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Various kinds of connectors existing in most spacecraft are usually nonlinear and could strongly affect the
dynamic characteristics of the spacecraft. For dynamic analysis, the spacecraft are generally idealized as finite-
element models that often have huge numbers of degrees of freedom, while their connectors are spatially localized. In
addition to forced harmonic response, the influences of the connectors’ nonlinear parameters and/or the excitation
levels on the response are also significant among major design considerations. However, it is computationally
expensive to repetitively perform the analysis and computation for studying the effect of modifying nonlinear
parameters and/or changing excitation levels with a direct method, especially for large-scale structures. Accordingly,
an approach based on the pseudoarclength continuation scheme, the describing function, and linear receptance data
is developed in the present paper. With linear receptance data, the computational efficiency of the pseudoarclength
continuation scheme can be significantly enhanced and only associated with nonlinear degrees of freedom that
usually constitute a small part of large-scale structures with local nonlinearities. A finite-element model of a satellite
with nonlinear connectors is used to study the relationship among the response of the satellite’s payloads, the
excitation level, and the connectors’ physical parameters.

Nomenclature

amplitude of forced acceleration

damping matrix

complex amplitude of internal nonlinear forces
internal nonlinear forces

f set of external force degrees of freedom
number of degrees of freedom on which external
forces act

structural damping coefficient

acceleration of gravity

receptance matrix of the derived system of a
nonlinear structure

identity matrix

i set of interested degrees of freedom (excluding all
nonlinear DOFs)

number of degrees of freedom of interest

V-1

stiffness matrix

mass matrix

number of linear modes employed

number of degrees of freedom of a structure

n set of degrees of freedom associated with nonlinear
elements

number of degrees of freedom associated with
nonlinear elements

external forces
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complex amplitude of external forces

complex amplitude of displacement

displacement, velocity, and acceleration

excitation frequency

real modes of the derived system of a nonlinear
structure

complex modes of the derived system of a nonlinear
structure

norm of e

< SEexxT

1. Introduction

XISTING studies [1-5] have shown that the dynamic charac-

teristics of jointed structures could be strongly affected by
nonlinear elements. In most spacecraft, there are various kinds of
connectors that are usually nonlinear. Similarly, the presence of these
connectors could also have obvious influences on the dynamics of
spacecraft. Studies reported in [1-5] mainly focused on some simple
structures to explore the nonlinear dynamic behaviors of jointed
structures. Nevertheless, structures of most spacecraft are compli-
cated, large scale, and usually idealized as finite-element (FE)
models with a large number of degrees of freedom (DOFs) in
engineering practices.

Direct time integration methods, such as the Newmark’s method,
are most commonly used to find the dynamic response of nonlinear
structures. However, they are generally time consuming, and thus
generally impractical for large-scale structures. Moreover, they are
not often appropriate for parameter studies or designs in practical
applications. Instead, forced harmonic response is usually preferred.

In many studies, the forced harmonic response of nonlinear struc-
tures is usually calculated with several commonly used methods,
such as the harmonic balance (HB) method [6], the describing
function (DF) method [7], and the alternating frequency time method
[8]. Tanrikulu et al. [9] developed an effective approach based on the
DF to study the harmonic vibration of multi-DOF structures with
local nonlinearities. Cigerogglu and Ozgiiven [10] adopted a similar
method to analyze the nonlinear vibration of bladed disks with dry
friction dampers. Ferreira and Serpa [11] used the DF and the
arclength method of Crisfield [12] to study several simple nonlinear
spring-mass systems. Difficulties can arise when these frequency
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domain methods are directly used for large-scale structures. Before
using them, many scholars reduced the size of the problem by taking
advantage of several model reduction methods [13—17]. To avoid the
problem of accuracy deterioration caused by the model reduction, the
authors of [18] applied the DF and linear receptance data to calculate
the forced harmonic response of structures with local nonlinearities.
The computational effort was significantly reduced, as the calcula-
tion is only related with nonlinear DOFs.

The pseudoarclength continuation scheme is a well-known
numerical path following method to solve parametric nonlinear
equations. It has been applied to analyze the dynamic response of
nonlinear structures in many studies. Sundararajan and Noah [19]
combined the shooting method with the pseudoarclength scheme to
study a rigid rotor supported on symmetrical squeeze-film dampers
and journal bearings. In [20], a fixed-interface component mode
synthesis method was first applied to obtain a reduced model of a
large-order system with local nonlinearities. Then, the model was
studied with the method presented in [19]. Padmanabhan and Singh
[21] adopted a path following scheme with the shooting method to
discuss the time domain response of piecewise nonlinear structures
under periodical excitation. Von Groll and Ewins [22] applied the HB
method with the pseudoarclength method to investigate the nonlinear
dynamic response of a Jeffcott rotor with stator. In [23], the influ-
ences of impact damping on the frequency domain response of a
torsional system with clearance were studied by the approach
described in [22]. A similar approach was also chosen to study the
geometrically nonlinear vibration of thick plates [24] and shells [25].

Except for forced harmonic response itself, the effects of
modifications to nonlinear parameters and/or variations in excitation
levels on the forced harmonic response are also of great importance to
structural designs. Repetitively calculating the response during the
variation of nonlinear parameters and/or excitation levels is often
taken as a direct approach for this purpose. Obviously, this procedure
will be computationally expensive, especially for large-scale
structures. Thus, an efficient and convenient computation method is
expected. To solve the preceding problem, a new method will be
developed in the present paper.

The method developed in [18] is first applied to obtain the
equations of motion in frequency domain. Subsequently, the
pseudoarclength scheme is used to solve the nonlinear equations. If
the scalar parameter is chosen to be the frequency of excitation, this
scheme can be applied to compute the forced harmonic response of
structures with local nonlinearities. In the solution of forced
harmonic response, the pseudoarclength continuation scheme can
provide a complete description of forced harmonic response curves,
and it is more robust than other simple iterative procedures, such
as the Newton—Raphson method and the iterative schemes used
in [9,10,18]. For overcoming the problem of highly expensive
computation costs, linear receptance data are used to reduce the
number of DOFs involved in the computation to the number of
nonlinear DOFs, which usually constitute only a small part of a large-
scale structure with local nonlinearities.

II. Mathematical Formulation

In this section, the concept of the method proposed in [18] is
briefly reviewed for the subsequent study. Viscous damping matrix is
included in the dynamic equations of motion of a structure with local
nonlinearities, used in [18], to generalize the equations; thus, there is
a set of ordinary differential equations,

Mx + Cx + (1 + jG)Kx + f(x,X) = P(1) (1)
where the harmonic excitation of the structure is given as
P = Pe/" )

If the nonlinearities considered are symmetric or weak, the
subharmonic response can be generally ignored when compared
with the fundamental response [21]. Hence, the response can be
approximated by

x = Xe/! 3)

As the response is harmonic, the internal nonlinear forces can also be
taken as harmonic, which are

f = Felv! (4)

Substituting Eqs. (2—4) into Eq. (1) and using linear receptance data
yields

X n= Nn - HnnFn (5)

Xi = Ni - HinFn (6)
where
H = (—o’M + joC + (1 + jG)K)™!

N, =H, P, and N, = H;/P,.
Splitting Eqgs. (5) and (6) into real and imaginary parts leads to

Re(Xn) _ Re(Nn) Re(Hmz) _Im(Hnn) Re(Fn)
Im(Xn) ~ | Im (Nn) a Im (Hnn) Re(Hnn) Im (Fn)
(7

Im(X;) [~ | Im(N;) Im(H;,) Re(H;,) Im(F,)
(8)

To make the following discussions clear, Egs. (7) and (8) and are
rewritten in a compact form:

{Re(Xz) } _ {Re(NI) } _ |:Re(Hin) _Im(Hin) ] { Re(Fn) }

X n= Nn - I:InnFn (9)

Xi = Ni - ﬁinFn (10
where the nonlinear term F, can be quasi linearized and expressed as

= Re(A) —-Im(A) |
) [

In the above equation, A is a generalized quasi-linear matrix for
which the elements can be calculated by the DF, and it can be written
as

n

Ay=v,+ Y vy (12)
s=1.s#r
Ars ==V (13)
where
w , [T ; X, —X, r#s
= — —jwt . — r K
V=gl | fwetds z { XL, e

Substituting Eq. (11) into Eq. (9) and (10) yields
I:In;1AXn+)_(n_Nn:0 (15)

X,=N,—H,AX, (16)

III. Solution Method

In Sec. II, the set of N-order nonlinear ordinary differential
equations has been converted to a set of (2i 4 27) algebraic
equations. It is obvious that the algebraic equations should be solved
iteratively. It should be mentioned that the nonlinear matrix A is
only dependent on the response of nonlinear DOFs (i.e., )_(,L).



1702 WEI, LIANG, AND ZHENG

Thus, by solving Eq. (15) iteratively, the computation effort can be
reduced and only related to nonlinear DOFs. After X, is obtained by
the pseudoarclength continuation scheme, X ; can be easily
determined with Eq. (16).

Equation (15) describes a set of nonlinear algebraic equations that
are a function of displacement, excitation frequency, excitation
levels, and parameters of nonlinear elements. For the sake of
convenience, subscript n is ignored in the subsequent analysis, and
the equation is rewritten as

I(X,A)=0 A7)

where A is a scalar parameter that is used to represent either the
frequency of excitation or a parameter of a nonlinear element, or the
excitation level.

The pseudoarclength continuation scheme will be adopted to solve
Eq. (17). In the following part, the pseudoarclength continuation
scheme and calculations of linear receptance data will be outlined.

A. Pseudoarclength Continuation Scheme

Here, the pseudoarclength continuation scheme is briefly
discussed. One can refer to [26,27] for more details.

Taking the differential of Eq. (17), one can have the following
equation, which is often called the Davidenko differential equation:

4X 3 X 03X 0 (18)

di X
where 35 =& and 3, = . i

The procedure will fail when I (X, A) is singular. To overcome
this limitation, the arclength s is used as a continuation parameter;
thus, both X and A are functions of s. Then, differentiating Eq. (17)
with respect to s yields

F(X, )X+ 3, (X, W)X = (35|33t =0 (19)

where t = {X'7, M}, X’ = dX/ds, and A’ = dA/ds. In addition, the
tangent vector t satisfies the following normalizing condition:

XTX + MV =X?+ X0+ +X2+212=1  (20)

which implies that t is a vector of unit length.
The tangent vector t can be calculated by

F(X, M)z = =35, (X, 1)
N =o0(l+2zTz)""/? (21)
X =\z

where o0 = %1 is chosen to make the orientation of the continuation

continue without changing. Assuming that ()_(LTI,)LI)T is the
preceding tangent vector, the following should be satisfied:

MVXTz4+1)>0 (22)

The tangent predictor is usually used to predict values of X and A at
s + As; that is,

X =X, + X'As; A=Xo+ NAs (23)

If (X*, A*) is a regular point on the path and t* = {X*7, 1*}7 is the
unit tangent vector at this point, the parameterization equation of the
pseudoarclength continuation scheme can be given by

g(X, M) =(X=X)TX"+ A=A\ —As =0  (24)

Then Eqs. (17-24) constitute the pseudoarclength continuation
scheme. The following equations can be obtained by the Newton—
Raphson method:

{ I (XA AN AXF + 35 (XK A ALK = —3(XF, 45 25)
(X*)TAXF + A AL = —g(XF, 15

Using the pseudoarclength scheme, the coefficient matrix of Eq. (25)
is always nonsingular. The equation can be solved by the bordering
algorithm [28]. Hence, the next iteration can be evaluated by XA =
X* + AXFand AR = 4K+ ALK

B. Calculations of Linear Receptance Data

In Sec. I, H,;, H;, H,,,, and H;,, can be computed by means of
matrix inversion, which is generally time consuming. Alternatively,
with the linear mode superposition method, the matrix inversion can
be totally avoided.

If the viscous damping matrix C is generalized proportionally, it
can be diagonalized with real modes. The relationship can be
described as

¢TC¢:diag(§1 & Oy) (26)

In this case, H, s, H;s, H,,,, and H;, can be calculated by

H,, =[¢n Gurt A [ S b1’

H, = [ Gura |A[ D1 Prm I

Hif = [¢il Dim ]A[¢f1 ¢fM ]T;

H;, = [¢u i A - Pum ] 27)

where A is a diagonal matrix that can be given by

. 1 1
A= dlag(_/w;.+(1+,'a)wf—w2 jw;M+(1+jG)w,{,—w2) (28)

If the viscous damping matrix C is nonproportional, similar
expressions can be obtained by using complex modes, and they can
be given by

H)m = ['Wnl WHM ]X[ Wnl e 1pnM ]T
+ [V o IXCTm o1
an =[¥u Yom ]X[Wﬂ 1/ffM ]T
+ ¥ WZM]X*[Wj‘l W;M I
H; =[v¥; Ve X[V - ™
+ [1//?1 ?M]X*[wjl ij ]T§
H;, =[v¥; Vi X[V - Y|
i o Yl o vl (29)
where
di ( 1 )
X = lag . b e . ;
wa; + b way + b
Joa, 1 Jway 1 M (30)
= o 77)
InEq. (30),ay, ... ,ay, by, ... . by,aj, ... ay,and by, ..., by,
are given by
diag(ay, ..., a,.af, ..., a})
| Y v '[c M|[ ¥ U an
YA YA M 0 YA YrA*

diag(by, -+, by, by, -+, by)

R Ta+j6GK 0 vy oy 32)
A yrAr 0 “M || yA yrA*

where
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A =diag(—b,/a,, ... ,—by/ay);

A* =diag(=bt/al. ..., —bl/al) 33)

It should be noted that the superscript * in Egs. (29-33) represents
complex conjugates if G =0 (i.e., only nonproportional viscous
damping is considered in the structure).

The accuracy of H,;, H;;, H,,,, and H;, heavily depends on the
number of employed linear modes, so it would need more modes to
achieve a satisfactory result.

C. Solution Procedure Description

If a local nonlinear structure is excited by a harmonic force with
frequency w,, the value of a nonlinear parameter A is changed from
Ao to A, It is assumed that the forced harmonic response (A = A,)
of a structure’s nonlinear DOFs has been obtained or given. In the
calculation, the modified nonlinear parameter A can be used as a
scalar parameter in Eq. (17). Meanwhile, the response of the
nonlinear DOFs (A = A,) is used as the initial conditions. Then, the
forced harmonic response for a modified structure (A = A,) can be
calculated with the pseudoarclength continuation method. A
procedure of the approach is sketched in Fig. 1. As the arc length s is
used as a step-length control parameter in the pseudoarclength
continuation scheme, the results obtained are usually very close to
the exact solutions at A,. Thus, the third Lagrange interpolation
polynomial is used to predict the solutions at A,, which can be
expressed as

3
X () =[] L0)X; (34)

=1

where
l 11[70‘_“) v—3, v-2v—1 v=4
r= N T = — 3, — 4, —_ , =
k=1k#T (}‘T - )‘K)

(35)

Furthermore, calculations for effects of nonlinear parameters and/or
excitation levels in a certain range on a structure’s forced harmonic
response can be treated as a series of variations in nonlinear
parameters and/or excitation levels. As depicted in Fig. 1, if the
interested range of the excitation frequency w is on the interval
[w;, w,], the modifications of the forced harmonic response can be
easily obtained.

Fig. 1 Anillustration of the solution procedure of the present method.
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IV. Application

In this section, three numerical examples are included to
demonstrate the application and implementation of the proposed
method. First, a cantilever beam with a nonlinear element is studied
to validate the effectiveness of the proposed method in computing the
nonlinear response in the frequency domain. Second, a spring-mass
system with local nonlinearities is used to show the present method’s
application in calculating the steady-state response of a local
nonlinear structure when its nonlinear parameter is modified. The
results are compared with those obtained by Newmark’s method to
validate the present approach. Finally, a large-order FE model of a
satellite with some nonlinear connectors is used to show the
application of the proposed method for studying the relationship
among the dynamic response of the satellite’s payloads and
excitation level, and the connectors’ physical parameters.

A. Cantilever Beam with a Local Nonlinear Element

Here, the cantilever beam discussed in [29] is used as a numerical
example, and itis shown in Fig. 2. The FE model of the beam consists
of 10 elements. In this model, each node has a vertical translation
DOF and a rotation DOF. Only structural damping is considered in
this example. The properties of the beam are listed in Table 1. A sine
excitation acts at the translation DOF of the 10th node, and its
amplitude is 1 N.

The complex equation of motion in the frequency domain can be
given by

(HigroA + D) Xyg = —Hg1oF (36)
In the example, the n set contains the translational DOF of the 10th
node (i.e., X,9). The f set is identical to the n set, and the i set is
empty. Subsequently, the undamped modal data of X,y are only
extracted. With the modal data, the receptance data H 99 can be
easily obtained. Finally, one can use the proposed method to solve
Eq. (36) to find the harmonic response of X 4. It can be seen that the
dimension of nonlinear equations in the proposed method is only
two, while the whole number of the beam’s DOFs is 20.

First, the nonlinearity of the beam is considered with Coulomb
damping (y = C,(x)) between the translation DOF of the 10th node
and the ground. C, is set to be 0.45 N. Then, the fundamental
harmonic response of X4 around the first linear resonance is shown
in Fig. 3a. Second, the nonlinearity is replaced with the cubic
stiffness nonlinearity (y = Bx*). The cubic stiffness coefficient 8 is
set to be 1.0 x 103 Nm™3. The fundamental harmonic response of
X, for this case is shown in Fig. 3b. In both figures, the linear
harmonic response is also plotted for comparison. Subsequently, the
results obtained by the method presented in [29] are also potted in the
figures to validate the accuracy of the results. It can be found that both
results are nearly identical. Note that, in Fig. 3b, the response
between B and C obtained by the present method is unstable and
cannot be realized by the method in [29] or any experiment.

B. Eight-Degree-of-Freedom Spring-Mass System with a Local
Modification

Figure 4 shows an 8-DOF spring-mass system. The parameters
used in the example are m; =m, =---=mg=1kg, and
ki =k,=---=ky =300 Nm~'. A local nonlinear element is
added between mg and m;. It is considered as a spring with cubic
stiffness nonlinearity. The mass m, is subjected to a sine force
excitation of amplitude 100 N. The excitation frequency is 2.69 Hz.

9 11 13 15 17 19
Ao A A Ais s Ao

I

N N R I

o Z

Fig. 2 A cantilever beam with a nonlinear element.
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Table 1 Properties of the cantilever beam

Parameters Values
Length, L 0.787 m
Width, b 0.0635 m
Height, i 0.0127 m
Modulus of elasticity, E 2.0 x 10" Nm™2
Density, p 7.8 x 10’ kgm™

Coefficient of structural damping, G 0.02

In the calculations of the example, the damping of the system is
assumed to be

C =2¢(¢") diag(w). ... wg)¢™
where & is set to be 0.015.

The complex equations of motion of the spring-mass system in the
frequency domain are

3 Hg Hgp 1 -1
(Zﬂ|x6—x7||{ M
o By |l -1 1
LD
o 1]/1x Hy
3 1 —1{[X
e xotme m) T e = e

(38)

(37

In the current case, the n set includes the translation DOFs of m4 and
my. The f set and the i set contain the translation DOFs of m, and myg,
respectively. Subsequently, the modal data associated with the DOFs
in these sets are extracted. With the modal data, the receptance data
Hge, Hey, Hy7, Hey, Hyy, Hyy, Hgs, and Hg; in Egs. (37) and (38) can
be easily calculated.

First, the coefficient f of the cubic stiffness nonlinearity is set to be
2.0 x 10° N'm™3. The initial solutions of the responses of i and 1,
are set to be their linear response. The scalar parameter of the
pseudoarclength continuation scheme is chosen as B. Then, the
steady-state response of mg can be acquired with the proposed
method, as shown in Fig. 5a. When f is changed t0 2.0 x 108 Nm~3,
the nonlinear response of m and m; (8 = 2.0 x 105 Nm~?) can be
used as initial solutions. Similarly, the steady-state response of mg
can be obtained and depicted in Fig. 5b. In both cases, the solutions of
the Newmark’s method are also plotted to validate the results. In
Fig. 5a, the results for both methods are nearly identical. However,
they are a little different in Fig. 5b. The difference at the peaks of both
responses is due to the effects of higher-order harmonics, which are
not considered in the current solution.

4x10'
. -==-Linear
35 AV Es Ref. [29]
— Present

Displacement, m

16.5 17 17.5 18
Frequency, Hz

15.5 16

a) Coulomb damping

WEI, LIANG, AND ZHENG

C. Satellite with Local Nonlinear Connectors

This example is an application of the proposed method to study the
influence of connectors’ nonlinearity on the dynamic properties of a
new generation geostationary meteorological satellite [30]. An FE
model of the satellite, which is modeled in MSC Patran, is depicted in
Fig. 6. The whole model is composed of shell elements, beam
elements, and lumped mass elements. The number of elements and
DOFs of the model are 18,748 and 11,7108, respectively. In the
figure, the marker e represents the nonlinear connectors that are taken
into account. It is assumed that all of the connectors have the same
nonlinear characteristics, and their nonlinearities are dominated in
the axial direction, marked with Z in Fig. 6, for the special
requirement of the connection design. Springs with cubic stiffness
and bilinear macroslip elements are used to model the nonlinear
connectors. A fabricated connector and its nonlinear model are
sketched in Fig. 7.

The accelerations of nodes connecting to the launch vehicle are
usually specified in the analysis of the dynamic response of a
satellite. To convert the forced accelerations into harmonic
excitations, the large-mass method is applied here. The method is
first placing large masses on excitation DOFs and applying external
forces on these DOFs. The amplitude of the external forces can be
assigned as m; A. The value of the large mass m; is suggested to be
10° times the whole mass of the satellite.

The complex equations of motion of the satellite in the frequency
domain can be described as

k, 0 ¢ 0
H nn + Xn + Xn = anPf
0 Ko 0 Co
(39)
Kk, 0 ¢ 0
H,, + X, + X, =H;P;
0 K 0 ¢

(40)

|
=
N
Rl

3
L
=
= .S
=

[y
<
=
=

kg k,
m MM M
m, my-AWNMm, m.

Local
modificatio

MM AMA
M=\ NV inll

Fig. 4 An 8-DOF spring-mass system with a local modification.

=1

|
-l
=
=

3

m, MM A\

o5

<
=
5
<
=
[
<
=
S

42X 10
=== Linear
3.5 Ref. [29]
—— Present

Displacement, m
N

16.5 17 17.5 18 18.5

Frequency, Hz

b) Cubic stiffness nonlinearity

Fig. 3 Fundamental harmonic response of X,y around the first linear resonance frequency.
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0.04

0.02

-0.02

Displacement, m
(=]

-0.04

0083

19.5
Time, s

19.4 19.6 19.7

a) B=2.0x10°N m?
Fig. 5

Payload 1
Payload 2

Nonlinear joints

— 3
kr=Zﬁ||X2r—l _X2r|| >

-1, T

(41)

and 7, is defined as

i (r-92) +520-0 no-niza

Zs/xs ”Xerl _XZr” < Xs

T, =

where

b)
Fig. 7 Fabricated connector: a) physical model, b) idealized nonlinear model, and c) characteristic of the bilinear element.

a)

Displacement, m

1705

0.04

—— Present
- Newmark

0.03

0.02
0.01
0
-0.01
-0.02

-0.03

-0.04

19.3 19.7

19.4

19.5
Time, s

b) B =2.0x10°N m*

Comparisons for the response of mg obtained by the present method and the Newmark’s method.

Xs

||X2r—1 - X2r||

)’2:

and ¢} = arccos(1 — 2%).

In the launching phase of a satellite, the excitation of the satellite
is usually described by defining a vertical acceleration excitation to
the nodes of interface connecting to launch vehicle. Since the
accelerations of these nodes are generally considered as identical, it is
often only one large mass used to connect all nodes by multipoint
constraints. Thus, this case can be modeled by assigning an external
force in the x direction to the large mass shown in Fig. 6. Meanwhile,
the other DOFs of the large mass are constrained. Consequently, in
this application, the 7 set includes all translation DOFs of the nodes
in association with the connectors in the z direction; the i set contains
the interested DOFs of both payload 1 (P;) and payload 2 (P,); the f
set includes the DOF of the large mass in the x direction. Here, 445
modes, which are obtained by MSC Nastran, are used to calculate
receptance data when the excitation frequency is in the range of 30 to
100 Hz.

In the study, the number of DOFs that associated with the
connectors is only 18. Consequently, with the proposed method,
the dimension of nonlinear algebraic equations is 36 (i.e., double the
number of nonlinear DOFs). Hence, the computational effort can be
greatly reduced.

In the calculation, the structural damping coefficient of the satellite
is set to be 0.07, according to the experience of space industries.
Numerical calculations are performed to investigate how the physical
parameters of nonlinear connectors and the excitation level affect the
harmonic response of both payloads. It shows that influences on both
payloads are similar. Hence, only the response of P, is figured and
addressed in the following part.

N

)
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1. Effectsof B(A=2g k=32x10° Nm™!, k, =4.36 x 10’ Nm™!,
and z;, =30 N)

The numerical results show that the acceleration harmonic
response of P, around the fourth linear resonance frequency is most
obviously affected by the cubic stiffness nonlinearity. Hence, effects
of changes in f are discussed around the fourth linear resonance
frequency, as depicted in Fig. 8. It shows that the amplitude of the
resonant vibration increases with the cubic stiffness coefficient f.
The resonant frequency also increases with S, but the shift of the
resonant frequency is small.

2. Effectsof z, (k;, =32x10° Nm™, k=32x 100 Nm, A=2g
and p=7x 10" Nm~)

Hysteretic damping markedly influences the response when the
excitation frequency is in the range of 85 to 100 Hz. Figure 9 shows
the acceleration response of P, versus limiting friction force z;. It can
be found that the amplitude of the resonance frequency decreases as
the limiting friction force increases.

3. Effects of A (A =ky/k) (z, =30 N,A=2¢g and f =7 x 10! Nm™)

The acceleration of P, versus the ratio of k, to k is depicted in
Fig. 10. When A is in the range of one to five, the amplitude of the
resonant frequency decreases with the increase of A. However, when
A is larger, it will slightly change.

4. Effects of Excitation Level A (k=32 x 10° Nm™!,
ky=436x10" Nm™', z, =30 N, and B =7 x 10" Nm~3)

To show the effects of excitation level A, the transmissibility is
defined here by x, = X, /A. As show in Fig. 1 1a, the transmissibility
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Fig. 8 Acceleration of P, versus cubic stiffness coefficient S.
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Fig. 9 Acceleration of P, versus limiting friction force z,.
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Frequency, Hz 85

Fig. 10 Acceleration of P, versus A (the ratio of k to k).

of the resonant frequency increases with A when the excitation
frequency is in the range of 30 to 44 Hz. It implies that the effects of
cubic stiffness nonlinearity increase with A. Similarly, as depicted in
Fig. 11b, the transmissibility at the resonant frequency also increases
along with A when the excitation frequency is in the range of 85 to
105 Hz. However, this means that the effects of hysteretic damping
decrease with the increase of A.

Transmissibility

Transmissibility

Frequency, Hz

b) Excitation frequency in the range of 85 to 105 Hz
Fig. 11 Transmissibility of P, versus excitation level A.
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V. Conclusions

In this paper, a method combining the DF with the
pseudoarclength continuation scheme and linear receptance is pre-
sented for investigating the effects of changes in nonlinear param-
eters and/or excitation levels on the dynamics of structures with local
nonlinearities. With linear receptance data, the computational effort
is greatly reduced; thus, the method is applicable to large-scale and
complicated structures The proposed method can also be applied to
study the steady-state periodic response of nonlinear structures. The
proposed method is validated by two numerical examples. In
addition, with an application to study the nonlinear connectors of a
satellite with payloads, the numerical results show that the non-
linearity of the connector can have a considerable influence on the
dynamics of the satellite’s payloads.

In the study, only fundamental harmonic is considered. If the
nonlinearities of structures are weak or symmetrical, the current
method is usually sufficient. Otherwise, high-order harmonics
should be involved in order to improve the accuracy. It should be
noted that the limitation of the present method is that the dynamic
response of the structures is assumed to be periodic.
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