JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 43, No. 4, July—August 2006

Small Mission Design for Testing In-Orbit
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The need to limit the population of artificial debris in near-Earth space motivates the development of efficient
deorbiting propulsion systems. Electrodynamic tethers offer a valid and attractive alternative to conventional
chemical thrusters because they impose a penalty in terms of deorbiting time rather than additional launch
mass. A low-cost demonstration mission is designed, where a reduced-scale deorbiting system will be carried,
deployed, and controlled by a microsatellite. Numerical simulations show that the proposed configuration of the
electrodynamic system allows, even in absence of active tether current control, to maintain a stable tether attitude
motion. This is obtained through a careful combination of bare and insulated tether segments. When active current
control is applied, the tether libration angles are bounded to within 10 deg. The closed-loop control laws make
use of the in-plane and out-of-plane libration angles and rates, which are estimated through a newly developed
extended Kalman filter. The estimator’s measurements are provided by two three-axis magnetometers mounted
on the spacecraft structure and at the lower tether endpoint, respectively. It is shown that this microsystem is
able to deorbit a low-Earth-orbit carrier spacecraft in about two months, demonstrating salient features of tether

technologies and associated electrodynamic effects.

Nomenclature

A, = tether cross section, rrr,i

b = magnetic field vector

Cpgp = position of the center of application of the
electrodynamic force

Cy = position of the tether system’s center of mass

dx = differential element of the tether length

E, = intensity of the induced electrical field along the tether

Fgp = total electrodynamic force acting on the tether

I(x) = current flowing into the wire

1, = tether short-circuit current

i = nondimensional current flowing into the wire

i = orbital inclination

L = total length of the conductive segment of the tether

L, = characteristic length typical of the bare tethers

L = total length of the tether (conductive plus
nonconductive segments)

/ = nondimensional length of the conductive
segment of the tether

M = total system’s mass

m = mass of the ballast

me = mass of a single copper wire

my = mass of the Kevlar® tether
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my = mass of the spacecraft

ne = ionospheric plasma density

Tw = radius of the tether

v = spacecraft orbital velocity

X = curvilinear coordinate on the tether with origin
in the cathode

y = mean deviation of the tether from the local vertical

ot = deorbiting time between two orbital altitudes

Ap = Debye length of the Earth ionosphere

A = Kevlar tether linear density

& = nondimensional curvilinear coordinate on the tether
with origin in the cathode

Oa = electrical conductivity of aluminum

o. = electrical conductivity of copper

T = unity vector tangent to the tether

®(x) = tether potential

¢ = nondimensional tether potential

I. Introduction

POTENTIALLY large demand for deorbiting propulsion sys-

tems is likely to grow in the near future, motivated by the need
to limit the population of artificial debris in the near-Earth space.
Because of the large mass penalty associated with the use of con-
ventional chemical propellants, the development of more efficient,
alternative systems is highly desirable. Electrodynamic (ED) tethers
were proposed a few years ago'? as a valid and attractive solution
because they impose a penalty in terms of deorbiting time rather
than additional launch mass. Moreover, the ability to operate with
dead satellites can be envisaged, thus offering cost savings and ca-
pabilities unmatched by any other propulsion system. This feature
is very attractive, especially to commercial users, who might other-
wise be forced to deorbit a perfectly functioning satellite at the end
of its nominal lifetime. On the contrary, disposal by means of ED
tethers would allow maximizing the use of orbiting spacecraft (SC)
until major internal failures occur. The original concept proposed
in Refs. 1 and 2 was largely improved through the analysis carried
out in Ref. 3, where the key role played by the contact impedances
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associated with the coupling between the tether terminations and
the ionospheric plasma was pointed out and precisely accounted
for. In Ref. 4, an ED deorbiting system made up of an insulated
tether, a passive inflatable collector at the positive termination, and
a hollow cathode at the negative one was proposed; its deorbiting
efficiency was assessed under realistic assumptions for its interac-
tion with the ionospheric environment. This configuration formed
the basis of a state-of-the-art ED tether system [ED orbital reentry
device (EDOARD)] for deorbiting small- and medium-size low-
Earth-orbit (LEO) satellites and launchers’ upper stages, recently
proposed™® by an Italian team formed by Alenia Spazio and the
University of Rome “La Sapienza.”

Following these early studies, several ED tether deorbiting con-
figurations were then analyzed in Refs. 7-10: In Ref. 7, the original
ED deorbiting model proposed in Refs. 1 and 2 was improved to
investigate and optimize the performance of the device, by develop-
ing a detailed numerical simulation that included models for tether
dynamics, ED interactions with the Earth’s ionosphere, and Spindt
cathode electron emission. The software code used in Ref. 7 was
then expanded in Ref. 8 to include the capability to model the de-
ployment physics. A comparison of the deorbiting performance of
several ED tethers, where the electron collection from the iono-
sphere is obtained with either simple bare wires or bare wires ter-
minated with conducting spherical collectors, was carried out in
Ref. 9. The comparative analysis, performed for the simple case of
an equatorial orbit, shows that the use of the spherical collectors
at the positive termination of the system significantly enhances the
deorbiting capabilities of the electrodynamic bare tethers. The con-
cept of ED drag applied to debris mitigation was also discussed in
Ref. 10 where, in addition to a performance study of LEO and geo-
stationary transfer orbit satellites ED deorbiting, the collision risk
imposed by the selected deorbiting configuration was also analyzed
and selected as the major parameter to be evaluated.

Among the ED tethers experimental activities already carried out
in space, ! it is worth mentioning the NASA Tethered Satellite Sys-
tem missions in 1992 (Ref. 12) and 1996 (Ref. 13), and the plasma
motor generator system,'* where, in a conductive tether attached to a
Delta second stage, the current was driven in both directions, allow-
ing both deorbiting and thrusting mode operations. In 1993-1994,
the two Small Expendable Deployer System (SEDS) missions'>-!¢
took place to demonstrate the use of a close-loop control to deploy
a 20-km-long tether. The Tether Physics and Survivability (TiPS)
mission,!” flown in 1996, was developed to study the long-term dy-
namics of a 4-km-long, nonconductive tether. Although TiPS was
designed as a short-life (six-month), low-cost, secondary experi-
ment, making use of essentially passive systems, it survived the
orbital environment for many years, even after the laser ranging
was discontinued in late 1997.

The Propulsive SEDS mission,'8 whose launch has been delayed
many times and finally canceled in November of 2003, was intended
for the ED deorbiting of a Delta stage, making use of a new con-
cept of ED tether: The conductive wire was designed to be in direct
contact with the ionospheric plasma (bare tether!®-2), thus, collect-
ing plasma electrons even without dedicated devices at the anodic
endpoint.

The need to demonstrate and verify this type of ED tether-
deorbiting technology and the associated space physics aspects has
motivated the design of relatively small satellite missions?! carrying
different types of ED payloads and, more recently, a proposal for a
microsatellite tether-deorbit experiment.??

With this aim, we have scaled down the original EDOARD?>-® as-
sembly to obtain a smaller and lighter system, and we have designed
a low-cost demonstration mission, Micro-EDOARD, making use of
a microsatellite as the carrier vehicle. In the proposed demonstra-
tion mission, the microsatellite will be provided by the University of
Bologna [Alma Mater Satellite (ALMASat)].?* Such a microsystem
will still be able to demonstrate salient features of the tether technol-
ogy and the ED effects on the space vehicle when orbiting in LEO.

The objectives of the proposed demonstration mission are related
to ED tethers and are both technological and scientific. The techno-
logical objectives are associated with conductive tether and passive

tether deployment mechanism design and tether dynamics and con-
trol. The main scientific objectives are identified with the in-orbit
experimentation and validation of theoretical models of the well-
known ED effect of the Earth’s magnetic field crossed by a bare
conductive tether.

The main contributions presented in this paper are threefold. First,
we show that, because of an innovative tether deployer design, the
ballast mass can be deployed passively with no need for a closed-
loop control system, yielding a very simple, yet reliable, design.
Second, we present a simplified analytical procedure to compute
the center of application of the ED force along a bare tether. This
procedure makes use of the hypothesis that, for tether currents suf-
ficiently far from the short-circuit value, the voltage drop due to
the electrical resistance of the tether itself can be neglected. Finally,
we present a new estimator, based on the extended Kalman filtering
methodology, whose state vector includes the tether in-plane and
out-of-plane angles and rates. The sequential readings from two
three-axis magnetometers (TAM) are used in the measurement vec-
tor and in the nonlinear observation function, respectively, to form
the filter’s measurement equation. This procedure renders the effec-
tive measurement noise nonstationary and state dependent, and this
is addressed in the filter by computing an approximate time-varying
noise covariance matrix.

The remainder of this paper is organized as follows: In the next
section an overview of the mission is presented, along with a detailed
description of the analytical method used for the optimization of
the tether system configuration. This is followed by a numerical
simulation of the tether passive deployment. The passive SC ED
deorbiting is numerically simulated in Sec. III. This is followed by
a description of the newly developed extended Kalman filter, where
the tether angles and rates are estimated and its use in the closed-
loop controlled deorbiting is described. A numerical simulation of
an actively controlled SC deorbiting is then presented, showing that
this strategy allows to bound the out-of-plane librations to very low
values. Concluding remarks are offered in the last section.

II. Mission Profile and Tether System Configuration

The Micro-EDOARD experiment payload, comprising the tether,
the tether deployer, ED subsystem, sensors, and mechanical, elec-
trical, and data interfaces will be accommodated internally to the
ALMASat SC. Current circulation in the tether is guaranteed by a
hollow cathode, placed in the payload bay of the carrier SC, close to
the spring mechanism shown in Fig. 1. This configuration has been
selected to minimize the overall volume. Moreover, it is planned to
accommodate a small wide-angle camera (not shown) on the deploy-
ment side of the microsatellite bus to monitor the full tether passive
deployment operation during the proposed flight experiment.

Mission Timeline

In the proposed mission timeline, after the launch, a SC com-
missioning phase of about one month will begin, followed by about
three months of continuous operations of the technological exper-
iments carried onboard ALMASat. The deployment of the Micro-
EDOARD payload will then occur, and the ED tether will be main-
tained fully operational (in its deorbiting electrical configuration)
until the complete reentry of ALMASat. During the deorbiting
phase, the SC altitude will be continuously tracked, making use
of an onboard global positioning satellite receiver, until complete
burning of the entire satellite bus in the Earth atmosphere.

The most promising launch opportunity we have identified is with
the Russian-Ukrainian DNEPR launch vehicle (LV)?* operated by
the International Space Company (ISC) Kosmotras. This launcher
is based on a converted intercontinental ballistic missile, the SS-18,
and has already performed four successful cluster launches from
the Baikonour cosmodrome located in Kazakhstan (in 1999, 2000,
2002, and 2004).

Until now, the DNEPR LV has launched only along medium-
high inclination orbits. Informal contacts with the ISC Kosmotras
are ongoing, to guarantee a DNEPR launch at lower inclinations,
more suitable for the experimentation in orbit of an ED payload.
However, because at the time being this dedicated launch has not
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been confirmed yet, the analysis to be described has been carried out
assuming that ALMASat carrying the Micro-EDOARD payload will
be launched along the nominal 650-km altitude, 65-deg inclination
DNEPR orbit.

As part of its research activity in the field of microsatellite de-
sign and manufacturing, the University of Bologna has installed a
vhf—uhf amateur radio, fully automated ground station in the labo-
ratories of the II Faculty of Engineering in Forli, for communica-
tion with LEO satellites.?® In its present configuration, it has been
operational since September 2003, and L- and S-band communica-
tion facilities are scheduled to be installed in the next months. The
Forli ground station is proposed as the main ground support facility
for the ALMASat mission carrying the Micro-EDOARD payload.
Other stations (in particular the many amateur-radio ground stations
installed by several universities all over the world) could be used
in support of the proposed mission, to enhance the ground cover-
age and to give access to the ED telemetry data to a wide scientific
community.

Tether System Configuration

The center of mass of an ED tethered system is usually very close
to the SC center of mass because the latter represents the heaviest
part of the system. If the dumbbell model is assumed for the tether,
the center of application of the total Lorentz force acting on an
insulated tether is placed a distance L/2 from the system’s center of
mass. (L is the total length of the conductive segment of the tether.)
For a bare tether, it is shown later that this distance is comprised
between L/3 and L/2. Thus, the ED force acts with a large arm,
yielding a potentially large (destabilizing) torque, which, in turn,
can give rise to a tumbling situation.

With the aim of designing an optimized tethered system where this
intrinsic instability could be prevented, we have started our analysis
from a basic configuration, where the SC (m;) and the ballast (71,,)
mass are 25 and 3.5 kg, respectively, and are connected by a bare
copper wire of L =1 km, with a radius r,, = 0.3 mm.

An analytical method aimed at the optimization of the ED tether
configuration was presented in Ref. 25. This method allows the min-
imization of the Lorentz torque about the system’s center of mass,
by making use of properties of the bare tether current profile. The
concept introduced in Ref. 25 is especially interesting in the dy-
namics of satellite orbit descent/raise, using ED tethers as thrusters.
In Refs. 26 and 27, this design method was also extended to the
case of ED tethers operating in the so-called generator (deboost)
regime. The balance condition is obtained, in both cases, by prop-
erly adjusting the system’s mass distribution. This is also the main
limitation of the method because, in some cases, the mass distri-
bution is an a priori design constraint determined by other mission
requirements. This is the case for the ALMASat mission carrying
the Micro-EDOARD payload. As a matter of fact, the mass of the
carrier microsatellite has a lower bound determined by the SC bus
and subsystems. Following the method presented in Refs. 25-27,
a self-balanced ED tether could be obtained only by increasing the
ballast mass (the deployer, in our case). This would impose serious
penalties in terms of total system’s mass because, following Ref. 27,
the ballast mass would be increased from 3.5 to about 12 kg, thus,
increasing the payload mass by about a factor of four.

Here we present a different approach, where the minimization of
the Lorentz torque is obtained through the addition, on top the bare
tether, of a nonconducting tether portion, typically with a negligi-
ble mass with respect to the whole system. A simplified analytical
procedure to compute the length of this additional nonconductive
tether segment is presented in the following paragraphs.

At the orbital altitude planned for the Micro-EDOARD demon-
stration mission r,, < Ap, and then the charge collection of a bare
tether obeys the orbital motion limit law. Let us introduce for con-
venience the following characteristic quantities:

L, ~ (0./0w) 3 (1 /0.1 mm)3 (E,, /100 V/km) 3
x (10" m™3/n,)3 - 2.66km
I, =0.E,A (D)

InEgs. (1),0,=5.89 x 10’ Q'm~'and oy =3.5 x 10’ Q~'m™!
are the electrical conductivity of copper and aluminum, respectively.
When the nondimensional variables

are introduced, where ®(x) is the voltage, the nondimensional

current and potential profile along the tether can be written as>°

di 31 d¢
— =g, — = 1—i 2
& 4¢ a i 2

The boundary conditions of Egs. (2) are
i) =0, $0)=0 (3)

where [ = L /L,. The first condition is due to the lack of an electron
collector balloon at the endpoint £ =/, whereas the second is due
to the presence of the hollow cathode, which almost grounds the
cathodic termination to the ambient plasma.

A first-order approximation to the current profile along the tether
can be computed by neglecting the voltage drop due to the elec-
trical resistance of the tether itself, thus obtaining d¢/d€ ~ 1 and,
consequently, ¢ >~ £. It follows that

4 34 |
ARG EEI GRS @)
i)y=0

The approximation in Eq. (4) is sufficient when the nondimen-
sional current / is far from its short-circuit value (i < 1). Its validity
can be verified a posteriori by computing the current in £ =0, to get
i(0) 2 13/2/2. The parameter / can be computed making use of

E, = |v||b|cosi,cosy 5)

If y =0 is assumed, then E, ~60 V/km, which represents the
mean value of the electric field acting on the system. Making use of
Eq. (1), and supposing n, ~5 x 10" m~3, we get /=L /L, ~0.2,
yielding i (0) & 0.1 <« 1. For higher levels of n,, which the system
can experience during conditions of maximum solar illumination
and at lower orbital altitudes, i (0) can increase as much as ~0.5,
thus becoming nonnegligible with respect to the short-circuit value
(i =1). However, these conditions are reached only during the final
stage of the deorbiting phase, so that the approximation in Eq. (4)
is valid most of the time.

With these assumptions, the mean current along the tether can be
computed by

1 (* I [ 3
Iy = — I(x)dx == | i(¢)de = =121, ~65mA (6
L/o () dx 1/01(5)5 T mA  (6)

and the total ED force acting on the tether is given by

L
FED:/ I(x)dx x b (7
0

where dx is the differential element of the tether length. Given the
low current levels, Fgp is also small, so that the deviations of the
tether from the dumbbell model (assumed at the beginning of this
section) can be neglected. Hence, define T as a unity vector tangent
to the tether, then dx = dx 7 and the ED force becomes

L
FED:(‘rxb)/ I(x)dx =1,L(T xb)=1,Lxb (8)
0

where L = L. For I,, ~ 65 mA, force Fgp ) |Fgp| ~0.85 mN.

To quantify the ED-induced torque, we now have to analyze the
relative position of the center of mass Cj, and the center of appli-
cation of the ED force, Cgp. We have

1 L
Cep = —/ X1 (x)|dx x b ©
FED 0
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and making use of Eqgs. (4-8),

[t 5
Cpgp = — I(x)xdx = =L 10
W=7 /0 €3] a (10
This value is slightly underestimated because the voltage drop
toward the cathode has been neglected. The position of the center of
mass, computed in a reference frame centered on the SC (cathode)
is

Cu =L/ M)(mp +m./2) an

where M is the total system’s mass and m, = 2.5 kg is the mass of
the copper wire. With the basic configuration as earlier selected,
Cy ~ 3/20L. The arm of the ED torque is then Cgp —Cy ~
L/5=0.2 km, a value large enough to induce tumbling in the teth-
ered satellite system.28-30

An optimization procedure can be performed to minimize the
distance between Cgp and C),. First, when the SC deorbiting time
is considered, the approximate expression given in Ref. 3 relating
the deorbiting time 5¢ between two orbital altitudes can be used:

Stayay ~ (5 x 1071 /cos is)(M/Ll)a% (12)

a
a

which yields a §¢ of about four months when the design data
of the basic configuration are used: I =65 mA, a; = (6378 +
650) x 10° m, a, = (6378 4 200) x 10* m, and i; = 65 deg. Thus, it
is shown that, to obtain the target deorbiting time of two months, the
tether current must be almost doubled, which can be easily obtained
by keeping constant the length of the bare tether segment, but mak-
ing it a double-strand tether. Moreover, this choice allows the min-
imization of the risk due to a destructive orbital debris impact®!-3?
and to obtain a fail-safe tether configuration®*3* without changing
the position of Cgp.

The easiest way to reduce the distance between Cgp and Cy; is
a change in the position of C), which can be obtained by adding
an insulated wire segment at the top end (toward the anode) of the
bare tether. We have selected the nonconducting Kevlar®-49 wire,
for its light weight characteristics, with density of 1.45 g/cm®, and
excellent mechanical properties. To compute the new optimal total
length of the tether L’ (copper and Kevlar), we write

Cy = (/M) [mpL’ +m L + (i /2)(L" = L]

= (1/M)[mpL" +mcL + (m/2)(L" + L)] 13)

where A, and m; are the Kevlar linear density (A; ~ 0.4 kg/km, for
a r, =0.3 mm) and mass, respectively. We can use Eqgs. (10) and
(13) to write

Cu=Cep = (1/M)[myL’ +m L+ (1 /2)(L* = L] = (5/14)L

(14)

The solution to Eq. (14) can lie found by defining M Em s+

2m.+mp+ (L' —L) and M’ =mg;+2m,+my, so that M =
M’ + A (L' — L). Substituting in Eq. (14), one gets:

(Me/2)L™ + [my — (5/14)ALIL
+L[=(G5/19M' +m. — (A\/T)L] =0 (14"

which is a second-degree equation in the total tether length L’. Solv-
ing Eq. (14') and making use of the values m; =25 kg, m, = 3.5 kg,
M =0.4 kg/km, m, =2.5 kg, and L =1 km, as described earlier,
one gets a negative (meaningless) and a positive solution yielding
L’ = 2.4 km. Indeed, numerical simulations reported later show that
a system with a 1-km double-strand copper wire weighing 5 kg and
a 1.4-km single Kevlar wire weighing 0.56 kg possesses the tar-
get stability and deorbiting properties. Such a system is hereinafter
considered the optimized configuration to be used in the numeri-
cal simulations of both the passive deployment and the deorbiting
phase.

III. Passive Tether Deployment

A key point for an efficient ED deorbiting system is the tether
deployment dynamics. A comprehensive study was performed in
Refs. 35 and 36, through an asymptotic analysis for small values of
the nondimensional parameter ¢, directly proportional to the linear
density of the tether, to the square of the ejection velocity and in-
versely proportional to the characteristic value of the tension of the
tether. It has been shown that, to obtain a deployment scheme with
zero final libration, a two-stage process is necessary where the tether
tension is indirectly controlled to get, first, a constant radial velocity
of the end mass and, then, an exponential deployment. This is ob-
tained through an accurate control of the reel’s unwinding angular
velocity.

To minimize mass, volume, and complexity, however, the design
of Micro-EDOARD adopts a passive tether deployment strategy,
initiated by an impulsive actuation imparted by a spring separation
mechanism and commanded from ground. This impulse (yielding
the initial relative velocity between the ballast mass and the carrier
spacecraft) must be sufficient to allow the deployment of enough
tether for gravity gradient effects to take over and guarantee the
remainder of deployment. Because, in the early phase of the de-
ployment, the acting dynamic forces are rather small, to guarantee
the successful completion of a passive deployment, the tether un-
winding friction forces must be kept very small. For this purpose,
a large amount of work has been performed in the Turin plant of
Alenia Spazio, where a Tether Mechanism Materials and Manufac-
ture Program was established under ESA contracts.’” Among the
other remarkable results achieved by that program, an interesting
outcome is the evaluation of the friction forces exerted by the spool
on the unwinding tether, under different deployment rate and angle
conditions and using spools with different geometrical properties. It
turned out that the friction follows, in most cases, a law proportional
to the deployment rate.® This is certainly true for deployment rates
larger than 1 m/s, the lower limit for the experimental test setup as-
sembled at Alenia Spazio. For deployment rates smaller than 1 m/s,
the particular design of the Micro-EDOARD deployer allows to
extrapolate these results down to zero velocity. This assumption, al-
though not completely provable, can be considered acceptable when
deployment rates close to zero occur when a certain portion of the
tether has been already deployed. In this case, the gravity gradient
force is large enough to restart the deployment even if the deploy-
ment friction is not exactly zero.

In the case of the Micro-EDOARD tether system, where a rela-
tively short tether has to be deployed, the spool will be deployed
together with the tether, constituting the ballast mass at the end of
the deployment itself (Fig. 1). This means that there is no way to
control the deployment rate actively through an electric motor. The
deployment rate is essentially driven by the external forces (gravity
gradient and Coriolis) and by the spool friction.

A computer simulation has been carried out to verify that, given
a range of initial relative velocities between the SC and the spool
(ballast mass), the deployment could take place correctly and that
the final deployment rate does not exceed a fixed limit, for example,
0.5 m/s. The equations of motion have been numerically integrated,
using a standard fourth-order Runge—Kutta (RK) algorithm, in a
rotating orbital reference frame, with origin in the center of mass
of the system. The orbital reference frame is defined as (r, ¥, h),
where r is the unity vector directed from the center of the Earth to
center of mass of the tether system, 4 is in the direction of the orbit
normal, and ¥ completes a right-handed reference frame. (Itis in the
direction of the SC velocity, for circular orbits.) The mathematical
model for the differential equations integrated through the RK in-
tegrator has been derived applying the equilibrium of forces acting
on the S/C and ballast mass, respectively. Each of those masses is
subjected to a gravity gradient force directed along the orbital axis
r, whose absolute value can be approximated as 3mxwj (Ref. 11),
where m is the SC or the ballast mass, x is the distance between
the mass m and the system’s center of mass, and wy is the system’s
orbital mean motion. Moreover, the Coriolis force —2mwgy X v is
acting on each of the two masses m, where wo =[0 0 @] and v are
the orbital mean motion vector and the velocity vector of the mass
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Fig. 1 ALMASat spacecraft, carrying the micro-EDOARD payload.

m in the orbital reference frame, respectively. During deployment,
the tether system also experiences the drag due to the friction of the
tether on the deployer. Even if originated only at the deployer end
point, this friction reflects in an increased tether tension, which, in
turn, originates a force on the two masses, opposite to the deploy-
ment direction. For the first tether segment, this force is assumed to
vanish, because of the particular tether deployer design, where the
first 100 m of copper wire are wound around the external part of the
spool (Fig. 1). According to the results presented in Ref. 38, when
the tether length is larger than 0.1 km, this force (equally applied at
both end masses) is assumed proportional to the deployment rate:

f=0, 0<d, <0.1km

f=0.05kg/s - v, 0.1 <d, <2.4km (15)

where d, is the deployed tether length and v is the deployment rate
(the time derivative of d,).

With the mathematical model just described, we have simulated
the deployment of the ballast mass from the carrier SC for initial
relative velocities in the range [1.5, 3] m/s. The simulated SC orbit
is a circular one with an altitude of 300 km, and the deployment is
initiated with a direction parallel to the orbital r axis. The numerical
results show that when the friction starts acting on the tether, a
sudden velocity reduction is experienced during the deployment
(Fig. 2); it almost nullifies the initial relative velocity, so that the
final velocity becomes almost independent of the initial conditions.
The only appreciable difference is the total deployment time (Fig. 3),
which ranges from about 105 to about 135 min for the fastest and
slowest deployments, respectively.
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IV. Passive Deorbiting Performance

With the optimized tether configuration obtained in Sec. II, we
have numerically simulated the complete deorbiting of the SC
ALMASat, carrying the Micro-EDOARD payload. We used adumb-
bell tether and modeled the environmental ionosphere and geomag-
netic field according to the International Reference Ionosphere and
a 10th-order International Geomagnetic Reference Field (IGRF)
model, respectively. The solar activity, which is an input to the sim-
ulations, was set at a constant average value equal to 150 flux units
at 10.7 cm, during the whole deorbiting phase. The aerodynamic
forces were not included in the numerical code because it is verified
that their additional drag has the effect of shortening the deorbit-
ing time of the SC. Moreover, the resulting aerodynamic torque,
counterbalanced by the gravitational torque, slightly deviates the
attitude of the tether from the local vertical. The tether’s attitude
was initialized with zero libration angles and rates.

Starting from its nominal altitude of 650 km and flying along a
circular orbit with an inclination of 65 deg, the ED tethered system
is deorbited in about two months (solid line in Fig. 4), with an in-
creasing orbital decay rate at lower altitudes due to the augmented
current flowing into the tether. Following Ref. 4, we can say that
the deorbiting time increases by about 43% when the level of the
solar activity is minimum (78 flux units at 10.7 cm), whereas it di-
minishes by about 20% when this level reaches maximum values
(200 flux units at 10.7 cm). In our simulations, the tether current
is left completely uncontrolled, as is the tether attitude, thus being
driven only by the varying environmental conditions (ionospheric
plasma density and local magnetic field) and tether libration angles.
On the other hand, the tether attitude is dominated by the current it-
self, which pumps energy into the system,?*~3 through the external
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ED torque Mgp, subsequently described in Eq. (29). As shown in
Fig. 5, the in-plane « and out-of-plane g libration angles are au-
tomatically bounded to within 2.5 and 20 deg, respectively. This
has been obtained through the described optimization of the lengths
of the bare and nonconductive tether segments, yielding an almost
vanishing arm of the ED force. Moreover, for the first 50 days, the
libration angles are bounded to even lower values, thus, confirm-
ing the excellent agreement of the approximate model presented in
Sec. II with the numerically simulated system. When the current
intensity exceeds the values for which the voltage drop along the
tether is no longer negligible, the distance between Cgp and Cy
increases, so that the ED torque causes an evident amplification of
the libration angles (especially the out-of-plane motion).

V. Closed-Loop Control of Tether Deorbiting

An actively controlled deorbiting is attractive because it offers
both the possibility to vary the orbital decay rate and to control
to within specific values the tether libration angles. An efficient
method to control the tether attitude was presented in Ref. 39 based
on the knowledge of the in-plane and out-of plane libration an-
gles and rates, «, B, &, and B, and the magnetic field vector in
the orbital reference frame. This method requires the evaluation of
a nondimensional Lyapunov function and the total ED power and
switches the tether current off when both exceed certain thresh-
olds. Because this control method is applied in the context of the

proposed mission, the main equations are recalled in the following
paragraphs.

The Lyapunov function is computed starting from Euler’s rigid-
body equations of motion, where the ED torque is neglected, which
are then multiplied by the body angular velocity relative to the ro-
tating orbital frame. Integration of these equation yields the Hamil-
tonian of the system (see Ref. 39)

H = Jwi - Jwra + 2Jfr - Jr — Swih - Jh = const  (16)

the three terms involved being the kinetic energy, gravity gradient,
and centrifugal potential, respectively. In Eq. (16),J =diag{0 J J}
and J is the tether moment of inertia along the body axes j and k
(whereas it vanishes along the i axis). For the equilibrium configu-
ration, « = 8 =& = B =0 so that

Hy=—-1Jw} (17)

The selected Lyapunov function is then

V=H-H= %wrel cJwee + %Jwér-]r—l— %Ja)(z)
— —a)oh - Jh = const (18)

Observing that V = const and that V =0, the Lyapunov theorem
ensures simple but not asymptotic stability. Equation (18) can be
written in nondimensional form:

V =V/|H| =2V ]} (18"
and expressing it in terms of libration angles and rates, one gets

= (l/a)g)(ﬁz + & cos? B) + 3sin” a + 3 cos? a sin® B + sin’ 8
(187

Computation of the Lyapunov function for a tether lying in the
(9, h) plane of the orbital reference frame, with w, =0 (where
a=m/2, B= B, and a =0, with B any value between 0 and
27) yields } V =3+ sin® B, which clearly has a minimum for 8 =0.
The value V = 3 defines the energy limit above which tumbling may
occur. If the ED tether circuit is opened when V reaches this value,
the tether cannot flip over. Of course, safe operations require setting
the energy threshold to a somewhat lower level.

Thus, the stability condition based on the Lyapunov function de-
fines the energy bound for systems under the effect of gravity gra-
dient torque. Unfortunately, extension of this method to the case
where (variable) magnetic torques are acting on the tether is very
complex. The monitoring of the Lyapunov function in Eq. (18")
and the activation of a control law when the ED torque causes V to
exceed the selected threshold are much easier. The simplest imple-
mentation of a control law phases the current flaw in the tether so
that the ED torque actually reduces the system’s energy. This can
be easily obtained by controlling only the sign of the mechanical
power Mgp w. When the power is negative, the ED torque is sub-
tracting energy from the attitude motion and the current may flow
in the wire, producing orbital decay. When the sign is positive, the
circuit must be opened to avoid further energy pumping.

For the control laws presented in Ref. 39 to be applied to the
Micro-EDOARD mission, we must, therefore, be able to estimate
onboard, and in realtime, the four variables o, S, ¢, and B. Previ-
ous studies***! were carried out for one of the earliest space tether
experiments in space'® showing that the libration angles and rates
(and other interesting variables governing the tether dynamics) could
be accurately estimated in real time, either making use of several
distributed sensors, or adding a direct out-of-plane libration angle
measurement device. As it is shown in the following paragraph,
however, the same goal can be accomplished efficiently using two
low-cost sensors, yet obtaining very accurate results.

Extended Kalman Filter Design

The proposed estimator consists of a self-initializing extended
Kalman filter (EKF). The filter’s state vectorx =[e 8 ¢& 17 con-
sists of the in-plane and out-of-plane tether angles and rates with
respect to the orbital reference frame defined earlier.



TORTORA ET AL. 889

h

Fig. 6 Two-axis joint at the tether lower endpoint.

Measurement Model

It is assumed that the SC has two TAMs onboard. One is mounted
inside the bus, and the other is at the lower tether endpoint. The latter
is fixed to a two-axis joint, which allows only rotations about the &
axis (o angles) and about the ¥ axis (8 angles), as shown in Fig. 6.

If b*" is the magnetic field vector in the SC body axes and b™*
is the magnetic field vector in the tether reference frame, they are
related by the following equation:

blet — RTSbsat (] 9)

where R™ is the rotation matrix between the SC body axes and the
tether reference frame. If the SC is three-axis stabilized, and the
attitude is controlled in the so-called Earth-pointing mode, the R™
matrix is defined as

CaCp  SaCp  —SB
RS =| -5, ¢4 0 (20)
CaSg  SaSp Cg
where ¢, and s, indicate cos(x) and sin(x), respectively.

The TAMs readings at time #; are related to the true magnetic
field via

E}ft — b;{et + v;{et 1)
Ezat — b;‘(at + vzat (22)

where it is assumed that the stationary measurement noise has the
same statistical properties for both TAMs and is distributed as

V‘Z.m = V}f‘ ~ N (0, Ram) (23)

and the covariance Rtay 1s known. Moreover, the cross correlation
between the two TAMs measurement noise is, namely, zero so that

E[() () ] = E[(v) (5) ] = 0 24)

where E is the mathematical expectation.
To derive the nonlinear filter’s measurement equation based on
Eq. (19), we can set z; = b and h; = R{b{™ to obtain

2 = (o, B.B;") + 1y (25)

where n; is the effective measurement noise defined as
n, = v — RSy (26)
Note that this noise is nonstationary and state dependent (through
the matrix R}S). The state dependency of the measurement noise is

handled in an approximate manner, according to the usual practice
in attitude estimation EKF algorithms, by substituting the estimated

values of the state for the true values at each time instant. The
covariance of the effective measurement noise n; is

R} = E[nan] = E[(v}cm — stv,ia‘) (v;fl — RZSV,S:“)T]
= E[() () ] - E[CE) 03 (RE)']
ERP O ] + ERPGE) ) (R

= Rpam + (RES)RTAM (RZS)T = 2Rmam 27

The last equality in Eq. (27) holds exactly if the “true” RTS is
used in the filter. Because, of course, only the estimated R]® is avail-
able, this is used for the real-time computation of the effective mea-
surement noise covariance matrix R;. Note the setting R} = 2Rmam
avoids any correlation between the measurement and the process
noise.

The observation matrix Hj, needed for the calculation of the
Kalman gains, is computed as H; = dh /x|, —;.

State Propagation
Euler’s equations representing the attitude dynamics of the tether
(using the dumbbell model) are given by

& — 2(6 + wp)B tan B = [(Mg + Mgp) - k1/J cos B
B+ (& + wo)*sin cos B = —[(Mg + Mp) -j1/J (28)

where M and Mgp are the gravitational and ED torques, respec-
tively. The explicit expressions of the mentioned torques are given
by

Mg =3(u/a®)r x Jr (29)
MED = dEDT X FED = dEDImLT X (7' X b) (30)

where u is the Earth gravitational parameter, a is the distance be-
tween the Earth center of mass and the system’s center of mass, and
dgp is the distance between Cj; and Cgp.

Let x| = x3 and x; = x4, so that Egs. (28) become

X3 = 2(x3 + w)X4ty, + [—3szsxlcxl Cx,
+dgpl L (b, CxySxy +Dysy S, — by ch)]/Jch
).C4 = _(X3 + a))stZCXZ

—[370s}, 55,65, + diplIL(bysy, — bocy,)] /7 (31)

where x| 4 are «, B, &, and ﬂ , respectively, dgp is the distance be-
tween the system’s center of mass and the point where the ED force
is applied, / is the current flowing into the tether, L is the length
of the conductive segment of the tether, and b,, by, and b;, are the
magnetic field components along the orbital axes. [They can be re-
placed by the SC TAM readings bj", b5* and b5", for what follows
Eq. (16).]

Equation (31) represent a system of nonlinear differential equa-
tions that can be written in the form

& =f(x,J. duca.i. L. B™) + & (32)

where £ is a white zero-mean Gaussian process noise with power
spectral density Q., introduced here to account for all system model
uncertainties.

The time propagation of the state estimate is performed using a
standard fourth-order RK integrator. The nonlinear equations (32)
are propagated between the sampling times #; and # , using a
0.005-s step.

The propagation of the error covariance matrix Py is performed
using the linearized dynamics state transition matrix, approximated
as

& ~ 1+ Fi At (33)
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where I is the 4 x 4 identity matrix, At is the sampling interval, and
the Jacobian matrix F; is computed as Fy = 0f /9x|, ;.

Implementation Issues

The EKF is run in information form, in which the inverse of the
error covariance matrix Py is updated using the inverse of the pre-
dicted error covariance matrix P, . With this formulation, the filter
is initialized with virtually no a priori information about the tether
attitude/rates by setting the initial value of the inverse covariance
(information) matrix to (P;)~' =1 x 107® and the filter’s initial es-
timate to )20’ =[041]. This procedure results in a very high filter
convergence rate, as has been verified in the numerical simulation
study.

The optimal tuning of the filter is performed by adjusting the
process noise covariance matrix Q = Q. At, through a trial and error
procedure. The final values used in the filter are @ =1 x 10712,

EKF Performance

The performance of the proposed estimation algorithm is evalu-
ated through an extensive Monte Carlo simulation study, consisting
of 300 runs, each lasting 1000 s. SC initial position along the 650-km
altitude, 65-deg inclination circular orbit was randomly chosen in
each simulation, and tether’s initial attitude angles and rates were
randomly sampled from uniform distributions, to bound the am-
plitude of the in-plane and out-of-plane libration angles to within
30 deg. In the simulations, the “real” tether attitude motion was nu-
merically integrated taking into account the gravity gradient and ED
torque in Euler’s equations. The simulated TAM readings, sampled
at a frequency of 1 Hz, were finally generated adding a zero-mean,
white Gaussian noise, with a standard deviation of 50 nT, to the
magnetic field vector computed, again using a 10th-order IGRF
model.

The statistical results of the Monte Carlo simulation are sum-
marized in Table 1; the ensemble-averaged mean errors are on the
order of 10~* deg and 1073 deg/s, for the libration angles and rates,
respectively, yielding a nearly unbiased filter. Moreover, the 1-o
estimation errors are small enough to allow a robust closed-loop
control of the libration angles through the procedure described in
the following section. Figures 7-10 show the performance of the

Table 1 Statistical results of the
Monte Carlo simulation study

Variable Mean error 1-o0 error

a, deg 2.17 x 1074 271 x 1072

B, deg 3.10x 1074 472 x 1072

@, deg/s 344 x 1073 8.49 x 107

B, deg/s 3.19 x 1073 6.54 x 1073
6
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Fig. 7 Tether libration angles in typical run of Monte Carlo
simulation.
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Carlo simulation.
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Carlo simulation.

filter in a typical run, in which the initial tether state is & =2 deg,
B =5deg, and @ = B =0 deg/s.

Actively Controlled Deorbiting Performance

When the described active current control is applied in the numer-
ical simulations, making use of the EKF estimation of the variables
o, B, &, and B, results are similar to those obtained through the pas-
sive configuration (solid and dashed lines in Fig. 4). In particular,
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Fig. 11 Tether libration angles vs deorbiting time, controlled attitude.

when the thresholds 0.1 and O for the nondimensional Lyapunov
function [Eq. (18”)] and the total ED power, respectively, are used,
the total deorbiting time is increased by only a few days and the
altitude-vs-time profile is changed only in the last part of the sim-
ulation, where the intermittent switching off of the tether current,
slightly slows down the SC decay.

Figure 11 shows that when active tether current control is applied,
the out-of-plane angle g is bounded to within 10 deg, leading to a
very stable tether attitude motion. Direct comparison with Fig. 5
confirms that the tether control plays a role only in the last 10 days,
when the increased tether current values are likely to destabilize its
attitude motion.

VI. Conclusions

We have presented the design of a low-cost demonstration mis-
sion where a reduced-scale ED deorbiting system will be carried,
deployed, and controlled by a microsatellite. Numerical simulations
show that both the tether deployment phase and ED deorbiting of
such a small system can be performed without active control because
of the proposed configuration, obtained through a careful combina-
tion of bare and insulated tether segments. It has been shown that,
even in the absence of active tether current control, the tether at-
titude is stable through the whole deorbiting phase, whereas when
also active current control is applied, the tether libration angles are
bounded to within 10 deg. This is obtained by means of a closed-loop
control law making use of the in-plane and out-of-plane libration
angles and rates, which are estimated through a newly developed
EKF. We show that this microsystem is able to deorbit a LEO car-
rier SC in about two months, demonstrating salient features of tether
technologies and associated ED effects.
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