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Abstract

Stability investigations on vibration suppression employing the concept of actuators with variable stiffness and damping
elements are presented. Systems with two and more degrees of freedom with linear spring- and damping-elements are
considered, that are subject to self-excitation as well as parametric excitation by simultaneous stiffness and damping
variation. General conditions for full vibration suppression are derived analytically by applying a singular perturbation
method of first order. These conditions naturally lead to the terms of parametric resonance and anti-resonance and enable
a stability classification with respect to the parametric excitation matrices. The results are compared to former
investigations of systems with a pure stiffness variation and a pure damping variation in time. While a specific parametric
stiffness or damping excitation may suppress the system vibrations successfully, the interaction of both excitations modifies
the formerly gained stability regions in the system parameter space. The analytical predictions are verified for exemplary
systems by exact numerical time integration. These basic results obtained can be used for design of a control strategy for
actuators with synchronously variable stiffness and damping elements to suppress transient vibrations.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The main objective of this contribution is to investigate the phenomenon of full suppression of self-excited
vibrations by means of a special kind of parametric excitation. Self-excited vibrations represent a dangerous
phenomenon in many engineering fields. Self-excitation of a structure can be caused for example by a steady
wind flow or by dry friction. The self-excitation mechanism considered here is of linearised van der Pol or
Rayleigh type. Both types lead to a linear but negative damping coefficient in the main diagonal of the damping
matrix. A quite interesting active vibration suppression mechanism is the usage of parametric excitation. A
parametric excitation may appear by harmonic variations of one or more system parameters. The resulting
equations of motion are coupled linear differential equations with time-periodic coefficients of the form

M(n7)x(7) + eC(n1)x(7) + K(n1)x(7) = 0, (1)

with the time 7, the parametric excitation frequency #, the position vector x and a scaling factor ¢. The matrices
M, C and K correspond to the mass/inertia, damping and stiffness coefficients.
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There are several publications dealing with single or coupled differential equations having a time-periodic
coefficient, i.e. Refs. [1-6], and the literature cited therein. The main focus of these works is the destabilising
effect of a parametric excitation. Boundary curves of unstable parameter regions caused by parametric
excitation are determined—the so-called parametric resonances. For systems with one degree of freedom these
analyses lead to the famous Mathieu, Hill or Meissner equation. In these studies, for an additional, positive
damping coefficient stabilising by parametric excitation is possible for systems that are similar to the classical
inverse pendulum problem. A stability analysis of systems with one degree of freedom that are under the
influence of parametric excitation as well as self-excitation can be found in Ref. [7].

The mechanism of damping by parametric excitation as proposed here is based on the effect of
coupling modes by parametric excitation, which is quite different to the stabilisation of the inverse
pendulum. Contrary to the inverse pendulum, the minimum model possesses two degrees of freedom. The
phenomenon that full suppression of self-excited vibrations can be achieved by interaction with parametric
excitation was discovered by A. Tondl in monograph [8]. The conditions for full vibration suppression
have been formulated mathematically in Ref. [9] and later, using another approach, in Refs. [10-12].
It was found that self-excited vibrations can be fully cancelled by parametric excitation within a frequency
interval near a parametric combination resonance frequency of the summation- or difference-type, as defined
in Ref. [3]

n~|Q FD|/N, N=12,..., 2

wherein frequencies Q| and €, are two undamped natural frequencies of the system and 7 is the frequency of
the parametric excitation. A specific parametric excitation that stabilises an otherwise unstable system is called
to be at parametric anti-resonance. The main contributions with respect to parametric anti-resonances and a
negative damping coefficient can be found in Refs. [8-11,13-15]. Numerical verification of damping by
parametric stiffness excitation can be found in Refs. [14,16] or Ref. [15]. Finally, first experimental results of
damping by parametric stiffness excitation of artificial lumped mass systems with two degrees of freedom can
be found in Refs. [17,18] showing great potential of being applied in practical applications. The main benefit of
the periodic open-loop control of one or more physical parameters is that no feedback of the system response
is needed, which differs from established work on periodic feedback control, see e.g. Ref. [19].

This method of suppressing self-excited vibrations has been studied for the case of a harmonic stiffness
variation in Refs. [9,14,15]. The first works within this scope dealing with a time-periodic damping coefficient
in combination with a negative damping coefficient can be found in Refs. [15,20]. The investigation of
parametric anti-resonances in case of a variation of all physical properties—a simultaneous single-frequency
variation of stiffness, damping and inertia coefficients—can be found in Ref. [15]. The actual contribution
examines the combination of two types of parametric excitation, a simultaneous and synchronous stiffness and
damping variation as initially investigated in Ref. [21]. To understand the potentials and limitations in the
application field of damping by parametric excitation, the following study examines the stability boundary
curves in the system parameter space.

The interaction between parametric stiffness and damping variation is of great importance for
implementations of parametric excitation, since, except for some generic cases, it is rather difficult to control
a single physical property without changing other properties in a specific system. In practical applications this
type of variation may appear quite naturally, since the realisation of a mechanical device for stiffness variation
almost certainly induces also a change of its damping with the same phase, synchronously, as its stiffness. An
easy to imagine physical example is a beam with a time-varying length. Varying the length periodically causes
a periodical change of the bending stiffness of the beam. Simultancously, the structural damping is varied
periodically, because the part of the beam that experiences vibrations changes periodically, too. Both
variations proceed synchronously.

In the following an analytical stability analysis is performed for a system in normal form and possessing two
degrees of freedom. Thereafter, stability conditions are given for systems with multiple degrees of freedom and
general conclusions are drawn. Finally, two numerical examples are discussed and compared to the analytical
predictions.
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2. Stability analysis

Linear differential equations with time-dependent, but periodic coefficients cannot be solved analytically
exact. Sometimes an exact solution cannot be obtained for a differential equation and an approximate
solution must be found. Other times, an approximate solution may convey more information than an exact
solution. In this study, the exact solution is approximated by performing a perturbation technique as used in
the literature in various fields of physics. Famous representatives of these techniques are: harmonic balance
(or two-timing), Poincaré—Lindstedt method, averaging method, method of multiple scales or successive
approximation to mention the most popular ones. A general survey of these methods can be found in
Refs. [22-24]. The method of vibrational mechanics as proposed in Ref. [25] leads to demonstrative physical
interpretations if the fast and the slow motions are coupled additively, but this method is not capable of
providing a solution if the slow and the fast motion are coupled multiplicatively, as it is the case in Eq. (1). The
methods above assume that the scaling factor ¢ is small. A method for arbitrary size of ¢ based on the original
Lyapunov transformation can is developed in Ref. [26] but leads to expressions that are hard to interpret.
High-frequency effects as outlined in Ref. [27] are not considered here, since damping by parametric excitation
is mainly effective in the low-frequency domain in the range of the first modes of a system. The method chosen
here is the averaging method, see Ref. [28], which is a method with a strong mathematical background. The
approximations to the solution will be derived for a first-order perturbation and are only valid in a region and
on the time scale 1/¢. Only systems with distinct eigenvalues are considered.

2.1. Equations of motion

For the case of a synchronous damping and stiffness variation the inertia matrix is kept constant while the
stiffness and damping matrices are varied periodically with a frequency

M(nt) = My, K(nt) = Ko + eK; cos(nr), C(nt) = Cy + £C, cos(y7), (3)

where the index 0 denotes the constant part and the index 7 the time-dependent part of the corresponding
matrix. Rescaling the time-dependent damping matrix for small values ¢C,—~C, in order to capture the
influence of C, within a first-order analysis, the general linear equations of motion in Eq. (1) simplify to

Myz"(z) + eCoz'(7) + Koz(t) = —&{C,z(7) + K,z(7)} cos(n7). )

Restricting the following study to systems with distinct eigenvalues, the equations of motion can be
transformed to the normal form:

7' (1) + 07 (1) + Q*2(z) = —e{RZ (1) + Qz(1)} cos(yr), (5)

where
Q' =T 'M,; 'K(T, (6)
O=T"M;'C,T, Q=T"'M,'K,T, R=T"'M;'CT. (7)

The transformation matrix T is defined by the diagonal matrix of squared natural frequencies Q*. Using
Einstein summation, a convention that repeated indices are implicitly summed over, Eq. (5) can be rewritten in
the comprehensive form

/(1) + Qzi(1) = —e{@yZ)(0) + {Ryz)(7) + 0yz;(0)} cos(r)}. (8)

Herein i is the free index. For a system with two degrees of freedom i,j = 1, 2.
From now on the factor ¢ is assumed to be small. The approach presented bellow is a natural extension of
the procedure applied in Ref. [11] or Ref. [10].
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2.2. Transformation and averaging

Applying a time transformation to Eq. (8) in order to normalise the frequency # to become one on the
chosen time scale gives

, d . d
men O =4 0= O, ©)

Allowing a small detuning of first order near #, of the form
n=ny+e0 + O(), (10)

dividing Eq. (8) by 5 and expanding the coefficients to Taylor series for small values of parameter ¢ gives
54wl = — o 0@z + (o Ry + Qyzj} cost — 2Qymi0z:} + (&%) (11)
0

with the abbreviations w; = Q;/n,. For a first-order approximation all terms of higher order than ¢ are
neglected. Similar to the classical method of estimating the particular solution from the homogenous solution
by variation of parameters, the coordinate transformation

Z; = u; COS w;t + v; Sinw;t, Z; = —u;wo; Sin w;t + v;70; COS w;t (12)

is performed that fulfills the unperturbed equations (¢ = 0). By introducing the abbreviations s; = sin w;¢ and
¢; = cosw;t Eq. (11) is transformed to

u; = _zifi(u, t)Si, U = zifi(u’ t)ci (13)
Mo@i Nowi

with the state vector u = [uy, vy, uz, vz]T and
fiu, )= —1’]0(@!‘,‘ + Rjjcos t)(—u,szj + Uj@,‘Cj) — Qif cost (M/C, + Uij) + 2Q;wio(u;c; + v;s;).

The functions f;s; and f;c; on the right-hand side of this system of equations are quasi-periodic and can be split
into a finite sum of N periodic terms with periods T in ¢. For this case averaging method in the general case
from Ref. [28] can be applied

ﬁ,:gii/nﬁ? (@, 1) dt is,:gzN:i/TkF?’ (@, 1) dr (14)
S Te)o T S Te)o T

where the difference between the solutions u of the original and a of the averaged system is of order &,
(1) — u;(t) = O(e), on the time scale 1/¢. The integration over T is carried out for fixed average values u.

Hence, for averaging first the periods of the right-hand sides of Eq. (13) have to be determined. With
the help of decomposition theorems the arising products of the trigonometric terms on the right-hand sides of
Eq. (13) can be rearranged as a sum of basic trigonometric terms. For this simple system with two modes 12
different periods arise. Averaging over a basic trigonometric term yields always zero, except for the case where
a term becomes resonant, i.e. the argument of a cosine function vanishes.

The following study will be performed for the case of a parametric combination frequency of first-order as
defined in Eq. (2) for N = 1. Combination resonances of higher-order N may be applied to suppress self-
excited vibrations, too, but in general their effectiveness is negligible compared to N = 1. Averaging Eq. (13)
for N =1 results in

; " R
b= — {_@@iiwiﬁii%ﬁjq:no%ﬁj_iniaﬁi}s

. & . O Ry . «
v; = o {—%@iiwivi - T]”j - ’IOTJUJ + ini‘mi}’ (15)

where the upper signs correspond to n, = [€2; — Q] and the lower signs to 1, = 2| 4+ €,. Choosing the upper
signs and setting R; = 0 these equations coincide with Ref. [11, p. 69].
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2.3. Stability conditions

Introducing the complex abbreviations

Wi =i +jo1, Wa =l £ jby, (16)
where j = +/—1 is the complex unit, Eq. (15) is equivalent to
. _’7_2<)@11+j910 :F417—£1(92R12 +j0»)
W=l g , Mo : W (4
"o :F4—()2(QIR21 +j05) — 5 OnEjhe

2

with the complex state vector W = [ii}, W»]'. After rescaling time by ¢/n} the characteristic equation of the
coefficient matrix is a complex polynomial of order two

2P+ (011 + O0n) — i(Q1 £ 22)a) + neO11 — jQi10)E 1020 F §2:0)
n
16Q Q,

Applying the extended Routh—Hurwitz criterion for complex polynomials in Ref. [29], a simplification of the
original criterion in Ref. [30], the stability of this polynomial can be determined.
First analysing the case for ¢ = 0 in Eq. (10), # = 5, this polynomial is stable if and only if

O+ O»n>0, (19)

01y _ RuRy i
42 4 (@11 + On)

(2R £jO)Q 1Ry +]0y)) = (18)

010n =+ >0, (20)

are fulfilled, where

Q121a21 Ryp QZI

Note that the interaction term f vanishes in case of a pure stiffness excitation, R; = 0, as well as in case of a
pure damping excitation, Q; = 0.

For the general case of 6 #0 in Eq. (10), the following two conditions have to be satisfied for the system
being stable:

O+ 6Op>0, (22)

ay0” + ar{Qy, Ryj}o + ax{Q;, Ry} > 0. (23)

Note that the conditions in Egs. (22) and (19) coincide and are independent of the parametric excitation. This
condition can be interpret as the main stability condition for damping by parametric excitation. The condition
in Eq. (23) defines the critical values

01 =05 — 0k and o2 = 0y + Ok (24)
of the detuning ¢ in Eq. (10) where the frequency shift 6, and the frequency width &y, are

-~ O -0 . (O +@22)\/*

= - .= 25
s 2@11@22 2’ Tk 2611@22 ( )
and the parametric excitation term dy, is
01,9,  RiRy B\
die = —0110n | 01,01 £+ =1 . 26
ke 11 22( 1102 10,0, 1 + > (26)

These critical values determines the stability border in the system parameter space. To decide which side of the
boundary is stable and which is unstable the additional condition in Eq. (20) is needed. If this condition is
fulfilled then a parametric anti-resonance near 7, with a width of o, in Eq. (25) is obtained. Otherwise there is
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no damping by parametric excitation possible and the vibration amplitudes grow without restriction. These
results hold for a first-order perturbation and are valid on the time scale 1/s.

3. General discussion

The stability conditions in the previous section represent the stability of the slow vibrations in the system
which enable pertinent interpretations. These conditions were derived for a system with two degrees of
freedom only. However, for a perturbation analysis of first order and a parametric excitation at a single
frequency 5 as considered in this contribution, the results can be extended straightforwardly to systems with
multiple degrees of freedom.

As shown in Eq. (15), for a system with two degrees of freedom a parametric excitation at n, = |€2; F Q25|
couples the corresponding states u;, v; with u,, vy. In analogy to Ref. [31], for a system with n degrees of
freedom the same coupling remains and, consequently, in addition to Eq. (15), the uncoupled equations of
motion

2
0

wi :ui~|—jv,~, 1;1\11' :i{—%@iijtj(},-o}ﬁzi for i= 3,...,1’1, (27)
n
emerge for each degree of freedom that is not affected by parametric excitation, i.e. i# 1, 2. The necessary and
sufficient stability conditions for Eq. (27) are the trivial conditions

0;>0 for i>3. (28)

These conditions can be simply added to the results obtained in the previous section which leads to the
stability conditions of a system with multiple degrees of freedom.

3.1. General case

Examining the case where the parametric excitation is not present in the system, Q;; = 0 = Ry, the stability
conditions in Egs. (19) and (20) collapse and yield together with Eq. (28)

@;>0 for i=1,...,n (29)

The interaction term f in Eq. (21) vanishes and the parametric excitation term dj, in Eq. (26) becomes
negative and leads to purely imaginary critical values of ¢ in Eq. (24). Hence, the self-excited system without
parametric excitation is stable if all modal damping coefficients in the main diagonal of the modal damping
matrix are positive or equivalently, the self-excitation is weak and does not destabilise the system. The
following cases can be distinguished:

(1) If these conditions hold there is no negative modal damping present in the system and, hence, the system is
stable. In this case parametric excitation near a parametric combination frequency 7, in Eq. (2) may be
used to enhance the system damping and vibration suppression is achieved, see the discussion in Ref. [31].

(ii) If one condition in Eq. (29) is violated for i = 1 or i = 2, ®1;0,; <0, but the less restrictive condition in
Eq. (22) is satisfied, the system is unstable but may be stabilised by a proper parametric excitation near the
frequency 1, depending on the condition in Eq. (23).

(ii1) In all cases where at least one of these diagonal damping terms vanishes, the system without parametric
excitation is on its stability limit, the vibrations are neither damped nor excited but can be stabilised by a
proper parametric excitation, according to point (ii).

(iv) Finally, if the conditions in Eq. (29) are violated for i = 1 and 2, respectively, the system is unstable and
cannot be stabilised by any parametric excitation.

The focus of this study are the cases (ii) and (iii) for which a destabilising self-excitation, @@, <0, may be
stabilised by a proper parametric excitation.
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3.2. Single parametric excitation

The extended conditions for vibration suppression in Egs. (22)-(26) can be simplified to the case of
parametric excitation of just one physical parameter as investigated in the literature. For the case of a pure
stiffness excitation, R; = 0, the interaction term f in Eq. (21) vanishes and the parametric excitation term in
Eq. (26) becomes

_ 01,0,
di = @11022<@“@22i49192 . (30)

Consequently, the frequency shift in Eq. (25) disappears and the critical values of the detuning o
corresponding to Eq. (24) are

g = —310 g) = /O'\k. (31)
The extended stability conditions in Eqgs. (22)—(24) simplify to the equivalent conditions
O+ O»n>0, (32)

e — 011+ 0On \/_@11@22i(Q12Q21/49192) (33)

2 0110n ’

as derived in Refs. [9-12,14], and summarised in Ref. [31]. It should be mentioned that the critical expression
o in Eq. (33) was found in Refs. [2,4,5] or [6]. However, since these studies assumed positive damping the
main condition in Eq. (32) was not derived and a parametric anti-resonance could not be discovered. As
shown in Ref. [31], the conditions in Egs. (32)—(33) are valid for a system with multiple degrees of freedom if
additionally the conditions in Eq. (28) are satisfied.

Similarly, in the case of a pure damping excitation, Q; =0, the stability conditions in Eqs. (22)-(24)
simplifies into the equivalent conditions

011 + 02,>0, (34)

~ 011+ 0xn \/_@11@22—(R12R21/4) (35)

7 2 0110» ’

as derived in Refs. [20,12]. Although in case of a pure stiffness excitation the stability condition in Eq. (33) is
affected by the kind of parametric combination frequency chosen in Eq. (2) this is not the case for a pure
damping excitation in Eq. (35). In analogy to Ref. [31] for a pure stiffness variation, these conditions are valid
for a system with multiple degrees of freedom if additionally the conditions in Eq. (28) are satisfied.

Note the following facts:

(i) The critical value g, of a pure damping variation in Eq. (35) is equal at both frequencies 1, = |Q; F Q2.
Consequently, for a given system damping, @ is fixed and o, depends entirely on the sign of the term
R> Ry that reflects the symmetry of the parametric excitation matrix R. For a system with a destabilising
self-excitation, ® ;0 <0, only a skew-symmetric excitation matrix R may enhance the radical in Eq. (35)
leading to a vibration suppression by parametric excitation near 5, = |Q; F €2].

(ii) Contrary to a pure damping variation, the critical value o of a pure stiffness variation in Eq. (33)
depends on whether the parametric excitation frequency is near n, = |Q; — 22| or ny = Q; + ©,. Now, for
a system with a destabilising self-excitation, @;0,, <0, a parametric anti-resonance may appear near
Ny = 1 + €, for a skew-symmetric parametric excitation matrix Q, 0,,0,, <0, and near 3, = |Q| — €]
for a symmetric excitation matrix Q.

(ii1) The stability condition in Eq. (22) of a synchronous stiffness and damping excitation coincides with the
stability condition in Eq. (32) or Eq. (34) obtained for a pure stiffness and damping excitation,
respectively. Consequently, the main stability condition is preserved.
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(iv) In case of a pure stiffness variation, see Eqgs. (32) and (33) as well as in case of a pure damping variation,
see Egs. (34) and (35), no additional frequency shift o, as in Eq. (24) occurs.

(v) The resultant frequency width &y, in Eq. (25) of the synchronous stiffness and damping excitation is not
equivalent to the sum of the frequency widths due to a pure stiffness excitation ) in Eq. (33) and the
frequency width due to a pure damping excitation o, in Eq. (35),

Ce # 0k + 0. (36)

3.3. Synchronous parametric excitation

If one demands a design with stability at , = |Q; — £,| and simultaneously at n, = 2, + Q, the stability
conditions in Egs. (19)—(20) have to be satisfied for the upper and lower signs, respectively. This requirement
demands the following conditions to be satisfied:

RixR Roi/Q)* + (R Q))?
011+ 0n>0 and 056, 0n> X2 21+(Q12 21/22)" + (R120,,/21) .

4 16(611 + )’
This means that in the case of a destabilising self-excitation, @;0,, <0, it may be possible to stabilise a system
at the parametric excitation frequency of the difference type n, = |£2; — ©:| and the summation type 7, =
Q) + Q, simultaneously, if at least the necessary condition

Ri2R
0>@H@n>—%rﬂ (38)

(37)

is fulfilled. This requires the parametric damping matrix R in Eq. (5) to be skew-symmetric and consequently
C; in Eq. (4). Note that for a pure stiffness excitation simultaneous vibration suppression is not possible, as
outlined in Ref. [15]. This result can be concluded straightforwardly in Eq. (38) for Rj3Ry; = 0.

For a specific system parameter p the stability boundary in the system parameter space projected to the p—-
plane is determined by

No + €05 — &0k <N<1g + 605 + &G (39)

following from Eqs. (10) and (24). A graphical interpretation is shown in Fig. 1 that points out the difference
between a stiffness excitation, R; = 0, and a synchronous stiffness and damping excitation. The dotted line
indicates the stability boundary curve without an additional frequency shift &g, from the combination
resonance frequency #, as it would arise for a pure stiffness excitation according to Eq. (33). The solid line
indicates the final stability boundary curve resulting for a synchronous excitation according to Egs. (39) and
(25). Consequently, the skeleton line 5, of the stability boundary curve in case of a pure stiffness excitation is
moved to the skeleton line #, + &7, in case of a combined synchronous stiffness and damping excitation.
The frequency shift o in Eq. (25) depends on whether the frequency of the stiffness variation is near to a
parametric combination frequency of the difference type n, =|Q; — 22| or of the summation type
o = €21 + . This circumstance results from the expression f in Eq. (21) because the sign of the second

&Gy &0} 80ke 80ke n

»
>

Fig. 1. Shift of stability border in dependence on a system parameter p.
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expression in f, Rj2 Ry, is conserved while the sign of the first expression, 0,0, alters. Consequently, for a
fixed system parameter p the resulting value of the frequency shift g, is not the same at the frequencies
o = |21 F ©;|. Furthermore, if the condition

Q1013 Ry < R0y (40)

is fulfilled the resulting sign of &, differs, too. This consequence is sketched in Fig. 2 for 4 = Q,0,,Ru1,
B=QR120,,,A> B, and a destabilising self-excitation @102 <0 with O > O1.

Due to the frequency shift o of the stability boundaries the stability conditions in Egs. (19)—(20) are helpful
to determine the stability on the frequency line 7, but in general they are irrelevant for a classification of the
stability domain in the parameter space as performed in Ref. [31] for a pure stiffness variation. The adequate
critical conditions for non-vanishing interaction term follows from a stability analysis of the original
characteristic polynomial in Eq. (18) by mapping o+, + o, where &, is the resulting frequency shift derived in
Eq. (25) from the stability analysis at 5 = ,, see Ref. [15]. Performing this second stability analysis, the shifted
frequency line #, + €0 is stable if and only if

dkc
0110

O+ O»n>0, >0, (41)
are fulfilled instead of Egs. (19)—(20). Thee inequalities in Eq. (41) enable an elegant classification of the
conditions in Egs. (19), (20), and (24) for a synchronous damping and stiffness variation that is summarised in
Table 1. These and the following results for a two-degrees-of-freedom system can be extended easily to a
system with multiple degrees of freedom if additionally the conditions in Eq. (28) are met.

Table 1 shows the qualitative stability map in dependency of an arbitrary system parameter p and the
parametric excitation frequency # for a non-vanishing interaction term f. Read this table by either using
always the upper sign or always the lower sign in analogy to the previous calculations. Plotting the frequency
o = |Q1 F £»| as a function of a system parameter p results in a frequency line. The frequency shift &, is
drawn for a positive interaction term ff and @; > @,,. If the conditions in Eq. (41) are violated then the system
becomes unstable for parameter values p lying on the shifted frequency line 7, + ¢o,. This is shown in the left
column in Table 1. If additionally the stability conditions in the general case from Eq. (29) are violated, then
the system is unstable on the shifted frequency line as well as in the remaining parameter domain and the
stability width oy, is purely imaginary, see left bottom cell. On the other hand, if the conditions in Eq. (29) are
satisfied, the system is unstable in the vicinity of the shifted frequency line 7, + o, and stable in the remaining
parameter domain, see left top cell. In this case the frequency 5, is called a parametric resonance
frequency,because it disturbs an otherwise stable system.

For a stable frequency line 7, + &0, the conditions in Egs. (19) and (20) are satisfied for the upper or the
lower signs. This is shown in the right column in Table 1. Now if the general stability conditions in Eq. (29) are
satisfied then the system is stable in the whole parameter domain, see right top cell. On the other hand, if the
general stability conditions are violated, the system remains stable in the vicinity of the frequency line but

|Q) + Q| + &7,

0, ©,, =0, trivial stability boundary

n

Fig. 2. Shift of skeleton lines if the condition in Eq. (40) is satisfied and @, > @2, 0101, <0.
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Table 1
Summary for synchronous stiffness and damping excitation at parametric combination resonance frequencies with sketches for a positive
interaction term f and @) >0

unstable ng + £os stable ng + ags

_ dkc
611022

dkc

O11 +O22 >0, __a
011022

<0 ©11 + Oz > 0, >0

©116022 >0
n
real-valued G purely imaginary oic
parametric resonance stable
p p
©116022 <0
N
70
n n
purely imaginary Tke real-valued Oy
unstable parametric anti-resonance

becomes unstable in the remaining parameter domain, see right bottom cell. In this case the frequency 7z, is
called a parametric anti-resonance frequency, because it stabilises an otherwise unstable system.

Comparing the two left cells reveals that passing the critical condition ®@;;0, =0 from @;0,,>0 to
0110 <0 by varying a system parameter p leads to a change of the sign of the frequency shift o;.
Additionally, a positive parametric excitation term dy., corresponding to a real-valued stability width oy,
switches to a negative parametric excitation term, corresponding to a purely imaginary stability width.
Generally, if a system parameter p fulfills this switching condition @@, = 0, then the stability on the shifted
frequency line 5, + &g, switches from stable to unstable or vice versa. This fact is indicated by a hatched
border. Reaching this border for such a critical parameter value, the corresponding column have to switched.
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The case where @) + Oy, <0 is valid leads always to an unstable system. In this case the stability map for a
certain parameter looks like in the sketch in the left bottom corner in Table 1.

4. Example system

A two-mass system with spring- and damper-elements as drawn in Fig. 3 is considered, which is an
extension of the originally investigated systems in Refs. [21,32]. The system possesses two degrees of freedom:
the vertical positions z;, z; of the two masses. The top mass m1, is connected by a linear spring k; to the bottom
mass m;. A constant flow U generates a self-exciting force which acts on mass m; in direction z,. The
subsystem m;,, k, rests on a base mass m; which is attached to the inertial reference frame by a spring-element
ki(r) and a viscous damping element c¢;(z). This system may represent a model of the first two modes of a
mechanical structure with corresponding modal masses. The stiffness and damping coefficient of the
suspension consist of a constant and a controlled small time-dependent component

k1(t) = ko(1 4+ g cos(yr)) and (1) = co(1 + & cos(yr)). (42)

Since there is no phase difference, both coefficients are varied synchronously in time. The flow-induced self-
excitation force due to the constant flow velocity U is modelled by a linear negative damping coefficient
resulting from a linearised van der Pol or Rayleigh model

Fse = (cse - dse U2)22~ (43)

For the two mass system that is under the simultaneous influence of self-excitation and parametric
excitation as shown in Fig. 3 the equations of motion are given by

ny 0 . c1(7) 0 ) ki(t)+k, —k 0
[O mz]z+l 0 co—d,U? z—i—l ]z:{ } (44)

—k> k> 0

with the state vector z = [z, (1), z»(7)]". For this simple system the parametric excitation matrix is symmetric, in
which case vibration suppression may be achieved for a pure stiffness excitation near 5, = |Q; — €2,| only, see
Section 2.3 and Ref. [15] for more details. However, a pure damping variation with a symmetric parametric
excitation matrix always destabilises the system. The question arises whether the parametric anti-resonance due
to the stabilising stiffness excitation or the resonance due to the destabilising damping excitation will dominate.

In order to examine the analytical results obtained for vibration suppression, the dynamic behaviour of the
system in Eq. (44) is compared for different kinds of parametric excitations: a pure harmonic stiffness
variation and the investigated synchronous stiffness and damping variation. Since the stability analysis in the
previous section was performed for the normal form in Eq. (5) the equation of motion in Eq. (44) has to be
transformed according to Egs. (7) and (9). The following non-dimensional parameters are introduced in order
to decrease the number of system parameters for the numerical analysis

2
my o Cse — dxe U 2 kO
= K1 = > Ky = s Q = s Eks and Ec (45)
ny miay miyay myay

b

W W

mo WS m WS,

= T k()
N 2] ) 21 N 2

Fig. 3. Two mass system with a pure stiffness variation (a) or a synchronous stiffness and damping variation (b).
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with the undamped natural frequency of subsystem 2, wy = +/k,/m,, and the mass ratio M and frequency
ratio Q. These parameters represent relations between the dimensional physical system parameters. For a
certain physical system specific values for some of the parameters have to be chosen additionally.

To verify the results of the analytical analysis an exact method based on Floquet’s theorem is used in
combination with numerical time integration (see Ref. [16] for details). By numerically integrating the system
equations in Eq. (44) for fixed system parameters the monodromy matrix after one period of the parametric
excitation is calculated. The eigenvalues of the monodromy matrix determine the stability of the system. For
systems with a larger number of degrees of freedom, the numerical procedure proposed in Ref. [33] is
computationally more efficient.

For the equations of motion in Eq. (44) the sum of the modal damping coefficients in the main stability
condition in Egs. (32), (34) and (41) can be rewritten as

O+ Oy =K + Mir,>0. (46)

Resulting from the second inequality in Eq. (26), a non-dimensional excitation ratio r between the stiffness and
damping excitation can be defined and expressed by the parameters introduced in Eq. (45)

. Q10Ry + QR120y  ae20(1 + M+ 0F)

= = (47)
01205 — Q1R Ry (ecicr)? — g0’

This ratio is an indicator for the strength of the damping variation R; with respect to the stiffness excitation
Q;;- The effects of the stiffness excitation exceed the effect of the damping excitation if r 51 and vice versa if
rz 1. For r<1 the stability gained by pure stiffness variation is conserved while for rZ 1 the destabilising
damping variation outweighs the otherwise stable pure stiffness variation. A good approximation for the
excitation ratio in Eq. (47) can be obtained if the interaction term f is neglected and only the left-hand side of
the second inequality in Eq. (26) is taken into account

QQRHRy (ecMKy)
01,0 8/26Q3

Two numerical sets as listed in Table 2 are investigated that both satisfy the condition in Eq. (46). Initially
the numerical set for the weakly damped system A is analysed. Figs. 4 and 5 show stability charts for a pure
harmonic stiffness excitation and for a synchronous stiffness and damping excitation, respectively, in
dependency of the non-dimensional system parameter Q in Eq. (45) and the frequency ratio 1/w,, where # is
the parametric excitation frequency as defined in Eq. (4). The shadowed area indicates the numerically
calculated stability area. The bold solid line shows the analytical stability border calculated from
Egs. (32)—(33) in Fig. 4 and from Egs. (22)—(23) in Fig. 5. Although from a mathematical point of view the
scaling parameters &, ¢ in Eq. (45) are not small as assumed in the analytical stability analysis the stability
conditions obtained still accurately reproduce the system behaviour.

For the system without parametric excitation, g = 0 = ¢., the trivial stability boundary according to
Eq. (29), ©1102; = 0, leads to the critical stiffness ratio Q;, = 1.73. For a frequency ratio Q> Q. = 1.73, the
modal damping parameter ©»; is negative and system A is dynamically unstable due to self-excitation even
without the parametric excitation operating. By activating a parametric excitation, g #0, it is possible to
suppress the system vibrations due to a destabilising self-excitation. Such a parametric excitation deforms the
trivial stability boundary Q = Q. as is shown in Figs. 4 and 5 leading to regions of stability and instability,
respectively.

F=

(48)

Table 2
Non-dimensional parameters

System A 0.5 0.05 —0.01 0.3 0.5
System B 5 0.5 —0.1 0.3 1
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0.5 1 . 2 25 3 3.5 4 4.5
e,

Fig. 4. Comparison of analytical and numerical analysis of Q—#-stability chart for pure harmonic stiffness excitation (¢, = 0) in system A:
shaded region numerical, solid line analytical result.

4.5

4.

3.5 1

0.5 1 1.5 2 25 3 3.5 4 45
nlw,

Fig. 5. Comparison of analytical and numerical analysis of Q-#-stability chart for synchronous stiffness and damping excitation in
system A: shaded region numerical, solid line analytical result.

A key to the interpretation of the results are the parametric resonance frequencies of the first kind 2Q;,/N
and those of the second kind |Q; + Q,|/N, with N = 1,2 (see Eq. (2)). These frequency curves are plotted as
dashed lines. If the excitation frequency #x is equal to the parametric anti-resonance frequency 5, =
|Q; — Q,| + &0, the vibration can be suppressed successfully. On the other hand, choosing an arbitrary value of
n outside the shaded area results in increasing vibrations due to the destabilising self-excitation. An additional
but small stability area is caused by the second-order anti-resonance frequency |Q2; — Q,|/2. Analytical and
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numerical results agree amazingly well in the vicinity of the main anti-resonance frequency. For Q< Q. the
initially stable system is destabilised near the parametric resonance frequencies and the stability area is
destroyed. For Q> Q,,;, the system is unstable due to the self-excitation and additionally unstable near the
parametric resonance frequencies where the vibration amplitudes grow faster than without any parametric
excitation present in the system. However, near the main parametric anti-resonance frequencies |2 — ;| the
system vibrations are suppressed successfully in regions within the conventional system without periodic
control of one or more system parameters is unstable. A stable frequency ratio of 7.8 can be achieved.

Comparing Figs. 4 and 5 reveals the effect of the additional shift as predicted by Eq. (39). Due to the
additional synchronous damping variation the original skeleton line 7, in Fig. 4 is modified by the additional
shift eo in Fig. 5 as outlined in Fig. 1. Furthermore, although a pure damping variation is always destabilising
for the system chosen, in combination with a synchronous stiffness variation even a small improvement near
n = 1.5 is obtained. On the other hand, the adaption of the skeleton line leads to a loss of stability near
n = 0.7. For the weakly damped system A the stability region gained and created by the stiffness variation, is
only disturbed but not destroyed by the interaction with the destabilising damping variation. The stable
parametric anti-resonance domain is conserved, in some regions near the trivial stability boundary even
enlarged. The analytical analysis predicts an additional shift of the skeleton line of the stability boundary due
to the combination of stiffness and damping variation that explains the small loss in and the small enlargement
of the stable domain. Note that the results derived in the previous section can be applied to predict instability
regions near 1, = 2 + €, and give the same accuracy as the prediction of stability gain near y, = |2 — Q,].
The stability boundaries are not plotted to keep the stability map clear.

For system A the excitation ratio defined in Eq. (48) is very small within the parameter range of Q, r,7<1,
which corresponds to a weak interaction of both excitations. In this case a disturbance of the stability gain
near 1, = |Q; — Q| can be recognised only close to the trivial stability boundary 0,0, = 0, at which the
denominators in Eq. (25) vanish. Choosing the second parameter set in Table 2 representing the strongly
damped system B, the excitation ratio in Eq. (48) becomes 1 at Q; = 1.41. The exact ratio in Eq. (47) yields
0O, = 1.76. The stabilising effect of the stiffness excitation exceeds the destabilising effect of the damping
excitation for Q> Q, and vice versa for < Q..

Stability maps of the strongly damped system B are shown in Figs. 6 and 7. Now the stability gain by
parametric anti-resonance does not cover such a large value range of Q as for the system A in Figs. 4 and 5.

45 . . . . /. . .

4.

0.5 1 1.5 2 25 3 35 4 45
nley

Fig. 6. Comparison of analytical and numerical analysis of Q—-stability chart for pure harmonic stiffness excitation (¢, = 0) in system B:
shaded region numerical, solid line analytical result.
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0.5 1 1.5 2 25 3 35 4 4.5
nlw,

Fig. 7. Comparison of analytical and numerical analysis of Q-#-stability chart for synchronous stiffness and damping excitation in system
B: shaded region numerical, solid line analytical result.

For the system without parametric excitation, Q; = 0 = Ry, the trivial stability boundary 01,0 = 0 leads to
the critical stiffness ratio Q. = 1.54. In case of a pure stiffness variation the analytical predictions agree well
with the numerical results although the perturbation analysis was performed under the assumption of small
damping, see Fig. 6. In case of the synchronous damping and stiffness variation the assumption of small
damping in the analytical stability analysis becomes evident, see Fig. 7. In this case the analytical predictions
fail quantitatively but are capable to explain the stability map qualitatively. In fact the stability gained by
parametric anti-resonance in Fig. 6 is shifted towards the new skeleton line 7, + &g, in Fig. 7 so much that the
stability gain at the anti-resonance frequency n, = |2, — Q| disappears. The stability boundary is modified
strongly, particularly near the trivial stability boundary Q,;,, however, the parametric anti-resonance itself is
conserved. In more detail the stabilising effect of the stiffness excitation exceeds the destabilising effect of the
damping excitation for Q> Q, and vice versa for Q< Q,. From the numerical point of view it may appear that
the parametric anti-resonance at 7, is destroyed but the analytical investigation shows that the anti-resonance
is actually shifted.

Summarising, the analytical predictions outlined in the previous section are confirmed and explain the
numerical results in great detail. It was shown that if a self-excited system can be stabilised by a pure stiffness
excitation it can be stabilised by a synchronous stiffness and damping excitation, too. The stability gain is
conserved. The main difference between these excitations is the location of the anti-resonance frequency that is
shifted from regions in the vicinity of the skeleton line 7, to the skeleton line 7, + ¢5. The interaction between
stiffness and damping excitation is crucial in the vicinity of the trivial stability boundary @,0,, = 0 and becomes
smaller with increasing distance from this boundary. In common mechanical structures the system damping is
much smaller than the stiffness, ¢; <k, in which case the interaction of the parametric excitations is weak, r, 7< 1,
and the anti-resonance effect remains close to the skeleton line #,, similar to Fig. 5. It is worth to mention that if
the pure stiffness excitation as well as the pure damping variation are resonant, a parametric anti-resonance
cannot be created by interaction of both excitation in a synchronous stiffness and damping excitation.

5. Conclusions

Systems with two and more degrees of freedom under the simultaneous influence of self-excitation and
parametric excitation by synchronous stiffness and damping excitation are examined. From previous studies it
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is known that a harmonic stiffness excitation with a frequency near the combination resonance frequency of
the system can stabilise an otherwise unstable system. In the present study general conditions for vibration
suppression are derived analytically for a synchronous stiffness and damping variation. These analytical
stability conditions enable a deeper understanding of the interaction of different kinds of parametric
excitation. The great benefit of the analytically approximated stability boundary curves is the elegant
classification of the stabilising effect of a parametric anti-resonance in the context of a classical parametric
resonance.

The analytically approximated predictions are compared to numerical time integration of the original
equations of motion for weakly and strongly damped mechanical systems. It is shown that for symmetric
excitation matrices a gain of stability domain created by a stiffness excitation may only be disturbed but not
destroyed by the interaction with a destabilising damping excitation. The main stable domain is conserved, in
some region even enlarged. The analytical analysis shows an additional shift of the skeleton line of the stability
boundary due to the interaction of stiffness and damping variation that explains the small loss and the small
enlargement of the stable domain.

The results demonstrate that parametric excitation at an appropriate frequency can be employed to extend
significantly the area of stability of systems with self-excitation even in case of a synchronous parametric
excitation. The proposed control strategy shows great potential being employed in practical applications when
a destabilisation due to self-excitation occurs or when the damping of transient vibrations in weakly damped
systems shall be enhanced.
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