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Abstract—The coupled nonlinear pitch-bending response of a free-free beam in a circular orbit,
when the beam is subjected to a periodic external excitation, is analysed. The nonlinearities present
in the differential equations of motion are due to deformation of the beam (i.e. curvature and inertia
nonlinearities) and to the gravity-gradient moments. Perturbation methods are used to analyse the
motion. Several resonant motions exhibited by the system ~re analysed in detail, namely, harmonic
resonances when the frequency of the external excitation, Q, is either near the natural frequency of
the flexural or of the pitch motion, and a superharmonic resonance when Q is near one half of the
natural frequency for the pitch motion. The latter two resonances are associated with very low
excitation frequencies.

INTRODUCTION

The nonlinear differential equations governing the coupled flexural-pitching motions of a
beam subjected to the gravity-gradient moments due to a central attracting massive body
were formulated by Crespo da Silva and Zaretzky (1993). The beam may also be subjected
to external forces other than those due to the gravity-gradient. The equations developed by
the authors (Crespo da Silva and Zaretzky, 1993) contain the effect of all the geometric
nonlinearities in the system. In order to be able to investigate the motion by analytical
techniques, the full nonlinear differential equations of motion were also expanded for
“moderate” motions to contain polynomial nonlinearities in terms of the dependent vari-
ables. For this, a circular orbit was considered in Crespo da Silva and Zaretzky (1993), and
all the nonlinearities up to third-order in a bookkeeping parameter ¢, which is introduced
only to keep track of orders of smallness, were retained in the resulting integro-partial
differential equations. Galerkin’s procedure was subsequently applied to the latter equations
using the eigenmodes for the orbiting beam as the basis for the modal reduction.

In this paper, the coupled nonlinear flexural-pitching motions of a free-free beam in
circular orbit are investigated. For this, eqns (38) and (40) in Crespo da Silva and Zaretzky
(1993) are used for the analysis. As indicated above, the O(e®) nonlinearities contained in
those equations include those due to deformation of the beam, which consist of inertia and
curvature nonlinearities. A uniform beam with constant distributed properties along its
span is considered in the present analysis.

ANALYSIS OF THE MOTION

The system considered here consists of a free-free homogeneous beam of length L and
constant specific mass m Kg m™', and stiffness D; N m?, whose center of mass C is in a
circular orbit around a center of attraction E. As shown in Fig. 1, the motion is described
in terms of the elastic deformation v(s, #) (normalized by the length of the beam) and of
the pitch angle 6(r) between the “local vertical” and a principal axis of the deformed beam.
The quantities s and ¢ are, respectively, arc-length along the beam, normalized by L, and
normalized time. The variables and nomenclature used here are the same as those used by
Crespo da Silva and Zaretzky (1993). Let the beam be subjected to a distributed periodic
force F,(s, ) = E,(s) cos (Q¢) applied along the # direction shown in Fig. 1. With v(s, 1)
approximated as v(s, f) = F(s)v,(#), and dots used to denote differentiation with respect to
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Fig. 1. Free-free beam in circular orbit.

normalized time ¢, the O(¢*) normalized differential equations of motion, obtained directly
from eqns (38) and (40) in Crespo da Silva and Zaretzky (1993), are

¥+ ct, + 0’0, + (B, — 1) Qo + ) v, — 302 (B, + 1)8%0,
+B20,(07) + B30} = f, cos QD) + v} f,, cos (Q), (1)

0+ 3020 —2020° — 128, [0 (0 + 30260) + (. + 6) 03) ]+ 12[(w. + 6)02]
—36wlv/0 = f;cos (Q) + 0l fy, cos Q).  (2)

The full nonlinear differential equations of motion were expanded so that perturbation
methods can be used to analyse the motion. In eqns (1) and (2), ¢ is a structural damping
coefficient, normalized by L?/,/mD;, w is the undamped natural frequency for the flexural
motion and w, is the angular speed of the circular orbit of the beam’s mass center, both
normalized by the quantity L*,/m/D,. The quantities 8, 8, and B; are Galerkin coefficients
defined in Crespo da Silva and Zaretzky (1993). The eigenfunction F(s) and the natural
frequency w are obtained numerically by solving the following differential equation iteratively
(Crespo da Silva et al., 1991) with the boundary condition F"(0) = F”(0) = F'(1) = F"(1) = 0:

F" — 0’ F+30?[(s* ~s)F) = 0. (3)

The values of the constants w, B, 8, and B, for the first mode, are given in Table 1
for several values of w,. Note that for 0 < w, < 1 the values of the constants shown are
within 1% of their values for the limiting case w, = 0 (which corresponds to a free-free
beam that is not in orbit, as found in classical structural mechanics textbooks). These
numerical values are used later in this paper to generate a number of results to illustrate
the coupled flexural-pitching motion of the orbiting beam. It is of interest to notice that for
a 100 m long aluminum hollow rectangular (or circular) beam with smalil wall thickness and
with E=73x10° Nm~2% p =277 g cm* (AL2024-T4) and cross-sectional dimensions of
29 x 29 cm (or 29 cm in diameter for the hollow circular cross-section) one obtains w, ~ 0.02
for a shallow Earth orbit whose orbital period is approximately 86.4 min. The value of w,
becomes 100 times larger if the beam’s length is increased to 1000 m. As indicated in Table

Table 1. Values of w, §,, B, and B; for the first mode of a beam in
circular orbit

W w B B2 B
0 22.373 3.0498 61.2 20,581
0.02 22.373 3.0498 61.2 20,581
1 22.577 3.0496 61.2 20,689

27.03 3.0463 61.208 23,306
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1, for small values of ., the values obtained for w and for the constants f,, f; and B, are
essentially the same as those for the nonorbiting beam.

The quantities f,, f.,, fo and fg, that appear in eqns (1) and (2) are defined by eqns
(4a—d) given below. The quantity K,(s) that appears in eqn (4d) is defined as

K,(s) = [Jl F’zds—J1 sF? ds:|/2:
5 0

f= f FOE(9)ds, (¢a)
fon = f ' F [F"(s) f FOEds+ 3 FOE, (s)]ds, )
fo=12 f - hE,()ds 40
fon =12 f (Ko + FOF ()~ Mo — DF 61y (6) . @)

Table 2 shows the corresponding values of f,, f,,, fo and fj, for several illustrative functions
E,(s), with F(s) equal to the eigenfunction for the first bending mode and 0 < w, < 1. All
the values equal to 0 or 1 in that table were calculated analytically while the other values
were determined by evaluating eqns (4a—d) numerically.

Equations (1) and (2) exhibit a number of resonance conditions involving the natural
frequencies w and wy = \/ch, and the frequency Q of the external excitation. These include
the internal resonances wy ~ @ and w, &~ 2. However, as indicated in Crespo da Silva and
Zaretzky (1993), and illustrated in Table 1, these internal resonances are not physically
possible due to the fact that @ > wy, Here, the harmonic nonlinear resonant responses when
the frequency of the external excitation, Q, is either near w or near wy, and the superharmonic
resonance where Q is near wg/2, are investigated in detail.

To analyse the coupled motions governed by eqns (1) and (2), we introduce an arbitrary
small parameter ¢ that is only used to keep track of the different orders of approximation.
An approximate solution to the equations of motion is sought in terms of a power series
in &. The method of multiple time scales (Nayfeh and Mook, 1989) will be used to generate
solutions that are valid for arbitrarily large values of time. For the O(e®) differential
equations, the time scales ¢, = ¢, ¢, = etand ¢, = ¢’ are needed. The generalized coordinates
v,(?) and 6(¢) are expressed as

v,(to, 11, 125 8) = &0, (Lo, 11, 12) + €702 (b, 215 12) +E3 0,3 (L0, 21, t2) + 7, (5a)
0(to, 11, 135 8) = &0, (Lo, 11, 15) +€°05 (2o, 1), 1) + 8305 (tg, 81, 15) ++ (5b)

and the structural damping coefficient ¢ is treated as a small quantity and transferred out
of the O(g) equation by letting

Table 2. Values of f,, £, f; and f;, for 0 < w, < 1 and o for the first bending

mode
E,(s) f o fe on
F(s) 1 44.96 0 6.07x10"" =0
1 0 —54.34 0 ~0
s—13 0 —-12.3 1 -379
s—P? —0.07427 —17.87 0 ~0
52 —0.07427 —33.76 1 -379
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c=¢c,. (5¢)

From the chain rule of differentiation, the time derivatives in eqns (1) and (2) are
transformed as d()/ds = (do+ed,+&*d,+---)(). and d*()/ds* = (di+2ed,d, +*(d}+
2dydy)+--)( ), where d} () = 0"()/aét!.

In order to analyse the different resonant motions without losing the effect of the
parametric excitation terms that appear on the right-hand sides of eqns (1) and (2), the
quantities f;, f,,. fo and fp, will be treated as if they were independent of each other. For
the primary resonance when the frequency of the external excitation, €, is near the natural
frequency o, for example, the excitation f, cos (Q) is taken out of the O(g) approximation
by letting f, = &°f,; while all the other excitation terms are treated as O(g) in the analysis
of this case.

SUPERHARMONIC RESONANCE WITH Q NEAR N/f_’;a)C/Z

Since the excitation frequency in this case is away from both @ and \/ 3w, the forcing
functions £, cos (Q¢) and f; cos (Qr) in eqns (1) and (2) do not yield secular terms at O(e)
and, therefore, are treated as O(¢) quantities in the perturbation analysis. For this case we
then write

f;zsvla ﬁ?zsj:‘)l’ ﬁ)nzsf;;nl’ fﬂr]:a.ﬁ)nl- (6)

By substituting eqns (5a—) and (6) into the differential equations of motion, eqns (1) and
(2), the following linear uncoupled partial differential equations are obtained at each level
of approximation :

0(9)
djv, + v, = f, cos (Qt,), (7a)
di6, +3wl6, = fy, cos(Qty); (7b)

O(e?)
ddv,+ w0, = —2dodv,, — 20 (B, — v, dob, (8a)
d20,+3w20, = —2d,d, 0, + 1202(B, — 1) do (W) ; (8b)

o)

d2v,; + 00,y = —div, —2dedyv, —2dod v, — s dov, — Bav))
— 2w, — D, (de0,+d,0,)+v,,de0,]— (B — Do, (def,)?
+302(B) + Do, 03 — v,y dF(0F) + 0l fry1 cOs (),  (92)
d20;+3w20, = —di6,—2d,d,0,—2d,d,0,+ 120.(, — DI, (w3) +2do(v,0,2)]
120203 + 128, [v2 (430, + 3020 )+ (do8)) dovi]
—12dy (v} d8)) + 360076, +vf fom1 cOs (Q20).  (9b)

The solution to the O(¢) differential equations is given by eqns (10a, b) below:

Uil = Av(tla tz) COS ¢v+ bzﬂlgz COSQIO’ d)v = wt0+BL‘(tl’ T2)~ (loa)

91 = Ag(t], lz) COS ¢)9+ 'égéi—gz‘icosgto, d)g = \/ga)ct0+B3(t;, tz). (lOb)

After substituting the above solutions into eqns (8a,b), and defining a detuning &g,
and a quantity y(¢,, f) as
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Q= ‘/z‘”‘(usa,), (11a)
(8, 1) = \/gwcalfl'—Bo(fl,fz), (11b)

the following conditions for elimination of secular terms [eqns (12a, b, c)] and particular
solutions for v,, and 6, [eqns (13a, b)] are obtained at the O(¢?) level:

d,4,=d,B,=0, (I2a)

2

2./30.d, 45+ 1201 - ﬂ)—Q—z)zcosy 0, (12b)
ZﬁwcAo(\/gwca.—d,y)+l2wc(l ﬂ) f;lzz)zsmy 0, (12¢)
_ sin(po+d0) __ sin($,—y) }

va = /31~ Do, Ao{ ot Sy 5w S

(1 — N4, fo {sin (¢, +Qt) _sin (dn—Qto)}
YT R0mn ol -Qte) ol—@Q-)

f 3(8, — w24, { Sin (G +Qt0) | _sin ($y— o) }
w?—-Q? (1)2——(\/§cz)c-+-ﬂ)2 wz—(\/ga)c—ﬂ)2

B = Dolfofor ooy (13a)

(@ —Q) (Gl -0%)

poa J@AS2e | fisin @+t fusin (9, ~Qt) }
"3wl-40® " (@-QBw!—(0+Q)?  (@+QBel—(0—Q)7
(13b)

0, =120w.(1-

At the O(c?) level, we now find that one of the conditions for elimination of the secular
terms is obtained as

2d,4,+c,A4, = 0. (14)

Therefore, the first of eqns (12) and (14) disclose that the equilibrium solution for the
bending motion corresponds to A, = 0 and that this equilibrium is asymptotically stable.
Thus, except for small higher harmonics, the bending motion is essentially given by the
linear solution with an amplitude proportional to the excitation strength ¢f,, as indicated
by eqn (10a). For convenience in presentation, we will set A, = 0in the additional conditions
for elimination of secular terms at the O(e?) level. Such conditions are obtained as shown
in eqns (15a, b) below:

2./30,d, 49 +2(d, 4)(\/300.6, —d,y) — 4o d}y = 0, (15a)

A 16(f4 Y}
24530, dyy+d3 A — Ag(d ) — 346 c[; +8_l_<w_92|)]

, 36

- - 2 =
w, (w2_92)2{1+ah:(1 [ _(\/-w +Q)2 o _(\/_w Q) :I}fleo 0

—

~1.4x10" ‘(oswcsl) 9.5%x 10" *(w, = 5)

(15b)
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By corpbining eqns (12) and (15), the following ordinary differential equations are
finally obtained for the amplitude 4, and phase y of the O(¢) solution for the pitch motion:

. £ &0,
Ay =¢ed Ag+e’ddy+- - = l ( >f,,|cos,, (16a)

2\/—60C
2\/§(z)cAgy/a)C =6ea,A9+£al<l—%> 2 siny4¢&° {3A9[ + — 81 (fg])]«f—azAgf”},

(16b)

where

L, 12000 6(1-p)
' (000, (0P -30F4)7

(17a)

o =—-L{1+w2(l—ﬁ )2[ : + : ]} (17b)
2 (wZ_QZ)z c 1 w2_(\/§w0+9)2 wZ_(\/gwc_Q)z . )

In eqns (17a,b), Q ~ ﬁwc/z For the first bending mode, one obtains o, ~ —8.2x 107°
and o, ~ 1.4x107* when 0 < w. < 1, and o,  —4.2x107° and «, ~ 9.5x 10~° when
o, = 5. The value of a; is also indicated in eqn (15b). The following amplitude-frequency
relationship for the steady-state motion (i.e. A, = constant £ A, and y = con-
stant £ y, = n/2 and —7/2) is readily obtained from eqns (16a,b):

o, (1~ 3¢0,)(ef,1)* 16 ( fo _
6ea, + ed, |:2A0e 27( ) a2f31:|_0- (18)

The amplitude—frequency relationship that characterizes the superharmonic pitch
motion is shown in Fig. 2 for 0 < @, < 1, ¢f,,,/(0?*— Q% = 0.02 (x 10/22.373%) and the two
values of ¢fy,/w? indicated in that figure.

As indicated by eqns (10b) and (11a,b), the pitch motion for this case consists of an
oscillation with amplitude equal to 4efy,/(9w?), and frequency Q, superimposed on an
oscillation with amplitude &4, and frequency equal to 2Q. The amplitude ¢4, of the
component with frequency 2Q depends on the nonlinearities and is determined by eqn (18).

0.4
stable
- ——— unstable

0.3

< 0.2 f_fg =03
mc
0.1 —/
U 0 T DL T
-0.06 -0.04 -0.02 0.00 0.02
20
O

Fig. 2. Amplitude-frequency pitch response for Q near \/ 3w,/2, with 0 € @, € | (w =~ 22.373) and
e/ (w? —3wl/4) = 0.02 (~10/22.373%).
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6(0) = 0.13,6(0) = 0.28w, k=03

o] (-] 12 18 24

o(0) = 6(0) =0 k=0

-0.2 4

-0.4 —T T '
(o} 12 24 38 48

w,t/{(2 1) = number of orbits

Fig. 3. Numerical mtegrauon of eqns (1) and (2) for Q near wa/Z with w, = 0.02 (w = 22.373),
g0, = —0.01, £%c, = 0.1, v,(0) = 0.02, 5,(0) = 0, and E, = 10F(s) +kwl(s—1/2).

The component with frequency Q is zero for excitations with f; = 0. Figure 3 shows the
undamped pitch motion obtained from the numerical integration of eqns (1) and (2) for
o, =0.02 (w=22.373), ¢’c; =0.1, ¢o, = —0.01 and the excitation parameters cor-
responding to E,(s) = 10F(s) + kwl(s—1/2) so that f, = 10, f; = kw?, f,,= 449.6—12.3
kw? and f, = —37.9kw? (see Table 2). The response for o, = 1 (w = 22.577) is virtually
the same as that shown in Fig. 3, which was generated with o, = 0.02. The initial conditions
for v,(¢) used in the numerical integration were v,(0) = 0.03 and v,(0) = 0, which were
chosen to correspond to the O(¢) part of ¢,(r) given by eqn (10a) with 4, = 0. The upper
part of Fig. 3 was obtained with k = f3/w? = 0.3, and the initial conditions 8(0) = 0.13 and
6(0) = 0.28cw, (which correspond to point P, in Fig. 2). This undamped response just
illustrates the superposition of the two frequency components in 8,(f) given by eqn (10b).
The lower portion of Fig. 3 was obtained with f; = ¢f;) = 0 and the initial conditions
6(0) = 6(0) = 0 (which do not correspond to the steady-state response represented by point
P, in Fig. 3). The slow modulation exhibited by that response is a result of the pitch motion
being undamped and being started with initial conditions that do not correspond to the
steady-state value of ¢4, determined from eqn (18) (and represented by the curve for
&fyy = 0in Fig. 3). The pltch motion displayed in the lower portion of Fig. 3 repeats itself
as time increases. Its amplitude, 4,4, and phase y, are governed by the differential equations
(16a) and (16b). If the system had pitch damping, the pitch motion started with the initial
conditions given above would have been, for f; = 0, a steady motion whose amplitude
would correspond to point P, in Fig. 3. As for the steady-state bending motion, except
for the small higher harmonics, it consists of an oscillation of amplitude
&fo1/[(w? —3w?2/4) = 0.02 and frequency Q.

PRIMARY RESONANCE WITH Q NEAR o

To analyse this case we let

f;=83ﬂ'3a f;?=8f81, fm]=8f;wls ﬁﬂ=6f9q|' (19)

The solutions to the O(e) differential equations for this case are obtained as v,, = A,(t,, t,)
cos [wty+ B,(1), t,)] & A,cos ¢,, and 8, as shown in eqn (10b) with Q = w in that equation.
The conditions for elimination of secular terms at the O(¢?) level now become :
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dla = 0 o = 0((1‘2), o= Avs Bvs Ag, Bg. (20)

The solutions for v, and 6, are now obtained as shown in eqns (21a, b) given below. For
later convenience, the homogeneous solution is included in the expression for 6, in order
to transfer the initial conditions for the pitch motion to the O(g) approximation, thus
making 0,(t = 0) = 6,(t =0) = 0:

sin (d)v + ¢9) + sin (¢t7 - ¢9)]
20430, 20- V3w,
far [sin (¢, + Q1)

T 0@’ —30d) 3

U, = (1 _ﬁl)wcAv{Aﬂ[

+sin (¢L,—Qt0)]}, (21a)
6, = K[A42(,) sin (2¢,) + Ccos ¢y). (21b)

In eqn (21b), K = 12(B, — 1)w.w/(4w*—3w?) and Cis a constant. For 0 < w, < 1 one
obtains K =~ 0.274w, for the first mode.

To express the nearness of the excitation frequency to the bending natural frequency,
a detuning parameter £%, is now introduced as

Q = o(1+¢%0,). (22)

Substitution of the solution to the O(g) and O(e?) equations into the O(¢’) differential
equations, eqns (9a, b), yields a number of terms with frequencies (“‘measured” in the time
scale #y) equal to the natural frequencies of the system. In order to obtain a solution that
is uniformly valid as ¢ — oo, the coefficients of such resonant terms are equated to zero.
This yields four differential equations for the variables A4,(t,), B,(f;), Ao(t;) and By(t,).
By defining a quantity y,(z,) as

'yv(IZ) = Q)thz—Bv(t2) (23)
the following conditions for elimination of secular terms are obtained from eqns (9a,b) :

CU(2 dZAv + CZAU) - [f;:; + %f;)r,lsz] Sin Yo

—Do? 1+ Dol :
- (w2_13w2)2|:(ﬂ e 3t Do —(ﬁ.—l)zwf] Afhisin2y, =0, (24a)

& J
Y
00010 < w. < 1), 8.04x10"%w, = 5)

ZwAv(wav - dz'))v) + [ﬂv3 + %f;n 1 sz] COS Y,

2021 —))*? 24w20*(1—B))?
+3wc2[1+_w( ) :|AUA92+|:52602“%[}3—M( B Al

40’ -3¢ 40* —3w?

1 [(/},—l)a)2+3(ﬂ1+l)wc2 —(ﬁ1~1)2w3] A, f3 cos 27,

(w?—3w?)? 4
\ ~ J
0.0010 < . < 1), 8.04x 10 %(ea, = 5)
1 —Dw?* =3B, +Dw? 2(B,— 1wl
. (w2_3w2)2 [(ﬂl Yo . B, ) . B, . ) Avfozl =0, (24b)
% ¢ J

.
0.00200 < w, < 1), 0.0013(e = 5)

d,4y =0 .. Ay = constant, (24¢)
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2w3(1—ﬁ1)2] P

40’ =3w? |7 " (0*—3w?)?

The value of 4, is determined by the initial conditions of the motion.

From the chain rule of differentiation, the time derivative of the quantities 4,, y,, 4,
and B, are obtained as a4 = da/dt = ¢ d,a+¢> dya+--- =& dya+- - (o = A, V,, Ag, By).
Since these quantities do not depend on the time scale ¢, the differential equations for them
are of the same form as eqns (24a—d). Those differential equations admit the equilibrium
solution A4, = constant £ A,, and y, = constant £ y,.. An equilibrium solution to eqns
(24a, b) corresponds to a steady-state periodic solution for the bending motion v,,(#). Since
the terms that are proportional to £, in those equations are each multiplied by a very small
coefficient, their contribution to the equilibrium solution is very small. If it were not for the
small effect of the parametric excitation term in eqns (24a,b), i.e. the terms proportional
to f,,1 4., those equations could also have been obtained by a simpler perturbation analysis
by letting E, = O(¢®) (i.e. with f, = &’f,; and f; = €’fy5). The small effect of the parametric
excitation would have been lost in such analysis.

The amplitude-frequency relationship for the steady-state bending response of the
beam is obtained by solving eqns (24a,b) numerically. If f,,, 4.2/4 « f,, the amplitude—
frequency relationship for the harmonic response when Q is near w is essentially given as
shown in eqn (25) below:

20¢(1-$,)°
2 2 2 3 2 1 < A2
(wc2) +{ w O'v+ wc + 4(02—30)3 8
L v J
30 < 0, < 1), 80.53(w, = 5)

24w2w*(1—B))? 2 ([}
+ [ﬂzwz—%ﬂz—”ﬁ] szc} z(A—> (25)
u J

-
H15x1040 < 0. € 1), 26,506(c, = 5)

The values of the coefficients of 47 and A4,% for the first mode, are indicated in eqn (25).
Since the value of the coefficient of 4,2 is much higher than that for the coefficient of 42,
the amplitude—frequency response for the directly excited bending motion is essentially the
same as the classical response of a Duffing oscillator with a softening nonlinearity. The
small f,,, 4% and A4, f3, terms in eqns (24a, b) cause a small change in the response given
by eqn (25) for the higher values of 4,.. Figure 4 shows the amplitude-frequency dependence
for the bending response for e’c;, = 0.05, w, = 1, @ = 22.577, and the two values of ¢,
indicated in the figure. The result shown in Fig. 4 was obtained by solving eqns (24a) and
(24b) numerically with 4, = 4,. and y = y.. The amplitude-frequency response curves for
0 < o, <1 are essentially indistinguishable from those shown in Fig. 4, while those for

0.048 =
stable
- — -~ unstable

0.036

EA
ve
0.024
0.012

0

-0.04 -0.03 -0.02 -0.00 0.00 0.1 002
£0,= —'QE,- -1

Fig. 4. Amplitude—frequency bending response for Q near o, with w,=1w=22577(cr0<w < 1)

and g%c, = 0.05.

SAS 30:17-C
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higher values of w, are similar to those shown in that figure. The maximum amplitude of
the bending response determined from eqn (25) is equal to &%,3/(we’c,). The value of the
maximum amplitude (and, thus, of the frequency where the jump phenomenon occurs) is
slightly affected by the small terms discussed above. By decreasing the value of the strength
of the excitation, &%,;, one can “shrink” the plots shown in that figure and eventually
eliminate the jump phenomenon so that the response more closely resembles the linear
response. The points marked with a cross in that figure represent the result of the numerical
integration of eqns (1) and (2) with the values of f,, f,, and f;, corresponding to
E,(s) = 0.12F(s) (see Table 2).

The steady-state v-motion for the case considered in this section is essentially an
oscillation with frequency Q given as v = gA, cos (Qt—7,.) + O(e?), with A,. determined
from eqns (24a,b), or from Fig. 4 for the values of the parameters shown in that figure. In
contrast, the undamped 8-motion depends on initial conditions and on the v-motion. After
the v-motion reaches its steady state, the 8-motion is given as

0 = edgcos ¢y + K[(e4,.)* sin 2(Qt —7,.) +£2C cos ¢y] + O(e?). (26)

with ¢y = w¥t+ By, where By, is a constant and the frequency w¥is determined as

o (e4,)’ 2020-)7] @) |
Cl);f = \/30),:{1 - 4 —6|:1 + azj*w:*](&A,‘c) — 2*(&*)5*',50):2)2}4' 0(82). (27)

The O(e?) part of the pitch motion given by eqn (26) consists of a component with
frequency 2Q, whose amplitude is proportional to the square of the amplitude of the steady-
state bending motion, and a component with frequency w$, whose amplitude is equal to
¢*C. By imposing the condition 8,(0) = #,(0) = 0, the constant ¢>C is obtained as

s o (205 (o N[ (YT
€ e 2 0)

where v, = 1,(0) and &, = v,(0). Thus, the pitch motion depends not only on the steady-
state amplitude of the bending motion, but also on the initial conditions for the bending
and pitch motions of the beam. For the special case when 4, = 0, for example, which
corresponds to 8(0) = 6(0) = 0, the resulting pitch motion depends on the bending motion
only. If, in addition to having 4, = 0, the bending motion is started with ¢,(0) = 0, the
resulting pitch motion is given as

2 s )
() = K|:(5Al,e)2 sin 2Q¢ — \/;w— &*v7,(0) sin w;‘t] +0(Y).
3w,

For the cases when 2wov?(0)/ (\ﬁwc) > (e4,.)?, the steady-state pitch motion consists essen-
tially of an oscillation of frequency w# whose amplitude is proportional to the square of
the initial amplitude of the fast-oscillating flexural motion. For such cases, the amplitude
of the steady-state pitch motion corresponding to the first bending mode is approximately
equal to 2va§/(\/§wc) ~ 7.1% when 0 < w, < 1. Numerical integration of eqns (1) and
(2) confirmed these results. The resulting bending motion for this case is essentially a
sinusoid as described above. As v,(0) approaches zero, the O(¢?) component in eqn (26),
with frequency 2Q, and the higher order components, start to affect the very small resulting
motion, which will then consist of a high frequency oscillation with frequency 2€2 whose
amplitude is modulated by lower frequency higher order components.
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PRIMARY RESONANCE WITH Q NEAR \/Ewc

The motion for this case is analysed by letting

f9 = 83f03’ f;) = sf;h f;n = sf;mla ﬁ’n = sﬁhph (29)

and the solution to the O(¢) differential equations are now obtained as shown in egns
(30a,b):

v = A,(t, t2) cos[wte+ B, (11, )]+ ﬁccsﬂto 4 4,cosp,+K,cosQt,,  (30a)

0, = Ay(t), t;) cos [\/gwctl)"'Bo(tl; 1;)] & A, cos ¢ (30b)

The conditions for elimination of secular terms in this case are the same as in eqn (20) and
the solution to the O(g?) differential equations are the same as in eqn (13a) and (13b), with
o1 = 0 in those equations.

At the O(g%) level, we also find that one of the conditions for elimination of the secular
terms is obtained as

2d2A,)+C2A,, =0. (31)
Thus, as in the superharmonic resonance with Q near \/ch/2, A,— 0 as t - o0, and the
O(g) solution for the bending motion consists only of the particular solution due to the

external excitation.
By expressing the nearness of Q to \/gwc as

Q = /3w.(1+2%) (32)

and by defining a quantity y,(¢,) as

Vo(t2) = /30,001, — By(t2) (33)

the conditions for elimination of secular terms in the O(¢’) differential equations are
obtained as shown in eqns (34a, b) below:

2./30, dydp—aydyf 2 8in 295 — [ fos + s foy1 f2] siny = 0, (34a)
2./345(\/30.00— d76) [0, + 343 + [a3 + 4 €08 2p5) Ao £ 2,
+H{(fos+asfon fL)/wE]cosyy =0, (34b)

where
36 1 1
o3 =m{l+wg(ﬁl-l)2[m+?:l}, (35a)
18 2038, —1)?
0y = (CD2 —3(03)2 I:ﬂl - w12 s (35b)
3

* = 4300 (359)

For the first mode one obtains a; ~ 1.43 %1074, a, ~ 2.19x10* and a5~ 2.92x10~¢
when 0 < w. <1, and ¢; =1.167x107*, a, = 1.16 x 10™* and a; = 1.753 x 10~° when
w, = 5.

Equations (34a,b) admit the following equihbrium solutions, which correspond to
Ay = constant & 4, and y, = constant 2 y,,.
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0.4

stable
~~—— unstable

€A, 0.2

Geo

Fig. 5. Amplitude—frequency pitch response for Q near \/ iwc, with @, =1 (or 0 € w, < 1),
w = 22.577, f, = 15, and several values of /£ (fy+a;f2f;) /0l

Equilibrium E |
sinyg, =0 .. cosyg = +1, (36a)
oy = —dag— DL py g St o] b (36b)

Equilibrium E,
COS Yge = — Aloe I:ZOCJ?}.?I + 2—0;54— fg,,.], (37a)
0y = — 3¢+ =2 fh (370)

The pitch amplitude—frequency response curves for the equilibrium solutions £, and
E, given by eqns (36b) and (37b) are shown in Fig. 5 for . = 1, @ = 22.577 (first bending
mode), f, = 15 and several values of the parameter f £ (fy+asf2fy,)/w?. The stable and
unstable parts of the responses are identified in that figure. Equilibrium E, exists only in
the region where the values of |cosy,|, determined from eqn (37a), are not greater than
unity. The region where E, does not exist is indicated by a dotted line in Fig. 5 when
f=0.03. For f = 0.015, for example, E, does not exist when ¢4, < 0.16 (which corresponds
to the intersection of one of the curves for equilibrium E; for f = 0.015 with the E, curve
shown in Fig. 5). In Fig. 6 the steady-state amplitude of the pitch response for E, and E,
is shown plotted versus the parameter f, for f = 0.02 and several values of the frequency
detuning £%g,. The dotted line indicates the region where equilibrium E, does not exist. As

0.3

stable
- ——— unstable

£%20,=0

- 1
o 10 20 30 0
f

v

Fig. 6. Steady-state pitch amplitude versus f, for Q near \/ gwc, with o, = 1, o =22.577 (or
0 < o, < 1), f = 0.02 and several values of &%0,.
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shown in Fig. 6, the steady-state pitch response is given by equilibrium E, for the smaller
values of f,. As f, is increased, one reaches a critical value of f, above which E; becomes
unstable and the response is then determined by eqn (37b) for equilibrium E,. Along the
curve marked E, the pitch response is insensitive to the excitation parameter f; that appears
on the right-hand side of eqn (2).

The steady-state pitch amplitude—frequency response characteristics for equilibrium
E, shown in Fig. 5 are essentially the same as those for an undamped Duffing oscillator
with a softening nonlinearity while the steady-state response for equilibrium E,, which
is independent of the excitation parameters appearing in eqn (2), is characteristic of a
parametrically excited Duffing oscillator.

In order to further investigate the effect any bending motion has on pitch, consider the
special case when the excitation distribution E,(s) is such as to yield f; = 0 and that fj, is
also nearly zero. In this case, the differential equations for 4, and 7,, obtained from eqns
(34a,b), may be written as follows :

J3(A8) [0, = g0, ¢ £} sin 2y, (38a)
2\/§A9'}39/G)c = 82A0[60'g + %Agz + (a3 + 04 COS 2'}’0)_[,,21] (38b)

By multiplying eqn (38a) by the expression given by the right-hand side of eqn (38b),
and eqn (38b) by the right-hand side of eqn (38a), the following integral of motion is readily
obtained from the resulting differential equation:

347209+ 14D +f 2 (a3 + s c08 29,) A7 = constant & H. 39

By solving eqn (39) for cos 2y, the following differential equation governing the amplitude
Aj for the first order approximation for the pitch motion is readily obtained :

. HIA} =32 A2/4 2
\/E(Aoz)/wc = +¢? vzlez\/a%_[ /45 (209+ o )—“3] 4 +¥f AP 9(AF).
vl
(40)

The integral of the motion for eqn (40), given by eqn (39), provides the condition
under which energy is exchanged between the bending and pitch motions of the beam when
the only excitation is the term £, cos (Q¢) in eqn (1). The nonlinear phenomenon represented
by eqn (40) occurs when g(4¢) >0, and the extremum values of A, correspond to
9(A4¢) = 0. Of special interest is the case for which the pitch motion is started with very
small initial conditions 6(0) and #(0) so that H ~ 0. For this case the function 9(4d)
reduces to

9
9(Af) = Tf‘,(A"%‘“ —A$)(AG—Ak)), (41a)
where
(o, +as) f2
Ay = B0 _ g, @1b)
d(ay—ay) f?
Al = —(—“—?’—)& —80, 2 47 . (41¢)

The quantities 4, and 44, are the roots of the polynomial g(42). The root 42, becomes
zero when oy = a4, while the root 4¢,, is zero when o, = 0,, where
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Fig. 7. Phase plane trajectory associated with egn (40).

og+oy) f2
o0 = (A = 0) = — E 20 (422)
oy —a3) f2
o2 = Gg(Agy = 0) = (—TL (42b)

With both a; and a, greater than zero, and a, > 3, it follows that ¢y, < 0 and g4, > 0.
When &%y, < &%04 < £%04,, the function g(44’) is positive and, therefore, the amplitude of
the pitch motion 6(7) ~ &0,(f) grows to a large value which is equal to ¢4, . As disclosed
by eqn (41c), the maximum value ¢4y, of the pitch motion in this region of resonance is
independent of the initial conditions in pitch. This is illustrated by the phase plane trajectory
associated with eqn (40), shown in Fig. 7.

The maximum amplitude of the resonant pitch motion can be readily determined by
making use of Fig. 8, for which 0 < o, < 1. Each straight line corresponding to a particular
value of £, in that figure is given by eqn (41c¢). For a given value of f;, the upper bound for the
frequency detuning for a resonant motion to occur, 204, is determined by the intersection of
the corresponding straight line .# with the £%g, axis. The lower bound &%ay, for the detuning
g%64 is determined by the intersection of line % with the straight line A,fmm
(65 = 65)) = — 160,/(1 +a3/a,). The lower boundary of the resonant region in the space
¢’d,__, £%0,) is indicated by the dashed line in Fig. 8. The region of resonance in the space
(f2, £%ay) is shown in Fig. 9 for 0 < w, < 1. Figure 10 shows the pitch motion obtained by

(€Armad)”

-0.02 ~0.01 0 0.01
2

“%= e

Fig. 8. (ed,_)? versus ¢°c, for Q near \/gwc, with w, = 1 and © = 22.577 (or 0 € &, < 1).

-1
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300
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100 ~
0 T T 1
-0.015 -0.010 -0.005 0 0.005
£%0, = 2 _4
V3 w.

Fig. 9. The region of resonance in the (f2, ¢’a,) parameter space for the first bending mode and
for0<w. < 1.

numerical integration of eqns (1) and (2) with 1,(0) = 5,(0) = 6(0) = 0, 6(0) = 0.05,
. = 0.02, w = 22.373 and E,(s) = 20F(s) (the values of the excitation parameters can be
obtained from those listed in Table 2). The steady-state bending motion is essentially
sinusoidal with amplitude equal to f,/(w*—3w?) ~ 0.04, as predicted by eqn (30a) with
A, = 0. The motion depicted in the upper part of the figure shows a resonant motion for
which g26, = —0.005. For this case, if (0) is reduced, the envelope of the pitch motion still
reaches the same peak value 0., ~ 0.28, although it takes longer to reach that value. The
lower part of Fig. 10 shows the pitch motion for e’6, = —0.03, which is a value outside the
region of resonance. Such motion is now dependent on the pitch initial conditions. This is
confirmed by numerical integration of eqns (1) and (2). The maximum amplitude of the
resonant pitch motion shown in the upper part of Fig. 10 corresponds to the point marked
P in Fig. 8. The other points marked in Fig. 8 show the result of the numerical integration
of eqns (1) and (2). These figures clearly disclose the excellent agreement with the results
predicted by the analysis presented in this paper. The half period of the envelope of the
resonant pitch motion shown in Fig. 10 may also be estimated by integrating eqn (40).

SUMMARY
The nonlinear differential equations of motion formulated by the authors (Crespo da

Silva and Zaretzky, 1993) and expanded to contain up to third order polynomial non-

0.30

2o = —0.005

0.16 1

-0.16

-0.30

-0.06

-0.124 . ,

w,t/(27) = number of orbits

Fig.ZIO. Numerical integration of eqns (1) and (2) for Q near ﬁwc, with o, = 0.02 (w = 22.373),
g'cy = 0.1, v,(0) = 0, 5,(0) = 0, 8(0) = 0.05, §(0) = 0, £, = 20, f, = 0, S =899.2and f;, = 0.
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linearities have been applied to study the resonant coupled planar flexural-pitching motions
of a beam in circular orbit about a massive central attracting body. The nonlinearities in
the equations are due to nonlinear curvature and inertial effects, coupling between the
bending and pitch motions, and contributions from the gravity gradient moment.

Three types of resonances have been considered. For the superharmonic pitch res-
onance it was found that the first approximation for the pitch response consists of two
harmonic components, with the amplitude of one of the components being affected by the
nonlinearities. For the primary bending resonance it was determined that while the ampli-
tude-frequency response of the bending motion is characteristic of a classical Duffing
oscillator, the pitch component of the response consists of a low frequency oscillation whose
amplitude is dependent on initial conditions and a higher frequency component whose
amplitude is dependent on the steady-state bending amplitude. For the primary pitch
resonance the pitch response was shown to exhibit characteristics of a Duffing oscillator
with a softening nonlinearity and a parametrically excited Duffing oscillator. It was also
found that if the pitch motion is started with small initial conditions within a certain region
in the space ( /7, £%0,) the pitch motion will grow to a maximum value which is independent
of the pitch initial conditions.
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