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Tether Damping in Space

Xiaohua He* and J. David Powellt
Stanford University, Stanford, California

This paper analyzes the damping of a long tether connecting two spacecraft, with one spacecraft much larger
than the other and the tether taut along the local vertical. In particular, it investigates the longitudinal and lateral
vibration damping due to tether material properties. The tether is modeled as a visco-elastic continuum without
bending stiffness. Modal frequencies and damping ratios are derived in an analytical approximation form. The
results show that material damping primarily affects longitudinal motion; however, some damping of the lateral
motion occurs from a weak coupling of the two modes. The damping mechanism results in decay times on the
order of 1 h for longitudinal motion and 2 yr for lateral motion. The jump-rope mode has a decay time of about
1.4 times that of the lateral oscillation. The prediction of tether damping in space based on data from ground
testing depends highly on the model of the damping mechanism and the scale of the ground tests. Different laws
of scaling have been derived according to different damping models including structural damping, internal
viscous and external viscous. Existing ground-based measurements of the TSS-1 tether are analyzed with the
result that the longitudinal vibration modes will have damping ratios of no less than 1.8%.

I. Introduction

TETHER applications in space were proposed in the
1960's, although the idea can be traced back to the end of

the last century. In recent years, thanks to the development of
space and material technology, the concept has become a
viable new option in various scientific experiments and engi-
neering applications. The first tests of tethered spacecraft were
conducted on the Gemini XI and XII missions. Since then,
many applications have been proposed, such as tethered mi-
crogravity experiments, tether electric power generation,
tether momentum transfer, tether propulsion, and tether ki-
netic isolation for instrument mounts.

The dynamic analysis and simulation of tethers using vari-
ous methods and models have been ongoing for years. How-
ever, the damping properties of tethers have not been treated
thoroughly. No method has been reported for using ground
measurements to predict tethered system damping in flight
configurations. Damping ratios of the spring-mass mode of
scaled-down models in ground tests have been reported1; how-
ever, these data are for significantly different lengths and end
masses than the space applications. For most applications,
tether damping is important to keep the tethered system stable
and to have a quiet environment. Although damping can be
supplied by active means [e.g., tethered satellite systems
(TSS)2], it is more desirable to provide an adequate amount of
passive damping. In the Kinetic Isolation Tether Experiment
(KITE),3 the tether damping property directly affects the dis-
turbance propagation along the tether, and thus determines
the effectiveness of its isolation. Therefore, methods to deter-
mine the damping of tethers and the damping of tethered
systems in space needs to be developed.

Moreover, there is a jump-rope (or "skip-rope") mode that
has not been thoroughly studied, though it was observed in an
orbit flight experiment 20 years ago on Gemini XI.4 Since
there is no elongation variation involved in this mode, there is
no damping in the mode. Lack of damping could cause trou-
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ble in some applications and, therefore, the jump-rope mode
requires careful study.

The tethered satellite systems studied in this paper consist of
two spacecraft connected by a long flexible tether. One of the
spacecraft, the parent, has the dominant mass of the system.
The system is stabilized in orbit by the gravity gradient that
aligns the tether with the local vertical in its nominal position.
The mass of the tether is assumed to be substantially smaller
than that of the spacecraft at either end, and the tether is
modeled as a uniform continuum without bending resistance.
Assuming small perturbations, the dynamics of a tethered
system are considered separately as pendular librations, steady
elongation, and small vibrations. The focus is on small vibra-
tions including the longitudinal, lateral, and jump-rope
modes. The partial differential equations of motion are solved
using the Laplace transform, i.e., in the complex frequency
domain, since natural frequencies and damping ratios are of
primary interest. To have a better understanding of the rela-
tions between various parameters and to avoid long computa-
tion times, solutions are given in an approximate analytical
form.

The longitudinal vibration problem was solved considering
the coupling from lateral vibration that results from the or-
bital dynamics, although the coupling effect was found to be
negligible. Different damping models are applied and com-
pared with test data of a TSS-1 tether sample. The results lead
to the conclusion that the damping model is a combination of
mechanisms since ho one model provides a good fit to the
data. The data fitting tends to favor the combination of
internal and external viscous; however, the model with struc-
tural damping yields less damping in space and is, therefore, a
more conservative model to adopt. The lateral vibration prob-
lem is solved considering the longitudinal coupling effect that
slightly shifts the natural frequencies and introduces a slight
linear damping to the in-plane lateral modes. A nonlinear
damping effect in lateral vibration due to the associated elon-
gation rate is estimated from the energy dissipation point of
view. The jump-rope mode is discussed as a special case of the
superposition of two lateral vibration modes in two orthogo-
nal planes, 90 deg out of phase. There is no material damping
associated with the jump-rope mode since no change in elon-
gation occurs. However, the orbit coupling makes the jump-
rope rotation alternate periodically with planar vibration that
is damped^

Theoretical analysis is presented in the next section, An
example of damping ratio estimation based on ground tests is
given in Sec. Ill and is followed by the conclusion in Sec. IV.
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II. Mathematical Models and Analysis
The analysis of this paper is based on the following assump-

tions:
1) Both of the spacecraft are point masses.
2) The parent spacecraft is orbiting in an unperturbed circu-

lar orbit.
3) The nominal position of the tether is aligned with the

local vertical.
4) Deviations from the nominal position are small compared

to tether length.
5) The tether is perfectly flexible, i.e., has no bending

resistance.
6) The tether is linear elastic with material damping.
The coordinate system used originates in the unperturbed

circular orbit of the parent spacecraft. The roll-axis A" is in the
orbital velocity direction, the yaw-axis Z is pointing down
along the local vertical, and the pitch-axis Yis then defined by
the right-hand rule, as is shown in Fig. 1.

According to Euler-HilPs equation5 and linear elasticity,7
the equations of motion of the tether can be written as

du

T 17 AT=EA—
dz

(1)

(2)

(3)

(4)

where x = x(z,t), y =y(z,t), and u = u(z,t) are the perturba-
tion of the point (0,0,z) in X, Y, and Z directions, respectively.
T is the tension force in the tether, and / is the material
damping force per unit length.

E 53 Young's modulus
A 55 cross-section area of load-bearing material
n ss orbit rate
IL 53 tether mass per unit length

For such a space system, the frequencies of structural vibra-
tion modes (>0.01 rad/s) are much higher than those of
orbital-motion-determined modes that are known as in-plane
and out-of-plane pendular libration modes with natural fre-
quencies of V3« and 2n (n = 0.001 rad/s). That is, the struc-
tural vibation is decoupled from libration modes. Therefore,
the libration modes are ignored in the following structural
vibration analysis, and they can be analyzed separately using
a rigid tether model and then superimposed.

One end of the tether is fixed on the parent spacecraft. The
other end of the tether is connected to the end mass, a satellite.
The end-mass effect on the lateral vibration has been analyzed
by Graziani et al.9 By virtue of the small tether mass to satellite
mass ratio, the lateral displacement at the satellite end of the
tether is approximately zero, excluding the libration modes.
The end-mass effect on the longitudinal vibration can be
considered in the variable tension at the end. As a result, the
boundary conditions for the dynamic equations of the tether
can be expressed as

x(L,t) =y(L,t) sO

- (L,t) = T(L,t)

(5)

(6)

(7)

Parent spacecraft

Orbital velocity

Tethered satellite

Fig. 1 Orbiting coordinate system.

Considering the dynamics of the satellite, tether tension at the
end is related to the acceleration of the satellite as

T(L,t) = -M (L,t) = 3n2LM (8)

where M represents satellite mass, and L represents tether
length.

Because of linearity, longitudinal displacement can be split
into two parts as

u = HI + «2 (9)

where u\ is the time-independent solution that represents the
steady stretch due to the gravity gradient, and u2 is the time-
varying deviation of the tether displacement from u\. By ne-
glecting all of the time derivative terms in Eqs. (2), (4), and the
boundary conditions on u(z,t), a set of time-independent
equations and boundary conditions for u\ are found as

(10)

(U)

(12)

wi(0,0 = 0

oz

where

(13)

is an equivalent speed of sound in the tether. Equation (10) is
solved with the solution given in Eq. (14), which is the steady
elongation of the tether due to the gravity gradient.

where

ul(z) = Kl sin( — - z ) -z
\<-o

= \+3n2LM/(EA)

-^ cos(-^ L)

(14)

(15)

Assuming a small perturbation, I H2 1 < 1 u\ I , and according
to Eqs. (9), (4), and (14), the tension force can be written as

where

d6)v '

(17)
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Considering that (nz/Co) < (nL/C0 < 1 , the tension can be rep-
resented by its average value along the tether:

With the preceding approximation, the dynamic equations of
the tether can be written as

__ ^ o ^ „
a C o )2____2 n__= 0

^-3^24*-«lH
with boundary conditions (5), (6), and

du2 _ 1
dz ' EA

where

and

(19)

(20)

(21)

(22)

(23)

(24)

A. Longitudinal and In-Plane Lateral Dynamics
The longitudinal and in-plane lateral dynamics are linearly

coupled through orbit rotation and are described by Eqs. (19)
and (20) with boundary conditions (5), (6), and (22). Accord-
ing to the theory of elasticity, there are two commonly used
models to describe material damping, i.e., structural damping
and viscous damping. Both can be written as

(25)

In the case of viscous damping, b is a constant damping
coefficient. In the case of structural damping, b( - 7/0?) de-
pends on the driving frequency o>, where 7 is a constant
structural damping coefficient.7 Bergamaschi first presented
an analysis of tether damping properties in 1986.8 He used a
damping model that was identical to what we refer to as
viscous damping.

Since the natural frequencies and damping ratios of various
modes are of primary interest, the Laplace transform is ap-
plied.11 Then, Eqs. (19), (20), (22), (5), and (6) yield

longitudinal modes and in-plane lateral modes. Considering
(a2\n/s I ) < 1, the solution can be written as

(30)

(31)

for the A:th longitudinal modal frequency and damping ratio,
and

(32)co*A: = 2A:(o:coo)Vl-(2«/2A:a>o)2

- (2A:acoo)A/l - (2n/2ka0)2 (33)

for the kth in-plane lateral mode, where

2L (34)

This result shows that the effect of the cross coupling on
longitudinal modes («/2A:o?o) is negligible, since (n/
«0) < U ~ !0~3, see Sec. III). The cross-coupling effect on the
in-plane lateral modes is essentially a small linear damping, so
that the in-plane modes are slightly damped. However, the
damping ratios are extremely small, since

(35)

Based on the preceding analysis, we can ignore the cross
coupling while studying the longitudinal dynamics, and Eq.
(27) can be approximated by

32U2(z,s)
dz2 C0

2(l.+
U2(z,s) = 0 (36)

where the effect of gravity gradient is on the same order as
that of the cross coupling and has been neglected. The solution
of Eq. (36) in terms of the unknown tether dynamic tension at
the satellite attachment point is

sin(Xz)/(XL)

where
-s*

C0
2(l + bs)

(37)

(38)

Expressing the sinusoidal functions of Eq. (37) in the factored
form,12 the tension force at the satellite end of the tether can
be written in terms of displacement at the same end through a
transfer function, i.e.,

AT(L,s)=KG(s)U2(L,s)

where the transfer function is

(39)

?X(Z,s) -2ns ,. _ * ._

d2U2(z,s) *2-3«2
 I T / , 2ns vi ^

W Ct(l+bS)U2(z'S) + Ct(l + bS)X(z's)

C/2(0,5) = X(Q,s) = X(L,s) - 0

i

(26)
G(s)- 11̂*=i

(27)

(28) L2 + 6(2

/ 2* y
\2* - V

f /»r\2 /Tr\21
U2 + fe(2Ar)2 ^)S + (2A:)2(^)
L \LLi / \ LLj / J

(29)

and

Solving the eigenproblem of the preceding equations, two
kinds of dynamic modes are obtained with linear coupling:

and
K =EA

(40)

(41)
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In the case of structural damping, b = 7/0? is not a constant,
but input-dependent, and Eq. (40) is not a conventional trans-
fer function. However, when (yl-5/2)< 1, the frequency re-
sponse will not be changed substantially if input frequency w
is replaced by modal frequency uk in each second-order factor
of the formal transfer function of Eq. (40). For a second-order
factor, the relative error of frequency response due to the
aforementioned substitution is bounded below yl-5/2. This
substitution makes Eq. (40) a conventional transfer function
for the structural damping case. Therefore, the transfer func-
tion in both cases can be written as

+ 2%2k-l<»2k-lS+<£k- l)
(S2 + 2%2kU2kS +

where

(42)

(43)

In the case of viscous damping, b is a constant, whereas in the
case of structural damping, b - y/uk with 7 a constant.

Figure 2 shows the pole-zero locations of the tether transfer
function on a complex frequency plane for both cases. Obvi-
ously, the structural damping model results in less damped
high-frequency modes compared to the viscous damping
model, provided the first modes have the same damping ratio.
In other words, a safer, relatively more conservative damping
estimate on high-frequency structural vibration is expected
from the structural damping model when no adequate data on
damping ratios of the higher-order modes are available to
determine which model is more accurate.

Considering the dynamics of the satellite mass, the displace-
ment at the end of the tether can be written as

(44)

The longitudinal dynamics of the tethered satellite system can
be expressed in block-diagram form, as shown in Fig. 3. The
characteristic equation for the combined system (the tether
and end mass) is

G(s) = 0 (45)

For low-frequency dynamics, the characteristic equation is
solved under the assumption that Is I ^o>0. Through some
algebra and approximation, the two lowest frequency charac-
teristic roots of the combined system are found as

with

and

K 2

(46)

(47)

(48)

This low-frequency dynamic mode is called the mass-spring
mode, since cow ( = \lK/M) is simply the natural frequency of
a mass-spring system, where the equivalent spring constant is
K = EA/L.
The parameter b could be either a constant for viscous damp-
ing, or a variable y/um for structural damping. In the case of
structural damping, all dynamic modes have the same damp-
ing ratio (£m = y/2).

Internal viscous Structural damping External viscous

Fig. 2 Pole-zero pattern of the tether transfer function [AT(L,s)/
Ui(L,s)} with various damping models.

Ms*

-KG(s)

Fig. 3 Block diagram of the tether and end mass system.

The end mass (satellite) essentially affects only the mass-
spring mode of the tethered system provided the tether/satel-
lite mass ratio is small (r; < 1), which will typically be the case.
In the high-frequency region, the characteristic roots of tether
dynamics are hardly moved as the result of the end mass
effect, i.e.,

(49)

These poles are the same as those of a tether with both ends
fixed or with infinite large end masses. The deviation of poles
due to the effect of finite end mass is less than (rj/kir2)u0 for
the kth mode, according to Taylor's expansion. The relative
error in norm is bounded by rj(kir)2 that is less that 10% for
most of the potential space applications. For instance, the
relative error is less than 0.2% for the 2-km KITE configura-
tion using TSS-1 tether and less than 3% for the 20-km TSS-1
configuration.

The transfer zeros of the tether/end mass combined system,
shown in Fig. 3, are exactly those poles of the tether transfer
function, the poles of the tether with infinite end mass. There-
fore, the poles of the combined system are close to the zeros of
the same system. In other words, the system zeros tend to
cancel the system poles except the first low-frequency pair that
are associated with the mass-spring mode. The pole-zero
"cancellation" indicates that the structural vibration modes
given in Eq. (49) are almost unobservable through the end
mass displacement. Physically, this can be interpreted that the
end point is very close to one of the node points in all the
structural vibration modes, due to the small tether mass to end
mass ratio, r /<l .

Another damping mechanism considered is longitudinal ex-
ternal viscous damping, i.e.,

— (50)

The modal frequencies of all the dynamic modes are not
changed by the different damping mechanism; the damping
ratios are different and can be written as

(51)
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for the kth longitudinal mode, and

(52)

for the mass spring mode.

B. Out-of-Plane Lateral Dynamics
Out-of-plane lateral dynamics are described in Eq. (3) with

boundary conditions (5) and (6), which are decoupled from
the longitudinal and the in-plane dynamics. The natural fre-
quency of the kth out-of-plane lateral vibration mode is

= (2k CX<J)Q) (53)

These modes are undamped according to linear dynamics. In
practice, there will be some damping introduced by nonlinear
coupling between lateral vibrations and longitudinal elonga-
tion, which also exists in the in-plane lateral vibration and will
be discussed later.

The difference between the modal frequencies in the two
planes is introduced by cross coupling from longitudinal mo-
tion to in-plane lateral motion and can be found by subtract-
ing Eq. (32) from Eq. (53), i.e.,

(54)

Modal frequencies in the two orthogonal planes are very close.
An approximate result can be obtained from the lateral dy-
namic equations neglecting the cross coupling due to orbit
rotation, as has been done by Suchet.13

Clearly, these lateral modal frequencies are much lower
then those of longitudinal structural vibration modes, since
a < 1 for most potential tethered systems in space. It also
appears that lateral vibration frequency

a;/ = <j)x\ = <*)y\ = ~r"Vr?
(55)

is substantially greater than the orbit rate and, thus, libration
frequencies (\/3«, 2n) in most cases. For the 20-km TSS-1, co/
is 0.01 rad/s, and for the 2-km KITE tethered satellite, co/ is
0.1 rad/s, both of which are much faster than the typical orbit
rate of 0.001 rad/s. Hence, the frequency separation assumed
previously is insured.

C. Nonlinear Damping in Lateral Modes
Since no bending resistance is considered, there is no (or

extremely small) linear damping in the lateral (in-plane) vibra-
tion modes. However, the damping of lateral motion may be
introduced by the nonlinear coupling between lateral motion
and longitudinal elongation.6 Instead of analyzing the nonlin-
ear dynamics, the nonlinear damping effect in lateral motion
is estimated from an energy point of view as a first-order
approximation. If we consider the elongation engaged in the
lateral deformation, an elongation rate and, thus, energy dissi-
pation exists via the damping properties of the longitudinal
motion. Since the modal frequencies of in-plane X-Z, and
out-of-plane Y-Z, lateral vibration are fairly close, the follow-
ing discussion of the damping property of lateral vibration
applies to both cases, with modal frequencies approximated as

(56)

It is reasonable to assume that the longitudinal strain en-
gaged in lateral deformation is uniformly distributed along the
tether. Then the maximum tether elongation engaged in the
Arth lateral vibration mode can be expressed approximately as

AL = (kv/2)2(Bk/L)Bk

provided the ratio of lateral vibration amplitude Bk to tether
length L is small, (Bk/L) < 1.

The uniform stretch due to lateral vibration is virtually
equivalent to the mass-spring mode. The energy dissipated in
each cycle of the force vibration can be expressed as7

(58)

where C/ = 2£/wcowM, and the driving frequency is the lateral
vibration modal frequency co = &coi = 2kau0. On the other
hand, the energy dissipated in each cycle of the A:th lateral
vibration mode can be written equivalently as

(59)

Since the energy dissipated in lateral vibration is entirely due
to the associated elongation rate, the energy loss given in Eqs.
(58) and (59) should be the same, i.e.,

= AEV (60)

the damping ratio of the A:th lateral vibration mode is

Accordingly, with the equivalent damping coefficient defined
by

(61)

This damping ratio is not, as is usually the case, a constant,
because the damping in lateral motion is introduced by the
longitudinal elongation rate through nonlinear coupling.
Compared to linear damping of in-plane modes due to orbit
coupling, the nonlinear damping may be either larger or
smaller depending on the amplitude of the vibration, which is
shown in the ratio

Bk/L (63)

For poorly damped vibrations, amplitude-decay time may
be more meaningful than the damping ratio. With Eqs. (62),
(56), and (55), the decay time constant can be defined as

1

" \s^T<*)0 |C(

-/(Bk/L)2 (64)

Apparently, the first mode has the longest decay time. The
envelope of its amplitude is governed by

dt (65)

where rD\ is a function of B\. The time required for the
amplitude to decay from Bf to Bf can be found by integrating
Eq. (65), and can be written as

(2/7T)3L I" 1 ___1_

2(ba0/2)C0L(Bf/L)2 (66)

(57)

Obviously, the lateral vibration is poorly damped for small
amplitudes. When the lateral vibration amplitude is 1% of
tether length, it will take weeks or months for 90% amplitude
decay, even if the longitudinal vibration of the tether were
critically damped f[(&/2)co0] = 1). Additional damping
devices, possibly active, may be required for the applications
demanding low dynamic noise and high stability.
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D. Jump-Rope Mode
The jump-rope mode is a rigid-body revolution of the tether

between its two ends. Basically, it consists of the lateral mode
shapes rotating about an axis along the nominal tether posi-
tion, similar to the motion of a rope when a person is playing
jump-rope or skip-rope. The jump-rope mode was first ob-
served in space during the Gemini XI mission. It was excited
near the termination of tether deployment and subsided later
due to tether slack.4 The jump-rope mode can be explained by
prior lateral motion analysis in this paper. It is actually a
special case involving the superposition of the in-plane and
out-of-plane lateral vibration modes. In this special case, vi-
brations in both planes have the same frequency and ampli-
tude, but differ in phase by 90 deg.

In a pure jump-rope mode, the dynamics have no damping,
since there is no elongation change, although a constant elon-
gation exists. However, for a tether stretched vertically in
orbit, there are two effects of orbital coupling that would
destroy or prevent pure jump-rope mode. One of the effects is
the slight linear damping in the in-plane lateral modes. The
other effect is the frequency difference between lateral modes
in the two orthogonal planes.

The effect of linear damping in the in-plane motion on a
jump-rope mode is to attenuate any motion in the orbit plane,
so that the rotation would eventually become a planar vibra-
tion in the plane orthogonal to the orbit plane. However, the
time for the in-plane motion to die out may be extremely long,
practically forever. The exponential decay of the in-plane
motion has a time constant of

1 1
(67)

which may be in the order of 108 orbit periods.
The frequencies of lateral vibration modes in two planes are

different by Aco* for the kih mode, as is given in Eq. (54). This
frequency difference kills a pure jump-rope rotation by chang-
ing the phase difference of the vibration modes in two orthog-
onal planes. An exchange occurs between jump-rope rotation
and planar lateral vibration, thus producing a beat phe-
nomenon. As discussed earlier, planar lateral motion intro-
duces an elongation rate and material damping. The beat
frequency is one-half of the frequency difference given in Eq.
(54). In each cycle of the beat, the mode of motion alternates
twice between pure rotation and planar vibration. Figure 4
illustrates the end view of mode shapes of the beating jump-
rope motion in different moments. For the kth mode, the beat
time period is

(68)\ n \n

where (2ir/n) is the orbital period.
Intuitively, the lowest energy mode, the first mode, is the

one most easily excited. Equation (68) shows that it has the
shortest beat period. In other words, it will first become a pure
planar vibration in Ti/4 (5 orbit periods for the case of a
20-km TSS-1 tether, and 22 orbit periods for the case of a
2-km TSS-1 tether) after being excited, and will come back to
pure jump-rope rotation in another n/4 with decreased ampli-
tude. The beating jump-rope mode is poorly damped, since
lateral planar vibration, where the damping originates, is also
poorly damped. The amplitude of the curve made of the
jumping "rope" can be expressed as

Ak = uit) + cos2(A:a>/ + Aco*)? =

BJk Vl (69)

which indicates a beat vibration with vibration frequency of
(2£co/ + Au*) and beat frequency of Aw*. In this mode, longi-
tudinal stretching is varying. The same longitudinal stretching

e C\ ^
0, r r/8 r/4 3r/8

o
3r/4

Fig. 4 End view of the "beat" mode shapes at various times.

120

100

80 Small end mass points

ignored

60 80 100 120
Estimated frequency (rad/sec)

Fig. 5 Measured frequency vs estimation of linear model.

variation can also be caused by a planar vibration, which is the
equivalent planar vibration associated with the beating mode.
The amplitude of this equivalent planar vibration can be cal-
culated as

I =BJk IV!

i.e.,

with the mean value of

(70)

(71)

(72)

Since the equivalent damping ratio due to the associated
stretch is proportional to the squared amplitude of the planar
vibration, the equivalent damping ratio of the beating mode is
73% of that of the corresponding planar lateral vibration
mode, and thus the decay time is 1.4 times.

III. Damping Ratio and Test Data
Some experimental measurements of a tether fabricated for

the TSS-1 mission have been provided by Martin Marietta
Denver Aerospace, Inc.1 The experiment was performed in a
warehouse-like ambient condition. A tether sample of various
lengths was hung with a load of various masses at the bottom
end. After longitudinal oscillation was started by a well-con-
trolled initial condition that excites only the mass-spring oscil-
lation mode, the natural frequency con was calculated from the
output of an accelerometer mounted on the load mass. The
damping ratio was also calculated from the output of the
accelerometer according to a second-order system model in
which the displacement of the load mass is given by

= Y0 exp(- W) cos(o>nf (73)
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The test was conducted under two different conditions,
namely, preloaded and unpreloaded, i.e., with or without
having the tether stretched by a large load mass hanging at the
bottom for a certain time before measurement. The preloaded
tethers seem to behave more linearly compared to the un-
preloaded ones. In the following analysis, the preloaded mea-
surements will be used. Examining the measured oscillation
frequency, we found that it follows Eq. (47) fairly well except
for a few points at the high-frequency range as can be seen in
Fig. 5, especially the 3 out of 15 measurements with a small
end mass (0.226 kg). This observation suggests that the config-
uration of the test can be modeled linearly according to the
prior analysis with zero orbit rate (17 = 0). We suspect that the
deviations of the three measurements with small end mass
might be caused by some nonlinear behavior such as recoil,
creep, and creep recovery effect,16 since the end mass was not
heavy enough to pull the tether straight. Therefore, the data
measured with the small end mass were considered unreliable
and are left out of the following analysis.

According to the linear model derived, tether stiffness is
estimated as the mean value

2.5 3 3.5 4 4.5 5

"(kg)

Fig. 7 Damping ratio vs end mass.

5.5

EA = ~- £ (comLM)/ = 5.68 x 104 N
12 / = i

Considering the tether density15

p, = 8.2 kg/km

the speed of sound in the tether is

C0 = = 2632 (m/s)

(74)

(75)

(76)

Unlike the modal frequency, the damping ratio does not
have an accepted model. So far, the mechanism is not well
understood for the material damping of the tether with a
multilayer structure as shown in Fig. 6. Therefore, to choose
or develop a model for the damping ratio is not a trivial issue.
Considering the test environment, there may exist some damp-
ing due to air-friction on the tether skin and aerodynamic drag
on the end mass. Fortunately, in the measured damping ratios,
the components caused by the two aerodynamic effects are less
than 1% according to a conservative aerodynamic analysis,17

which suggests that the aerodynamic effects are negligible, and
the measured damping is essentially cause by tether material
damping.

Figure 7 shows a definite trend of measured damping ratio
vs end mass. Since the structural damping model results in a
damping ratio that is constant and independent of end mass,
the mass-dependent trend in the measured damping ratios
suggests that the structural damping model alone does not
explain the test data. Figure 8 indicates that the linear propor-

L = 10.67 m

^*.——u = 13;*1.m..----'"""A -j

2.5 3 3.5 4 4.5 5 5.5

Fig. 8 Normalized (by M~ 1/2) damping ratio vs end mass.

tionality to 1/VM seems to best explain the data, although a
substantial scatter still exists. Figure 9 shows a nonmonotonic
trend of £VM vs L, which suggests a model in the form of

(77)

where
ft>>0

CONDUCTING TETHER

PN-PD9100030-009 CABLE COMPONENTS

NOMEX CORE - 2480 DENIER

10 STRANDS *34 AUG ANNEALED
BARE COPPER

FEP EXTRUDED INSULATION
.012° WALL THICKNESS

KEULAR STRENGTH MEMBER
823x12 X 1000 OENIER
400 LBS MIN BREAK LOAD

NOMEX BRAIDED JACKET
BNX.'S X 1200 OENIER

ISCALE 25XJ

*CORTLANO CABLE COMPANY
*BOX 330 <S3?>733-8276
?CORTLAND,NY 13043-0339

Fig. 6 Cross section of the TSS-1 tether, by Cortland Cable Com-
pany.

Among the models discussed, the first term suggests the
internal damping with Pi = Vi. The second term suggests the
external viscous damping with /32 = 3/2 as given in Eq. (52)
with

\
(78)

Considering that structural damping may also exist as a com-
ponent, the general form of the damping ratio can be written
as

(79)

<»>

I/2 + tf2£3/2)M-1/2+7/2

For comparison, we rewrite Eq. (25) as
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M = 3.86

M = 5.67 kg

M = 2.0* kg
O...o.,..';;;;;;--........

Lab.
= test

lengths

10-3

'Ext., vise. + Int. vise.

Structural

Structural + Int. vise.

Orbital
lengths

Int. vise.
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L (m)

Fig. 9 Normalized (by M~1/2) damping ratio vs tether length.

10-* 10-» 100 10i 102
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Fig. 10 Extrapolated damping ratio of long tether with 1000-kg end
mass.

Table 1 Result of least-squares estimation

Model Formula RMS relative error

Internal viscous
Structural
Internal viscous + structural
Internal + external viscous

£ = 0.026
£ = 0.042M- l/2L ~1/2 + 0.018

= (0.082L ~1/2 + 4.4X 10~4L3/2)M-1/2

30%
29%
239/0

for internal viscous damping force, and

for structural damping force in the mass-spring mode.
The result of possible least-square fits with positive coeffi-

cients is given in Table 1. We noticed that the external viscous
damping has the same form as the air-skin friction; but the
value estimated from the test is four orders of magnitude
higher than that calculated, suggesting that the external vis-
cous damping present is not caused by air friction on the tether
skin. This external damping may be explained by the friction
between the internal load-bearing component and the outer
coating layer of the tether, although neither the exact mecha-
nism nor whether the mechanism would be present with or-
bital tether lengths is clear.

Figure 10 shows the damping ratio vs length of a tethered
system wtih 1000-kg end mass, which is extrapolated from the
estimated damping parameters. Different models give sub-
stantially different results for orbital lengths. Because of the
small amount of test data and the fact that it was obtained
with much smaller end mass (2-6 kg), it is difficult to conclude
which model is more accurate. To precisely predict the damp-
ing property of a tethered system in space, further study on
material damping mechanisms of tethers and more test data
are necessary. However, our results show that the damping
ratio would most likely be bounded between the predictions
made by the two models, external viscous a2L3/2M~l/2 as the
upper bound, and structural y/2 as the lower bound for long
tethered systems. The lower bound given by tether structural
damping is the same (y/2) for all the longitudinal modes. For
instance, if the TSS-1 tether is to be used, the damping ratio of
all the longitudinal modes, including the mass-spring model,
of a tethered satellite system will be no less than 1.8%. For a
typical tethered satellite system, this damping ratio corre-
sponds to a decay time constant of 12 min, which means an
hour for 99% amplitude decay. The 1.8% damping ratio is
about four times the value for a Kevlar beam tested in a
vacuum chamber.18 Compounded multilayer coating may be
the main factor that causes the increase of damping. Temper-

ature and heat transfer into air may also affect tether damp-
ing, although they are not analyzed here.

The lateral modes will be poorly damped, especially for
small-amplitude vibration, because the damping ratio of the
lateral mode is essentially zero no matter how large the damp-
ing ratio of the longitudinal mode is. For the ease of TSS-1,
according to Eq. (66), it will take 20.8 months for the lateral
amplitude (normalized by tether length) to decay from an
initial value of 1% to 0.1%. Choosing high-damping materials
will have little effect on lateral damping.

IV. Conclusions
The damped behavior of a tethered satellite system has been

analyzed with a continuum tether modeled without bending
stiffness. Modal frequencies and damping ratios in terms of
tether material parameters are presented in an approximate
analytical form.

The dynamic model includes the damping due to a longitu-
dinal dynamic motion, and has resulted in the determination
of the role of material damping properties on the tethered
system. The effect of damping was evaluated at tether lengths
typical of laboratory tests and orbital lengths. The appropriate
scaling relations based on different damping mechanisms were
developed and their importance was demonstrated in the ex-
trapolation of lab test data to the orbital case.

The lateral analysis included a jump-rope mode, a combina-
tion of vibrations in two orthogonal planes that are 90 deg out
of phase. A damping mechanism based on the longitudinal
stretching induced by lateral motion was shown to produce
very long decay times. It is shown that the jump-rope rotation
will alternate with planar vibration. With the small damping
mechanism in the planar vibration, the decay times of the
alternating modes are 1.4 times those of pure planar vibration.

Test data of a TSS-1 tether were analyzed as an example. A
damping model consisting of internal viscous, external vis-
cous, and structural damping mechanicsms have been used to
fit the data. The combination of external and internal viscous
damping model yields the best fit to the data, whereas the
combination of structural and internal viscous damping mech-
anism yields a more conservative estimate of 1.8% for the
damping ratio. The extrapolation of test data shows that it
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takes an hour for the longitudinal oscillation to decay from
initial amplitude to 1% (99% decay), but it takes about 1.7
years for the lateral vibration to decay from 1-0.1% of its
length (90% decay). These results are based on test data from
tether lengths of up to 30 m in the thermal and atmospheric
environment of an Earth-based laboratory. Further testing in
the laboratory and in the orbital environment is certainly
warranted and desirable in orcler to establish the validity of
these scaling laws and numerical results.

Possibilities for the improvement in system damping include
the use of large-diameter tethers braided with different materi-
als or devices placed at various locations along the tether.
Other alternatives are active damping systems such as reel
control, attachment point motion, or the use of electrody-
namic forces in conductive tethers.
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