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Approximate Solutions for Vibrations
of Deploying Appendages

S. Kalaycioglu* and A. K. Misra}
McGill University, Montreal, Quebec, H3A 2K6 Canada

The existing investigations of the dynamics of deploying appendages are numerical in nature. This paper
presents approximate analytical solutions that may be used as ‘‘benchmarks’’ to check numerical solutions of
more general equations of motion and for quick estimates in the early design phase. For beam-type appendages,
approximate solutions are presented for uniform extension rate, exponential extension, and deployment when
the square of the length varies linearly with time. For tethered systems, results for the common exponential
deployment (or retrieval) are presented. The solutions provide new qualitative results that, during extension (or
retraction), the amplitudes of transverse vibration of beam-type and tether-type appendages are proportional to
LY: and L—*, respectively, where L is the instantaneous length of the appendage. Thus, when the length is
increasing during deployment, the vibratory amplitude of a beam increases whereas that of a tether decreases.
The converse is true during retraction. The approximate solutions agree reasonably well with computer-intensive

numerical solutions of more general equations.

Introduction

HE vibrations of flexible appendages (beams, plates, or

tethers) during their deployment from a spacecraft, as
well as the attitude dynamics of spacecraft deploying flexible
appendages, have received considerable attention in the past.
For example, Barakat!, Tabarrok et al.,2 and Jankovic® have
examined vibrations of an axially moving rod representing a
deploying spacecraft appendage. Cherchas and Gossain* have
studied the dynamics of a flexible solar array during deploy-
ment from a spinning spacecraft. Attitude dynamics of a
spacecraft deploying beam-type appendages was considered
by Cherchas,’ Lips and Modi,%’ and Tsuchiya,? and that of a
spacecraft deploying plate-type appendages was analyzed by
Ibrahim and Misra.” Deployment of an accordion-type ap-
pendage was studied by Djerassi and Kane.!? Rotational and
elastic motions of tether-connected systems during deploy-
ment and retrieval phases have been studied by Misra, Modi,
et al,!!*!? Banerjee and Kane,!* and Arnold et al.!s A rather
general formulation, including various types of appendages,
has been carried out by Modi and Ibrahim.!6!7 Recently,
Banerjee and Kane!® have presented a new method for simu-
lating the vibrations of a beam being extruded from a re-
tracted to a rotating base. As opposed to using shape func-
tions (admissible functions) for discretization of the beam, as
was the case for other investigators, they proposed to model
the beam as a series of elastically connected rigid links.

The investigations mentioned above, except for one specific
case in Tabarrok et al.? and a perturbation analysis in
‘Jankovic,* have been numerical in nature. The reason for such
a numerical study is that both inertial and stiffness character-
istics of the appendages vary with time during their deploy-
ment. Thus, the partial differential equations governing the
deployment dynamics, or the discretized ordinary differential
equations, have time-varying coefficients and, in general, can-
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not be solved analytically. However, there are several interest-
ing and useful cases (i.e., several types of length variations)
where approximate analytical expressions for vibratory dis-
placements of deploying appendages can be obtained. This
paper presepts those solutions. The approximate solutions
may be used as benchmarks to check numerical solutions of
more general equations.

Equations Governing Vibrations of Deploying
Beam-Type Appendages )

Consider a flexible appendage that can be modeled as a
beam, undergoing deployment from a spacecraft (Fig. 1). The
length of the appendage at any instant # is L. The appendage
is assumed to be thin and inextensible, having a constant
cross-sectional area 4 with moment of inertia I and mass per
unit length m. The modulus of elasticity of the appendage
material is E. . )

The flexural displacements of the beam at a distance y from
the root are denoted by u and w along x and z directions,
respectively. When the appendages are long and very flexible,
there is a significant axial motion caused by the large trans-
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Fig. 1 Geometry of the system.
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verse displacements. The axial translation v (toward the root)
of an element at a distance y from the root is given by

y 2 2
-t [(552) ()] o

Clearly, v is a second-order quantity, and one might expect
that it will have a negligible effect. However, this is true only
if the central body of the spacecraft is nonspinning, as is the
case here. In the case of spinning spacecraft, the axial transla-
tion has a significant effect and contributes nonnegligible
quadratic terms to the kinetic energy expression.

The velocity of the element under consideration is given by

F= L—-v ¢))

which leads to the kinetic energy expression

1{L: . ou\?
ZL”’K” ay>

2
+ (@ -2+ <w + La—w> ]dy ©)]
ay

The terms L(3u /3y) and L(dw/dy) are convective components
of the axial velocity L. For the nonspinning case, the effect of
nonlinear coupling between the axial translation and trans-
verse displacement may be ignored, and v is dropped hence-
forth. The potential energy stored in the beam is given by

1(r Pu\2 [3w\?
“550”[(@) +<W>]dy @

For convenience, the elastic displacements # and w are
expanded in series forms as follows:

," .
u(y,t)= ,Elﬁ(t)fb,-[y,L(t)] (5a)
=
-II
w(y,t) = .El &)y ,L(1)] (5b)
fpe
where ¢;, i = 1, 2, ..., n form a set of shape functions satisfy-
ing at least the geometric boundary conditions, and » is the

number of terms in the series expansions. In the present anal-
ysis, the shape functions are chosen as

éi(y,L) = L™ " {[cosh\i(y/L) — coshi(y /L))
— gilsinh\(p/L) = sin(y/L)]} = L™ %3; (62)
where
o; = (cosh); + cos\;)/(sinh); + sin);) (6b)
" and \; are the roots of the equation

1 4+ coshA cosA =0 (6¢)

If the length were constant, ¢; would be the ith orthonormal
eigenfunction (mode) of the appendage treated as a cantilever.
For a variable length appendage, of course, there are no
normal modes in the classical sense, and @; should not be
interpreted as a mode. It is just a shape function. Note that &;
has a nonzero time derivative, as it depends on L (¢).
Equations (5) and (6) are substituted in Egs. (3) and (4) and
Lagrange’s equations are used to obtain the equations govern-
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ing the generalized coordinates f;(¢) and g;(¢) that describe the
transverse vibrations. The details of the algebra are omitted
here for brevity. They are similar to that in Refs. 1-7, 16, and
17. The vector f formed by the generalized coordinates f;(¢)
satisfies the following matrix differential equation:

Fral/AG+ /A - W/LYB +CIF=F ()

where the elements of the matrices 4, B, and C and vector F
are as given below:

1
Ay = So(l — Bdid; dE — (4)3; (8a)
1

Bj=A;+ S (1= £/ &} d& — (4)8; (8b)
0

Cy = Ay = [EI/mLYN NSy (8¢)

Fi=0 8d)

Here ¢ is the nondimensional spatial coordinate (y/L). Equa-
tion (7) is identical to that in Refs. 1-3. The integrals in Egs.
(8a) and (8b) can be evaluated by exploiting the properties of
&;.

An equation similar to Eq. (7) is satisfied by the vector g
consisting of the generalized coordinates g;(t). Equation (7),
of course, will be affected by the attitude dynamics. In the
presence of an attitude control, however, the attitude motion
is likely to be small for nonspinning satellites, and its effect on
the vibrational equations is of the second order. (It can be
neglected, at least in an approximaté analysis such as this.)
For spinning satellites, F; in Eq. (8d) is nonzero, whereas the
coefficients Cj are slightly different.!®? The analysis can be
similar, except that a particular solution must be obtained in
addition to the homogeneous solution. This makes the analy-
sis somewhat complicated and is not treated here, as the goal
of this paper is to yield simple approximate solutions.

Analytical Solutions for Beam-Type Appendages
Analytical solutions can be obtained for the vibratory dis-
placements during deployment of a beam-type appendage if
the length has certain specific variations with time. Here the

satellite, of course, has been assumed to be nonspinning.

Uniform Extension

In this case, the deployment rate is constant and the length
of the appendage at any time is given by

L=L;+Vt )

where L; is the initial length and V is the deployment rate.
Noting that L = 0, Eq. (7) reduces to

F+20/L)AF+1~@L/LYB + AF=0 (10

where A is a square matrix whose elements are given by Eq.

(8c). Note that A is a diagonal matrix, but A and B have

nonzero off-diagonal terms; thus, the generalized coordinates

are coupled. This coupling, however, is small, A being the

dominant term, as L/L is normally small. To obtain an ap-

proximate analytical solution, this coupling is ignored.
Defining a new time variable

r=L=L;+Vt a1
the equatioh governing f; can be rewritten as
" EIN By
f,~+<—’ —T—;'>f,-=o (12)

mV3rt

where the dot now represents differentiation with respect to 7.
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Note that A; = 0. Equation (12) is in the form of

1
y” +)_c (a +2bxP)y’

1
+;[c+dx2‘1+b(a +p—Dx?+b2%?}y =0 (13)

and its solution is given by?!
y =x%exp(— yxP)[Ci],(Bx9) + CJ -, (Bx9)]  (14a)
where

a=(1-a)/2, B=\d|"/|a| (14b)

y=b/p, v=I[(1 —a) —4cl*/Qlq)) (14¢)

Comparing Eqs. (12) and (13) and using Eq. (14), one notes
that coefficients g and b are zero, ¢ = — 1, and the solution to
Eq. (12) is given by

Ji@) = G, Bi/7) + C -, (Bi/7)] 1s)

where o = ¥4, »; = (1 + 4B;)"%/2, 8; = (EIN}/mV?%", whereas
C) and C, are constants that can be determined from initial
conditions. The displacement # can now be determined by
invoking Eq.. (5a). _
It may be of interest to note that §; is quite large in practice
and also that the argument B3;/7 normally remains large
throughout deployment. Thus, one can use the asymptotic
expressions for Bessel functions with large arguments; i.e.,

Jyx) = 2/7x)” cos(x ~ 1/4 — yu/2)
Then, after noting that x = 8;/7, 7= L, f; is given by
f; = L*QL/78)" [c. cos(Bi/L ~ x/4 — v;n/2)
+Cy cos(B;/L — w/4 + v; 1r/2)]
= LD; cos(B;/L + ¥;) (16a)

Here, D; and ¥; are two new constants of integration that can

be determined from initial conditions. Then the elastic dis-

placement is calculated as shown below.
n n
u= _Elfidh' = _ElfiL ~Ve;
i=1 , i=
=L " E Djai COS(B,‘/L + ‘I’,) (16b)
i=1

20 Y
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Note that the oscillations are characterized by the argument
Bi/L. -

To check the accuracy of the analytical solution given by
Eqgs. (15) or (16), in conjunction with Eq. (5a), it was com-
pared with the numerical solution of Eq. (7). The numerical
solution was obtained for » = 3; an IMSL routine DGEAR
was used. Figure 2 compares the tip displacements of the
beam-type appendage given by the numerical solution with the
analytical solution (16b) with three terms in the series. The
initial conditions have been chosen as follows:

1i(0) = fi, where fi, =2x 1071, f, =3x10"2
fro=7%10"3

i) = (V/L)) fio» where V =0.25 m/s and L; =2 m
The numerical values of the parameters are giveﬁ in Table 1;
the deployment/retrieval parameters are listed in Table 2. The

initial velocities [ f;(0)] have been chosen here such that in the
analytical solution the constants of integration are easy to

Table 1 Appendage parameters used in the numerical calculations

Beam-type
Diameter 0.0508 m
Thickness 2.54x10-4m
Mass/unit length 0.599 kg/m
Bending stiffness 3798 Nm?2

Tether-type

Subsatellite mass
Tether mass/unit length

550 kg
8.3x 103 kg/m

Table 2 Deployment/Retrieval Parameters

Uniform extension Exponential extension

Deployment time 592's  Deployment time 592 s
Initial length 2m Initial length 2m
Final length 150 m  Final length 150 m

Axial velocity 0.25m/s  Coefficient b 7.29 % 10351

Square extension Exponential retrieval (tether-type)

Deployment time 592 s  Deployment time 5000 s
Initial length 2m Initial length 20 000 m
Final length 150 m  Final length 3475.5 m
Coefficient ¢ 38 m2/s  Coefficient ¢ 3.5x 10451

Orbital angular velocity
1.16 x 10~ 3 rad/s
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Fig. 2 Variation of tip deflection with time (uniform extension case, beam-type): ———— approximate analytical solution; —— numerical solution.
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find; however, this is not always necessary. It may be noted
that the two curves in Fig. 2 are very close.

The discrepancy between the approximate analytical solu-
tion and the numerical solution increases as time increases.
There are two possible reasons for this. When time (7 or L)
increases, the argument 3;/7 of the Bessel function in Eq. (15)
becomes gradually smaller. Then the asymptotic cosine ex-
pression for the Bessel function with large argument is less
accurate. The other reason may be that the error caused by
neglecting 4 in Eq. (10) accumulates over time. Thus the
damping is slightly off. A possible remedy may be to reinitial-
ize after a certain time.

Since Eq. (7) is the same as in the works of Refs. 1-3,
comparison of the analytical solution obtained here with the
numerical solution of Eq. (7) is essentially a comparison of the
present results with those of previous authors.

Exponential Extension
In exponential extension of appendages, the variation of
length is given by

L = L; exp(bt) a7

As in the case of uniform extension, the coupling between
the generalized coordinates is disregarded. Furthermore, one
defines a new independent variable

7. = exp(—2bt)=(L;/Ly 8

The equation governing the generalized coordinate f; can now
be rewritten as

1
A=A ST+ [ 2 — ()Bi — Aii)/rz]fi =0
‘ (19)
where prime denotes the differentiation with respect to 7., and

A; and Bj are given by Egs. (8a) and (8b), respectively,
whereas B, is given by

S. KALAYCIOGLU AND A. K. MISRA
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Note that C, and C, can be obtained from the initial condi-
tions.

Again, one can use the asymptotic form of Bessel functions,
since B, is large in practice and f; can be expressed as

fi= (2/1r{3,-e-re) “[C; cos(BieTe — Tv;/2 — T/4)
+ Cz COS(B,’eTe + 7I'V,'/2 - 7l'/4)]
= (2/7B. L})VLIC, cos(Bi L}/L? = 7v;/2 — n/4)
+ Cy cos(Bie L2 /L% + 7v;/2 — /4)]
= LDj, cos(Bie L/L? + ¥,,) (22a)
where D, and ¥, are two new constants of integration. Here
the oscillations are characterized by the argument 3, L2/L?
(varying as L~2 as opposed to L~! in the uniform extension
case), and the amplitude of f; is proportional to L as in the

previous case. Finally, elastic displacement «, of any point on
the appendage, is calculated as

n n
u= _Elfi¢i _2lfi L="%¢;
i=1 , i=
=L"Y, D cos(Bi L7 /L + ¥,,)
i=1

(22b)

The analytical solution is compared with the numerical solu-
tion in Fig. 3. The difference between the two solutions is not
significant, although the growth of discrepancy with time is
observed again.

The initial conditions for the exponential deployment case
are given below: f;(0) = f,, where f;, are the same as in the
uniform extension case, whereas f;(0) = bf;,. The numerical
values of deployment parameters are given in Table 2.

Extension with the Square of Length Varying Linearly with Time

Here, the length of the appendage varies with time accord-
ing to the following equation:

L*=L%+ct 23)

%e - EI)\'} /(4b2m L,f‘) (20) This is not a common deployment scheme, but it is shown in
Ref. 19 that deployment, using Eq. (23), has a vibratory
Solution to Eq. (19) is given by behavior superior to the previous two schemes.
It is easy to see now that L/L = ¢/2L?, L/L = — c*/4L*,
fi = Cil,Biete) + CoJ -, (BieTe) @1y and Eq. (7) reduces to
where FH/LYAF+ (c/LHDF=0 24
v, = Ya(B; — Ay) = Y4By, since A; =0  (21b) where D = (L*/cH)A — (¥4)A + B) = const.
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Fig.3 Variation of tip deflection with time (exponential extension case, beam-type): --—- approximate analytical solution; —— numerical

solution.
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It is convenient to define a new independent variable

d Eci (25)

=L,-2+CtEL2,, It O
5

Equation (24) then can be transformed to the form

f”+ A? +-— Df= (26)

where prime stands for differentiation with respect to 7.

It may be noted that Eq. (26) is of the Euler type and can be
converted to a matrix equation with constant coefficients by
defining another independent variable

§ = b (27a)
so that

d*f d -
ra-»T . p;

(27b)

where 1 stands for the identity matrix.
In state space form, Eq. (27b) can be rewritten as

7 7\

d 0 1

s\ )- D A N\ & (28a)
ds - = ds

or in abbreviated form
4= H ] (28b)
ds q = 1q

where H stands for the big square matrix on the right-hand
. side of Eq. (28a) and is constant, and § is the state vector.
Equation (28b) is a standard equation in linear algebra and the
solution can be written formally as

g(s) = 4(0) exp(H;) 29

Note that the exponential of the matrix Hs can be written in
terms of the eigenvalues and the eigenvectors of H.

Equation (29) is an exact solution of Eq. (24). It avoids
numerical integration of differential equations; however, eval-
uation of exponential of a matrix requires the knowledge of its
eigenvalues and eigenvectors. Although it is simpler to do the
latter calculations, it still requires some numerical work. Since
the spirit of this paper is to obtain short analytical expressions,
an approximation similar to the previous two schemes is
made; i.e., the small coupling between generalized coordinates
is neglected. Then, from Eq. (27b) one obtains

&éf  df;
dSz - ds +Duf; = (30)

where Dy = (EI/mc?)X\! — V4B;. Use has been made of the
fact that A; = 0. Solution of Eq. (30a), having constant coef-
ficients, is given by

fi =exp(s/2)A, cos [(D;,- — Ya)%s + ‘If,s]

= %4, cos[(D,-,- — V) Yifury + \Il,s]

=L A cos[2(D,~i — V)M L + \Ifw] €lY)
Then
u= E. SL =%,
= ’L_‘/ziﬁlwl,- cos{(4Dy; — 1)"*fa L + W] 32)
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where A; and ¥ are determined from initial conditions. One
may again note that the amplitude of the transverse oscilla-
tions during deployment grows as L *. The oscillations in this
scheme are characterized by a cosine term having an argument
proportional to fm L.

The solution as given by Eq. (32) (with three terms in the
series) is compared in Fig. 4 with a numerical solution that
uses three terms in the series expansion of Eq. (5a). The
agreement seems to be quite good.

The initial conditions for this case have been chosen as
follows: f;(0) is the same as in the previous cases and
Ji(0) = Ya(c/L})f;,. The values of the deployment parameters
are given in Table 2

Analytical Solution for Tethered Systems

In this section, an analytical solution is obtained for trans-
verse vibrations of tethers during deployment or retrieval of a
tethered subsatellite. The equation of motion corresponding
to this vibration can be written as!?

D 3 du
B 105 =0 )

where p is the mass-per-unit length of the tether. The tension
in the tether is T(y), and the operator D/Dt denotes the
convective derivative (8/3t) + L(3/3y). The terms involving
rotations have been ignored for the same reason as in the case
of beams.

To discretize Eq. (33), one can express the transverse dis-
placement u in series form similar to Egs. (5):

u(y,t)= ,2;1 f,-(t)¢,~[y,L (t)] (34a)
where
¢:i(y,L)=V2 sin(iry/L) (34b)

Note that again ¢; has nonzero time derivative,’ since L varies

with time. Substituting Egs. (34) into Eq. (33), one obtains

after some algebra
F+20/L)AT+ /LA~ AL/LPB +CF =0 (39)

which is of the same form as Eq. (7) except that the elements
of the matrices A, B, C are different here and are given by

1
Ay = L(l —£)¢ip; dE (36a)
1
B; =24, — L(l — )20 dE (36b)

1
Cy= (l/pLz)Ldn( —-Téj — T’¢}> dg (36¢)

Here a prime denotes differentiation with respect to &(=y/
L). If tension T is assumed uniform, Cy; = (T/p L)ij ©%;.

An analytical solution is obtained now for the case of expo-
nential retrieval, i.e.,

L =L,exp(—ct) c>0 (€1)]
The solution will be applicable to exponential deployment by
simply changing the sign of c.
We now define a new variable as follows:
7= explct/2) = (L,/L)"* (38)
and Eq. (35) can be rewritten as

1+ 11— 44)F + [PC - 4B -A)NF=0 (39
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Fig. 4 Variation of tip deflection with time (extension with the square of length varying linearly with time, beam-type): ———- approximate
analytical solution; —— numerical solution.
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-Fig.' 5 Variation of midpoint deflection with time (exponet'ltial retrieval case, tether-type): ———- approximate analytical solution; —— numerical
solution.
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where a prime now indicates Qifferentiation with respect to 7.
Note that the coefficients C;; are given by

1
Cj= (4/pLLoc‘2)j o(—Tej —T'¢j)dE
]

Again, if one ignores coupling, tension is assumed uniform
and equal to 3m;Q2L and values of A4; and B;; are substituted,
then Eq. (39) reduces to

3 —7ff + (N2 —amlf; =0 (40a)
where

N = (2/¢) imw 3m,/pL,)%, h; = i’7%/3  (40b)
The subsatellite mass is m, and the orbital angular velocity is
. The solution to Eq. (40a) can be written in terms of Bessel
functions as

fi=rCd, 0D+ G, D] @)

where »; = (1 + 4#;)" and C, and C, are arbitrary constants.

The arguments of the Bessel functions in Eq. (41) are quite
large in magnitude in practice so that one can use asymptotic
expressions for them. Thus,

fi = 72/7N1) ACy cos(NT — w/4 — 7w /2)
+ C; cos(\;7 — w/4 + 7v;/2)]
=7%D, cos(\T + ;)
= (L,/L)”* D; cos[\;(L,/L)" + ¥} 42)

where D; and ¥; are to be obtained from initial conditions.
The transverse displacement is then obtained using Eq. (34a)
and is :

n
u=(L,/L)* Y ¢:D; cos[N(L,/L)" +¥)) 43)
: i=1

Equation (43) states the interesting result that when the length
changes, the amplitude of transverse oscillations varies as
L—", This result is in agreement with a conclusion of Ref. 15
that was obtained from energy considerations. It is also inter-
esting to note that A\;(L,/L) " is equal to 2w;/c, where w; is the
‘“‘instantaneous’’ ith frequency of transverse oscillations.
Thus, the transverse oscillations are not characterized by
sin(wi + ¥;) but by sin(2w,;/c + ¥;); the dependence of the
oscillatory term on time in this case appears indirectly through
the variation of w; with L.

Figure 5 compares the midpoint displacement of a tether-
type appendage given by the numerical solution with the ana-
Iytical solution (43), with three terms in the series. The initial
conditions have been chosen as follows: f;(0) =f, where
Jo = 50m, f5, = 10 m, f3, = 2 m. Where d is the retrieval con-
stant (c = 3.5 X 10~4 s~ 1), £;(0) = Y% cf,. The numerical val-
ues of parameters are given in Table 2. The initial length of the
tether is 20 km, and the retraction takes place during 5000 s.

It may be noted that the two curves (numerical and approx-
imate analytical) are very close. The discrepancy between the
numerical and the approximate analytical solutions somewhat
increases as time increases. Again, as in the case of approxi-
mate analytical solution of deploying beam-type appendage,
the reason for this may be that the error due to neglecting the
coupling in Eq. (39) accumulates over time.

Conclusion
Approximate analytical solutions were obtained for trans-
verse oscillations of deploying (or retracting) appendages of
beam and tether types. The accuracy of the approximate solu-
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tions as compared to the numerical solutions of more exact
equations were found to be quite good.

An important observation was made that the amplitude of
transverse oscillations during deployment or retraction varies
as L” for beam-type appendages, but as L~—* for tethered
systems. Thus, during deployment, the vibrations of the
beams increase while that of tethers decrease. The situation is
reversed for retraction.

The analytical expressions obtained in this paper will serve
as benchmarks to check numerical solutions of more general
equations of motion, as well as for quick estimation of vibra-
tory displacements in the early design phase.
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