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Abstract: A novel nonlinear dynamic modeling approach is proposed for the T-shaped beam struc-
tures widely used in the field of aerospace. All of the geometrical nonlinearities including the terms in
the deformation of the beams, the terms at the connections, and the free ends of beams are considered
in the dynamic modeling process. The global mode method is employed to determine the natural
frequencies and global mode shapes of the linearized system. The validity and accuracy of the
derived model are verified by comparing the natural frequencies obtained with those calculated
from FEM. Adopting the Galerkin truncation procedure, a set of reduced-order nonlinear ODEs
is obtained for the structure. A study on the variation of dynamic responses taking the different
numbers of global modes into account is performed to determine the number of modes taken in
nonlinear vibration analysis. A comparison between the responses of the system with linear or
nonlinear matching and boundary conditions is given to evaluate the importance of neglecting and
reserving the nonlinear terms in matching and boundary conditions. It is shown that ignoring the
nonlinear terms in both matching and boundary conditions may significantly alter the responses
while developing the discretized governing ODEs of the structure.

Keywords: T-shaped beam structure; nonlinear dynamic modeling; global modal method; nonlinear
dynamic behavior; nonlinear matching conditions

1. Introduction

A specific structure composed of multiple beams is usually used as a component in
large-scale space structures, especially in the design of flexible spacecraft [1-4]. With the
advancement of aerospace technology and the diversification of aerospace missions, the
use of flexibility and large-scale structures has gradually become an important trend in the
development of spacecraft, which leads to geometric nonlinearity as a factor that has to be
considered. Hence, establishing accurate nonlinear dynamic models of such systems is an
important basis for nonlinear dynamical analysis and active vibration control. This is of
important practical significance for predicting and understanding the dynamic behavior of
such flexible structures under the effect of applied loadings.

The nonlinear dynamic behavior of a single beam has been widely studied in the
literature [5-11]. Compared with a single beam, multi-beam structures have more complex
dynamic characteristics due to internal coupling and geometric and inertial nonlinearities.
Haddow et al. [12] established the equation of motion for the L-shaped beam structure with
only quadratic nonlinearities considering the influence of the axial movement of the beam
due to bending and obtained the approximate solutions of the obtained equation by using
the multiple scales method. Nayfeh et al. [13-17] conducted a comprehensive experimental
and theoretical study on the nonlinear motions of the L-shaped beam structure, and the
research showed that small excitation could produce chaotic motion under two-to-one
internal resonance. Additionally, the theoretically deduced periodic, quasi-periodic and
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chaotic responses are in good agreement with experimental results. Hamed Samandari
et al. [18] obtained the nonlinear differential equations of motion for the L-shaped beam
structure by using the Hamilton principle and Euler-Bernoulli beam theory, considering the
large deformation of the structure. The differential quadrature method (DQM) is used to
discretize the differential equations of motion in the space domain. The harmonic balance
method is used to further transform the differential equations of motions into nonlinear
algebraic equations for numerical solutions and numerical analysis of nonlinear responses.
What is more, Kumar et al. [19] conducted an investigation of nonlinear phenomena
of dynamic responses of N-link manipulators under 3:1 internal resonance considering
geometric nonlinearities.

Dynamic models of the multi-beam structures are continuous with infinite degrees of
freedom. To obtain a reduced-order dynamic model, the modal analysis method can be
used to discretize the continuous systems. Therefore, the accuracy of the calculation results
depends highly on the quality of the mode shapes used in the dynamic modeling. For a
multi-beam structure, due to the interaction between the components, the mode function
of each beam is different from that of a single beam. Consequently, the dynamical model
based on the global mode has the advantages of lower dimensions and high precision,
which provides convenience for dynamical analysis. The global mode method (GMM)
was proposed to establish the dynamic model of the micro-electric static comb [20] and
the composite flexible structure of a long-span cable-stayed bridge [21]. Then, the modal
conversion and nonlinear dynamic response analysis were conducted. Wei et al. applied
GMM to establish a spacecraft model with a deployable solar panel [22], a multi-beam
structure with nonlinear hinges [23], and a nonlinear motion model of the L-shaped beam
mass structure [24]. Based on these models, a series of inherent characteristic analysis
and dynamic response studies were respectively performed. Considering the out-of-plane
transverse deformation and torsional deformation of the beams, Cao et al. [25] established a
linear dynamic model of the T-shaped beams and studied the vibration suppression based
on piezoelectric plates.

For multi-beam structures connected by joints, there are many studies on the effect
of joints on the dynamic behavior of the system. Vakil et al. [26] studied the effect on
the inherent properties of the system due to changes in joint stiffness and determined the
upper limit of joint stiffness, which can distinguish whether the joint of the manipulator is
flexible or rigid. Meng et al. [27] investigated the effect of joint stiffness on the vibration
response of the system. The research indicated that appropriate joint stiffness can reduce
the overall vibration of the structure due to the coupling relationship between flexible rods
and flexible joints. Recently, Wei et al. [23,28-30] derived a reduced-order analytical model
for multi-beam structures connected with hinges associated with a nonlinear rotational
spring. Based on this model, they investigated the effect of the nonlinear stiffness and
damping of the joints on the attitude and position of a spacecraft during maneuvering.
Studies had shown that the nonlinear stiffness of the joint has a great influence on the
nonlinear response of the system.

Based on previous preliminary research [31], in this article, along with the idea of the
GMM, a novel nonlinear dynamic modeling approach is proposed for the T-shaped beam.
All of the geometrical nonlinearities including the terms in the deformation of the beams,
the stress compatibility condition at the connections of beams, and the terms at the free
ends are taken into account in the dynamic modeling process. The generalized Hamiltonian
principle is employed to establish the nonlinear partial differential equations of motion
for the T-shaped beam structure. Using the method proposed in [20-23], the natural
frequency of the system and the corresponding global mode functions are worked out.
Using the global mode functions and their orthogonality relations, an explicit set of reduced-
order nonlinear ordinary differential equations of motion is obtained. Combined with
specific examples, the precision and effectiveness of the model are verified by comparing
the natural frequency and the global mode shape of the system. Through the dynamic
equations given by the numerical examples, the dynamic responses of the system with
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different numbers of modes are studied. The importance of reserving or neglecting the
nonlinear terms in matching and boundary conditions when deriving the discrete control
equations is evaluated.

2. Nonlinear Dynamic Model in the Continuous Form

Consider the in-plane motion of a T-shaped beam structure that is fixed on a horizontal
moving base, as shown in Figure 1. The T-shaped beam is composed of three lightweight
inextensible beams, namely a horizontal beam and two vertical beams. For the sake of
description, the horizontal beam is called Beam-1, the lower vertical beam is Beam-2, and
the upper vertical beam is Beam-3. Coordinate frame 01x1y; is a fixed inertial frame with
the origin at the left end of the horizontal beam, and coordinate frames opxyy, and 03x3y3
are satellite inertial frames with the origins both at (I3, v1(I1,t)). 1;, pi, Ei, Li, Ajui(x;, t)
and v;(x;,t) denote the length, the density, Young’s modulus, the inertia moment, the
cross-sectional area, and the axial and lateral displacements of the i-th beam, respectively.
Moreover, it is assumed that the shear deformation and warpage of all beams can be
ignored and the beams are inextensible [32,33].

Figure 1. Schematic of T-shaped beam structure.

The generalized Hamilton’s principle is expressed as

/ ? (6T = 6V 4+ 5W)dt = 0, (1)

5]

where T, V and W represent the kinetic energy, potential energy and work done by the
non-conservative force of the system, respectively.

Take a micro-element on the beam, as shown in Figure 2, where the dashed and solid
lines indicate the positions of the micro-element before and after deformation, respectively.
The symbol 6 (x, t) in Figure 2 represents the angular displacement of the micro element.
The in-extensibility condition can be depicted by the schematic pp; = pp/;.
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Figure 2. Schematic of the geometry and the in-extensibility condition.
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The relations between these displacements are determined by the geometry. We
write [34]
0i(x;,t) = arcsin [vj(x;, t)], )
dx; + du;(x;, t)
dxl-
where the superposed dot represents the partial derivative with respect to time, and (°)

represents the partial derivative with respect to displacement, i = 1, 2, 3. This notation is
followed quite extensively from here on. Expanding Equations (2) and (3) yields

cos[0;(x;, )] = =1+ uj(x; t), ®3)

1
0;(xi,t) = vi(xi, 1) + 2o (xi, )+ 4)

ul(x;,t) = — Gz(xl, t) + ﬂef(xl, £+ 5)
Substituting Equation (4) into Equation (5) yields
1
uj(xi, 1) = =50 (xi, ) + O (o (xi, 1)), (6)

where O (v/*(x;, )) is neglected in the subsequent analysis. The axial displacement of any
point on the beams can be obtained by integrating Equation (6) from the origin to this point

on the beams,
i) == [ o7 %)

In this way, u1 (I1, t) represents the axial displacement of the right end of the horizontal
beam.
The curvature is expressed as

]

U 1 1
gei(xi/t) =0} (x;,t) + 202 (x;, 1)0] (xi, b) + - )
1

Ki = 5

The potential energy of the T-shaped beam structure is given by

1 /by 1 [k 1 (s
== E1zk2d Aqdxy + f/ / Epz3x2d Agdxy + 7/ / Esz213d Asdxs. (9
2/()/A11111120 o, PEAadxa g | | EazakadAsdis )
Substitute Equation (8) into Equation (9) to obtain

" 2
V= —2 O Elllv 2(3(1, t)dx1 —|— E]Il [U (Xl,t) 01 (xl, t)]zdxl
zfol EzIzZ)z (JCz, t)de + zfol Ez[z [UIQ(XZ/ t)vz (XQ, f)}szCQ (10)
—|—%f03 E313Z)g 2(3C3, t)dX3 + %fOS E3I3 [Ué(?@, t)vg (X3, tﬂ dJC3.



Actuators 2022, 11,293 50f 19

The kinetic energy of the T-shaped beam structure is given by

T =14 [y o] [ws(8) + i1 (x1,£)]% + 012 (2, t)}dxl
+3 ol2 o2 [01(l, 1) — ”2(7(2/0]2 + [wos(t) + ?'Jz(xzft)]z%dxz (11)

+% 013 03 ['01 (ll,t) + ilg(Xg, f)]z + [ws(t) — @3(9(3, t)]z dxs.

Substituting Equation (7) into Equation (11) yields
1 l] . X119 avl(y,t) 2 2 avl(xl,t) 2
T=3Jo o1 |@s(t) = Jo fm(iay ) dy| + (791‘ ) dxy
2 12 ) 2
+1 /e [8”1 L [ b () dy} s + 220 T, 12)
v, (1 d . 303 (x3,1) 12
P eod [T - 45 () dy} + [ins(t) - 2] i,

Considering the viscous damping in the structure, the virtual work done by the
non-conservative forces is given by

SW = —fo cv1(x1,1)601 (x1, t)dxy — folz o (x2, )80 (x7, t)dxy

13
— [ c3(x3, )63 (x5, ) dxs. (19

Substituting Equations (10), (12), and (13) into Equation (1) and simplifying, we obtain
the nonlinear vibration equations of the structure as

. . 1 " !
p101 (x1,t)+coq(xq,t) + Elll{vl " (xg, ) + [v’l (x1, ) [0] (x1, )0] (xl,t)]/} }

! B B 14
H3on [0 2 (0420, 0)dyd6] — 10} (o, )i0s(6) + [pribs () — ) P
+E2120g/ (0,t) — E3I3Ug,(0 £) — (p22 +p3l3)0/2(0, Hoq (ll,t)}vlll (x1,t) =0,
. . " " !
0202 (X2, £)+cva(x2, 1) + E212{02 (x,t) + [v’z(xz, t) [vlz(xzft)vz(xz,t)]/} }
! . 15
hp2[ohea, 1) [ JE 2 052 (xa, )] dydd) + pavh (s, 0 (11, ) (15
—p2(la — x2)0) (x2, )01 (I1, ) + p2i0s(t) =0,
. . " /" !
p303(x3,t)+cos(x3, t) + E313{U3 " (x3,) + [vg(xg, t) [vh(x3, t)vy (Xg,t)]/} }
/ . 16
—i—%pg {Ué(x:;,t)fl:3 09 aat2 [042 (x3,t)]dyd9} — 305 (x3,1)01 (I, t) (16)
+p3(l3 — x3)v5 (x3, )01 (11, £) — p3i0s(t) = 0.
The boundary conditions of the T-shaped beam structure are expressed as
atx; =0
01(0,4) = 0,7(0,£) =0, (17)
atx, =1b
Ezlzvg (12, £+ Ezlzv/zz(lz, t)?)g (I, t) =0, (18)
Ey I |:Ug, (lz, t) + Ué(lg, i’)Ug 2(12, ) + 7)2 (12, )Ug, (lz, )] =0, (19)
atxz =13
E3137)g (13, t) + E313Z)/32(l3, t)?)g (13, t) =0, (20)

Esls [0l (Is, 1) + 04 (Ia, )05 2(la, £) + 052(13, )03 (I, )| =0, (21)
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where Equations (18)—(21) have not been simplified in order to preserve the completeness
of the nonlinearity of the boundary conditions.

At the connection interfaces of the beams, the displacement and rotation angle of the
horizontal beam and the vertical beams must match, and the bending moments and forces
must be balanced. The matching conditions at the junction are expressed as

v2(0,8)= —v3(0,t) = uy (I3, 1), (22)
vy (Iy,t) + 20’13(11,1&) =05(0,t) + %0’23(0, t) = v5(0,t) + %vg?’(o,t), (23)
U U /2 l 7 11 11
ErLy [0 (I, £) + 02 (11, ) (I, )] — % - Ealp [05(0,£) + 042(0,£)v) (0, 1)] 1)
2402 (Iq,t 1" ”
— S - Bala (o3 (0,0) + 052(0,1)5 (0,1)] =0,
Exli[v) (I, 1) +v (llf ) 1 2( 1 ) 02 (I, t)oy (I, t)]
— 2101 (I1,t) — p2 0 %—( t))dydxz
fp3l3‘.(}1(ll, ) +/p3f OxS %atZ ( t))dy[?x?, (25)
+E212?)’1(11, )U%,(O £ — pzlzvl(ll, ) (O i’)?l(ll,t)
—E3Izv) (11, t)vy (0,t) — palsv) (I, t )713(0 Hoy(ly, t) =0,
—Ex 1 [05 (0, t) +02(0 o5 2(0,t) +v’22(0 t)vy (0,t)]
0 t X2 l aZ avz(y t) d d l 0 t 82v1(ll,t)
+P202( ) 0 292 oy y x2+P2 202( ) 92
+Esl3[v3 (0, t) +04(0, )05 2(0,¢) + (0 t)vg (0,1)] (26)

+p3l3v3(0 i’) LM p303(0 t) Ox3 %aa:z (803( )) dydxs
+E1 Loy (I, t )0,1”(11/ t) =0.

where the Equations (24)—(26) are the matching equations of the bending moment, the
vertical force and the horizontal force at the junction, respectively.

3. Natural Characteristics of the System

The natural frequencies and global mode functions of the system can be obtained by
linearizing the nonlinear partial differential equations of motion for the structure. Ignoring
the nonlinear terms and the damping terms in Equations (14)-(16) yields the linear partial
differential equations of the transverse motion of the i-th beam

Ed0]"" (xi,t) + piti(xi, 1) = 0, (27)

Similarly, ignoring the nonlinear terms in the boundary and matching conditions
(17)-(26), we have
v1(0,t) =0, 94(0,¢) =0,
Ezlzvg (12, ) = 0 EQIziJg/(lg, ) 0,
Eslzvy (I3, 1) = 0, EsIzvy (I3, t) = 0,
v2(0,t) = 0,v3(0,) =0, (28)
o (11, 1) = 04(0,) = 05(0,1),
E1Loy (I, t) = (p2la + p3l3)01 (1, ),
E1hv] (I4,t) — E3l3v5 (0, ) = ExLhuy (0, t).

Assume that the displacements v;(x;, t) are separable in space and time,
vi(xi, t) = gi(xi)el", (29)

where w is the natural frequency of the system.
Substituting Equation (29) into the linear vibration Equation (27) of the beam yields

Eili(P;’W (xi) — w?pigi(x;) = 0. (30)
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The general solution of Equation (30) can be written as

¢i(xi) = Bicos(Bix;) + Cisin(Bix;) + Dicosh(Bix;) + Gisinh(Bix;), x; € [0,1i],  (31)
where B; = (pz-wz/EiIZ-)l/4.

The constants B;, C;, D;, G;, (i =1 ~ 4) should be determined using the boundary and
matching conditions given in Equation (28). Substituting expression (31) into Equation (28),
the eigenvalue equation for the linearized system of the T-shaped beam is obtained, and its
matrix form is expressed as follows

H(w)¥ =0, (32)

where ¥ = [B1 Ci D1 Gy B, Co D, Gy Bz Cs Ds Gg] T, and entries of
matrix H(w) € R'2%12 are given in Appendix A.

The positive roots of the frequency equation |H(w)| = 0, denoted in ascending
order by wy, wy, w3, - - -, are the natural frequencies of the T-shaped beam structure. The
eigenvector v() wherer =1,2,3, - -, corresponding to the natural frequency wy, can be
obtained from Equation (32). Further, the r-th mode shapes for the T-shaped structure can
be determined from Equation (31).

Referring to the derivation process in Reference [21], the orthogonality conditions of

the global mode @ (x) = [¢1(x) ¢2(x) ¢3(x) ]T with respect to mass and stiffness can
be obtained, which are respectively expressed as

Jo 0191, () @15 (X)dx-+ [ P22 (%) Pas () dx+ [ p3 @3 () as (x)dx (33)
+(p2l2 + p3l3) @1, (L) 15 (l1) = Msbrs,

And
I " " 1 7" 7"
o' F111¢1r(x)§91s(x)dx+foz Ex L ¢y, (x) oy (x)dx (34)
+Jo° Esl3y,(x) @5 (x)dx =Ksbys,

where M; and K are positive constants and &y is the Kronecker delta.

4. Nonlinear Dynamic Model in the Discrete Form

The nonlinear dynamic model in the continuous form described by Equations (14)-(16)
combined with the nonlinear boundary conditions (17)—-(21) and the nonlinear matching
conditions (22)—(26) can be simplified to a nonlinear dynamic model in the discrete form by
using the global mode functions and their orthogonality relations presented in Section 3.
The transverse displacements v; can be expressed in the following form

n n n

01 =) ¢1j(x1)qj(t), va = Y @aj(x2)qj(t), v3 = Y @3j(x3)g;(t), (35)

=1 =1 =1
where @1;(x1), 2j(x2) and @3;(x3) are the global mode functions for the T-shaped beam
structure obtained from Equation (31), respectively, and g;(t) is the generalized coordinate
for the whole system.

Substituting Equation (35) into Equations (14)-(16) yields
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n R n . n "
Z p191;(x1)q; + Zlcqvl,'(xl)qj + Zl Evhg); (1)

2o / x1 0 / a2 !
+ L §p1<¢1i(xl)qifll o %,-(y)qvlk(y)ﬁ(%qk)dyd@)
1,],k=

i , N/
+ 3 e (ol ol eeon] ) g
1,],k=

1

(36)

*é p1i0s ()q; [@7; (x1) + (x1 = l) @ (x1)]

n
+ 21 (xl)% [+E212(P2/ (O)q E3I3(P3]( )17]']
l,]:

1 - "
+ 1 [(palagh (0) — k29, (0)) guet )i |7 (x1) =0,

n
L p2goj(x2)q; + Z cpaj(x2)q; + Z Ezlqu)z] (X2)q]

+' f: ExIp (9021'(3(2) {¢2j(x2>(l72k(x2)] ) qi‘]j‘]k+P2ibs(t)
n (37)

X 2 !
+ 3 Ao (95202 o by () P (v) i (a761)dyet0)

+flpz<mz(l )i @5 (x2) + (x2 — )@l (x2)| =0,

n n
leacps](xs)q] + Z cgsj(x3)q; + X Esly@j; (x3)q;(t)
j= j=

+

v B (q)gi(xg) [t (e f2)] ) = s (1)
ijk=1 (38)
D
k

x 2 /
) 305 (94 (xa)ai i Jo, 9% (1) @) % (q761) Ay )
j k=
- leeﬂpli(ll)i?iq]‘ [?éj(’%) + (x3 — 13)(ng(9€3)} =0.
if

Multiply both sides of Equations (36)—(38) by ¢15(x1), ¢2s(x2) and ¢3s(x3), respec-
tively, integrating them along the respective beam lengths. Then, the ordinary differential
equations of motion for the T-shaped beam structure can be obtained by adding all result-
ing equations and simplifying by using matching and boundary conditions (17)—(26) and
orthogonality relations (33), (34), namely,

. noo noo nooo
Msq, + Ksqs + ,El Véqj’ + 121 aéws( )% + Z bs ‘7]‘7k + 'kzlé 99k
= = JK=

+ ¥ dgr L ggae+ L e G+ L P, 9)
j k=1 jkr=1 jkr=1 jkr=1

= —folz 02105 (1) @25 (x2)dxa + fol3 03Ws (t) p3s(x3)dxz, s =1,2,-- -, n

where y£ are constants that can be determined by the global mode functions and damping

coefficient, and 11] b]k Cs ,dék,es o kr, pékr given in Appendix B are constants that can be

determined by the global mode functions. It is worth noting that the underlined terms in
the expressions of those constants are from the non-linear terms in matching and boundary
conditions. Therefore, the ordinary differential equations of motion under linear matching
and boundary conditions, which are called the “incomplete nonlinear dynamic model
(INDM)” hereafter, can be obtained by ignoring the underlined terms. Consequently, the
ordinary differential Equation (39) with all of the geometrical and inertial nonlinear terms
is called the “complete nonlinear dynamic model (CNDM)”.
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5. Model Validation for the Linearized System

In this section, a comparison of the natural frequencies and the global mode functions
obtained theoretically with the results from commercial software ANSYS is performed by
using a typical example to validate the approach proposed in this paper.

Now, a simple example of the T-shaped beam structure is provided. Assume that the
material for all beams is steel with density p = 7850 kg/m?, Young’s modulus E = 200 GPa,
damping ratio ¢ = 0.02, and Poisson’s ratio v = 0.31. The cross sections of all beams
are b = 0.012 m, h = 0.002 m. The lengths of the beams are [; = 0.3 m, I = 0.3 m,
I3 = 0.2 m, respectively.

Use the approach proposed to obtain the natural characteristics of the T-shaped beam
structure, including natural frequencies and global mode shapes. Table 1 shows the natural
frequencies of the T-shaped beam structure, taking the finite element results from ANSYS
as a reference. The maximum relative error between the natural frequencies obtained by
the current method and those from FEM is 0.1192%. The results show that the approach
proposed in this paper is effective and the frequency obtained has higher accuracy because
there is no approximation and neglection in the mathematical derivation of this method.
Define the relative error as

RelD) — | MM, — YFEM,i

x 100%. (i =1,2,--- ,8), (40)

WEEM,i

where wgppm,i and wrgp; are the natural frequencies calculated by the global modal
method and FEM, respectively.

Table 1. First 8 order frequency of T-shaped beam structure (rad/s).

Frequency Order Natur(acl; E%uency Naturiigﬁ?uency Re (%)
1 32.03 32.03 0.0000
2 94.20 94.20 0.0000
3 199.45 199.45 0.0000
4 579.64 579.46 0.0325
5 737.52 737.27 0.0341
6 1363.76 1362.89 0.0645
7 1846.45 1844.25 0.1192
8 2015.75 2014.12 0.0811

Figure 3 shows the first 8 modes obtained here and those from FEM, where the
mode pictures obtained by FEM are drawn in the ORIGIN software using the data of
ANSYS software. It can be seen that the calculation results of the two methods are in good
agreement. The reduced-order nonlinear differential equations of motion of the T-shaped
beam structure obtained by using the global modes are accurate.

@pm,1=32.03rad/s Oppp1=32.03rad /s

@

Figure 3. Cont.
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U)GMM/2:94-20rad/S a)FEM72=94.20rad/s

(b)

Ocp3=199-45rad/s g\ 5=199.45rad/s

Oy 4=D79-64rad/s ppy 4~579.46rad/s
(d)

Ocpms=737.52rad/s Oy 5=737.27rad/s

QOcnm,=1363.76rad/s g =1362.89rad/s

Figure 3. Cont.
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Oy 7~1846.45rad/s @ppy7~1844.25rad/s

(8)

gy s=2014.12rad/s
(h)

Figure 3. First 8 order modal shapes: GMM (Left column) and FEM (Right column).

6. Nonlinear Dynamical Responses and Discussions

The T-shaped beam structure is assumed to be fixed on a horizontal moving base, as
shown in Figure 1. The displacement of the moving support is assumed as

ws (1) = wocos(Q), (41)

where wy is a constant and denotes the amplitude of the displacement, and (2 is the
frequency of the moving base in rad/s.

In order to determine the number of modes that should be taken in vibration analysis,
the dynamical responses of the linear dynamic model (without all of the nonlinear terms),
the INDM, and the CNDM with n modes under the sweeping frequency are given in
Figures 4 and 5a,b, respectively, where the excitation amplitude wy = 0.0008 m, and the
amplitudes of the responses are taken from the transverse displacements of the free end
of Beam 2. It can be seen from Figure 4 that in the linear dynamic model, the resonance
peaks of the system with the first n modes (n = 1,2, - - -, 6) all appear at 32.03 rad/s; that is
approximately equal to the first natural frequency, which illustrates that low-order frequen-
cies play a leading role in vibration. There is a sudden increase in response amplitude of the
T-shaped beam when the number of modes increases from 3 to 4; this may be because the
coupling effect between the 4th mode and the first 3 modes is strong. Moreover, whether
the system is a linear dynamic model, INDM or CNDM, the variation trend of the response
value of the system with the first # modes is consistent.

It can be observed from Figures 4 and 5 that 4 or more than 4 modes should be
truncated to guarantee the solution accuracy of the system in the primary resonance region.
This implies that the first 4 modes should be taken for simulation in the calculations of the
nonlinear vibration responses.

The steady-state response time histories of Beam-2 end point under the excitation
amplitude wy = 0.01 m and frequency (2 = 32.34 rad /s are calculated using the proposed
method and the FEM, respectively, as shown in Figure 6. The maximum relative error
between the displacement amplitudes from the proposed and finite element methods,
defined by (u — yFEM ) JuFEM i5 9.01%. Similarly, the maximum relative error between
the velocity amplitudes from the proposed and finite element methods is 9.43%. It shows
that the numerical results obtained by our method are matched very well with those from
ANSYS software, which further confirms the effectiveness of the proposed method.
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Figure 6. The steady—state response time histories of Beam—2 end point: (a) displacement;
(b) velocity.

The force response curves of the INDM with the first # modes for the excitation
frequency (2 = 32.15 rad /s are shown in Figure 7a, and those of the CNDM with the first
n modes for the excitation frequency (2 = 32.66 rad/s are shown in Figure 7b. The same
jumping phenomenon can be seen in the figure, and as the excitation amplitude increases,
the difference in the dynamic response of both systems with the first # modes becomes
larger and larger. When the vibration amplitude of the system is relatively large, more
modes need to be adopted to meet the accuracy requirements. All of these clearly show
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that the influence of higher-order modes on the system dynamic response is closely related
to the excitation amplitude of the system.

=2
o o o
= & &

Response Amplitude (m)
o
o
o

0 1
0.0002

Excitation Amplitude w, (m)

0.0004

0.0006

0.0008

n=]]

n=2| =
n=3| %
|

0.004

0 0.002

Excitation Amplitude w, (m)

0.006

Figure 7. Amplitude response curves of the INDM (a) and the CNDM (b) with the first n modes.

The influences of excitation amplitudes on the responses of the nonlinear system for
the INDM and the CNDM are shown in Figure 8a,b respectively. The curves show that the
responses are positively correlated with the excitation amplitude in both systems. It can
also be seen that there is a jump phenomenon in the nonlinear response. The greater the
excitation, the more obvious the jump, and the higher the corresponding jump frequency.

0.14 T T T T I

w=0.0008m| 0.14 H wozb.ooos;n .
0.12 w,=0.0006m 0.12 ,=0.0006m| LA
el 0.10 0=0.0004m)| 8 £ o010} w=0.00041t [ ]
_§ 0.08 w,=0.0002n ] _0‘; 0.08 lF——w=0.0002n | b

B B | |
Té 0.06 - . 'T;LO'% : : .
0.04 1

< 0.04 + E 1 |
0.02 | C

0.02 ; & , !

0 1 1 1 1 1 1 1 1 1
314 31.6 31.8 32.0 322 324 326 31.2 31.8 32.4 33.0 33.6 34.2 34.8

Excitation Frequency (2 (rad/s) Excitation Frequency £2 (rad/s)

Figure 8. Frequency responses of the INDM (a) and the CNDM (b) with different excitation amplitudes.

To evaluate the importance of reserving and ignoring nonlinear matching and boundary
conditions when deriving discrete nonlinear governing equations, the dynamic responses
of the nonlinear systems INDM and CNDM at the excitation amplitude wy = 0.0008 m,
wp = 0.0006 m, wy = 0.0004 m and wy = 0.0002 m are shown in Figure 9a—d, respectively.
The curves show that there is a jumping phenomenon in both systems. As the excitation
amplitude increases, the response gap between the two systems gradually increases, the
jumping frequency of the system CNDM is much higher, and the hysteresis zone is wider
in comparison with that of the system INDM. Therefore, when developing the discretized
governing equations of temporal modes under a certain degree of excitation amplitude,
we should not only consider the nonlinear terms in the vibration differential equations of
beams but also the nonlinear terms in the matching and boundary conditions. Ignoring
the nonlinear terms in the matching and boundary conditions may lead to relatively large
errors in the dynamic responses of the system.
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Figure 9. Frequency responses of the INDM and the CNDM at different excitation amplitudes:
(a) wp = 0.0008 m; (b) wy = 0.0006 m; (c) wy = 0.0004 m; (d) wy = 0.0002 m.

Figures 10-12 respectively show the steady-state responses of a system containing
second-order and third-order nonlinear terms, second-order nonlinear terms only, and
third-order nonlinear terms only, when the excitation frequency is near the first-order
natural frequency, where the response is the transverse vibration of the free end of Beam 2,
including time history of steady state, phase portrait, Poincare map, and spectrum response.
The Poincare map is a point composed of integer multiples of the excitation period in all
three pictures, which means that the vibration of the T-shaped beam structure reaches a
periodic stable state. In the spectrogram (d) of both Figures 10 and 11, peaks appear at zero,
one, two, and three times the fundamental frequency. In the spectrogram (d) of Figure 12,
peaks only appear at one and three times the fundamental frequency. It can be inferred that
the peaks at three times the fundamental frequency are caused by the second and third
nonlinear terms, while the peaks at zero and two times the fundamental frequency are
mainly caused by the second-order nonlinear terms in the system.
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Figure 10. Response of a system with second— and third—order nonlinear terms for the case of
wp = 0.0008 m, (2 = 32.34 rad/s: (a) Time history of steady state. (b) Phase portrait. (c) Poincare map.
(d) Spectrum response.
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7. Conclusions

A novel nonlinear dynamic modeling approach has been presented for the T-shaped
beam, in which all of the geometrical nonlinearities including the terms in the deformation
of the beams, in the stress compatibility condition at the connections of beams, and the
terms at the free ends are taken into account in the dynamic modeling process. The
nonlinear ordinary differential equations of motion describing the dynamic behaviors of
the T-shaped beam structure have been established, and a series of dynamic response
analyses have been performed. Considering the geometric nonlinearity of the beam, and
assuming that the beam is not extensible, the partial differential equations of motion of
the T-shaped beam structure are obtained by using the generalized Hamiltonian principle,
along with their nonlinear matching and boundary conditions. The global mode method
was employed to obtain the natural frequency of the system and the corresponding global
mode functions. The validity of the dynamic model obtained was verified by comparing
the natural frequencies obtained by the proposed approach with the calculation results of
FEM. The Galerkin truncation procedure was employed to obtain the nonlinear ordinary
differential equations of motion with a lower degree of freedom. To study the effect of the
nonlinear terms in the boundary and matching conditions on the dynamical responses,
the numerical solutions for the CNDM and the INDM were obtained, respectively, and
a comparison of the results was given. Conclusions drawn from the dynamic modeling
procedure and discussions on the nonlinear vibration responses are as follows:

1.  The dynamical responses are dominated by the low-order modes of the system. The
numerical example shows that the first 4 modes should be taken for simulation in the
calculations of the nonlinear vibration responses. In order to improve the calculation
efficiency, fewer modes should be selected for calculation. Moreover, the responses of
the nonlinear dynamic systems have a strong dependence on the excitation amplitude.

2. Ignoring the nonlinear terms in the matching and boundary conditions may reduce
the accuracy of the system. In CNDM, nonlinearity is continuous along the structure;
owing to the nonlinear terms of the vibration equations, boundary and matching
conditions are all reserved. Contrarily, there are breakpoints of nonlinearity at the
junction and boundaries in INDM, where the nonlinear terms of the boundary and
matching conditions are neglected, which may lead to unacceptable errors of the
dynamic responses. Therefore, when studying the nonlinear dynamic response of a
multi-beam structure, the nonlinear terms in the boundary and matching conditions
should be reserved and are indeed worthy of our attention.
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Appendix A
Entries of the matrix H(w) in Equation (32) are
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Hi1 = Hiz = Hp = Hu =1,

Hip = Hiy = Hy5 = Hig = Hiy = Hig = Hi9 = Hy10 = Hinn = Hiz =0,

Hy = Has = Hps = Hyg = Hay = Hps = Hyg = Hpip = Honn = Hop =0,

Hz1 = Hsp = Haz = Has = Hzo = H319 = H31n = H31p =0,

H3s = —cos(Bzl2), Hzg = —sin(Baly), Hs; = cosh(Bzlz), Hzg = sinh(Bzl2),

Hy = Hyp = Hy3 = Hyy = Hyo = Hyno = Han = Hap =0,

Hys = sin(Bala), Hag = —cos(Bala), Hay = sinh(Bzly), Hag = cosh(Bala),

Hsy = Hsp = Hs3 = Hsy = Hss = Hse = Hsy = Hsg =0,

Hsg = —cos(B3l3), Hs10 = —sin(Bals), Hs11 = cosh(Balz), Hs1o = sinh(Bsl3),
He1 = Hep = Hez = Hea = Hes = Hee = He7 = Hes = 0,

Heo = sin(B3l3), Hero = —cos(Bsl3), He11 = sinh(Bslz), He1o = cosh(Bsls),

H7 = Hy; = Hy3 = Hzs = Hye = Hzs = Hy9 = H710 = H711 = H712 =0,

Hyzs = Hy7 = Hgg = Hg11 = Hoe = Hog =1,

Hg1 = Hgy = Hgs = Hsa = Hgs = Hge = Hsy = Hgs = Hgio = Hg1o =0,

Ho1 = Hop = Ho3 = Hoy = Hos = Ho7 = Hog9 = Ho11 =0,

Hg10 = Ho1a = Hios = Hios = —1,

Hin = —sin(B1l1), Higp = cos(B1l1), Hips = sinh(B1l1), Hipa = cosh(B1lh),
Hios = Hio7 = Higo = Hi010 = Hion = Hioi2 =0,

Hyi01 = sin(B1hh) + P1(l2 + 13)cos(B1l1), Hi12 = —cos(B1lh) + B1 (I + I3)sin(B1l1),
Hiigs = sinh(B1lh) + B1(l2 + I3)cosh(B1l1), Hi1oa = cosh(B1lh) + B1(l2 + I3)sinh(B11),
Hi10s = Hi106 = Hi107 = Hi10s = H1100 = Hi110 = Hiin = Hiiz =0,

Hypo1 = —cos(B1l1), Hizoo = —sin(B1l1), Hizos = cosh(B1l1), Hizos = sinh(B1ly),
Hia0s = Hi209 = 1, H1206 = Hi208 = Hi210 = Hi212 = 0, Hi207 = Hio1n = —1.

Appendix B
The constants in Equation (39) are

) 3
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