Noting also:


    ω ¯  2  −   ω ˜  2  =   ω ¯  −  ω ˜     ω ¯  +  ω ˜   = 2  ω ^  Δ ω  



(99c)




and substituting (99b) and (99c) in (95b) gives:


     y  x , t      = −   F  c 2    2  ω ^    sin  k x   e  − t δ    cos    ω ^  + Δ ω  t − α  − cos    ω ^  − Δ ω  t − α            = −   F  c 2    2  ω ^  Δ ω   sin  k x   e  − t δ   sin   ω ^  t − α  sin  t Δ ω  ,     



(99d)




demonstrating the phenomenon of “beats”, which is sinusoidal oscillation at the average frequency   ω ^   with a slow   Δ ω ≪  ω ^    sinusoidal amplitude modulation. The limit    ω ¯  →  ω ˜    corresponds to   Δ ω → 0   in (99a) and using:


   lim  Δ ω → 0     sin  t Δ ω    Δ ω   = t ,  



(100a)




in (99d) leads to the resonant solution:


       y ¯  ∗   x , t      =  lim  Δ ω → 0   y  x , t  = −  lim   ω ^  →  ω ˜      F  c 2  t   2  ω ^    sin  k x   e  − t δ   sin   ω ^  t − α           = −   F  c 2  t   2  ω ˜    sin  k x   e  − t δ   sin   ω ˜  t − α  ,     



(100b)




which coincides with (98).



The forced resonant oscillation is considered for: (i) zero phase   α = 0  , choosing initial time suitably:


  t → t +  α  ω ˜   ;  



(101a)




(ii) introducing the dimensionless time:


  θ ≡  ω ˜  t − α ,  



(101b)




in the resonant oscillation (98)


    Y ¯  ∗   x , θ  =   y ¯  ∗   x , t  = B sin  k x  g  θ  ,  



(102)




where the time dependence appears in:


  g  θ  =   ω ˜  t + α   e  − t δ   sin   ω ˜  t  =  θ + α   e  − q θ   sin θ ,  



(103)




with q denoting the ratio of damping (15) to oscillation frequency (16):


  q ≡  δ  ω ˜   =  δ    k 2   c 2  −  δ 2     =      k 2   c 2    δ 2   − 1   − 1 / 2   =       2 k χ  c   2  − 1   − 1 / 2   ,  



(104)




with amplitude:


  B = −   F  c 2    2   ω ˜  2    exp  −   α δ   ω ˜    .  



(105)







The time dependence (103) is illustrated in Figure 7 for several values of the parameter:


  q =  0.05 , 0.10 , 0.15 , 0.20 , 0.25 , 0.30  .  



(106)







The initial linear growth in  θ  is ultimately dominated by the exponential, with maximum at the root of:


  0 =   d g   d θ   =  e  − q θ    sin θ +  θ + α   cos θ − q sin θ   .  



(107)







Thus the maximum is at


   1   θ m  + α   =   q sin  θ m  − cos  θ m    sin  θ m    = q − cot  θ m  .  



(108)







Table 1 indicates for each value of (106) the values of   θ m  , corresponding to the time   t m   as fraction of the period:


    t m  τ  =    ω ˜   t m    2 π   =   θ m   2 π   .  



(109)







The peak amplitude at the time (109) is:


  g   θ m   =   θ m  + α  exp  − q  θ m   sin  θ m  .  



(110)







The oscillation has a lower peak earlier as q increases, implying a reduction in the energy of oscillation.



Figure 7 illustrates the forced resonant oscillations (103) as a function of dimensionless time (101b) for different ratios (104) of damping to oscillation frequency. Resonance requires three conditions: (i) applied frequency equal to oscillation frequency (96); (ii) decay of the forcing equal to the damping (94a); (iii) matching (95a) of the phases of forcing  β , damping  ϕ  and free oscillations  α . The amplitude is given by (105). The oscillations with amplitude initially growing linearly with time are ultimately dominated by the exponential decay, sooner for larger decay.





6. Comparison of the Energies of Total and Free Oscillations


The total energy density (66) is the sum of kinetic and elastic energies. It may be averaged (69) over the length of the string. The time average over a period may be taken, not including a slowly decaying exponential term. The latter ensures a finite oscillation energy over all time (Section 6.1) that is compared between (a) the free damped oscillation and (b) the resonant forced oscillation with the same decay (Section 6.2).



6.1. Energy Averaged over Period and Length of String


The energy density (66) is given in terms of the dimensionless time (101b) by:


  2 E  x , θ  = ρ   ω ˜  2      ∂ Y   ∂ θ    2  + T     ∂ Y   ∂ x    2  .  



(111)







The free oscillation corresponds to the first term in (93b):


   Y ˜   x , θ  = A sin  k x   e  − q θ   cos θ ,  



(112)




and the corresponding energy is:


    2  E ˜   x , θ    A 2   =  e  − 2 q θ     k 2  T  cos 2   k x   cos 2  θ + ρ   ω ˜  2   sin 2   k x    sin θ + q cos θ  2   .  



(113)







The spatial average (69) leads to:


      2  A 2     E ˜   x , θ   =   e  − 2 q θ   2   ρ  c 2   k 2    cos 2  θ +   sin θ + q cos θ  2   − ρ  δ 2    sin θ + q cos θ  2   ,     



(114)




that simplifies for weak damping    δ 2  ≪   ω ˜  2  ∼  k 2   c 2    or    q 2  ≪ 1   to:


   e ˜   θ  ≡   4   E ˜   x , θ     ρ  c 2   k 2   A 2    =  e  − 2 q θ    1 + q sin  2 θ   .  



(115)







The average over a period (77) leads to:


   G ˜   θ  ≡   e ˜   θ   =  e  − 2 q θ   .  



(116)







The total energy over all time of the damped oscillation is finite:


   H ˜  ≡  ∫ 0 ∞   G ˜   θ   d θ =  ∫ 0 ∞   e  − 2 q θ    d θ =  1  2 q   =   ω ˜   2 δ   ,  



(117)




and larger for higher oscillation frequency and smaller damping. If there is no damping,   δ → 0  , the amplitude is constant and the energy is infinite over infinite time.



For the total oscillation, the forced oscillation (102) and (103) is added to the free oscillation (112):


   Y ∗   x , θ  =  Y ˜   x , θ  +   Y ¯  ∗   x , θ  =  e  − q θ    A cos θ + B  θ + α  sin θ  sin  k x  .  



(118)







Choosing opposite amplitudes,   B = − A  , and setting   α = 0   lead to:


   Y ∗   x , θ  = A sin  k x   e  − q θ    cos θ − θ sin θ  .  



(119)







The corresponding energy density is given by:


     2    E ∗   x , θ    A 2       =  e  − 2 q θ    T  k 2   cos 2   k x    cos θ − θ sin θ  2       θ cos θ + 2 sin θ  − q  cos θ − θ sin θ   2               + ρ   ω ˜  2   sin 2   k x     θ cos θ + 2 sin θ  − q  cos θ − θ sin θ   2   .     



(120)







The weak damping approximation (64) implies    q 2  ≪ 1   in (104) and simplifies (120) to:


     2    E ∗   x , θ    ρ  c 2   k 2   A 2        =  e  − 2 q θ     cos 2   k x    cos θ − θ sin θ  2             +  sin 2   k x     θ cos θ + 2 sin θ  2  − 2 q  θ cos θ + 2 sin θ   cos θ − θ sin θ    .     



(121)







The spatial average (69) leads to:


      e  2 q θ    e ∗   θ      ≡ 4    E ∗   x , θ    ρ  c 2   k 2   A 2     e  2 q θ   =  θ 2  +  cos 2  θ + 4  sin 2  θ + θ sin  2 θ           − 2 q  θ  cos 2  θ − 2 θ  sin 2  θ + sin  2 θ  −   θ 2  2  sin  2 θ   .     



(122)







The averages over a period are calculated in the Appendix A:


      cos 2  θ     =  1 2  =   sin 2  θ  ,     



(123a)






     sin  2 θ      = 0 ,     



(123b)






     θ sin  2 θ      = −  1 2  ,     



(123c)






     θ  cos 2  θ     =  π 2  =  θ  sin 2  θ  ,     



(123d)






      θ 2  sin  2 θ      = − π .     



(123e)







Thus the average energy of the total oscillation is:


   G ∗   θ  =   e ∗   θ   =  e  − 2 q θ     θ 2  + 2  .  



(124)







The total energy over all time is given by:


   H ∗  ≡  ∫ 0 ∞   G ∗   θ   d θ = I +  1 q  ,  



(125)




where:


  I ≡  ∫ 0 ∞   θ 2   e  − 2 q θ    d θ  



(126)




is evaluated next to compare with the total energy of the free oscillation.




6.2. Total Energy of Total Oscillation over All Time


Noting the property:


   ∂  ∂ q     e  − 2 q θ    = − 2 θ  e  − 2 q θ   ,  



(127)




the integral (126) is evaluated by:


  I =   −  1 2   ∂  ∂ q    2   ∫ 0 ∞   e  − 2 q θ    d θ =  1 4    ∂ 2   ∂  q 2      1  2 q    =  1  4  q 3    .  



(128)







Thus the energy of the total oscillation (125) is:


   H ∗  =  1  4  q 3    +  1 q  .  



(129)







The ratio to the energy of the free oscillation (117) is:


     J ≡   H ∗   H ˜   =  1  2  q 2    + 2 =    ω ˜  2   2  δ 2    + 2 =    k 2   c 2    2  δ 2    + 2 =   2  k 2   χ 2    c 2   + 2     



(130)




where we used (104), (96), and (15) in the weak damping approximation    ω ˜  ∼ k c  . Figure 8 shows as a function of   0.1 ≪ q ≪ 0.3   the energy over all time of the free oscillation (117), total oscillation (129), and their ratio (130).



The weak damping approximation (64) implies    q 2  ≪ 1  , which is satisfied by   q < 0.3  . A positive value   J > 0   in (130) requires:


   1  2  q 2    + 2 > 0  



(131)




which is met by all positive values of q and thus the results are consistent with the weak damping approximation. The suppression of damped free oscillations by resonant forcing at the same frequency (96) with opposite amplitude (94b), matched phase (95a), and decay equal to damping (94a), is limited because: (i) the forced oscillations have an amplitude initially increasing with time; (ii) the time decay is slow to limit the amplitude growth for weak decay equal to weak damping; (iii) the forced oscillation, in spite of starting at zero, may at intermediate times overwhelm the free oscillation, although both ultimately decay to zero; (iv) the final outcome may be that the energy over all time of the total oscillation may not be smaller, or indeed exceed the energy of the free oscillation for all time. This suggests the consideration of decaying forcing without resonance.





7. Non-Resonant and Resonant Forcing with Time Decay


The forcing of damped oscillations with the applied frequency equal to the oscillation frequency (96) leads to resonance (Section 5 and Section 6) if the decay rate of forcing equals the damping (94a). Making the latter distinct avoids resonance (Section 7.1) and the initially growing amplitude. This allows a comparison of the energy over all time of the total compared with the free oscillation for all ratios of forcing decay to damping (Section 7.2).



7.1. Matched Oscillations with Unequal Damping and Forcing Decay


The total oscillation (92) consists of the superposition of free oscillations with amplitude A, damping  δ , oscillation frequency   ω ˜  , and phase  α , with the forced oscillations with amplitude    c 2  F / E  , decay  ε , applied frequency   ω ¯  , and phase   β − ϕ  . If the oscillation   ω ˜   and applied   ω ¯   frequencies are distinct, the energies of the free and forced oscillations are added together, which is the opposite of the countering of the vibrations sought. Thus the oscillation and applied frequencies are assumed to be equal (96), and also choosing opposing amplitudes (93a), the total oscillation (92) simplifies to:


   y ^   x , t  = A sin  k x    e  − t δ   cos   ω ˜  t − α  −  e  − ε t   cos   ω ˜  t + β + ϕ   .  



(132)







Matching the phase (95a) leads to:


   y ^   x , t  = A sin  k x    e  − t δ   −  e  − ε t    cos   ω ˜  t − α  ,  



(133)




and the magnitude of the forcing (93a) is given by:


  F = − A   δ − ε   c 2       δ − ε  2  + 4   ω ¯  2    1 / 2   ,  



(134)




and simplifies for weak damping,     δ 2  ,  ε 2  , ε δ  ≪   ω ˜  2  ∼  k 2   c 2   , and decay to:


  F = −   2 A  ω ¯    c 2    δ − ε  = −   2 A k  c   δ − ε  .  



(135)







The case of resonance (Section 5 and Section 6) is excluded from (133) to (135) by having a forcing decay   ε ≠ δ   distinct from the damping.



The total, kinetic plus elastic, energy density (66) of the oscillation (133) is:


      2  A 2    E ^   x , t      = T  k 2   cos 2   k x     e  − t δ   −  e  − ε t    2   cos 2    ω ˜  t − α           + ρ  sin 2   k x     ω ˜    e  − t δ   −  e  − ε t    sin   ω ˜  t − α  +  δ  e  − t δ   − ε  e  − ε t    cos   ω ˜  t − α   2  .     



(136)







Averaging over the length of the string (69) leads in the weak damping and decay approximation     δ 2  ,  ε 2  , ε δ  ≪   ω ˜  2  ∼  k 2   c 2    to:


      4  ρ  c 2   k 2   A 2      E ^   x , t       =  e ^   t  =    e  − t δ   −  e  − ε t    2           + 2   e  − t δ   −  e  − ε t     δ  e  − t δ   − ε  e  − ε t    cos   ω ˜  t − α  sin   ω ˜  t − α  .     



(137)







Averaging over a period (77), and using the results in the Appendix A, the second term on the right-hand side of (137) vanishes, leading to:


   G ^   t  ≡   e ^   t   =    e  − t δ   −  e  − ε t    2  =  e  − 2 t δ   +  e  − 2 ε t   − 2  e  −  ε + δ  t   .  



(138)








7.2. Comparison of the Free and Total Energies over All Time


The energy of the total oscillation over all time is:


   H ^  ≡  ∫ 0 ∞   G ^   t   d t =  1  2 δ   +  1  2 ε   −  2  ε + δ   ;  



(139)




compared to the energy of the free oscillation:


   H ˜  =  ∫ 0 ∞   e  − 2 t δ    d t =  1  2 δ   ,  



(140)




the ratio is:


    H ^   H ˜   = 1 +  δ ε  −   4 δ   ε + δ   = 1 −  δ ε    3 ε − δ   ε + δ   .  



(141)







Thus the energy of the total oscillation is less than the energy of the free oscillation,    H ^  <  H ˜   , if the forcing decay exceeds one third of the damping,   ε > δ / 3  . The ratio of energy for all time of the total to the free oscillation depends only on the ratio of damping to forcing decay,   ψ ≡ ε / δ  :


  R  ψ  ≡   H ^   H ˜   = 1 −  1 ψ    3 ψ − 1   ψ + 1   .  



(142)







The ratio of energies must be positive,   R > 0  , requiring   3 ψ − 1 < ψ  ψ + 1   . This last condition is always met for positive values of  ψ , except   ψ = 1  , since:


  0 ≤  ψ 2  − 2 ψ + 1 =   ψ − 1  2  .  



(143)







The extrema of the energy of total oscillation corresponds to  ψ  as a root of:


  0 =   d R   d ψ   =    2 ψ + 1   3 ψ − 1  − 3 ψ  ψ + 1     ψ 2    ψ + 1  2    ,  



(144)




implying:


  0 = 3  ψ 2  − 2 ψ − 1 =  ψ −  ψ +    ψ −  ψ −   ;  



(145)




the two roots are:


   ψ ±  =   1 ± 2  3  =  −  1 3  , 1  ;  



(146a)







Consequently: (i) the negative root is unphysical since the ratio of decays  ψ  must be positive,   ψ > 0  , in (142) and the negative root would lead to   R   ψ −   = − 8 < 0  ; (ii) the positive root marginally meets the condition   R ≥ 0   and leads to:


  R   ψ +   = 0  



(146b)




which would be a minimum with zero energy, but is actually invalid because it is the resonant case   ε = δ   when (133) does not apply. Thus, forcing decay should not be too close to the damping and moderate deviations lead to values of  ψ  with energy reduction as seen in the plot of   R  ψ    in Figure 9 and is confirmed by the nine particular values indicated in Table 2.



The case   ε = δ   corresponds to resonance (Section 5 and Section 6) so the value   R = 0   of zero total energy in (146b) for    ψ +  = 1   in (146a) is excluded and has similarities and differences to “beats”, (100a), (100b), when the applied frequency is close to the oscillation frequency, (99a) to (99d). When the forcing decay is close to the damping, the factor in curved brackets in (133) becomes:


   e  − t δ   −  e  − ε t   =  ε − δ  t + O    ε 2  −  δ 2    t 2   ,  



(147a)




and to the leading order, there is, using (135), an amplitude growth linear on time:


   y ¯   x , t  = A  ε − δ  t sin  k x  cos   ω ˜  t − α  =   F c   2 k   t sin  k x  cos   ω ˜  t − α  ,  



(147b)




which is typical of resonance. Values of  ε  not too close to  δ  are valid in (133) and lead to the results indicated in Table 2. Figure 9 shows the ratio of the energy of the total oscillation to the energy of the free oscillation as a function of the ratio of the forcing decay  ε  to the damping  δ . For example, a forcing decay equal to   4 / 3   of the damping reduces the total energy over all time to   3.6 %   of the energy of the free oscillation:


   ψ e  ≡  ε δ  =  4 3  ⇒ R   ψ e   = 0.036 .  



(148a)







These values of the forcing decay  ε  and damping  δ  in (148a) are sufficiently different:


  ε − δ =   ψ e  − 1  δ =  δ 3  =  1 −  1  ψ e    ε =  ε 4  ,  



(148b)




to be far from resonance   ε = δ  . Figure 10 shows that the oscillation is nearly suppressed by the forced oscillation for all times, including the first few periods when damping and forcing decay have not significantly reduced the oscillation.



The substantial reduction of the energy of oscillation, corresponding to a significant partial suppression of the free oscillation for an intermediate decay of forcing can be explained as follows: (i) if the decay of forcing is much smaller than the damping,   ε <  ψ e  δ  , the forced oscillation decays slowly, and dominates the faster damped free oscillation; (ii) if the decay of the forcing is much larger than the damping,   ε >  ψ e  δ  , the forced oscillation decays too quickly to counter the energy of the free oscillation; (iii) the effective forcing decay   ε =  ψ e  δ   is such that it extracts most energy from the free damped oscillation by decaying neither too slow (adds energy) or too fast (small effect). Thus, of the six strategies for suppression of free oscillations (Table 4), the most effective, with over 96% reduction, for    ψ e  = ε / δ = 4 / 3   or   ε = 4 δ / 3   in Table 2, is forcing: (i) applied equal to oscillation frequency (96); (ii) applied phase (95a) equal to the sum of free oscillation phase (26b), and damping phase (32b); (iii) forcing with exponential time decay at the fraction   4 / 3   of the damping; (iv) amplitude of the forcing F related to the amplitude of the free oscillation A by (135):


  −  F A  = 2 k  δ − ε  = 2 k δ  1 −  ψ e   =   k  c 2   χ   1 −  4 3   = −   k  c 2    3 χ   .  



(149)







Values of the forcing decay closer to the damping (Table 3) would lead to greater reductions of the total energy relative to the energy of free oscillation, at the risk of triggering resonance, which would render the result invalid. In order to avoid excessive proximity to resonance, the choice (148a), (148b), (149), of effective forcing decay   4 / 3   of the damping may be a safe compromise. A closer proximity to resonance may be possible depending on (i) the accuracy of the determination of the damping and (ii) the precision of application of the forcing decay, bearing in mind that the margins of error in both (i) and (ii) should not lead to an overlap.



The sixth most effective strategy of countering free oscillations is compared next (Section 8) with the five preceding strategies (Table 5).





8. Strategies for Partial Vibration Suppression


The usual method of active vibration suppression is to add to the oscillation (27) another out-of-phase by half a period:


      y ˇ   x , t      = A exp  − t δ  exp  i  k x ∓ ω  t +  τ 2   − α            = A exp  − t δ  exp  i  k x ∓ ω t ∓   ω τ  2   − i α           = A exp  − t δ  exp  i  k x ∓ ω t  ∓ i π − i α           = − A exp  − t δ  exp  i  k x ∓ ω t  − α  = −  y ˜   x , t  ,     



(150)




so that the sum is zero. This is best done by inserting through the boundary the opposite oscillation (150) to cancel (27). The opposite oscillation has: (i) the same wavenumber k; (ii) the same frequency  ω ; (iii) the same amplitude A; and (iv) the opposite phase. The question of whether the “opposite” oscillation can be generated by forcing can be posed in the non-dissipative (part I) and dissipative (part II) cases, where it is shown that perfect cancellation is not possible. The question can be relaxed to the question of whether the addition of a forced oscillation can lead to a total energy less than that of the free oscillation. The answer is that this can be achieved with the constraints that are mentioned next. Six cases, I to VI, of partial vibration suppression, using (Table 5) forced oscillations to counter free oscillations, have been considered and evaluated comparing (Table 4) the energy of the total oscillation with that of the free oscillation.



The first four strategies, I–IV, are standard combinations of undamped or damped free oscillations with non-resonant and resonant forcing, and lead at best to a 75% reduction in energy. Two novel strategies, V–VI, are resonant and non-resonant forcing with magnitude decaying in time, and can lead to an energy reduction of over 96% Table 5. These six strategies, I–VI, are discussed briefly as a conclusion.



Starting with the non-dissipative case, the free oscillations are sinusoidal with constant amplitude. In the absence of damping, the (case I) non-resonant forced oscillations have a constant amplitude and different frequency from free oscillation and do not interact; thus, the energies of the free and forced oscillations add, which is the opposite of what was intended. The (case II) resonant forced oscillations have the same frequency as the free oscillations, but their amplitude increases linearly with time, thus eventually increasing the energy of the total oscillation. Considering a limited time span, say the first period of oscillation, it is possible to optimize the forcing to bring the total energy below that of the free oscillation by 75% at most.



Turning to the dissipative case, the free oscillations are sinusoidal in space-time with amplitude decaying exponentially with time due to damping. The (case III) dissipative non-resonant forcing involves a different frequency, a constant amplitude and a phase shift, which prevent perfect cancellation. The (case IV) dissipative resonant forcing involves the same frequency, and a constant amplitude, and there is a phase shift of   π / 2  , again not allowing perfect cancellation. Furthermore, the decaying free oscillation is eventually dominated by the forced oscillation with constant amplitude both in the non-resonant and resonant cases, so the total energy increases in both cases of forcing for a sufficiently long time. In the resonant case, the forced oscillation is 90 degrees out-of-phase to the free oscillation, which tends to increase the total energy, but may be countered by a forcing phase.



Thus, there are four standard cases for the evolution of total energy as a function of time:




	–

	
Undamped non-resonant forcing (case I): the free and forced oscillations have constant amplitude and different frequencies, so the energies are constant and added; the total energy increases and is independent of time;




	–

	
Undamped resonant forcing (case II): the free oscillation has constant amplitude and is ultimately dominated by the forced oscillation that is out-of-phase and has an amplitude increasing linearly with time; optimized forcing may reduce the total energy over the first period (concentrated forces) or somewhat longer (distributed forces) before being overwhelmed by the energy of the forced oscillation growing such as the square of time; the highest possible energy reduction is 75% over the first period using distributed forcing optimized along the string; this favorable result is lost for times significantly exceeding one period, because for the forced resonant oscillation the amplitude increases linearly with time and the energy as the square;




	–

	
Damped non-resonant forcing (case III): the free oscillation decays exponentially due to damping and is dominated by the forced oscillation with constant amplitude; since the natural and applied frequencies are different, the energies of the free and forced oscillation add, with the former decaying relative, to the latter; thus the decay of the free oscillation is overwhelmed by the non-decaying forced oscillation, which is counter productive;




	–

	
Damped resonant forcing (case IV): although the natural and applied frequencies coincide, there is again the contrast between the free oscillations decaying exponentially in time and the forced oscillations out-of-phase and with constant amplitude; even optimizing the forcing to counter the free oscillation, the total energy is ultimately dominated by the forced oscillation, which is counter productive as in case III.









Since none of the standard cases I–IV are very effective at countering free oscillations over time for several periods, two novel cases V–VI are introduced. They apply to damped free oscillations and use forcing that decays in time. It is possible to consider: (i) opposing amplitudes of the free and forced oscillations; (ii) matched phases; (iii) equal oscillation and applied frequencies. The case of forcing decay equal to damping (case V) leads to resonance with the forcing causing an amplitude growing linearly with time, but ultimately dominated by the exponential time decay. This is less favorable than having distinct forcing decay and damping (case VI) for which both the energy of the free and forced oscillation are finite when integrated over all time. Tuning the decay of the forcing to a suitable fraction of the damping,    ψ e  = ε / δ = 4 / 3  , the total energy can be reduced,   R   ψ e   = 0.036  , by more than 96%. This case is represented by Figure 10, which provides a graphic display of how the forced oscillation counters the free oscillation in an effective way, leading to substantial reduction or almost suppression, in the first few periods of oscillation, before the ultimate damping and decay for long time.



The consideration of forcing with non-constant amplitude suggests a generalized definition of resonance (Section 9).




9. A Generalized Definition of Resonance


The usual concept of resonance in its simplest terms can be considered for the classical wave Equation (4) with free wave solution (21) without damping   δ = 0   for one mode:


   y ˜   x , t  = A sin  k x  cos  k c t − α  ,  



(151)




with amplitude A, wavenumber k, frequency    ω ˜  = k c   and phase shift   − α  . The forcing with a generally distinct applied frequency   ω ¯  , but with a same phase shift   − α  , and with any amplitude F spatially distributed with the same wavenumber k:


     ∂ 2   y ¯    ∂  t 2    −  c 2     ∂ 2   y ¯    ∂  x 2    = F sin  k x  cos   ω ¯  t − α  ,  



(152)




leads to distinct solutions in two cases. The non-resonant case of applied frequency   ω ¯   distinct from the natural frequency    ω ˜  = k c   has the constant amplitude and the same phase:


   y ¯   x , t  =  F   c 2   k 2  −   ω ¯  2    sin  k x  cos   ω ¯  t − α  ,  



(153)




but does not hold for    ω ¯  = ± k c  . The latter is the resonant case:


     ∂ 2    y ¯  ∗    ∂  t 2    −  c 2     ∂ 2    y ¯  ∗    ∂  x 2    = F sin  k x  cos  k c t − α  ,  



(154)




leading to oscillations with amplitude increasing linearly with time:


    y ¯  ∗   x , t  =  F  2 k c   t sin  k x  sin  k c t − α  ,  



(155)




and with a phase shift of   π / 2  . This suggests two definitions of “resonance”: (A) the usual “physical” definition of applied frequency   ω ¯   equal to natural frequency; (B) the equivalent “mathematical” definition that the amplitude grows linearly with time. It is shown next that (B) is the more general definition, by considering a more general case.



Consider: (i) instead of the classical wave Equation (4), the wave-diffusion or telegraph Equation (2); (ii) instead of forcing (152) with same wavenumber k and applied frequency   ω ¯  , a forcing (84) with also a generally distinct phase shift  β  and an amplitude F decaying exponentially with time at a decay rate  ε . Now there are four forcing parameters (Table 4) and the resonance, in the sense of amplitude of forced oscillation initially growing linearly with time (98), requires three conditions: (i) applied frequency equal (96) to the oscillation frequency (16), which is the natural frequency   k c   modified by damping; (ii) matching (95a) of the phases of the forcing  β  in (84), of the free oscillation   − α   in (19b) and of the damping  ϕ  in (32b); (iii) exponential decay  ε  of the forcing in (84) equal (94a) to the damping (15); (iv) matching of free A and forced F amplitudes (93a). Clearly the definition A of equal oscillation and applied frequencies, corresponding to one condition (i), is not sufficient to have oscillation with amplitude initially growing with time, because other conditions are needed as well.



This suggests the following definition of resonance: resonant forcing leads to oscillations with an amplitude initially increasing with time, and requires the matching of all parameters of forcing with those of the free oscillation, namely (Table 4): (i) the applied frequency must equal the free oscillation frequency; (ii) the forcing phase plus the damping phase must equal the phase of the free oscillation; (iii) the damping of the free oscillation must be matched by the exponential decay in time of the forcing. The linear growth with time of the forced oscillations for short time may be ultimately dominated by damping. To prevent resonance, it is sufficient to break one of the three conditions (i) to (iii) above. The most effective strategy VI for the suppression of free damped oscillation is: ( α ) to keep (i) applying equal to natural frequency and (ii) match applied, damping, and free phases; ( β ) avoid resonance by a forcing decay different from damping, being selected to substantially decrease the total energy (Table 2 and Figure 9); ( γ ) choose opposite amplitudes for the forced and free oscillations. Choosing ( β ) a forcing decay  ε  related to damping  δ  by    ψ e  = ε / δ = 4 / 3   in Table 2 reduces the total energy of oscillation over all time to 3.6% of the energy of the free oscillation, (148a) and (148b), and nearly suppresses the free oscillation (Figure 10) in the critical first periods before damping and decay take over.




10. Conclusions


The present paper has considered forcing as a physical mechanism to reduce the energy of free transverse oscillations of an elastic string with two contrasting results: (part I) limited effectiveness in all cases for undamped oscillations, which is a “negative” but genuine result, indicating the limitations arising from laws of physics; (part II) good effectiveness for damped oscillations using decaying forcing, which is a “desirable” result compatible with the laws of physics. The implementation of the forcing that is most effective is a follow-up problem that is not addressed here, as the results of the present paper provide the objective. The implementation of forcing decaying exponentially in time should be simple and well within the capabilities of control systems using actuators, sensors, and processing.



The main difference between the two parts of the present paper is that paper I deals with undamped and paper II with damped oscillations, hence the two papers deal with different equations, namely wave equation in paper I and wave-diffusion equation in paper II. The paper II considers only continuously distributed forces, whereas paper I considers also forcing at a single point and forcing at multiple points. Both papers comprehensively cover non-resonant and resonant forcing with constant amplitude, with significant differences between the two undamped cases in paper I and the four damped cases in paper II. Since forcing with constant amplitude is of limited effectiveness in partial vibration suppression, paper II considers forcing with amplitude decaying exponentially in time. The assessment of the effectiveness of partial vibration suppression is assessed by comparing the energy of the free vibration with the energy of the total, free plus forced, oscillation; this is done for all cases of undamped (part I) and damped (part II) oscillations, resulting in somewhat extensive calculations.



The calculations in the present paper are extensive because there are five cases to consider: (i) damped free oscillations (Section 2); (ii–iii) oscillations forced with constant amplitude without and with resonance (Section 3 and Section 4) including associated energies (Section 6); and (iv–v) oscillations forced with amplitude decaying exponentially with time in resonant and non-resonant cases (Section 6 and Section 7), including associated energies that are relevant to a comparison of strategies for partial vibration suppression (Section 8). This leads to a generalized definition of resonance (Section 9) before the conclusion (Section 10). The novel features of this paper are outlined in the introduction (Section 1).



The four key elements for effective vibration suppression are the following: (i) the applied frequency equals the natural frequency so that the forced oscillation can be kept at all times in opposition to the free oscillation; (ii) the free and forced oscillations will be in opposition at all time if the phases of the free oscillation and forcing are matched at the initial time, taking into account the phase associated with damping; (iii) the amplitude of the forced oscillation equals that of the free oscillation with opposite sign or phase at initial time; (iv) the forcing decays exponentially in time at a rate “close to but not equal to” the damping, because: (iv–a) if the forcing decay equals the damping, there is resonance, and the amplitude grows initially in time linearly, adding energy that is eventually dissipated, and failing to suppress oscillations in the near term; (iv–b) if the forcing decay is very different from the damping, one of the free and forced oscillations decays much faster than the other, preventing effective vibration suppression; (iv–c) a forcing decay “not equal to” the damping avoids resonance (iv–a), and being “close to” the damping allows a comparable decay in time (iv–b), so that partial vibration suppression (i–iii) is effective over time until both the free and forced oscillations become negligible.



In conclusion, free damped oscillations have a finite energy   E 0   over infinite time due to damping. The forced oscillation with exponential decay in time also has finite energy   E ∗   over all time due to decay. Partial vibration suppression reduces the total energy to    E 0  −  E ∗    by keeping the free and forced oscillations out-of-phase. This requires (i) equal free and applied frequencies, (ii) matching of free, forced, and damping phases, and (iii) equal initial amplitudes with opposite signs or phases. The forcing decay and damping should not be equal to avoid resonance, but may be close enough to lead to suppression of more than 90% of the energy of vibration. The verification of this theoretical prediction of the most effective strategy for the partial vibration suppression can be subject to experimental demonstration, which is beyond the scope of the present paper.



The applications of the present theory of partial vibration suppression are undamped systems described by the classical wave equation (part I) and damped systems described by the wave-diffusion or telegraph equation (part II). The wave equation applies to acoustic, elastic, and electromagnetic waves, and the damping effects can be thermal conduction or radiation, viscosity, electrical resistance and mass diffusion. The most effective method of reduction of vibration energy by more than 90% is forcing at the natural frequency with amplitude decaying exponentially with time, and applies not only to continuous systems, but also to discrete systems such as: (i) mechanical oscillators consisting of masses, springs, dampers, and forcing actuators; (ii) electrical circuits consisting of inductors, capacitors, and resistors powered by batteries; (iii) analogous circuits in acoustics, hydraulics, and other fields.
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Appendix A. Averages over a Period


In (123a) to (123e) we used the following averages:


     sin  2 θ  , cos  2 θ      =  1  2 π    ∫ 0  2 π    sin  2 θ  , cos  2 θ    d θ =  1  4 π     − cos  2 θ  , sin  2 θ   0  2 π   = 0 ,     



(A1)






      cos 2  θ ,  sin 2  θ     =   1 2  ±  1 2  cos  2 θ   =  1 2  ,     



(A2)






     θ sin  2 θ      =  1  2 π    ∫ 0  2 π   θ sin  2 θ   d θ          = −  1  4 π     θ cos  2 θ   0  2 π   +  1  4 π    ∫ 0  2 π   cos  2 θ   d θ = −  1 2      



(A3)






     θ   sin 2  θ ,  cos 2  θ      =  1  2 π    ∫ 0  2 π   θ   sin 2  θ ,  cos 2  θ   d θ =  1  4 π    ∫ 0  2 π    θ ∓ θ cos  2 θ    d θ          =    2 π  2   8 π   ∓  1  8 π     θ sin  2 θ   0  2 π   ±  ∫ 0  2 π   sin  2 θ   d θ =  π 2  ,     



(A4)






      θ 2  sin  2 θ      =  1  2 π    ∫ 0  2 π    θ 2  sin  2 θ   d θ          = −  1  4 π      θ 2  cos  2 θ   0  2 π   +  1  2 π    ∫ 0  2 π   θ cos  2 θ   d θ          = −    2 π  2   4 π   +  1  4 π     θ sin  2 θ   0  2 π   −  1  4 π    ∫ 0  2 π   sin  2 θ   d θ = − π .     



(A5)
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Figure 1. Free damped oscillations (for instance, of a string) at three distinct times. The blue solid lines are shown for no damping and the red dashed lines represent the oscillations with damping,   δ = 0.5 c / L  . Each row corresponds to a distinct set of values of the mode of free oscillation n and consequently on the value of wavenumber   k n  : the upper row is for    n ,  k n   =  1 , π / L   , the middle row is for    n ,  k n   =  2 , 2 π / L   , and the bottom row is for    n ,  k n   =  3 , 3 π / L   . The plots are obtained for    α n  = 0  . 






Figure 1. Free damped oscillations (for instance, of a string) at three distinct times. The blue solid lines are shown for no damping and the red dashed lines represent the oscillations with damping,   δ = 0.5 c / L  . Each row corresponds to a distinct set of values of the mode of free oscillation n and consequently on the value of wavenumber   k n  : the upper row is for    n ,  k n   =  1 , π / L   , the middle row is for    n ,  k n   =  2 , 2 π / L   , and the bottom row is for    n ,  k n   =  3 , 3 π / L   . The plots are obtained for    α n  = 0  .



[image: Applmech 04 00009 g001]







[image: Applmech 04 00009 g002 550] 





Figure 2. Forced non-resonant oscillations at three distinct times. The blue solid lines correspond to no damping,   δ = 0  , whereas the red dashed lines correspond to oscillations with damping,   δ = 0.5 c / L  . Each row corresponds to a distinct set of values of the mode of oscillation n (which influences the value of spatial wavenumber k) and   ω ¯  : the upper row is for    n ,  ω ¯   =  1 , 4 π c / L   , the middle row is for    n ,  ω ¯   =  2 , 4 π c / L   , and the bottom row is for    n ,  ω ¯   =  1 , 3 π c / L   . In all the cases, the wavenumber is related to n by    k n  = n π / L  . The plots are obtained for   β = 0  . 






Figure 2. Forced non-resonant oscillations at three distinct times. The blue solid lines correspond to no damping,   δ = 0  , whereas the red dashed lines correspond to oscillations with damping,   δ = 0.5 c / L  . Each row corresponds to a distinct set of values of the mode of oscillation n (which influences the value of spatial wavenumber k) and   ω ¯  : the upper row is for    n ,  ω ¯   =  1 , 4 π c / L   , the middle row is for    n ,  ω ¯   =  2 , 4 π c / L   , and the bottom row is for    n ,  ω ¯   =  1 , 3 π c / L   . In all the cases, the wavenumber is related to n by    k n  = n π / L  . The plots are obtained for   β = 0  .



[image: Applmech 04 00009 g002]







[image: Applmech 04 00009 g003 550] 





Figure 3. Total, free plus forced, non-resonant oscillations at three distinct times. The blue solid lines correspond to no damping,   δ = 0  , whereas the red dashed lines correspond to oscillations with damping,   δ = 0.5 c / L  . Each row corresponds to a distinct set of values of the mode of oscillation n (which influences the value of spatial wavenumber k) and   ω ¯  : the upper row is for    n ,  ω ¯   =  1 , 4 π c / L   , the middle row is for    n ,  ω ¯   =  2 , 4 π c / L   , and the bottom row is for    n ,  ω ¯   =  1 , 3 π c / L   . In all the cases, the wavenumber is related to n by   k = n π / L  . The plots are obtained for   α = 0 = β  . The plots are also obtained by setting   A = F  L 2   . 
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Figure 4. Total free plus forced resonant oscillations with opposing amplitudes at three distinct times. The blue solid lines correspond to no damping,   δ = 0  , whereas the red dashed lines correspond to oscillations with damping,   δ = 0.5 c / L  . In all the cases, the wavenumber is related to n by   k = n π / L  . Each row corresponds to a distinct set of values of the mode of free oscillation n and consequently on the value of wavenumber   k n  : the upper row is for    n ,  k n   =  1 , π / L   , the middle row is for    n ,  k n   =  2 , 2 π / L    and the bottom row is for    n ,  k n   =  3 , 3 π / L   . The forced frequency is given by    ω ¯  = k c  . The plots are obtained for   α = 0   and   β = π / 2 − α  . 
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Figure 5. Total non-resonant oscillations with forcing, canceling the initial free oscillation at time zero at three distinct times. The blue solid lines correspond to no damping,   δ = 0  , whereas the red dashed lines correspond to oscillations with damping,   δ = 0.5 c / L  . Each row corresponds to a distinct set of values of the mode of oscillation n (which influences the values of spatial wavenumber k and free oscillation   ω ˜  ) and   ω ¯  : the upper row is for    n ,  ω ¯   =  1 , 4 π c / L   , the middle row is for    n ,  ω ¯   =  2 , 4 π c / L   , and the bottom row is for    n ,  ω ¯   =  1 , 3 π c / L   . In all the cases, the wavenumber is related to n by   k = n π / L  . The plots are obtained for   α = 0 = β  . 






Figure 5. Total non-resonant oscillations with forcing, canceling the initial free oscillation at time zero at three distinct times. The blue solid lines correspond to no damping,   δ = 0  , whereas the red dashed lines correspond to oscillations with damping,   δ = 0.5 c / L  . Each row corresponds to a distinct set of values of the mode of oscillation n (which influences the values of spatial wavenumber k and free oscillation   ω ˜  ) and   ω ¯  : the upper row is for    n ,  ω ¯   =  1 , 4 π c / L   , the middle row is for    n ,  ω ¯   =  2 , 4 π c / L   , and the bottom row is for    n ,  ω ¯   =  1 , 3 π c / L   . In all the cases, the wavenumber is related to n by   k = n π / L  . The plots are obtained for   α = 0 = β  .



[image: Applmech 04 00009 g005]







[image: Applmech 04 00009 g006 550] 





Figure 6. Energy of total oscillation   G ∗   divided by the energy of free oscillation    G ˜  ∗   as a function of dimensionless time   t c / L  . The plots are shown as functions of k and   δ L / c   whereas in all cases   k = n π / L  . 
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Figure 7. Forced resonant oscillations of a linear damped oscillator as a function of dimensionless time   θ ≡  ω ˜  t   where the applied frequency   ω ¯   is equal to the oscillation frequency   ω ˜  , that is,    ω ¯  =  ω ˜   . The plots are obtained for   α = 0  . The forcing decays exponentially with time at the same rate as the free wave damping. The phases are matched to lead to oscillations that initially increase with time, ultimately decaying to damping, and even sooner for stronger damping. 
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Figure 8. Total energy over all time of the total oscillation   H ∗  , total energy over all time of the free oscillation   H ˜   and the ratio   J ≡  H ∗  /  H ˜   , plotted as functions of the ratio of damping to oscillation frequency,   q ≡ δ /  ω ˜   . 
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Figure 9. Ratio of the total to the free energy of oscillations as a function of the ratio of forcing decay  ε  to free damping  δ  showing a minimum at   ψ = 1   in agreement with Table 2. 
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Figure 10. Free oscillation for the first mode of oscillation leading to   k =  k 1  = π / L  , with damping   δ = 0.5 c / L  , no phase shift,   α = 0  , and at the middle of the string,   x = L / 2   (dashed line); forced oscillation, also for the first mode of oscillation,   k =  k 1  = π / L  , with opposing amplitude to the free oscillation,   F = − E A /  c 2   , with applied phase shift,   β = − ϕ − α  , and with damping   ε = 4 δ / 3 ≈ 0.667 c / L  , representing the case VI (dotted line); total oscillation as the sum of free and forced oscillations, in these conditions given by (133) (solid line). The three oscillations are represented as functions of dimensionless time   t c / L  . 
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Table 1. Resonant forcing with exponential time decay. The results are obtained for   α = 0  .
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	q
	     θ m    rad     
	     θ m      ∘      
	     t m  / τ    
	    g   θ m      





	0.05
	1.9949
	114.3
	0.3175
	1.6456



	0.10
	1.9600
	112.3
	0.3119
	1.4906



	0.15
	1.9251
	11.03
	0.3064
	1.3527



	0.20
	1.9650
	108.0
	0.3000
	1.2297



	0.25
	1.8535
	106.2
	0.2950
	1.1198



	0.30
	1.8169
	104.1
	0.2892
	1.0217
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Table 2. Several values of the ratio  ψ  of forcing decay to free damping and the corresponding total energy of oscillation as a fraction R of the energy of the free oscillation, showing large reductions, which means strong vibration suppression.
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Formulas

	
Values






	
  ψ  

	
   1 / 3   

	
   1 / 2   

	
   2 / 3   

	
1

	
   4 / 3   

	
   3 / 2   

	
   5 / 3   

	
2

	
3




	
   R  ψ    

	
1

	
   1 / 3   

	
   1 / 10   

	
0

	
   1 / 28   

	
   1 / 15   

	
   1 / 10   

	
   1 / 6   

	
   1 / 3   




	

	
1

	
   0.330   

	
   0.100   

	
0

	
   0.036   

	
   0.067   

	
   0.100   

	
   0.167   

	
   0.333   
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Table 3. As the forcing decay comes closer to the damping, the reduction of total relative to free oscillation energy is more significant at the risk of coming too close to resonance, which could invalidate the result.
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Formulas

	
Values






	
  ψ  

	
   4 / 3   

	
   5 / 4   

	
   6 / 5   

	
   7 / 6   

	
   8 / 7   

	
   9 / 8   

	
   10 / 9   

	
   11 / 10   




	
   R  ψ    

	
   1 / 28   

	
   1 / 45   

	
   1 / 66   

	
   1 / 91   

	
   1 / 120   

	
   1 / 153   

	
   1 / 171   

	
   1 / 210   




	

	
   0.0357   

	
   0.0222   

	
   0.0152   

	
   0.0110   

	
   0.0083   

	
   0.0065   

	
   0.0058   

	
   0.0048   
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Table 4. Comparison of free and forced oscillations.
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	Oscillations
	Free
	Forced





	Amplitude
	A
	   F = − E A /  c 2    



	Frequency
	    ω ˜  =    k 2   c 2  −  δ 2      
	   ω ¯   



	Phase
	   − α   
	  β  



	Exponential decay in time
	   δ =  c 2  /  2 χ    
	  ε  
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Table 5. Six cases to counter free oscillations (I–II: undamped; III–VI: with damping) and forcing with constant (III–IV) or decaying (V–VI) amplitude. Both non-resonant (I, III, VI) and resonant (II, IV, V) cases are considered.






Table 5. Six cases to counter free oscillations (I–II: undamped; III–VI: with damping) and forcing with constant (III–IV) or decaying (V–VI) amplitude. Both non-resonant (I, III, VI) and resonant (II, IV, V) cases are considered.





	Number
	Case
	Main Phenomenon
	Energy





	I
	Non-resonant forcing
	Distinct frequency adds energy
	Increases



	II
	Resonant forcing
	Applied frequency equal to natural frequency
	Up to 75% reduction in first period



	III
	Non-resonant without decay
	Forcing with constant amplitude dominates
	Small reduction in first period



	IV
	Resonant without decay
	Forcing with constant amplitude dominates
	Small reduction over fraction of first period



	V
	Resonant with decay
	Damping slow to dominate resonant growth
	Reduction only for strong damping



	VI
	Non-resonant with decay
	Decay of total oscillation
	Reduction up to over 96% in energy over all time
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