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Data on the structure of the lower thermosphere are extremely limited because of the inaccessibility of this region
to research vehicles. Downward-deployed tethered satellites can provide access to this region of the atmosphere. A
preliminary analysis of the potential use of the end mass of the Small Expendable Deployer System as a scientific
platform for atmospheric and aerothermodynamic research is presented. To this end, the deployment and attitude
dynamics of the end mass during the first mission have been numerically simulated. It is shown that measurements
of the atmospheric mean density with the end-mass onboard accelerometers can be performed only in a short time
interval around the orbit perigee; in addition, the analysis of the payload attitude dynamics shows the need for
attitude control. A preliminary analysis of end-mass attitude control techniques is then performed. Results show
that the stringent attitude control requirements can be satisfied by active control devices.

Nomenclature

Ar = fin surface

A; = cross section of the ith lumped mass

Ay, = payload cross section

Aom: = acceleration vector of the payload center of mass

ap,ap = acceleration due to the aerodynamic drag (modulus,
vector)

ar = vector of the payload acceleration due to the tether
tension

B = rigid boom length

cp = drag coefficient

D; =-aerodynamic drag vector acting on the ith lumped
mass

D, = aerodynamic drag vector acting on the payload

d = fin arm length

Ii, I, Is = principal moments of inertia of the payload

ko, kg = gains of the roll and pitch control laws

L = length of the tether segment adjacent to the payload

M, = ith body component of the attitude-control torque

M,; = jth body component of the external torques

M; = ith body component of the total torque

mp = payload mass '

N; = unit vector of the direction perpendicular to the
surface A;

T,T = tether tension measured at the payload (modulus,
vector)

Ve, = modulus of payload center-of-mass velocity relative

R to the atmosphere

Vi, V; = velocity relative to the atmosphere of the ith
lumped mass (modulus, unit vector)

X, Y, Z = inertial reference frame

X, 3z = orbiting reference frame with origin at the payload
center of mass

Xo, Yo, Zo = orbiting reference frame with origin at the initial
position of the system center of mass

X1, X2, X3 = body coordinates of the tether attachment point

o, B,y = roll, pitch, and yaw angles of the payload
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8 = payload ejection angle with respect to the local
vertical

£1, & = in-plane and out-of-plane tether lateral deflections

¢ = damping factor

n = angle between the normal to the fin surface and the
1 axis of the body reference frame

p = atmospheric density

Tar Tp = roll and pitch time constants

= orbital angular velocity

; = ith body component of the payload inertial angular
velocity

1,2,3 = payload principal reference frame

Subscripts

max = maximum value

ss = steady-state value

Introduction

TMOSPHERIC science data in the region between 90 and 250

km have been collected only by sounding rockets and satellites
in highly elliptic orbits under transitory conditions, or by the re-
entering Space Shuttle.”> Therefore, satellites flying at constant
altitude in the lower thermosphere can give access in a global sense
to this region of the atmosphere.

Downward-deployed tethered satellites can provide the tool for
in situ exploration of the Earth’s upper atmosphere. NASA has eval-
uvated the feasibility of Shuttle-based flights to deploy instrumented
platforms in the lower thermosphere.? Recently a series of low-cost
tether missions has been performed by using the Small Expendable
Deployer System (SEDS). SEDS first flights*> deployed a 25-kg in-
strumented payload with a 20-km-long tether from a Delta second
stage at the apogee (730 km) of an orbit with an inclination of 34
deg and a perigee of 184 km.

Since several flights with different orbit characteristics are re-
quired to provide for local time, seasonal, and latitude variation
effects on the Earth’s atmosphere, SEDS first flights have been
mainly intended to collect data on the tether and payload attitude
dynamics by means of the onboard instrumentation (a three-axis
accelerometer, a three-axis load cell, and magnetometers).® Never-
theless, SEDS can represent a precursor for future tethered satellites
for atmospheric research.’

Various authors have analyzed the dynamics of SEDS. The de-
ployment maneuver has been investigated considering different
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Table 1 Payload mass, principal moments of inertia, initial angular rates,
and tether attachment-point coordinates

Principal moments

Initial angular rates,

Attachment-point

Payload of inertia, kg m? deg/s coordinates, m
mass, kg I I I3 W] w w3 X1 X2 X3
25 0.290 0.468 0.550 5.13 0 5.92 —0.187 -0.035 —0.162

Delta second Stage

4——-{ payload }—»
X T 3
Orbital velocity
z=2
Tether
Tether attach. Tension

paint

Fig. 1 Payload attitnde angles and reference frames.

options and tether tension control laws. The parameters characteriz-
ing the SEDS deployment phase, such as tether deployment velocity,
tension, and length, have been widely investigated to identify the
optimum deployment maneuver.*~5

This paper presents a preliminary analysis of SEDS’s payload as
an instrumented platform for atmospheric and aerothermodynamic
research. To this end, numerical simulations of the first SEDS mis-
sion (SEDS-1) are performed to evaluate the acceleration levels
onboard the payload, and to investigate the possibility of measuring
the atmospheric density from the accelerometer simulated data. The
need for attitude control is stressed by the analysis of the payload
attitude dynamics. A preliminary analysis of end-mass attitude con-
trol techniques is finally presented by using simplified analytical
models and numerical simulations.

System Configuration

With reference to Fig. 1, the payload is schematized as a rigid
parallelepiped. The payload angular orientation is described with the
three Euler angles (roll, pitch, and yaw) relative to a right-handed
reference frame co-orbiting with the payload. The origin of this
frame is located at the payload center of mass, the z axis coincides
with the payload position vector and is directed toward the Earth, the
Y axis is perpendicular to the orbital plane, and the x axis completes
the right-handed reference frame (see Fig. 1).

Table 1 summarizes the payload mass and inertia characteristics,
the payload initial angular rates, and the coordinates of the tether
attachment point. Figure 1 also gives a schematic representation of
the payload accommodation on board the Delta second stage and of
the payload flight configuration. It is worth noting that the body axes
have been taken so that they tend to align with the axes of the orbiting
reference frame when the payload reaches its flight configuration.

This means that the payload yaw and roll angles have initial values
of —90 and 90 deg, respectively.

Numerical Model

In the numerical model, the tether is simulated by means -of
lumped masses placed at equidistant positions. Each lump is acted
upon by external forces and the tether tension. The area and mass
of each lump are those of the tether segment connecting it to the up-
per adjacent lumped mass. The payload and Delta second stage are
simulated with two lumped masses as well. The tether elasticity and
structural damping are simulated by means of massless springs and
dashpots connecting the lumped masses.®

The system orbital motion is described by the force-balance dif-
ferential equations, the unknown quantities being the components
of the position and velocity vectors in a right-handed orbiting ref-
erence frame (in which the origin coincides with the initial position
of the system center of mass, the zq axis is along the local vertical
and directed downward, the y, axis is perpendicular to the orbital
plane, and the x axis is directed forward). This frame rotates with
constant orbital rate and radius with respect to the right-handed in-
ertial reference frame (in which the origin is the Earth’s center, the
X axis points toward the vernal equinox, the Z axis points toward
the north pole, and the Y axis completes the right-handed reference
frame).

The payload attitude dynamics is computed by integrating the
kinematic equations and the Euler equations. The kinematic equa-
tions express the time evolution of the payload Euler angles with
respect to the inertial reference frame. The Euler equations relate the
time derivative of the payload angular rates to the external torques.
The torques considered are the tether viscoelastic force, the gravity
gradient, the aerodynamic drag, and the attitude control.

Atmosphere Model -

Atmosphere parameters, such as density, temperature, and com-
position, vary with the solar cycle, solar and geomagnetic activity,
day, and season.? To analyze the influence of the atmosphere on the
system dynamics, the Mass-Spectrometer Incoherent-Scatter-1986
(MSIS-86) neutral atmosphere model® has been implemented in the
numerical code. This model provides the neutral temperature, the
densities of the various atmospheric constituents (atomic oxygen
included), and the seasonal and local time variations of the geomag-
netic activity.

Aerodynamic Drag Model
The aerodynamic force on the ith lumped mass has been com-
puted according to the following expression!®:

D; = _%pCDV,'ZAi(Ni Vo, 1

For altitudes greater than 140 km, free-molecular flow prevails.
In this case, a value of 2.2 can be assumed for the drag coefficient
of satellites of compact shapes. This value also allows for the fact
that the satellite may be tumbling.!!

Atmospheric Density Measurement

Data on SEDS deployment dynamics are collected by means of
the payload onboard instrumentation. Table 2 shows the character-
istics of the instruments onboard the SEDS-1 end mass.'? In partic-
ular, the three-axis accelerometer can be used to measure the pay-
load nongravitational accelerations. In future tethered atmospheric
missions,'? the accelerometer data can be completed and validated
by the data provided by a neutral-mass spectrometer.
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In the following, the acceleration levels on board the payload are
numerically evaluated by separating the contributions of the aerody-
namic drag and the tether tension. Then, the possibility to perform
atmospheric density measurements with the end-mass accelerome-
ters is investigated.

Density Measurement from Drag Acceleration

Accelerometer data offer the possibility of achieving mea-
surements of the atmospheric mean density and of the density
fluctuations. In particular, the knowledge of the atmospheric density
fluctuations is of great importance in view of the strong constraint
on the satellite design imposed by the drag levels atlow altitudes. !

Assuming the three-axis accelerometer is at the payload center
of mass, the nongravitational acceleration vector measured onboard
the payload can be expressed as follows:

Gem, =4p + a7 = (Dp/mp) + (T/mp) @

The first term on the right-hand side of Eq. (2) represents the
contribution of the aerodynamic drag acting on the payload. The
second term, which depends on the tether tension at the payload,
simulates the effects of the tether on the payload acceleration levels.

Since the body components of the tether tension are measured by the

Table 2 SEDS-1 end-mass instrumentation

Range Resolution
Accelerometer
Low scale +1mg 83 ug
Medium scale +5 mg 42 ug
High scale +50 mg 042 ng
Load cells
Low scale +0.I'N 0.83 mN
Medium scale +IN 8.3 mN
High scale +10N 83 mN
Magnetometer +600 mG +4.7 mG.

Table 3 Launch date and time, and orbital
" parameters at the deployment

Launch date
Launch time, GMT 04:12
Semimajor axis, km '6835.145
Orbit eccentricity 0.04
Orbit inclination, deg 33.96
Longitude of the asc node,? deg 218.5
Argument of perigee, deg 182
Time since perigee passage, s 2661.28

March 23, 1993

*Evaluated with respect to the launch meridian.

0.0025

three-axis load cell onboard the payload, it is possible to evaluate the
contribution of the aerodynamic drag in Eq. (2). The measurement of
the atmospheric density from drag acceleration can then be obtained:

ap= (22292 ) pe, B
: 2m, ¢.m.

From the measurement of ap, it is possible to compute the product
pcp, where the drag coefficient can be evaluated on the basis of
analytical and experimental results.!!

Acceleration-Level Analysis

To simulate the tether dynamics accurately, 11 masses have been
lumped at equidistant positions along the tether. The values of the
orbital parameters at the beginning of the deployment and the launch
date and time are listed in Table 3.

Figure 2 shows the first component in the body reference frame
(1 axis) of the acceleration measured at the payload center of mass,
due to the atmospheric drag. At the orbit perigee, the acceleration
due to the aerodynamic drag increases and becomes of the same
order of magnitude as the acceleration due to the tether tension.
Figure 3 shows a comparison between the moduli of the acceler-
ations due to the aerodynamic drag and the tether tension around
the orbit perigee. Figure 4 shows the mean atmospheric density, as
well 10% of the density, compared with the finest resolution of the
three-axis accelerometer (Table 2). One can see that measurements
of the atmospheric mean density from drag acceleration can be ob-
tained only in a time interval of about 700 s around the perigee
passage.

With regard to the atmospheric density fluctuations, and consid-
ering the short duration of SEDS-1 flight, statistical studies!* show
that only density fluctuations of 5-10% of the full amplitude could
be observed near the orbit perigee. On the other hand, Fig. 4 shows
that the acceleration levels related to these density fluctuations are
lower than the finest resolution of the onboard accelerometers. Den-
sity fluctuations can, then, be detected only by reducing the perigee
altitude, by increasing the number of perigee passages, and by im-
proving the resolution of the payload onboard accelerometers. In
addition, since the density fluctuations vary with the altitude, lati-
tude, and geomagnetic and solar activity, atmospheric data have to
be collected at many different combinations of orbit inclinations,
altitudes, solar times, geomagnetic conditions, and geographic lo-
cations, by using the opportunity of frequent flight offered by Delta
launch vehicles.

End-Mass Attitude Dynamics

The analysis performed in Ref. 16 shows that the payload atti-
tude dynamics is characterized by large amplitudes both in the initial

T

0.002

0.0015

0.001 +

0.0005 -

-0.0005

T

drag acc. component #1(m/s**2)

-0.001

-0.0015

-0.002

0 1000 2000

Fig. 2

3000 4000 5000 6000

time, s

First body compenent of the acceleration measured at the payload center of mass, due to the aerodynamic drag.



GRASSI AND COSMO

0.00055 T T

73

0.0005

0.00045

tension

0.0004

0.00035

0.0003

acceleration modulus {g)

0.00025

at the

payload

drag

0.0002

0.00015 L !

i 1 1 i

2850 2800 2850

3000 3050 3100 3150
T time, s

3200
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Fig. 4 Atmospheric density, 10% density variation, and resolution of the accelerometer.

phase and, despite of the increasing tension, in the final phase of the
deployment. This behavior is caused by the payload initial condi-
tions at ejection as well as the lack of adequate restoring torques.!’
These factors severely limit the use of the SEDS payload as a sci-
entific platform if no attitude control is provided. -

Preliminary Analysis of Attitude Control

Several investigators have analyzed the operating requirements
and instrument complement for an upper-atmospheric observation
payload.'® The use of tethered observing platforms places uncon-
ventional requirements on system design factors such as attitude
knowledge and control and dynamic isolation.

As shown in Refs. 19 and 20, the measurement of the ac-
commodation and drag coefficients with an accuracy of 10-20%
requires attitude control within 2 deg. However, attitude control
within £:10-20 deg should be provided to perform a postprocess-
ing correction of the data by removing the effects of the short-

term and long-term dynamics. Considering the short duration of
SEDS-1 missions at low altitudes, the attitude high frequencies due
to the tether tension torque, in particular, need to be controlled.
An analysis of attitude stabilization and control techniques is per-
formed by making use of both analytical models and numerical
simulations.

Attitude Control at Payload Ejection

The numerical simulations showed that the main causes of the
observed large attitude amplitudes are the initial conditions at the
deployment and the low-tension deployment strategy. A system of
thrusters can be used to damp the rotational kinetic energy gained
by the payload in the short initial phase of the deployment, in which
it approaches its flight configuration.

A preliminary estimate of the moduli of the attitude-control
torques has been made by considering the initial conditions of the
deployment. By considering only the torque due to the tether tension,
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Table 4 Attitude-control torques and required thrusts
) in the case of control with thrusters

Body Max. attitude Max control Required
axis excursion, deg torgue, Nm thrust, N
1 ’ +1 716 x 102 4.42 x 10~
2 +1 1.92 x 1073 1.03 x 1072
3 +1 1.74 x 101 9.31 x 107!

Table 5 Payload initial angular rates and tether attachment-point
coordinates in the case of attitude control

Initial angular rates, deg/s Attach-point coordinates, m

Symbol Value Symbol Value
o] —-0.592 x1 0
wy -0.513 X2 0

w3 0 X3 —0.094

the following expressions can be obtained for the maximum values
of the body components of the attitude-control torques!”:

1?1
Meimax = -2-%1—1 + x3T cosé + x, T siné (4a)
'max
1 (1)312 .
Mc2max = ET —x1T sind (4b)
‘max
1 &I
M3 max = 5%3—‘2 —x1T cosé (4(;)
'max

Table 4 summarizes the numerical values of the attitude-control
torques and of the required thrusts, obtained assuming the payload
ejection angle constant and equal to 10 deg. Since the use of thrusters
is limited to a short initial phase of the deployment, only low thrusts
and low fuel consumption are required to damp the initial rotational
kinetic energy of the payload.

Attitude Passive and Active Control

In the following paragraphs, techniques for passive and active
control of SEDS’s end-mass attitude dynamics are analyzed. In par-
ticular, the use of a rigid boom, of two symmetric fins for drag
stabilization, and of the mobile tether attachment point is described.

Attitude Analytical Model

The end-mass attitude control has been analyzed by placing the
tether attachment point in a symmetrical position with respect to
the payload center of mass, as in Fig. 5. This figure also gives a
schematic representation of the payload with a rigid boom and two
fins symmetrically positioned along the 2 axis of the body reference
frame for drag stabilization.

The numerical simulations show that a change in payload geom-
etry and initial attitude rates smaller than the nominal case (e.g., by
turning the thrusters on at the beginning of the deployment) result in
a more stable attitude dynamics. Table 5 gives the new coordinates
of the tether attachment point and the initial values of the payload
angular rates considered in the numerical simulation of the attitude
control. As shown in Fig. 5, the payload principal axes are initially
aligned with the axes of the orbiting reference frame.

Although the numerical simulation showed that large amplitudes
characterize SEDS’s end-mass attitude history, with reference to the
new configuration in Fig. 5, a preliminary estimate of the required
attitude control torques can be obtained by assuming that the angles
are small. However, as will be shown in the numerical analysis, this
assumption can be considered valid for the high-frequency attitude
rotations due to the tether tension torque, of particular interest in
our case. Therefore, the payload attitude equations become?!

&+ (4Q% ) — (1 — k)Qy = Mi/1, (52)
B+ (39%2) B = Mo/ I (5b)

7+ (Qks)y + (1 — k) = Ma/ 15 (5¢)

Tether

Tether attach.
point /

Fin

Fig. 5 Schematic representation of the payload with rigid boom and
fins for drag stabilization.

where the inertia ratios k; and the external torques M; are given by

by = (L — )/ I ©2)
ks = (I — I/ I (6b)
ks = (I — )/ Is <)

and
My = —x;Tie — (s Ti/les + M,y 72)
My = —x3TiB — s To/L)es + Mao (7b)
M; = M, (7c)

In Egs. (7), the tether restoring torques and the disturbing torques
due to the tether lateral deflections and the external perturbations
have been considered.

Attitude Stabilization with a Rigid Boom

The payload attitude dynamics can be passively stabilized by
means of a rigid boom at the tether attachment point (Fig. 5).17
By introducing the boom length B into Egs. (5) and (7) and by
applying the final-value theorem to the pitch equation, the following
expression can be obtained for B: ’

‘ max I M ax :
B= —x3<1 L ) — 3Q%, 2 4 2 ®)

I 1 ,Bss Tl Tl ;Bss

Note that a similar expression for B can be obtained from the roll
equation. Figure 6 shows the values of B in meters vs the pitch-
angle final value for /; = 2500 m and &; 5, = 200 m. Note that
only the control of the attitude high frequencies caused by the tether-
tension torque has been considered (i.e., M, max = 0). From Fig. 6
it is possible to obtain a preliminary estimate of the boom length
necessary for the required attitude control.

Drag Stabilization

The numerical simulations have shown that at the orbit perigee the
aerodynamic forces on the payload are large enough for passive atti-
tude stabilization by the aerodynamic drag.?? A typical arrangement
producing yaw-axis aerodynamic stabilization is shown in Fig. 5,
where two fins have been symmetrically positioned with respect
to the payload center of mass. In the analysis, the use of a tail at
the back of the payload, as in the case of the TSS-2 subsatellite, is
not considered, on account of the reduced space available for the
payload on the Delta second stage.??
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Fig. 6 Boom length vs pitch-angle final value.
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Fig. 7 Fin arm length vs yaw-angle final value.

By evaluating the body components of the aerodynamic torque where
due to the fins, and by applying the Laplace transformation to the
roll and yaw equations (5a) and (5c), we have in matrix form H

M (s)
I By applying the final-value theorem to Eq. (9), the following
! expressions can be obtained for the steady-state values of the roll
M;(s) and yaw angles:
I

2+ [4 @2+ (Tixs/ 1)) =0 = ks [a(s>]
Q1 ~ky)s s2+ (ks + H) [Ly(s)

_ PCp Vc%m.Apd

i 10
L sinz 10

_ Ml max.
L[49%, — (Txs/11)]

s (11a)

M3max
Vog = ——m (11b)
) ® (9% + H)
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Fig. 9 Payload yaw angle without and with the use of fins for drag stabilization.

The length of the fin arm can then be obtained from Eq. (11a) as

! Q%ksl !
pCDV AF s Sin’?

From Fig. 7 it is possible to obtain a preliminary estimate of d
in meters as a function of the yaw-angle steady-state value for dif-
ferent values of n and Ar = A/2. These quantities have been com-
puted by adopting a value of 4.8 x 10~ !2kg/m> for the atmospheric
density. .

M 3max
Vss

(12)

Control with the Mobile Attachment Point
When stringent attitude control is required, an active control tech-
nique based on the displacement of the tether attachment point on

the payload can be used to damp the attitude high frequencies. Of
course, in this case, onboard attitude sensors and feedback control
logic are required.?!

By introducing the torques due to the dlsplacement of the tether
attachment point, Eqgs. (7) become

My = —xsTiae — (3T /1D)es + x0T + My (13a)
My = —x3T1 B — (x3T1/L))ey + Ty + M, (13b)
M3 = —X1Tla - x2T1ﬂ + Me3 (130)

As in Ref. 21, the attitude control can be performed by moving
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Fig. 10 Payload attitude control with the mobile attachment point in a time interval around the orbit perigee.

the tether attachment point according to the following control
laws:

x1 = kg + kgtpf (14a)
X2 = kgot + ko Tyt (14b)

where the pitch and roll angles and the respective derivatives have
been used as feedback variables. As in Ref. 21, the control-law gains
and time constants have been computed assuming a unit damping
factor and +1 deg as the steady-state error for the pitch and roll
angles.

Numerical Analysis

Numerical simulations of SEDS-1 end-mass attitude control have
been run by using the results of the analytical models. The values
adopted for the payload initial angular rates and for the coordinates
of the tether attachment point are listed in Table 5.

" Figure 8 shows the payload pitch and roll angles in a time inter-
val around the orbit perigee after a 20-cm-long rigid boom has been
added to the tether attachment point. It is possible to observe a sig-
nificant reduction in the amplitudes of the attitude high frequencies,
which, because of the increasing tether tension, become approxi-
mately 5 deg at the end of the deployment. Because of the deploy-
ment strategy, the pitch angle oscillates with low amplitude around
a mean value of about 45 deg. Finally, because of the coupling with
the roll dynamics, a significant reduction has been observed also in
the amplitudes of the high frequencies of the yaw angle, which is
not plotted in Fig. 8.

Figure 9 shows the yaw angle of the end-mass in the two cases
of noncontrolled attitude dynamics and drag stabilization by means
of two symmetrical fins positioned at a distance of 16 cm from
the payload center of mass. A value of 10 deg has been assumed
for the fin angle 7. In the controlled case, as soon as the pay-
load reaches the orbit perigee, the drag stabilization acts on the
yaw dynamics. In fact, the yaw angle oscillates with limited am-
plitude (about 410 deg) around a mean value of about 40 deg.
Of course, the drag stabilization cannot abate the yaw-angle high
frequencies. .

Figure 10 shows the results of the application of the control law
based on the displacement of the tether attachment point on the
payload, in a time interval around the orbit perigee. It is possible to
see that, in this case, the attitude high frequencies are completely
damped. In addition, the roll-angle control has a positive effect also
on the damping of the yaw-dynamics high frequencies.

Conclusions

The utilization of SEDS deployed payloads as scientific plat-
forms for atmospheric research has been analyzed. The possibil-
ity of performing measurements of the atmospheric density with
the accelerometers onboard SEDS payload has been investigated.
Results. of numerical simulations of SEDS first mission show
that measurements of the atmospheric mean density can be ob-
tained only over a short time interval (about 700 s) around the
orbit perigee. Measurements of the atmospheric density fluctua-
tions can be achieved only by reducing the altitude of the orbit
perigee and/or by using more sensitive accelerometers onboard the
payload.

The payload attitude dynamics and control have been investi-
gated. A preliminary analysis of passive and active control devices
has been performed analytically and numerically. The results show
that the use of passive-control devices, such as rigid booms and fins
for drag stabilization, limits the amplitudes of the attitude angles
within about +5-10 deg. Nevertheless, the effectiveness of rigid
booms is limited by the lengths required to perform finer attitude
control, and the use of fins for drag stabilization is complicated by
the small dimensions of the payload and by the small space available
for end-mass accommodation on the Delta second stage. Therefore,
future atmospheric and/or remote sensing applications, which have
very stringent attitude-control requirements, can be only performed
by using active-control devices. To this end, a technique based on
the displacement of the tether attachment point at the payload seems
to be effective. In this case, the attitude high frequencies are com-
pletely abated.
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