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Abstract: The effects of cubic nonlinear damping on the system output spectrum are
theoretically studied through a dimensionless mass-spring-damping system model subject
to a harmonic input, based on the Volterra series approximation. It is for the first time
shown theoretically that the cubic nonlinear damping has little effect on the system
output spectrum at high or low frequencies but drives the system output spectrum to be
an alternative series at the natural frequency 1 such that the system output spectrum can
be suppressed by the cubic damping.
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1 Introduction

Suppression of system output vibration covers a wide range of applications such as active
control or isolation of the foundation vibration in many engineering systems [5].
Traditionally, an increase in damping can reduce the response at the resonance. However,
this is often at the expense of degradation of isolation at high frequencies [4]. Some
optimization methods have been proposed to deal with this problem, such as H-infinity
control, “skyhook” damper, repetitive learning control, and optimization etc [4, 6, 9, 19].
On the other hand, it shall be noted that, exploitation of nonlinearities for improving the
performance of vibration systems has also drawn the attention of researches [10-12, 14,
20]. Although nonlinearity complicates the analysis of system output response, it may
provide superior performance for specific applications as demonstrated in Jing et al [14].
Frequency domain analysis for damping systems is also reported in some publications
[19], which however focused mainly on linear damping. Recently, some progress has
been achieved in the analysis of nonlinear systems in the frequency domain based on
Volterra series approximation theory [1, 7, 8, 15-17]. For these reasons, frequency
domain analysis of a cubic nonlinear damping is theoretically performed as a case study
in this paper for a dimensionless mass-spring-damping system model under harmonic
excitation. Some important properties of the nonlinear damping are revealed and
demonstrated theoretically. These may provide a useful insight into the understanding of
nonlinear damping and the design of nonlinear vibration systems to suppress output
vibration.



2 A dimensionless vibration system and its frequency response
functions

Consider a SDOF nonlinear mass-spring-damping system as show in Figure 1. The
dynamics of the system can be described by
mz(t") + (¢, +¢,2(t")*)z(t") + k, z(t') = u(t')
In this study, suppose the input u(t) to be a harmonic excitation given by
u(t") = Asin(Qt")
which can be transformed into a dimensionless format as

X(0) + & x(0) + £,5(1)° + x(1) = u(?) (la)

u(t) = kisin(a)t) (1b)

where x==, O =\/Z r=Qu, o=—X & =—2_ & =-—22_p2 For convenience, let
A ’ 0 m s ol o QO s 51 \/k(_m, 2 \/kc_m d ’

k=1 in what follows. Consider the output of interest for model (1ab) as

() = & (1) + &, (1) + x(1) (Ic)
which is the transmitted force from u(t) to the base. The dimensionless model (1a) can be
found in many engineering systems, usually acting or known as a vibration isolator [3, 12]
as shown in Figure 1 with a nonlinear damping, or be found in circuit systems as shown
in Figure 2 with a nonlinear resistor.

u(f) l

m

ke 1) l iZ(t)
L‘J

Fig. 1 A mass-spring-damping system with nonlinear damping

. i

C L

u(t)

Figure 2. A similar circuit system with nonlinear resistor

Note that there is a cubic nonlinear damping terms in (1a). The objective of this study is
to analyze the effect of the nonlinear damping on the system output response in the
frequency domain, and therefore to demonstrate some notable advantages of the
nonlinear damping compared with the linear damping known in the literature.



The frequency domain analysis of nonlinear systems can be carried out based on the
Volterra series expansion theory. It is known that, nonlinear systems can be approximated
by a Volterra series up to maximum order N in the neighbourhood of the zero equilibrium
[2] as

=3[ [ e [ Jut-o)a, 2)

where £, (z,,---,7,) i1s called the nth-order Volterra kernel. The generalized frequency
response function (GFRF) is defined as [13]

Hn(jwlo“'ajwn):_[w “'J:whn(z-]9“'9Tn)exp(_j(wl‘[l +two,7,))dr, - dr, (3)

which provides a basis for the frequency domain analysis of nonlinear systems. In order
to conduct the frequency domain analysis of the cubic nonlinear damping, the GFRFs and
output spectrum of system (1) can be obtained by using some recently developed
results[15-17]. These are summarized in the following Lemmas.

Lemma 1. The GFRFs for the relationship between u(t) and y(t) of model (1) can be
determined as: for n=0,1,2,3,...

Hj, (jo,, jan,)=0 4)
and
Hy, oy (Joy, -, j@y,,) (5a)
=14 & o+ 4 j@3,)) Hi (o1, j@,0) + 3 )EH 5,3 (07, j03,0)
(5a) can also be written as for n>0,
Hy, . (Joy, -, j©y,.,)

. . 2 2n-1
(.]a)1+'“+‘]a)2n+l) N

3
HH;(].CUXH,'“,]‘C()XH,)(ja)x+1+"'+j6l)x+,,) (Sb)

==& . .
L2n+l (./a)l +t Ja)ZnH) ’1"",y:1 i=1
Zr,:2n+1
where for n=0, 1,2,3,...
H;n(jwlﬂ'nﬁijn):O (6a)

§2H2n+1,3 (ja)lﬂ.“’ja)ZnJrl) (6b)
Ly (joo +---+ jar,,)

H;nﬂ(ja)l""aja)ZnH) =

2n-1

H2n+1,3(') = ZHI'X(ja)]"“’ja)i)H2n+l—i,2(ja)i+l7H.7j0)2n+1)(ja)] +oot jo,) (6C)
=1
Hyp (o, s j@r,0) = Hypy (Joo, 5 j@y,, ) (o, +“.+ja)2n+1)kl (6d)
H(jo)=— (6¢)
1 1 L(jw)
L2n+1(jw1 +et jw2n+1)=_<l+‘§1(ja)1 +eet jw2n+l)+(ja)l +"'+ja)2n+1)2> (6D

Proof. See Appendix A. O

Therefore, based on (4-6), the GFRFs for the relationship between y(t) and u(t), can be
determined up to any high orders. According to the results in [15, 17], and noting that
there is only one nonlinear term with coefficient &,, it can be obtained that the nth-order

GFREF for the relationship between y(t) and u(t) can be expressed as for n=0,1,2,3,...
Hi‘;z+1(ja)1""’jw2n+l) = gzn : f2n+1(ja)15”'9ja)2n+1) (73)



Hivn(jwl"“’jwln):o (7b)
From the results in [16], it can be seen that f,  (jo, -, j®,,) is a function of
H(jo,) with degree 2n+1 and also a function of L;(.) with degree n. Also from the

recursive computation above, it can be verified that the complex valued
function f,,,,(je,, -, jo,,,)in (7a) can be written as

f2n+1(ja)17“'3ja)2n+l)

2n+l n-1

(o, +"'+jw2n+1)2 'H(J.w1)H1X(jwi)'H(jw1(1) +"'+jw1(_/,)) (8)

= — E i=1 i=1
- n—1

s s duy) ; ; H ;
Jieifisk<n-1y Ly (jo, +-+ @, ) | I Lj, (le(l) +eeet le(j,))
i=1

Assume that f,(jw,)=H;(jo,) for n=0 in (7a). This can also be proved rigorously by
mathematical induction which is straightforward. Equation (8) can be determined
explicitly from equations (4-6).

Lemma 2. The system output frequency response is

[v-y]
Y(jo)=Y,(jo)+ DY, (jo) (92)
s R+ jE@)H (jo)
Y,(jo) = ! (9b)
iy e o) (et (o) Gy
Y, (jo)y=¢&; - ol B
2 L,(jo)

(9¢)

o . ‘
Z Z In I SO o B,
Gy ¥+ =0 o) i=1 Lj, (]601(1) +oe ]601(/.))

Jjiel2k+1|1<k<n-1}

PO T IO when n=1

n—1
for n>0 with assumption that > [][-—— .
i) i Ly (Joygy +-+ jo )

Jiel2k+11<k<n-1}

Proof. See Appendix B. O

Equations (9a-c) are a qualitative description of the output spectrum of model (1), which
facilitates the analysis in the following section. Y,(jw) denotes the effect of the linear part

of the system, and Y, (jw) for n=1,2,3,... denotes the effect of the nonlinear damping. The

detailed output spectrum can be determined by following the proof of Lemma 2 in
Appendix B.

3 Analysis based on the frequency response functions

From Equations (9a-c), it can be seen that the nonlinear damping drives the system output
spectrum to be an infinite series. When the nonlinear damping is zero, i.e., & =0, then

the system is recovered to a linear system whose output spectrum is Y,(jo). In order to

demonstrate the effect of the nonlinear damping on the system output spectrum, the
following two cases are discussed. Assume0< ¢, and 0< ¢, .



(1) Magnitude of Y(jo) when | -1| is much larger than 0

It follows from (6f) that

|L2n+l (jo, ++ jo,,,)

=1+ &) + (0| = {1-9)" +(£,0)°

O+t 0y, =Q

V@) +(E0)? 20 forQ>>1 (103)
\[14‘(519)2 >1 for Q << 1

then
|L2n+l (]Q)| ~

and it follows from (6¢) that

. 1 Lz for o, >>1
|Hi (Ja)1)|=mS @, (10b)
e 1 for o, <<1
Consider two cases in the following: o >>1and @ <<1. For comparison, study the
magnitude of the linear part in the output spectrum at first. It follows from (9b) that

R+ G ! (o) 1+(0)’ JI+ (o)’ (an
2 | 2|1+§1(Jw)+(1w) | 21— 0*) + (&)

When ¢,=0, the magnitude of the system output spectrum will be guided by (11). It can

be seen that, an increase of the linear damping parameter & will result in a decrease of the

magnitude at w=1 but an increase of the magnitude at higher frequency, and
|170( ja))|—>0.5 when o — 0. However, the nonlinear damping will not bring noticeable

¥ (jo)| =

increase for the magnitude of the system output spectrum at higher or lower frequency
than 1 as discussed below.

Case 1: high frequency response, i.e., o >> 1

Using (10) and (9c¢), it can be derived that for n>0 and & >> 1

2n+l

2n+l X . 2 n-1
Y, (jo) <& (F)™ .|aJH1 (o) (@) 3 3 H |wl<1) +a),m|
n ] - 2 22;1+] |L ( a))| .
1 UJ W+, =0 (. Ly (joyy +-+ jo,)
,e(zk+1}/1<k<n 1y
2n+l
- 2
. (F)H) |a)(w ) (@) |a)1(1) +"'+w1(j,)|
I il 2 ’ Z Z 2
2 @ o+ vy =0 G i (@) T @)
j,e{ZkHT’lSkSnfl}
n—1
~ L; Z > | e —
~ o2 2n+1 2n+1
2 © I (Jik i< e I = |w’(” +-~-+a),(ji)|
Jie{2k+1|1<k<n-— F
r
1 1 1
n
<& '22n+1 BT Z Z -1 (12a)
@ [ Hete,, =0 Cirssdint) (2
,e{2k+1\1<k<n 1}

om (12a), it can be seen that, when »>>1 and for a bounded ¢, ,

Z(jw)|—>0 , thus
|Y( ja;)|—>)70( jo) . Therefore, it can be concluded that, after the nonlinear damping is

introduced, the magnitude of system output spectrum may not be obviously increased at
higher frequencies compared with the case without the nonlinear damping being



introduced. Thus the nonlinear damping has little effect on the output spectrum of system
(1) at high frequency. This may be held even for a larger but finite &, .

Case 2: low frequency response, i.e.,» << 1

Similarly, using (10) and (9c¢), it can be derived that for >0 and w << 1

. 2n+l1

(F,)™! '|60H1‘ (jo)| (o)’ Y 3 I |w/(1> +"'+“’/<j,>|

22 |L1 (]a))| o+t =0 (j,z,];..,l{iﬂk) : i1 |Lj' (ja),m +ee 4 ja)l(j,))|
Ji€{2k+1|1<k<n-

¥, (jo)| <& -

(Fd )an |6() 2n+l1

(a))z n-1
: : E E I Ia)“ +'--+a),.|
9 2n+l 1 ) [:1| O i)

O+t =0

n
< 5 2"
s s et
jie{2k+1|1<k<n-1}

n-1
:4$2wa”“ Y 2 ewrrag) (12b)

O+t Oy =0 (s fun) i=1
Jjiel2k+1|1<k<n-1}

From (12b), it can be seen that, when w<<1 and for a bounded¢,,

?n(ja))| -0, thus
[V (jo) - Y,(jo). Therefore, after the nonlinear damping is introduced, the magnitude of

system output spectrum is not obviously increased at lower frequencies compared with
the case without the nonlinear damping being introduced. Thus the nonlinear damping
has also little effect on the output spectrum of system (1) at lower frequency.

The following discussion will show that a proper nonlinear damping will reduce the
magnitude of system output spectrum at frequency w ~ 1.

(2) The frequency characteristic of Y(jw) at frequency o ~1

For any v e € (the set of all the complex numbers), define
, {vign(REAL(u)) 0 }
signe(v) =

(13)

0 sign(IMAG(v))

+1 >0 . .
| * 0 for xe R, REAL(v) is the real part of v and IMAG(v) is the
- x <

imaginary part of v. Obviously, signc(.)= 0, signe(.)" exists and signc(.) '=signc(.).

where sign(x) = {

Definition 1. Considering a series S in €, i.e., S=sots;+s2ts3+...... , if the following
conditions hold,
(1) REAL(s,)IMAG(s, )REAL(s,,, ) IMAG(s,,,) = 0, and additionally signc(sy)signc(snr1)=-1 (2)
REAL(s,)IMAG(s, )REAL(s,,,) IMAG(s,,,) = 0, and additionally
sign(REAL(s, )REAL(s,,,)) = -1 or sign(IMAG(s,)IMAG(s,,,)) = -1
then it is said to be an alternating series, where 1 is two-dimensional unitary matrix.

n+l

The traditional definition for the alternating series can refer to [18]. The following
result can be established.



Theorem 1. Consider the dimensionless system (1). At around natural frequency 1, the
cubic nonlinear damping drives the system output spectrum to be an alternating series if
the linear damping parameter ¢, is sufficiently small, i.e., & <<3.

Proof. By using this function, it can be derived that
Ly G Go) - (el (o) (o)

szgnC(Y (jw)) = signc

22n+1 L (Ja))
DR I | e
by, = G i Ly (o ++ o)

Ji e{2n+l‘n 1,2,...}
which further yields
signe(Y,,,, (jw))signe(Y, (jo)™ = signe(¥,,, (jo))signe(Y, (jo))

migd ¥ (e (14)

O+t =0 Gy oo, Ly (o) +-+ joy)
Ji 5{2)1+3‘n 0,2,...}
signc Z Z IHI J@Oq) +t jOy
O+ =0 i) i Ly (Joy + 4 jo,)

Ji e{2n+1\n 1,2,.}

Note that o, €{o,-0}, and the condition w, +--+ o, =, thus there are n+1 frequencies

2n+1

equal to o and n frequencies equal to - w . jwg +--+jo,;, 1s the summation of j;

frequencies chosen from the 2n+1 frequencies, where j; is an odd number. Note also
that Z(.) includes all the possible cases for different values of o, € {w,-w} such

thatw, +---+ o, =w.lItcanbe verified that jo,, +---+ jo,;, = pjo for some odd integer p
satisfying |p|<n+2. Thus

71 . .
. r JOyqy T+ Oy
oYY [l

O+, =0 Gy ) i L (o +-+ o)
Ji e{2n+l‘n 1,2,..}
n—1 /
. JD;, @
= (=1)""signc E E I I — ; (15)
O+t o, a)(j, S Jut) i=1 1- (pzjl CU) + 51 (]pzjl a))

Jigt 2n+1‘n 1,2,...}

n—1
ey P
(=1)""signc N ;% - Z H L,(jp, )

jie 2n+1\n 1,2,.}

jplja)
_Ll(jpija))

Consider at o ~ 1 where pj; is an odd integer satisfying |p;|<n+2.

| Jj5sign(py)

P Jp; B |Pl,
—L(jp;w) 1-pl+jép, \/(l—pu) (&) e’




sign(p;) 7/2 if |p,_./.| =1

where g, = _ ,6,20ands, —» 0when| p[j| >>1land & <<1. Thus
sign(p; 7w —06;) if |p,.j| >3
L:I/(f when|p, =1 (16a)
. 1 ij
- L, (jp,®)
and
. ~j(Z=5;)sign(py) ~j(&=8;)sign(py)
L”’l-{ sl < when |p,[>1 (16b)
~Llps@)  [p2eg |y
+7 .. .
p; =l corresponds to jw,,, +---+ jw,, =+jo, and %15 a positive real number in
L (tjo
: . . . jpija}
this case. However, ..|23 corresponds to jw,, +--+ jo,;, = jpyo , and AT
| Jpljw

approximately a pure negative or positive imaginary number. Note that there are more
cases for jwy +--+jo,;, =+*jo than those for jw, +--+ jo,,, =jp, 0 ( |p,.j'|>1 ). For
example, let ji=5, then there are C;cases for jw,, +-+ jw, = jo, but only one case for
Jjo, ++ jos = jSo and C; cases for jw,, +--+ jo,s = j3e . Similarly, there are more

cases for | Joyg + -+ joy j,)| to be a smaller number. And considering the multiplying

. o jp o . .
termsH 70y © in (15), it can be seen from (16) that H_Ljp—/f_ls a negative real
i=1 l(.} 1/ ) i=1 l(jpzj C())

number only if there are only 2+4m (for m=0,1,2,...) terms with p;>1 in this
multiplication. Obviously, there are more other cases which have positive real parts.
Therefore, from the discussion above, there are more cases in which -z<

n—1 /
arg(H 1Py, @ )< 0. Especially, it can be seen that for the value of H Py @

- L,(jp; ) i — Li(jp; o)
(1) the largest magnitude value when the angular isz/2 or -3z/2 (+2k ) is L% ;
i S
however, the largest magnitude value when the angular is - z/2 is also pL-%;
i S
(2) the largest magnitude value when the angular is -z (+2k = ) 1is %%
i S
< 3% —-, however the largest magnitude value when the angular is 0 is —

1 1

Therefore, if ¢ is sufficiently small, i.e., & << 3, then the following equality can hold

Signc| Z Z H L —signc Z Z H qu

O+t Oy, =0 s L (']pl] a)) Lt Oy, =0 (VRS L (]pzj a))
Ji e{2n+1{n 1,2,..} Ji e‘2n+3‘n 1,2,...}
which enables (15) to be
) Jo, .+t jo, ~
signc Z z H .l(l) .](J’) =(=1)"" - const
@y oty =0 Gy L, (joyg) +-+ o))

Ji e{2n+1\n 1,2,..}



Thus (14) gives for n>0, signc(Y,,,(jw))signc(Y,(jo)) = —1. Furthermore, if @ ~1, it can be
derived that

signc(?o(ja))) = signe(— JF, 4+ ngzw)H;(]w)) — Sigl’l(—%(é‘f' J))= |:_01 _01:| =-1
. 2n+1 iw)H " (7 2". jowH " (j (jo)?
signo(F. o) —signe(et - J(F;l)1 .|(Jw) I(Jw)| (J.w 1(]60)) (jo) )
n* L(jo)
o EDlGOH GO 0t [10)
= signe(&; Y g2 )= 0o 1|

which yields signe(Y,(jo))signc(Y,(jw)) = 1. This shows that the output spectrum (9a), i.e.,
Y(jo)=Y,(jo)+Y,(jo)+Y,(jo)+--- , is an alternating series at frequency w=~1 for a
sufficiently small & . This completes the proof. O

Therefore, the nonlinear damping drives the system output spectrum to be an alternating
series at the natural frequency. There are contradictions between different terms in the
series. Thus this may result in suppression of the system output spectrum for a proper
nonlinear damping parameter. The following result can be obtained.

Corollary 1. Consider the dimensionless system (1). At around natural frequency 1, there
exist & >0, if the linear damping is sufficiently small, i.e., & <<3, and0<¢&, <&, then the

system output spectrum is convergent and the magnitude of the output spectrum can also
be expressed into a convergent alternative series and can be suppressed for 0<¢&, <&, .

Proof. From Lemmas 1-2, the system output spectrum at around natural frequency 1 can
be written as

Y(jo) =Y, (jo) + &Y, (jo) + &Y, (jo) + - (17)
From Theorem 1, it is an alternative series. From [2] and the continuity of Y(jw) in &,,

there must exist Z>0, such that it is a convergent series for 0< ¢, < §=2 The magnitude of
Y(jw) can be evaluated by

Y(jo)" =Y(jo)Y(-jo)
= (Y, (jo) + &Y, (jo) + &Y, (jo) + - )Xo (—j@) + &Y, (- jo) + E Y, (- jo) +-+) (18)

= Y &Y NGe,. o

For n=2k, it can be verified that

D Y (jo)y (—jo) = Yy (jo)o, (= jo) + - + ¥, (jo)Y, (= jo) + -+ Yy (jo)y (~j) >0

i=0

For n=2k+1, it can be derived that

2k+1

D Y (jO oy (- j0) =Yy (jO) oy (= j@) + -+ X, (GO), (= j@) + o+ Yoy (j)Y (- )

i=0

= REAL(Y, (jo)Y,, (- jo) ++-+ Y, (jo)Y,., (- jo))

10



Note that (17) is an alternating series. That is, REAL(Y,(j®)Y,(-je)) <0 for any i+j=odd
2k+1

integer. Therefore, for n=2k+1, Y Y,(jo)Y,,, (-jw)<0 . This proves that (18) is an
i=0
alternating series. Since (17) is convergent, (18) is also convergent. (18) further gives
drGjol 1 drof
o6,  r(e)| o

—1 Y (i v / n—1 o> . 5 .
= 2|Y(ja))| {REAL(YO(ja))Y1 (—jo)+¢&, n:lz’z;unfz ; Y.(jo)Y, (- ]a,)}

Because REAL(Y, (jo)Y, (- ja)) <0, it is obvious that there must exist 0<&, <&, such that

oY (j A L~ ~ . . .

M <0foro<&, <&, Note that Y n&l "> ¥, (jo)Y, (-jw) is also an alternative series,
2 n=1,2,... i=0

thus in practice, it may also be negative under certain conditions. Hence, there must exist

or(jo)

2

£,<E,<E,, such that <0foro<é¢, <&,. 01

Based on the discussions above, it can be concluded that the nonlinear damping for the

dimensionless system (1) has the following properties:

(1) It has trivial effect on the system output spectrum at high or low frequencies.

(2) Given a proper small linear damping, the nonlinear damping drive the system output
spectrum to be a convergent alternative series, and the magnitude of the output
spectrum can be decreased by the increase of the nonlinear damping at the natural
frequency.

4 Simulation study

To verify the theoretical analysis results above, computation of the output spectrum of
system (1) can be conducted up to the 5™ order according to Lemma 1 and Lemma 2. The
GFRFs up to the 5™ order are

1 (o) = (48, (oo)- H o) =~ 502
Ll(]a)l)
H;(ja)l"."ja)Z)H.]): §2H3.,3(]w1,...,‘]a)3) _ "EZHIX(](‘)I)Hf(]%)(]a)l)(]a)})
L(jo,++ jo,) Li(jo, + -+ jw,)

H3 (joy,, jo) = (14 & - (jo, +-+ jo,))- H{ (jo,,, jo,)
+EH (jo) - H] (jo,) - (joy)-(joy)
_SHI(jo) - H (joy)-(joy) - (joy) - (14 &, - (o, +-+ jo,))
Li(jo, + -+ jo,)
+EH] (jo) - Hi (jo,) - (joy)-(joy)
o+t jo)?
Li(jo, + -+ jo,)

== H (jo)-H{ (jos)-(jay)--(joy)

11



H2 (o jog) = o202 J0)

Li(jo, +--+ jos)
H{ (jo)H | (jo,)H;(joy, -, jos)(jo)(jo,)(jos +---+ jos)
+H{ (jo)H; (jo,, -, jo)H (jos)(jo)(jo, +-+ jo,)(jos)
+Hy(jo, -, jo)H (jo,)H| (jos)(jo, +--+ jo)(jo,)(jos)

&

Li(jo, +-+ jos)

Jjoy +-+ jos

Li(jo,+-+ jos)

_ SezzHlx(]wl)Hlt(st)(le)(Ja)s) + jwz +"'+ja)4
Li(jo, +-+ jos) Li(jo, +-+ jo,)

Jjo, +--+ jo,
Ly(jo, +---+ jos)

Hi(jo, -, jos)
=(1+& (oo + 4 jaog)) Hi(joy, -, jao) + EH (o, jos)

Jjoy, +-+ joy
Li(jo, ++ jo)
__SH (jo) H (o) (o) (jos) (jo, ++ jos)’ P LS [

Li(joo, +-+ jos) L(jo, +-+ jo,)

Jo, -+ jo,
Li(jo, + -+ jo,)

Therefore, the output spectrum is

A
Y(jo) =Y, (jo)+ Y ¥, (jo) =Y, (jo)+Y,(jo)+ ¥, (jo) +-- (17a)
where
7, (jw):_jawélaz))Hr(jw) (17b)
o oGl (e Go)-Ger | 3@ Gof - HiGo)-o’
ey =e g L (o) 3= 8L, (jo) (170)

_ g e Ge)| H (o) o
Y2(Ja)):_5' .
2 L(jo)

Z ( Joy +-+ jos N Jo, +-+ jo, N Jo, +-+ jo, J
Li(jo,+-+ jos) Ly(jo,+-+ jo,) Li(jo, + -+ jo,)

@+ O =0

4 \ (17¢)
_& voniGef HiGe)yo' 3 (ot
- 25 Ll(-]a)) O+ O =0 L3(ja)l +"'+ja)3)
38 e Go) - Hi(je)-o ( 6jo_,_~3jo___jio J
2° L(jo) L(jo) L(-jo) L(j30)
Let & = 0.5, then (6f) gives Li( jo' )=-(1+ & (jo') + (jo')?)=~(1- (")’ +0.5- jo'), thus
L(jo) =1+ & (jo) +(jo))=-(1-0’ +05- jo) (18a)
L(—jo)=—-(1-w>-0.5 jo) (18b)

12



L(j30)=-(1-90" +1.5- jo) (18¢c)
and it follows from (6e) that
-1 1 1

Hi (jo)= = = 18d
O Ge) T @ + EGe) 1w+ 05w (18d)
Then at the natural frequency o =1, it can be obtained that
¥y (jo) 0 = j(1+j§1a2))Hf(jw) —_(1+05))
o Hemuel me e
1UJ®B)| o1 = 62 8L, (j) =06,
4
_ 2 (ioVH (i) -H(jio) & . Y .
Yz<jw>m:1=ﬁ~|(m) ‘(Jw)|. e ( ojo_ Z3je_, 1o ]
2 L(jo) L(jo) L(-jo) L(j3o)
3] 2 2 .
= —6(18 + ————)&) = —£7(108.4075-2.1
6( 8+—8+1.5j)§2 &, (108.4075 7367)
Therefore,
Y(jl) =—(1+0.5))+6&, —(108.4075—2.1736 j)&; +-+--+- (19)

Obviously, it is an alternating series. It can be verified by simulation that the magnitude
of the output spectrum at the natural frequency @ =1 can be reduced when ¢&, is increased

(See Figure 3 and Figure 4). Figure 3 is obtained by using the first three terms of the
series (19). Since only the first three terms of (19) are used, it is only valid for a small ¢,

as shown in Figure 3. Figure 4 is a simulation result. For comparison, the magnitude
characteristics of the system output spectrum with respect to the linear damping
parameter & under the condition &,=0 and those with respect to the nonlinear damping

parameter &, under the condition & =0.5 are studied, respectively (See Figures 5-7). In
Figures 7 - 8, the results for & =0.5 or 0.54, 0.75 and &,=0.028, 0.25 are studied.

Compared with the linear damping, the nonlinear damping holds the magnitude of system
output spectrum similar to the corresponding linear damping case for much higher or
lower frequencies than 1 but reduce the magnitude to a lower level at around the natural
frequency. However, although an increase of the linear damping will reduce the
magnitude at around frequency 1, yet it also increases largely the magnitude of output at
high or low frequencies.

13
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Figure 3. Theoretical computation of the magnitude of system output spectrum for
different nonlinear damping parameter &, with &=0.5 at natural frequency w =1
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1.2 -

Magnitude of output spectrum

Nonlinear damping§2

Figure 4. Simulation test for the magnitude of system output spectrum for different
nonlinear damping parameter &, with & =0.5 at natural frequency o =1

14



Magnitude of output spectrum

1
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Figure 5. Magnitude characteristics of system output spectrum with respect to frequency
o and different linear damping ¢,

1.4,
— =0.001
— =001
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0 0.5 1 1.5 2 2.5 3
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Figure 6. Magnitude characteristics of system output spectrum with respect to frequency
o and different nonlinear damping &, with & =0.5
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Figure 7. Magnitude characteristics of system output spectrum with respect to frequency
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Figure 8. Magnitude characteristics of system output spectrum with respect to frequency
o and different nonlinear damping &, and & (“*”from simulations)
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5 Conclusions

The cubic nonlinear damping is studied in the frequency domain through a dimensionless
vibration system model actuated by a harmonic input. Theoretical analysis and simulation
show that the cubic nonlinearity drives the system output spectrum to be an alternative
series at the natural frequency 1, which can be used to suppress the magnitude level of
the output spectrum, and the magnitude frequency characteristics of the system output
spectrum at higher or lower frequencies than the natural frequency 1 after the cubic
nonlinear damping is introduced is very similar to those before the cubic nonlinear
damping is introduced. These results can provide a significant insight into the design of
active and passive nonlinear vibration systems in practice. Further study will extend these
results to a more general case.

Appendix A: Proof of Lemma 1

To compute the GFRFs for system (1), consider a more general model described by the
following nonlinear differential equation (NDE)

ii ZK: cp’q(kl’.. I)+q)1—[dk y(t)ﬁd"u(t) 0 (Al)

m=1 p=0k; k,,, =0 i=p+l

where

k
d xk(t) =x(t) , ptq=m, Z() Z() Z() , M is the maximum degree of
k=0 +q=0 =0
nonlinearity in terms of y(t) and u(t), and K is the maximum order of the derivative. It is
obvious that model (1a) is just a very special case of model (A1) with c¢;o(0)=1, c10(2)=1,

cro(l)=¢&,, c3o(111)=¢,, co1(0)=-1, K=2, M=3 and all other parameters zero.

For model (A1), the GFRFs can be computed through an algorithm provided in [1]

K
Ln(ja)l +.”+ja)n)'Hn(ja)l’.”’ja)n) = ZCO,n(kl7.”7kn)(ja)l)kI .”(ja)n)k”

ky ,k, =0
n—1 n—q K q .
30> e kG0, ), (oo, ) (A2)
q=1 p=lkk,, = i=1
n K
£, 2tk k), (o jo,)
p=2 ki .k, =0
n—p+1
Hn,p('): zHi(lea"'z Jwi)Hn—i,p—l(JwiJrl)"'aan)(le +et jo;) (A3)
i=1
Hn,l(ja)lf”aja)n):Hn(ja)h“':ja)n)(ja)l+-“+ja)n)k‘ (A4)

K

where L,( jo, ++ jw, ):—ch(k1 Yjo, +---+ jo,)" . Moreover, equation (A3) can also be
k=0

written as

n-p+l p

H,, (o jo,)= D []H, (o, . io, e, .+ jo, )" (AS5)
reer, =l i=l

where X :irx .

x=1
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To obtain the frequency response functions for the SDOF vibration system (1), the
system can be regarded that it has one input u(t) and two outputs x(t) and y(t). The
GFRFs for the relationship between y(t) and u(t) are dependent on the GFRFs for the
relationship between x(t) and u(t). Therefore, the later are derived first in the following.

By the parametric characteristic analysis in [15], the nth-order GFRF for the relationship
between x(t) and u(t) can be expressed as

H;':(ja)l»“'»ja)n) = CE(H:(]wlaa.]a)n))fn(]wl"]a)n)
where f,(jo,,-,jw,)1s a complex valued vector, “® ” and “®” are two operators defined
in [15], CE(H jo,, ja),l))is referred to as the parametric characteristic of the nth-order
GFRF

n+l,
n-1n—q 2
CE(H: (.}a)l 5T ja)n )) = CO,n ® (q®—l pc—z Clhq ® CE(H:*q*erl ())J ® {Cn,o ® p@Z CP,O ® CE(Hanerl ())

According to the results in [17], for model (1)

CE(H,:(]G)I,,]C()n)) = CE(H:(‘]CUU,]&)"))
Note also that there is only one nonlinear term with coefficient c¢;30(1,1,1), thus it can be
obtained that the nth-order GFRF for the relationship between y(t) and u(t) can be
expressed as for n=0,1,2,3,...

Hy, (jo, s jo,,,) =8 frn(Jo, s joy,.,) (A6)

szn(ja)l’”"ja)bz):o (A7)

Hence, only odd order GFRFs need to be computed. From (A2) it can be derived that for
the first order GFRF,

-1
H(jo)=—— (A3)
: 1 L(jo)
and for n=1,2,3,...
HZn(jwla"'ﬁjwzn):O (A9)
H [0, JO,,
H;n+l(ja)17...7ja)2n+l) _ 52 2n+l.,3(‘/ 1 ] 2 +1) (AlO)
L2n+l (]a)l teeet Jw2n+1)
2n-1
H2n+1,3(') = ZHix(ij'“’jwi)H2)z+1—i,2(jwi+1’.“3 JOy, )Jo, +-+ jo,) (Al 1)
i=1
Hyp 1 (Joy, s j@r, ) = Hy,  (J, -, joo, ) (o, +-+ ja)2n+1)k1 (AIZ)
Lonii(jeo, +++ jan, == (4 &(J@, ++ jo,,,) + (o, +--+ jo,,.)°)  (Al3)
From (AS), (A11) can also be written as
2n-1 3
Hy,3(joy, -, j@y,,) = Z HH;T(ij+1,"', JOx ) JOyyy ++ jOy,,) (Al4)
ni.;,lerl-#l .

Based on equations (A8-14), the GFRFs for the relationship between y(t) and u(t) can be
obtained by applying the results in [17]. For n=0,1,2,3,...

2n+l 1

szn(ja)ls"'sja)zn) = 0andHZynH(jwla""jw2n+1) :Z ng,o(kl’”.’kp)H2n+l,p(ja)l’”.’ja)2n+l)

p=1 ki k,=0
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Noting that¢,,(0)=1, ¢ ,(1)=¢,, ¢,(1L1) =&, and other parameters of form ¢, ,(k,--,k,)
zero and using (A11), it can be further obtained that for n=0,1,2,3,...
Hj, (o, j@y,,) = C o (0 H o0 (o, j@,,,) + € o(DH o, (0, j@,,,0)
+ 5(5(’1))53,0 (LLDHy,  5(Joy, 5 j@y,.)
=H;,,(jo, -, joy,,) + S Hy,, (Jo, -, j@y,,) (Jo ++ j©,,,)
+0(0(n)&,H 1 5(Jo, 5 j@r,,1)
=148 oy 4ot j@3,,0)) H3a (oo, j0,0) + S NEH gy 3 (jors o, joy,)  (ALS)

where 6(n) = {1

. ”l: 0 . From (A10) and (A15), it can be obtained that for n>0,
CISC

Hy  (jo, -, jo,,,)
= (1"'51 (joo, +"'+jw2n+1))'H2Xn+1(jwla"'ajw2n+1)+§2H2n+1,3(jw1a"'ajwzrm)

H 10 S, 10) t
= (1+§1 (]0)1 +--t ja)ZrHl))gz 2”“.)3(] 1 ] : 1)
L2n+1(.]a)l +o-t Ja)2n+1)

+ §2H2n+1,3(ja)1’“"jw2n+1)
- ¢ (o, +-+ jo,,.,)’
=6, ; .
Ly (joy,+-+ jo,,,)
Using (A14) yields for n>0
Hivnﬂ(ja)la'“aja)ZnH)

- (ja)1+"'+ja)2n+1)2
=76

H2n+1,3(jw19"'9 jw2n+1)

2n-1

3
HH;(ijHD'“Dij-#r,)(ja)X-H+".+ij+r,) (A16)

L2n+1 (.]a)l +t ja)2n+l) rl"",y:I i=1
Zr,:ZnJrl

This completes the proof. O
Appendix B: Proof of Lemma 2

When the system input is a multi-tone function described by

u(t):ZK:|F[|cos(a)it+AFl.) (B1)

i=1
the system output frequency response function can be obtained according to [7],

VGO =Y o Y H, (0,0, )F(@,) F@,) (B2)

O ot o, =0

it k=l 4K .
if we o }and w, = sign(k)a, .

Flei4F
where F(w)= [File
0 else

Using the GFRFs determined by equations (4-8) for the relationship from u(t) to y(t), the
system output spectrum can then be determined by substituting (8) in (B2) gives

v
. 1 vy .
Y(]w) = Z 22n+l ZHénH(‘]a)kl ’”"‘]a)kz,m )F(wkl )”.F(a)kz”u )
n=0 @y, et =
k1 k2n+1 B3
b e (B3)
= Z 2224—1 Zf2"+l(ja)kl "”’ja)kz,m )F(a)kl )”.F(a)kmq )
n=0 O+t oy, =0

For the specific input function (1b), it can be obtained from (B2) that
F(w,)=—jkF,,for k, =+, 0, =kw,and [=1,---,n
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where Fy4 is the magnitude of the input signal, i.e., Fg =1. Note that the condition
o, +--+o, =wmeans that there are n frequencies o, =-o and n+1 frequencies o, = .

Hence,
Flo, ) Flo, )= (—JF,)" ey e Ky ==J2"j-(F)" (=) == j(F,)*™

Also consider f,,,(jo,, -, jo,,,,)in the sum under the condition w, +--+w, =,

f2n+](ja)17”'7ja)2n+l)

O+ F Oy, =0

((—J'CO)Hf (—jw))n '(J'COILJHX(J'CU))n+l (jo)’ 'ﬁ(j“)un et o)

e *adn) Ly, (jo)- le (jwl(l) +oot jwz(j, ) ) Lj”,, (jwl(]) teeet J.a’z(_/,,,, ))
Jiet2k+1|1<k<n-1}
7+

. X . 7 . Xy . 1 . n— . .
_ (CioH; Cjo) (ot (o))" (o) 7= jow -+ oy,
L. (jo) o Ly oy +-+ joy,)

s s dn-t)
Jjie{2k+11<k<n-1}

oy ot o) (ot (j0) o w2 ja, ++ joy,

Giraiod) L,.,(jo) i1 le(ja)l(l) +eet jwz(j,))
Jre{2k+1[I<k<n-1}

2n
o (o) - (joH] (j) (o) s oy
L(jo) i Lo+ o)

(s s Juy
Jie2k+1|1<k<n—1}
Substituting these equations into (B3), (9a-c) can be obtained. This completes the proof.
m
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