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The OEDIPUS rocket payload con� guration comprises two spinning subpayloads, each having long � exible
booms and a common long connecting tether of about 1 km in length. An analysis demonstrates the damped gyro-
scopic natural modes as a means of understanding the dynamics and stability of these very complex con� gurations.
For OEDIPUS-A, attention is focused on calculation of nutation mode divergence that is attributable to material
damping of the tether and booms. Calculated divergence rates are compared with � ight data of OEDIPUS-A.
For OEDIPUS-C attention is focused on attitude and con� guration stability. It is noted to be stable in nutation
and other modes at its � ight spin rate of about 0.09 Hz. However, the con� guration is noted to be susceptible to
structural instability at spin rates above 0.26 Hz.

Nomenclature
A; B; C = moments of inertia of end body, booms, and

tether mass effects, kg-m2

A; B = constant system matrices of � rst-order form
of model

A0; B0; C0 = moments of inertia of inner rigid end body about
O, kg-m2

b = distance between rotation point of end body and
tether attachment (Fig. 2b), m

Cb1; Cb2 = material linear viscous damping coef� cient
of booms

Ct = material linear viscous damping coef� cient
for tether

D = symmetric damping matrix of con� guration
E I = stiffness of booms, N-m2

E1; E2 = matrix functionals in stiffness matrices of booms
G = skew-symmetric gyroscopic stiffness matrix
K = stiffness matrix of con� guration
KT = stiffness submatrix of tether, N-m
K1; K2 = stiffness submatrices of booms, N-m
` = length of tether, m
`1; `2 = length of booms (Fig. 2c), m
M = symmetric mass matrix of con� guration
MT = tether mass submatrices, kg-m2

M1; M2 = boom mass submatrices, kg-m2

m; n = order of discretization
O = center of mass and of rotation of end body
O X1 X2 X3 = inertial coordinate system
Ox1 x2 x3 = coordinate system attached to rigid end body
P = origin of tether reference system at attachment

point of tether to end body when con� guration
is undeformed
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PY1 Y2 Y3 = tether coordinate system that rotates with
end body

P1; P2 = column matrix functions of discretized booms
[Eq. (6)], kg-m2

Qk = complex eigenvector
q5; q6; q7; q8 = coordinate function matrices of boom

deformation
qs

5 ; q s
6 ; qa

7 ; qa
8 = symmetric and antisymmetric coordinate

function matrices of booms
R = column matrix functionalsof the tether [Eq. (6)],

kg-m2

S = spin rate, cps
s = � eld point of tether or boom length, m
T = tether tension, N
t = time, s
Uk ; Vk = real and imaginary parts of Qk

u; u; v; w = tether deformation vector and components
(Fig. 2a), m

wi = boom de� ection variables
x = state variable matrix for model

in second-order form
Z = state variable matrix for model

in � rst-order form
®k; ºk = real and imaginary part of eigenvalue,1/s
®N ; ®t = real part of eigenvalue of nutation mode and

tether modes, respectively, 1/s
³ = material damping ratios of tether or booms
µ; Ã; Á = Euler angles of lower end body (Fig. 2b), deg
¸k = complex eigenvalue
» = dimensionless length of tether or booms
½; ½1; ½2 = density per unit length of tether and booms, kg/m
8 = column matrix of assumed shape functions,

tether or booms
! = fundamental cantilever frequency of booms, cps

Introduction

T HIS workwas partof theOEDIPUS-A and C suborbitalscience
missions and tether technology experiment.1;2 The con� gura-

tion of the OEDIPUS payloadsis shown in Fig. 1. The main physical
parameters are given in Table 1.

OEDIPUS-A was launched in 1989 into a suborbital trajectory
of maximum altitude of 550 km with a three-stage Black Brant
X rocket. The payload comprised two spinning subpayloads, each
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Table 1 Parameters of OEDIPUS con� gurations

OEDIPUS-A OEDIPUS-C
Forward Aft Forward Aft

Parameter payload payload payload payload

Central body
C0 , kg-m2 1.72 3.24 2.22 2.39
B0, kg-m2 24.1 36.6 32.5 14.7
A0, kg-m2 24.1 36.6 32.5 14.7
C0=A0 0.0714 0.089 0.068 0.163
C , kg-m2 1.781 4.7564 155.35 51.39
B, kg-m2 24.1 36.6 109.9 39.2
A, kg-m2 24.1 38.116 109.9 39.2
C=A 0.0737 0.1248 1.4135 1.31
S, Hz 0.71 0.71 0.09 0.09

Booms
`1, m 0.88 2.57 9.0 6.5
`2, m 0.0 0.0 9.0 6.5
E I , N-m2 3750 57.4 116.2 116.2
½1 , kg/m 0.367 0.134 0.134 0.134
½2 , kg/m 0.0 0.0 0.134 0.134
!, Hz 73.04 1.7535 0.2 0.39
³ , % 5 10 5 5

Tether
T , N 0–1.1 0–1.1 0–1.5 0–1.5
b, m 0.78 0.78 0.74 0.65
`, m 958 958 1170 1170
½, kg/m 0.00297 0.00297 0.00297 0.00297
³ , % 5 5 5 5

Fig. 1 Con� guration of OEDIPUS payloads.

having two � exibledeployablebooms, and a common long connect-
ing tether. During launch, the subpayloads were joined and were
ejected from the launch vehicle with a spin rate about their lon-
gitudinal axis. The booms were then deployed, and shortly after,
the spinning subpayloadswere separated by a cold gas system. The
subpayloads with booms deployed were minor-axis spinners. Dur-
ing separation, the tether deployed to a length of 958 m while its
tension was held constant at about 1.1 N by magnetic hysteresis
brake on the deployment reel. The dynamics of the forward payload
was as expected prior to launch; it maintained its minor-axis spin

and a small tip-off nutation at a constant value for 700 s following
separation. The aft payload, however, experienced an unexpected
anomaly; its initial small tip-off nutation diverged to about 35 deg
over the 700 s, although pre� ight analysis had predicted a negligi-
ble divergence.3 Computer simulations with a model comprising a
subpayload, � exible booms, and the tether interactionmodeled as a
forcing term on the subpayload showed that the tether was the pos-
sible source of the nutation divergence.A later model that included
a � exible tether4 supported this � nding, although the results were
still not fully conclusive.

OEDIPUS-C comprised a science mission and payload con� gu-
ration similar to that of the earlier OEDIPUS-A mission. Because
of the � ight anomaly of OEDIPUS-A, extensive dynamic model-
ing and analysis were done to provide a base for con� dent design
of OEDIPUS-C.4;5 Key aspects of the modeling were validated by
ground tests.6;7 Based on the knowledgegained, the subpayloadsof
OEDIPUS-C were con� gured to be dynamically stable major-axis
spinners by providing each with four long booms.8 OEDIPUS-C
was launched in November 1995. During � ight, the booms were de-
ployed prior to subpayloadseparation, and the tether was deployed
to a lengthof 1200m. Each subpayloadmaintainedstablemajor-axis
spin throughout960 s of suborbitwithout divergenceof nutation, as
planned.

Because the con� guration of space vehicles is very complex, an
understanding of the interrelationships between dynamic stability
and the various parameters is not straightforward.The use of com-
putersimulationandstabilitycriteriafromlineartheory,as described
in Ref. 4, for example, does not provide adequate insight into the
dynamics and stability phenomena and into all possibilities.

In this paper, the merits of analyses of the damped gyroscopic
natural modes of the con� guration are demonstrated. The results
contribute to a thorough understanding of the relative roles of the
tether,booms, inner rigid bodies, and spin rate for OEDIPUS-A and
OEDIPUS-C, respectively.

The subpayloads of OEDIPUS-A are minor-axis spinners (both
with and without � exiblebooms) and are connectedby a long tether.
The modal analysis focuses on understanding the in� uence of � ex-
ibility and damping of the subcomponents (booms and tether) and
the rate of divergence of the nutation of the subpayloads.Also, an-
alytical results are compared with � ight data.

The innerrigidbodiesof theOEDIPUS-C areminoraxis spinners,
but the composite subpayloads are major-axis spinners by virtue of
the four � exible booms. The modal analysis describes the basic
stability of OEDIPUS-C and also shows the conditions for which
the con� guration has structural dynamic instability.

Mathematical Model
Modeling of the OEDIPUS con� guration is described in earlier

publications.3¡5;7 The main modeling objective is to understand the
nutational and � exural dynamics of the end bodies (subpayloads)
and the coupled lateral vibrationsof the tether. As the tether is very
long (up to 1.2 km) relative to the dimensions of the end bodies, the
nutationaldynamics of one end body does not signi� cantly transmit
or couple to the other end body. The longitudinal motions of the
con� gurationare uncoupledfrom the end-body nutationat the level
of linear modeling. The motion of the system may be approximated
by a weighted sum of two types of modes: the � rst type derived
from analysis of the tether and forward end body, and the second
type derived from the tether and aft end body.

The linear equations of a spinning end body with booms and
connected tether are documented fully in Ref. 5. The variables that
describe the deformed state are shown in Figs. 2a–2c. The upper
end of the tether at s D ` is constrained to be on O X3. The rigid
inner hub of the end body is de� ned by a 3–2–1 Euler angle rotation
sequence. For small nutation angles, µ and Ã de� ne the motion of
the spin axis and Á de� nes the spin angle. The deformation of the
tether is de� ned relative to [PY1 Y2 Y3], which rotateswith the spin
angle of the lower body. The tether displacement has components
u.s; t/; v.s; t ), and w.s; t ). The end body and tether are connected
at point P and, hence, the Euler angles and tether coordinates are
interrelated as follows:

u.0; t/ D bµ; v.0; t/ D ¡bÃ (1)
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The tether deformationsare discretizedusing assumed shape fac-
tors with the series

u.s; t/ D .1 ¡ »/bµ.t/ C `8T .» /q9.t/
(2)

v.s; t/ D ¡.1 ¡ »/bÃ.t/ C `8T .» /q10.t/

In Eq. (2), x D s=`; ` is the lengthof the tether,8 is a columnmatrix
of assumed sinusoidal shape functions, and q9 and q10 are column
matrices of corresponding time-dependentdeformation variables
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The assumed tether shapes are 8n.» / D sin n¼»=`.
Continuum variables wi .s; t/ that describe the two sets of booms

of the end body are shown in Fig. 2c. The variables are discretized
by

wi .s; t/ D `18T .» /qi .t/; i D 1; 3; 5; 7
(4)

wi .s; t/ D `28T .» /qi .t/; i D 2; 4; 6; 8

The shape functions in this case contain the set of cantilever mode
shapes of the booms. Because the sets of booms are symmetric
about the spin axis, symmetric and antisymmetric coordinates are
introduced to simplify the modeling. Speci� cally, q5 and q7 are
replaced by

qa
5 D 1

2 .q5 C q7/; q s
5 D 1

2 .q5 ¡ q7/
(5)

qa
6 D 1

2 .q6 C q8/; q s
6 D 1

2 .q6 ¡ q8/

To obtain the mathematical model, the kinetic and potential en-
ergies of the � exible end body and tether are derived in terms of
the continuum coordinates just noted and then are transformed to
discrete variables via Eqs. (2–5). The potentials are then used in

Lagrange’s equations to derive a series of linear differential equa-
tions. The algebra involved is straightforward although lengthy.5

The second-ordermatrix format is outlined as

M Rx C .D C G/Px C Kx D 0 (6)

In Eq. (6), x D [Ã; µ; qa
6

T ; qa
5

T ; qT
9 ; qT

10]T is the state variable.It has
order n D 2 C mb1 C mb2 C m; where mb1 and mb2 are the order of
discretization of the boom sets and m is the order of discretization
of the tether. The matrix coef� cients are constant and are de� ned as

The mass, damping, and stiffness matrices, M; D, and K, respec-
tively, are symmetric. The gyroscopicmatrix G is skew symmetric.
The equations thus de� ne a linear, vibratory, damped gyroscopic
system. The elements within the matrices are further de� ned as

A D A0 C
2

3
½2`

3
2 C

1

3
½`b2; B D B0 C

2

3
½1`

3
1 C

1

3
½`b2

C D C0 C 2

3
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3
2 C 2

3
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1
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0

8» 8T
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1

0

.1 ¡ »/8 d»

MT D ½`3
1
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The coef� cientCt representsassumed linearviscousmaterial damp-
ing of the tether. The coef� cients Cb1 and Cb2 represent assumed
linear viscous damping of the booms.
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Fig. 2a Continuum variables of the tether.

Fig. 2b Euler angles of end body and connection point P of tether.

Fig. 2c Continuum variables of booms.

Real-valued damped gyroscopic natural modes and frequencies
may be derived from Eq. (6) using the methods of Ref. 9. Equation
(6) may be rearranged in the following form:

A PZ C BZ D 0 (7)

where

Z D
Px
x

; A D
M 0

0 K

B D
D 0

0 0
C

G K
¡K 0

A is symmetric and positive de� nite and has dimension 2n, and
B is the sum of a skew symmetric and a symmetric part and has
dimension 2n. For this structure of equation, the eigenproblem has
2n eigenvalues that are in conjugate pairs9:

¸k D ®k C iºk ; ¸¤
k D ®k ¡ iºk (8)

The ºk are the frequencies (damped) of the modes, and the ®k are
proportionalto the rateof convergenceor divergenceof the vibratory
motions. Also, 2n corresponding eigenvectors occur in complex
pairs and have the structure

Zk D
¸k Qk

Qk

(9)

where Qk D Uk C iVk and Uk and Vk are real-valued parts of
a complex eigenvector. The Qk and ¸k are also solutions to the
eigenvector problem expressed in second-orderform:

M¸2
k C .D C G/¸k C K Qk D 0 (10)

A real-valued eigenvectorxk that satis� es Eq. (10) is

xk D 1
2 Qk e¸k t C Q¤

k e¸¤
k
t (11)

This is real valued, due to the pairing of complex and complex-
conjugatequantities. It further reduces to the following form, which
is thedampedgyroscopicmodeshapeexpressedin real-valuedquan-
tities:

xk D e®k t fUk cos ºk t ¡ Vk sin ºk tg (12)

Computer softwarehas been written to solve the eigenvalueprob-
lem to yield modal frequencies,modal convergence/divergence,i.e.,
growth/decay, ratios, and time-varying mode shapes, for given in-
put parameters (inertias of the end bodies, spin rate, mass, stiffness
damping, and length of the booms, and mass, damping tension, and
length of the tether). Equation (12) is the basis for the computer-
generated animation of the mode shapes.10 The mode shapes as-
sociated with a particular ºk and its counterpart ¡ºk are linearly
dependent, and in processingof computed data it is necessary to be
consistent when choosing which modes to retain. In this work the
set designatedas linearly independentare the modes with fnegative
®k , positive ºk g and fpositive ®k , negative ºk g. This conventionpro-
vides for interpretationof motions in terms of forward or backward
gyroscopicprecessions as is done for rotating machinery.11

OEDIPUS-A
The parameters of OEDIPUS-A are given in Table 1. The for-

ward and aft subpayloads are minor-axis spinners in the � ight
con� guration with the � exible booms deployed. The subpayloads
of OEDIPUS-A have two booms, whereas OEDIPUS-C has four
booms.

Modal Analysis of OEDIPUS-A
The modal frequencies and corresponding real parts are plotted

vs deployingtether length in Fig. 3 for the OEDIPUS-A aft payload.
The discretization of the tether and booms is 9 and 3, respectively,
and accordingly there are 23 modes in total. Analysis of this and
other data and animation shows that the modes may be classi� ed
into four categories as labeled in Fig. 3: one nutation mode, where
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a) º k

b) ®k

Fig. 3 Eigenvalues vs tether length for OEDIPUS-A aft payload.

the motion is essentially rigid body nutation with additional small
subresonant boom and tether deformation; one spin mode, where
the con� guration rotates as a rigid body about the spin axis; tether
modes, where the main motions are vibration modes of the tether,
accompanied by a very small end-body rocking and boom � exure;
and boom modes, where the motions are boom vibration,accompa-
nied by rocking of the end body.

The real parts of the eigenvalues corresponding to nutation and
tether modes will be designated by the symbols ®N and ®t , respec-
tively. The following observations are noted in Fig. 3.

1) The frequencies of the nutation, spin, and boom modes are
almost constant for all tether lengths. This indicates that the tether,
which is very light, does not in� uence the frequencies of the end
body.

2) The frequency of the nutation mode is about 0.6196 Hz. The
calculatedrigidbodynutationfrequency

p
[.C ¡ A/.C ¡ B=AB]S

is 0.6143 Hz. The frequency of the spin mode is 0.716 Hz, whereas
S D 0:71 Hz. Thus, the tether and boom � exibility alter the rigid
end-body frequencies by less than 1%.

3) The nutation mode ®N is positive and, therefore, the mode is
unstable.This is in accord with the minor-axisspinner stability rule.

4) There are 18 tether modes, and their frequenciesdecreasewith
deployed length, as expected from a simple � xed-end string model.
At tether lengthsof less than about10 m, all of the tether frequencies
are positive and the corresponding® are negative, indicatingthat all

Fig. 4 Eigenvalue ®k vs tether length for discretization of 1 for tether
and booms.

of the modes are stable. At about ` D 10 m, the frequency of the
lowest tether mode is zero, and the corresponding ® changes from
negative to positive; thus the mode is unstable for tether lengths
beyond 10 m.

5) At beyond 120 m of deployed tether length, 9 of the 18 tether
modes are unstable and 9 are stable. The stable frequenciesasymp-
tote to the spin frequency.

6) The frequencies of the three boom modes are above 1.9 Hz.
Theyare well separatedfrom theother20modes.The corresponding
® are negative, which indicates stability.

7) In Fig. 3, the ®N of the nutation mode is positive and varies in
an arch fashionwith peaks.The peaksoccurat lengthswhere a tether
mode frequency intersects with the nutation mode. This important
feature is ampli� ed further in the following.

To understand the interactionbetween a tether mode and the nu-
tation mode, data were calculated with the tether discretized with
one assumed coordinate function. The ®k vs length for the nutation
and tethermodes is shown in Fig. 4. (The calculationalso includeda
boom set discretizedwith order one, but the boom modes are omit-
ted from the graph to make it less confusing.) The tether mode and
nutation mode couple where their frequenciesare close, causing an
increase by orders of magnitude in the divergence rate of nutation.

The results have been corroborated to an extent in laboratory
experiments.6;7 Regarding unstable tether modes, although linear
theory indicates that they are unstable, in laboratory tests they are
evidenced as resonant, bounded motions and are stabilized by non-
linear forces that are omitted in the linear model. Nutation conver-
gence or divergence is determined by the sign of ®N ; tether modes
do not destabilize the end body because they are essentially stabi-
lized by nonlinear tension forces and their mass is small relative to
the inertia of the end body.

The mechanismsof growth of the nutationmode are of particular
interest because during � ight OEDIPUS-A experienced an unex-
pected nutation angle divergence of the aft payload. Figures 5–7
provide more insight into this aspect.

Figure 5 shows the ®N vs spin rate for a constant tether length.
Thus, the interaction between nutation and tether modes depends
on spin frequency.

Figure 6 shows results comparable to Fig. 5 but with the tether
absent from the model. The ®N is due only to boom damping and is
very small (order of 10¡5 ) relative to values with the tether present
(order 10¡4 –10¡3; Fig. 5). Thus, the tether is the main quantitative
contributor to nutation mode divergence.

Figure 7 shows ®N vs the material damping coef� cient of the
tether,for a case where the tether and booms are discretizedat orders
9 and 3, respectively. The input damping ratio of the component
tether is believed to be in the range of 5%, and the graph shows that
uncertainty in this value could affect ®N by a factor of two or more.
Computer runsof the equivalentofFig. 5 weredonewith 20assumed
tether functions (as opposed to 9). The increased number does not
change the basic shape of ®N , but the peaks and troughs rise by
about 10%. Computer runs were also done at various tension levels,
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Fig. 5 Eigenvalue ®N vs spin rate for constant tether length, OEDI-
PUS-A aft payload.

Fig. 6 Eigenvalue ®N vs spin rate, tether absent; divergence due to
boom damping only.

Fig. 7 Eigenvalue ®k for nutation and spin modes vs tether material
damping;tether and boomsdiscretization order of 9 and 3, respectively.

from 1.1 to 0.25 N. The ®N acquires many more peaks because
lower tensions result in more tether frequencies that interact with
nutation. Overall, the peaks are lower and ®N is less by a factor of
about 2 at low tensions.

Comparison of Flight Data with Calculated Results
The � ight performance of OEDIPUS-A is described in Ref. 3.

Aft Payload
Figure 8 presents the nutation time history of the aft payload as

deduced from the magnetometer data of the � ight. A curve � t of
µ0e®.t ¡ t0/ to the data yields the values of ® summarized in Table 2.
An analytic equation for µ.t/ that is based on the superposition of
modes is

µ.t/ D
n

k D 1

µke
®k t U µ

k cos ºk t ¡ V µ
k sin ºk t (13)

Table 2 Nutation divergence coef� cients from � ight data
of OEDIPUS-A

Time segment, s ® Comment

200–450 0.0052 Tether deploying, T D 1:1 N
450–650 0.0031 Tether deployed, T D 0:1–0:4 N

Table 3 Comparison of calculated ®N
with � ight-derived values

Deploying Deployed
` D 200 m ` D 958 m
T D 1:1 N T about 0.1 N

Linear model
Peak 0.007 0.002
Trough 0.0005 0.001
Approximate mean 0.003 0.001

Flight data 0.005 0.003

Fig. 8 OEDIPUS-A aft payloaddivergence rate as deduced from � ight
magnetometer data.

where U µ
k and V µ

k are components of the eigenvectors. As the nu-
tation mode is distinct and essentially uncoupled in shape from the
other modes, it follows that a reasonable analytic approximation
for µ.t/ is given by truncation of the preceding series at one mode,
namely, the nutation mode. It follows that the calculated ®N of the
nutationmode is essentially the equivalentof the � ight-derived® of
Table 2.

Table 3 gives the range of calculateddivergence rates, as derived
from Fig. 3 and similar additional data. The � ight data are included
for comparison.Table 3 indicatesagreementbetween � ight data and
linear model calculations to within a factor of 2–3. The agreement
could be adjusted favorably by assuming a higher tether material
damping or by changing other uncertain parameters. Also, a damp-
ing model other than linear viscous might result in a closer match.
Overall, the agreement may be consideredvery good, relative to the
state of the art in modeling and substructure synthesis of structural
damping.

Forward Payload
Flight data of the forwardpayloadshowthat the nutationangledid

not diverge to any signi� cant extent, i.e., the � ight-derived ® was
near zero for the forward payload of OEDIPUS-A. The forward
payload inertias and tether parameters are similar to those of the aft
payload (Table 1), and the current analytical model yields an ®N

that is similar to that of the aft payload, i.e., of the order of 10¡3.
Hence, there is a mismatch between � ight results and modeling for
the forward payload.

The currentmodel doesnot accountfor the tetherdeploymentreel
that is mounted on the forward payload, nor does it account for a
largeoffset betweenthe centerof mass of the end bodyand the boom
attachmentlocation.Also, the two-stagebooms did not fully deploy,
and their � exibility properties are uncertain. It is suspected that the
reel, which has an unmodeled rotational spring type of � exibility,
may uncouple the tether from the forward payload. If modeled, it
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might explain the mismatch. The topic remains for future analytical
and laboratory investigation.

OEDIPUS-C
The parameters of OEDIPUS-C are given in Table 1. Each rigid

inner subpayload is a minor-axis spinner. However, with the four
� exible booms added, the con� guration becomes a major-axis
spinner.

Modal Analysis of OEDIPUS-C
The calculatedmodal parameters vs spin rate are shown in Fig. 9

for the representative spin rate and tension of S D 0:09 Hz and
T D 0:09 N, respectively. The modal characteristics are noted to
be similar to those of OEDIPUS-A (Fig. 3) as regards tether and
boom modes and couplings and interactions with the end body. A
freeze-framefrom animation10 of a damped gyroscopicmode shape
is shown in Fig. 10. The following observations are of additional
signi� cance.

a) ºk

b) ®k

Fig. 9 Eigenvaluesvs tether length for OEDIPUS-C forward payload;
tension = 1.1 N, spin rate = 0.09 cps

Fig. 10 Freeze frame of
animation of damped
gyroscopic natural mode.

Fig. 11 Equilibrium con� gurations for OEDIPUS-C; spin rate was
0.084 cps during � ight.

1) There are 9 tether modes below the � ight spin rate of 0.09 Hz
that have positive ®, i.e., that are linearly unstable. As already dis-
cussed,on the basis of laboratoryinvestigation,thesemodes may be
expected to be stabilized by nonlinear tether tension related forces.

2) The remaining tether and boom modes have negative® and are
thus stable.

3) The values of the nutation mode ®N are negative for the range
0–0.26 Hz, and for this range the nutation mode is stable. The spin
rate of OEDIPUS-C at 0.09 Hz is well within the stable range.

4) At above 0.26 Hz, the nutation frequency is negative and the
®N abruptly changes sign to positive, which indicates instability.

The abrupt sign change is associated with a structural dynamic
instability of the con� guration. OEDIPUS-C is a major-axis spin-
ner, and this particular instability is not forecast by the major-axis
spin rule of energy sink theory. The structuralinstability is shown in
Fig. 11. Above a spin rate of 0.26 Hz, the destabilizing gyroscopic
torque of the inner rigid minor-axis spinner is greater than the sta-
bilizing elastic resisting moments at the roots of the booms. The
con� gurationseeks its lowestenergystate,which is a deformedcon-
� guration, as shown schematically.The tether tension contributesto
stability, but its mass and restoring moment are low and have only
a minor effect on OEDIPUS parameters.

Flight of OEDIPUS-C
OEDIPUS-C was successfully� own in Novemberof 1995.It was

equippedwith a videocamera and a tether force sensor.An overview
of the data is given in companionpapers.12;13 The con� gurationwas
observed to be stable as regards ®N and all of the other modes of
forward and aft payloads.A futurepaperwill report a comparisonof
the calculated modes with nutational and structural modes derived
by fast Fourier transformprocessingof three-axis force sensor data
of the � ight.

Conclusions and Remarks
This workdemonstratesdynamiccharacteristicsof the OEDIPUS

spinning tethered space vehicle that may be useful for the design of
future space systems of like con� guration.

The divergent nutation of the aft payload of OEDIPUS-A was
caused by the tether. The boom � exibility was not a major factor.
Earlier published results obtained through computer solution in the
time domain are validated by the more complete understandingof-
fered herein.

The nutationmodes of the OEDIPUS-C payloadare calculatedto
be stable for the nominal parameters of the mission. However, the
con� gurationis susceptibleto boom-associatedstructuralinstability
at spin rates above 0.26 Hz.

Damped gyroscopic natural modes would be useful for under-
standingother spinning� exible con� gurations.The methodenables
categorizationof the modes and analysisof their stabilityproperties
and their relative importance.A knowledgeof naturalmodal proper-
ties is also essentialfor interpreting� ight data of this type of system.
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