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0.1 About BETsMA

BETsMA is a program developed under the European Commision FP7 Space Project
Propellantless deorbiting of space debris by bare electrodynamic tethers (Project Acronym:
BETs, number: 262972 and duration 1/11/2010-31/1/2014). It is dedicated to preliminary
analysis of deorbiting missions with bare electrodynamic tethers. The software has two
modules:

1. Optimization module. Given a mission (altitude, inclination and satellite mass), the
program computes certain figures of merit of the tether system as a function of the
tether geometry (length, width and thickness ). Using this module, the user can find
the optimal tether geometry to minimize the mass of the system, the deorbit time
and the cut probability.

2. Deorbiting module. Given a mission and a tether system, BETSMA computes the
deorbiting maneuver using a simple model based on a rigid dumbbell tether aligned
with the local vertical. The program provides the most relevant magnitudes, in-
cluding trajectory, deorbit time, cut probability, mass of the subsystems, electrical
variables and plasma environmental magnitudes.

Both parts complement each other and give preliminary parameters of deorbitng mission
with bare tethers. BETsMA’s goals include a first estimation of the performances of the
system and its cost in term of mass. For an specific mission, this analysis should be
continued with more detailed simulations of the tether.

The code was developed at ETSI Aeronéduticos (Universidad Politécnica de Madrid)
by Dr. G. Sanchez-Arriaga. Professor J. Sanmartin (BETs Coordinator) invented the
optimal design algorithm and Mr. S. B. Khan, and Dr. A. Sanchez-Torres contributed
to its development. Three BETs partners, EMXYS, DLR and Colorado State University
provided the scaling laws to estimate the mass of the power system, the tether deployer
and the hollow cathode, respectively.

The code is based on the results of a set of scholar papers. The most important are:

1. Sanmartin, J. R., Martinez-Sanchez, M., and Ahedo, E., Bare Wire Anodes for Elec-
trodynamic Tethers, J. of Propulsion and Power 9, 353, 1993.

2. Sanmartin, J. R., and Estes, R. D., The orbital-motion-limited regime of cylindrical
Langmuir probes, Physics of Plasmas, 6,1, 1999.

3. Khan, S. B., and Sanmartin, J. R., Comparison of probability of survival for round
and tape tethers against debris impact, J. of Spacecraft and Rockets (to be published).

4. Sanmartin, J. R., Sanchez-Torres A., Sanchez-Arriaga, G. and Charro, M., Opti-
mization of tape-tether lengths for de-orbiting satellites at end of mission, (to be
submitted).
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BETsMA uses the following libraries/programs not developed by the authors:

1. The fortran program igrf11 syn.f90 is used to compute the geomagnetic field.

2. IRI 2012, an international project sponsored by the Committee on Space Research
(COSPAR) and the International Union of Radio Science (URSI), is used to compute
ionospheric plasma properties. License can be found at http : //irimodel.org/IRI —
2012/.

3. DISLIN is a free for non-commercial use high-level plotting library developed at the
Max Plack Institute. Full BETsMA version can be distributed with and without DIS-
LIN. If DISLIN is included, a license must be requested at http : //www.dislin.de/.

The authors acknowledge Dr. S. Macmillan and Dr. D. Bilitza for their help with
tgrfll_syn.f90 and IRI 2012, respectively. Dr. G. Sanchez-Arriaga thanks Dr. C. Bom-
bardelli and Prof. J. Peldez for their help validating BETsMA and the implementation of
the orbit propagator DROMO [9].

Contact and web page:

1. gonzalo.sanchez@Qupm.es

2. http://www.thebetsproject.com/
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0.2 Getting started

BETsMA is a Fortran90 program that runs under Windows XP and Windows 7. There
are two versions:

1. BETsMA Share Version. The file BETsMA Share.msi, can be freely downloaded
from the web page:

http:/ /www.thebetsproject.com/

This non-commercial version is valid for orbit inclination and satellite mass below
20° and 100kg, respectively. It is installed by executing the file and following the
instructions of the screen. After the installation has been finished, the user must
give permissions to write and read files inside the BETsMA folder. This
must be done manually by clicking the folder BETsMA with the right button of the
mouse, properties — > security.

2. BETsMA Full Version. BETsMAis a licensed code that belong to Universidad Politéc-
nica de Madrid. Interested users can ask for a license of the code to

gonzalo.sanchez@Qupm.es

This version has no limitation and can be used in a broad range of orbit and satellite
conditions. The file BETsMA.msi and a code number will be sent to the user after
the licensed has been obtained. This version is installed by executing the file and
following the instructions of the screen. The code number must be provided during
the installation. After finishing, the user must give permissions to write and
read files inside the BETsMA folder. This must be done manually by clicking
the folder BETsMA with the right button of the mouse, properties — > security.




NOMENCLATURE

IJK = Geocentric equatorial inertial (GEI) frame axis

IJK — International Terrestrial Reference frame (ITRF) axis
PQW = Perifocal Coordinate System

RSW — Satellite Coordinate System axis

a = Right ascension angles

0 = Latitude or space debris diameter

AVye = Hollow Cathode potential drop

€; = Dimensionless parameter controlling the tether instability
[' = Tether dynamical instability growth rate

A = longitude

Ape, Api — Electron, ion Debye lengths

p = Earth standard gravitional parameter

v — Orbit true anomaly

w = Orbit perigee argument

wg = BEarth angular velocity

2 = Orbit longitude of ascending node

¢4 — Magnetic dipole longitude angle
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®1on, — East longitude angle

®(z) = Potential bias distribution along the tether
Pair = Air density

o = Tether conductivity

0.0 = Colatitude angle

05 = Magnetic dipole colatitude angle

Oanmst = Greenwich Mean Sidereal Time

A = Conductive tether cross section

Afatemte — Satellite frontal area
A{ether = Tether frontal area

a = Orbit semimajor axis

a, = Perturbation force/Mg

B = Geomagnetic field

Cp = Drag coefficient

e = Orbit eccentricity

E,, = Motional electric field along the tether direction
fe = Dimensionless Lorentz torque factor

h = Conductive tether thickness

h; — Inert tether thickness

¢ = Orbit inclination

I(z) = Current distribution along the tether

I, = Averaged current along the tether

lay — Normalized current along the tether

Is = Conductive and inert tether moment of inertia about the center of mass.
L* = Tether characteristic length

L = Conductive tether length
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L; = Inert tether length

m,. — Conductive tether mass

Maeploy — Deployer mass

mpyc — Hollow Cathode mass

m; — Inert tether mass

Mpower — PoOwer subsystem mass

M, = Satellite mass

My = Total mass

n. = Fatal impact rate per unit length

Ny = Plasma density

N, = Cut probability

p = Conductive tether perimeter

rs = Satellite position vector

T., T; = Electron, ion temperatures

u; = Unit vector along the tether point in the direction of the electric field
v, = Satellite velocity vector

v, — Plasma velocity vector

vy = Tether-to-plasma (or air) relative velocity vector
w = Conductive tether width

w; — Inert tether width
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0.3 Tether system configuration

BETsMA considers a tether system made of:

1. Conductive tether segment (mass m,, length L, width w and thickness h).
2. Inert tether segment (mass m;, length L;, width w; and thickness h;).

3. Power system (mass mypouper)-

4. Deployer system (mass Mgepioy)-

5. Plasma contactor of type hollow cathode (mass mpyc).

The configuration of the full tether system depend on the specific mission and may be
designed carefully. However, most of the results of BETsMA are independent of this
issue and they are just controlled by the properties of the conductive tether segment. An
exception is the growth rate of the dynamical instability, which is severely affected by the
tether system configuration.

Figure 1 shows the tether system configuration considered by BETsMA. The conductive
bare tether is attached to a spacecraft of mass M; and followed by an inert (non conductive)
tether that connects to the end mass. The Hollow Cathode is at the spacecraft and the
deployer is used as a tip mass. For prograde (retrograde) orbits the tether system is
deployed upwards (downwards).

Prograde Orbit (i<902) Retrograde Orbit (i>902)

Deployer

Inert
Tether

Conductive
tether

To the Earth

Figure 1: Tether system configuration in prograde and retrograde orbits.




E.T.S. de Ingenieros Aeronauticos Universidad Politécnica de Madrid

0.4 Physical models

0.4.1 Deorbiting model
0.4.1.1 Coordinate and time systems

BETsMA uses four reference systems:

1. Geocentric equatorial inertial frame (GEI) [IJK]|. This system has its origin at the
center of the Earth and its fundamental plane is the Earth’s equator. The [ axis
points towards the vernal equinox, the J axis is 90° to the east in the equatorial
plane and K is along the North Pole. This system is taken as an inertial frame.

2. International Terrestrial Reference frame (ITRF) [IJK]. This system is fixed to the
rotating Earth, has its origin at the center of the Earth and its fundamental plane is
the Earth’s equator. The I axis points towards the Greenwich meridian, the J axis
is 90° to the east in the equatorial plane and K is along the North Pole.

3. Satellite Coordinate System (RSW) |[RSW/|. This system moves with the satellite
and it has the R axis always pointing from the Earth’s center along the radius vector
rs toward the satellite. The S axis is perpendicular to R and belong to the plane
spanned by R and the satellite velocity vector vs. The W axis is normal to the orbital
plane.

4. Perifocal Coordinate System (PCS) [PQW/|. This system has its origin at the Earth’s
center, P axis is along the periapsis of the instantaneous satellite orbit, () is normal

to P and contained in the orbital plane (defined by the r; and vy vectors ). The W
axis is normal to the orbital plane.

Given the six orbital elements and time it is possible to find the position r, and velocity
v, vectors of the satellite. In the Perifocal Coordinate System one finds

. T T
rPOW — peosy , pEnY ,0 oW — | Hsiny, r (e + cosv),0
14+ ecosv 1+ ecosv D D

(1)
where p = a(1 — €?) is the semiparameter. In the GET system these two vectors are given
by

GEI . PQW GEI . PQW
S (a,e,i,Q,w,v) = RrF@ v& (a,e,i,Q,w,v) = Rof? (2)
where
cos {2 cosw — sin 2 sin w cos ¢ —cos{2sinw —sinQcoswcosi  sin{)sini
R = sinQcosw + cosQsinwcosi —sin{)sinw + coscoswcos? —cos{sini
sinw sin ¢ COS w sin 7 COS ?

(3)
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Some environment subroutines involve the longitude A and the latitude ¢ in the ITRF
frame. Once we know the position vector in the GEI frame v¢*! = (zqp1, yarr, 2aEr),

S
these two angles are computed from the following formulas

ZGEI ( 4)

Ve T Yerr + #m1
where Ogpsr (Greenwich Mean Sidereal Time ) is the angle between the vernal equinox

and the Greenwich meridian. The right ascension angle « is found from the sine and cosine
expressions

A =oa—0Ocusr,

YGEI oS (v — TGEI ( 5)

N Nz
CEI T YGEI GEI T YGEI

0.4.1.2 Equation of motion

sino =

The equation of motion for a satellite of mass Mg orbiting around the Earth is

d?r, 0
d2 _7T3r t+ap (6)

where 1 = GMpg. Here a, = F,,/Mg is the acceleration due to the perturbation forces F,
acting on the satellite. For instance F}, includes the electromagnetic force on the tether,
the air drag or the perturbation force due to the Earth’s oblateness defined by the J5 term.

BETsMA integrates Eq. 6 in two different ways. The first one, which is restricted
to circular orbits, only takes into account the variation of the satellite altitude along the
deorbiting and ignores changes in other orbital elements. The second integrator numerically
solves Eq. 6 using the DROMO propagator [9].

Electrodynamic force. The simulator considers a rigid dumbbell tether with length,
width, thickness and conductivity L, w, h and o. Assuming a tether carrying the averaged
current I, and perfectly aligned with the orbit local vertical, we have

Felec = IavL (ut X B) (7)

where u; is the tangent unit vector along the tether pointing in the direction of the electric
current. For deorbiting missions we require F' - vg < 0 and the motional electric field

Ep = ;- [(v, — v1) x B (®)
should be positive. For an eastward (westward) low-inclination orbit this implies the
current to flow up (down) to the tether and u; = rs/ry (uy = —7r4/rs ). For a corotating
plasma one has v, = wg X 7y, where wg = 7.2921 X 10~°rad/sK. One finds

LE, ocwh .
Aelec = Tagw i (U X B) (9)

where we introduced the averaged current normalized with the short-circuit current i,, =
I,/ Enowh.




E.T.S. de Ingenieros Aeronauticos Universidad Politécnica de Madrid

Air drag. The air drag on the tether is given approximately by

1
Fdrag = _Epair (A{etheT + Afatellite) CDUT@ZUT@I (10)

where p,; is given by the CIRA-2012 model, v,.s is the relative velocity between the
atmosphere and the satellite, C'p = 2.2 is the drag coefficient, and A,{ether and Afatellite are

the frontal area of the tether and the satellite, respectively. The relative velocity is given
by

Vrel = Us — Vatm, Vatm = Wg X Ty (11)
Using a satellite frontal area to mass ratio equal to Afatellite/MS = 0.01m?/kg and a tether
frontal area A/, = 2wL/m yields

1 2wl
Qdrag = —§P¢mCD (001 + 7—1\45) UrelUrel (12)

Earth’s oblateness. The perturbation force due to Earth’s oblateness is modeled by
the J5 zonal harmonic. In the GEI system one finds

g [ w[62° =3 (2% + yﬂ
ajy = ,ngr—f y 622 — % (22 + 9?) (13)
s 2|32 — 5 (2 + y?)]

where J, = 1.08265 x 1073

0.4.1.3 The circular deorbiting model

The circular deorbiting model can be used to find a quick answer about the performance
of the tether system. This approximation is only valid for orbits with a small eccentricity
because it assumes an initial circular orbit that evolves in a quasi-circular manner. Making
the scalar product of equation 6 and v, gives

d (1, d (n LE, cwh .
— | = =—| = ————— gy Vs B 14
dt (2”3) dt <r> L TP (us x B) (14)

or, using the definition of the motional electric field,
d (1, d (p LE? owh
(= = — (=) =", 15
dt (2“5) dt (7’) Mg (15)
Making e = 0 in Eq. 1, we find v? ~ u/r and substituting in Eq. 15 yields

dr,
dt

LowhE2:
— lgn T
pMs

= G(rs, vs, 1) G(rs,vs, t) = =2 (16)

S

10



Curso 2009-20010 BETsMA Manual 1

Due to the perturbations, all the orbital elements depend on time. For this simple
model, however, we will assumed that they are all constant except the semimajor axis and
the true anomaly which is governed by

dv m
dt— \/r3 (17)
The two ordinary differential equations 16 and 17 (complemented with Eq. 2 ) can be
integrated numerically to find the deorbiting trajectory. For the BETSMA circular model,
however, we will make a last assumption that allows to increase the integration speed. For
each radial position 7, and the initial epoch of the integration tg, the function G(r, v, t)
is averaged over several orbits to construct the following function

1

" or

27
Gav(Ts) /0 G(rs, v, to)dv (18)

The BETsMA circular model is then given by Eq. 17 and

dH
T Gaw(H) (19)
where r; = Rp + H. At the beginning of the simulation BETsMA computes a table
with Gy, for 98 altitudes. The integral in Eq. 18 is carried out by discretizing the interval
0 — 27 with 500 points. A table with the function G,, versus r, is then obtained. After
this computation, the program calls to the integrator, which finds the value of G, (7s) by
making a linear interpolation.

0.4.1.4 The non-averaged deorbiting model

BETsMA carries out the numerical integration of Eq. 6 by using the orbit propagator
DROMO |9, 2|, which was developed at the SDG-UPM (former Grupo de Dindmica de
Tethers). It implements a special perturbation method of variation of parameters (VOP)
based on a set of redundant variables. In words of the authors [17]:

The aim of the project was to develop a regular, robust and efficient propagator. Robust
means that it should be numerically stable. Efficient means that the propagator should
render accurate results with low time-consumption and share a common formulation for
elliptical, parabolic and hyperbolic problems. How accurate the results are and how quick
the propagator provide them constitute a metric of its performance.

DROMO uses the variables L. = |r5(0)| and w. = \/u/L2 to construct the dimension-
less time 7 = w.t, position 7 = ry/L, and velocity © = v/L.w. vectors. Equation 6 then
becomes

(20)

11
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and, after introducing the redundant variables [o, T, (1, (2, (3, 71,72, 73, M4), one finds the
following set of first order differential equations

d 1
dr_ 1 (21
do  (5s?
S - z 22
%f—i—saxsmajtay(g—l—scosa) (22)
dGa - 2 23
%_—samcosa+ay(@+ssmo) (23)
d(s .
do —ayC3 (24)
d 1
% = —1-5&2 (nscosc — ngsino) (25)
d 1. .
% = —i—§a2 (nzcoso + ny sin o) (26)
d 1. )
% = —50: (necoso — my sino) (27)
d 1. .
% =50 (nicoso + mesino) (28)
where
s=1+( coso + (sino, s=1+s, Uny,z = Sow: (29)

e
Reference [17] provides explicit relations between the state vector variables (#,v) and
DROMO variables [0, 7, (1, (o, G, 71, 112, 3, 74).
0.4.2 Environment models
0.4.2.1 Geomagnetic field models
BETsMA implements three magnetic field models. For convenience the magnetic field is

computed in the ITRF system, which is attached to the rotating Earth. Here 0.,; and ¢jong4
are the colatitude and the east longitude, respectively. The models are given by

1. Dipole model. The magnetic field is given by

Rg

s

3
Birrr = — By, ( ) (2 cosO.pu, + sinb.uq,,,) (30)

where Rp is the Earth radius, B., the mean value of the magnetic field at the equator,
and u, and uy_, the unit vectors along the r and 0., directions.

12
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2. Eccentric dipole|?, ?|. The magnetic field is
Rg

Trq

Birrr = Beg < )3 3 (wy - ua) ug — uy) (31)

where u,, is the magnetic dipole unit vector. The vector position r, of the point under
consideration with respect to the center of the dipole was written as ry = ryuy, with
u, an unit vector. In the I'TRF system the vector u,, is given by

u,, = (sin @y cos ¢g4, sin O, sin ¢g, cos 6,) (32)

where the colatitude 6, and the longitude ¢, are given by

2 2
g4+ h h
VI T tan ¢g = —11,

B.q ’ g1

sinf; = B, = \/9%0 + 9%1 + h%l (33)

The vector position with respect to the dipole center is

Li—gi1 P

Lo—h11 P
rqg =7Trs — 3B2 REa ) (34)

where r is the position vector of the point of interest with respect to the Earth center
and

35
36
37

Lo =2g10920 + V3 (911921 + h11ha1)
Ly =— g11920 + V3 (910921 + g11922 + hi11hao)
Ly = — h11gao + V3 (grohar — gaahay + g11hao)

:Loglo + Ligi + Lahny

(
(
(
452, (

)
)
)
P 38)

3. IGRF 2011 model |5]|. The magnetic field is computed as B;rrp = —VV with

N n an nt1
V<T’ 6)cola d)long’ t) =a ; mzzo (;) [QZZ (t) COos mgblong + h? (t) sin mqblong] P:Ln (COS 000[)
(39)
Here r denotes the distance from the center of the Earth in unit of km, a = 6371.2km
is the magnetic reference spherical radius, and g*(¢) and A" the Gauss coefficients.

0.4.2.2 Plasma density model

The plasma density Ny and electron and ion temperatures are calculated using the Interna-
tional Reference Tonosphere I R12012 [3]. These data are required to compute the current
collected by the bare tether. Electron and ion temperature are used if the beyond OML
current collection model is used.

13
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0.4.2.3 Air density model
The density p;- appearing in Eq. 12 is computed using the following formula
Pair = €XP (po +piH +po H? + ng?’) (40)

where the p; coefficients are found by fitting the semi-empirical COSPAR, International
Reference Atmosphere (CIRA-2012) model. Figure 2 shows the density versus the altitude
given by CIRA-2012 and the fitting for three solar activities.

For altitudes above 900 km BETsMA sets the density equal to zero and no atmospheric
drag is considered. However, just for plotting considerations, BETsMAtakes the density
equal to 107'"kg/m? to avoid an internal error with the logarithm axis.

10 : ‘
Low Activity
Moderate Activity
~ High Activit
10° g y
b
§ 10 10|
o
=
2
g 1072
e
107
10—16

100 200 300 400 500 600 700 800 900
Altitude (km)

Figure 2: Air density given by CIRA-2012.

0.4.3 Current collection model
0.4.3.1 Current and voltages profiles

We consider a rigid and fully bare tether of length L, cross section area A and perimeter
p made of a conductive material of density p and conductivity o. Due to the plasma-
to-tether relative velocity vy and the ambient magnetic field B, an induced electric field
along the tether F,, = uy- (v X B) appears, where ug is the tangent unit vector along the
tether pointing in the direction of the electric current. The spatial variation of the plasma
potential @, (in the tether frame ) is given by the motional electric field projected along

14
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the tether E,, while that of the tether potential ®; is due to ohmic loss. The potential bias
¢ = d, — P, is given by [14, 16]

dd I(x)
&= As  Pm )

where I(z) is the intensity along the tether and 0 < z < L.

For a bare tether, electrons are collected along the anodic length 0 < x < Lsp where
® > 0 and they are ejected by some plasma contactor (e.g. a hollow-cathode or a thermionic
emitter device ), at a cost of a potential drop AVye. The length Lsp, which is determined
by the condition ®5 = 0, depends on the plasma conditions and must be found as part of
the solution of the problem.

Since tether length L is much larger than its transverse dimension, two-dimensional
plasma probe theory gives us the following equation describing the current profile in an
anodic segment of perimeter p;

dl(x) eb(z) T, R p [2eP(x)
a2\ _ 4 Ny B[22 L 42
I G(kTi’Ti’/\Di X e 0 . 0<z<Lap (42)

The right hand side of the above equation is the high bias OML law corrected by a di-
mensionless function G, which takes into account the formation of potential barriers. This
function takes values from 0 to 1. Here T, and T} are the electron and ion and temperature
Api is the ion Debye length. As shown in Ref. [15], there is a maximum normalized radius

of the probe pn.: to operate within the OML regime. Therefore, if p < ppq One has
G=1.

For convenience we introduce the following characteristic values

E,L*
I. = EmUAa ¢, =E,L", 0i = - KT (43)
. [on? 1 meo?  Enh?\"?
=(-— x X X (44)
128 G2 (Uine/nyR/ADi) e3 Ng

with h = 2A/p. Note that the definition of o; and Eq. 44 yields a nonlinear equation to
find L*. Using the dimensionless variables

1 _ _ T
Z:[_*, (10:®*, S—L*a (45)
Eq 42 becomes
di  3G(oip,T./T;, R/ \p;)
-~ 46
dé. 4 G<0-i7 Te/,-r’h R//\D’L) \/6 ( )

As shown in Ref. [4], G has a weak dependence on its first argument, which involves the
probe bias. This allows us to ignore the G-ratio appearing in the above equation because it

15
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is close to one. One uses the fitting given by Eq. ??, which corresponds to e®/kT; = 1000
without making significative error. This approximation, however, strongly simplifies the
problem because it allows to include the beyond OML effect inside the parameter L*.
Since G < 1 (the collected current is below the OML limit), the characteristic length L* is
enhanced by a factor G=2/3

Potential and intensity profiles in the anodic segment is then governed by (Egs. 41 and
42)

dp |
T 4
= (47)
di 3
2 48
- 1vv (48)
and the boundary conditions

£=0 o=ps i=0 (49)
L .

E=¢p= LAB 0=0, i=ig (50)

For the cathodic segment, {g < £ < L/L, = £, the ion current collection can be safely
neglected for the deorbiting mode and we write I(x) ~ I(Lag) ~ I(L). The integration of
Eq. 41 in this region yields

¢c = (1 —ip)(&L —¢b) (51)
where we introduced the (positive) normalized potential drop ¢c = |[AVye|/Em L.

Figure 3 shows the normalized averaged current versus L/ L, for different hollow cathode
potential drops. We remark that the electrodynamic force is proportional to i4, (see Eq.
9) and it strongly affects to the performance of the system.
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L,

Figure 3: Normalized averaged current versus L/L, for several hollow cathode potential

drops.
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0.4.4 Tether survivability model

Tether survivability is a key issue that affects to the design of the mission. BETsMA
implements the survivability model presented in Ref. |7] and its optimization algorithm
is based on a minimization of the product of the tether-to-satellite mass ratio multiplied
by the cut probability [13]. It considers the probability of being cut by a single debris
impact with size below one meter. We remark that tethers can maneuver by controlling
the hollow-cathode and collisions with large debris can be avoided.

The fatal impact rate per unit length for a tape tether is given by (see Ref. [7] for a
detailed explanation )

2 [T [ dF
e R —— D —
e —2 /0 i / c15(0,6) (52)

5min
where 0 is the debris diameter, F'(9) is the cumulative debris flux,
h
Desr(0,0) =0+ W'(0) — 6min(0), W'(0) = w; (cos@ + j sin 9) (53)
t

and f,, = 1/3. The upper limit for the second integral is given by d,, = 1m and the lower

limit is
. { FaW'(0) 0<0

N \ (54)
min — % ﬂ'h 0 >0

= fnW'(0*). An integration by parts yields

where 6* is the solution of &*

min

.2 e
nCN——/O [Deff@oo,e)F(aoo)—Deff(am,e)F(am)—/é F(é)dé]d@ (55)

Q m(0)

BETsMA has data bases of the debris flux as a function of the orbit inclination and
altitude, debris size and epoch equal to 2013. They were obtained by using the programs
MASTER2005 and ORDEM2000 from ESA and NASA, respectively.

For a given tether geometry, the cut probability /N, is found by solving

dN.,
dt

= Li(H,i,w, h) (56)

If the user selects the circular deorbiting model (the inclination is constant and equal to
ip), BETSMA finds the function n.(H,1y) as a function of the altitude at the beginning
of the simulation. For a non-averaged deorbiting model, BETsMA updates n.(H,1i) each
time the orbit inclination changes 0.5 degrees.
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0.4.5 Growth rate of the dynamical instability and self-balanced
tether

As shown in Ref. [11], tethers are affected by a dynamical instability driven by the elec-
trodynamic force. For null current, a tether aligned along the local vertical is a stable
steady state. However, for finite current, this equilibrium position is unstable and the
tether oscillates. A nonlinear analysis, which assumed a rigid tether, showed that the peri-
odic orbits are unstable with a pumping force proportional to the dimensionless parameter
[11, 10, 8, 12]

L?1,
I

where I is the moment of inertia relative to a line perpendicular to the tether though its
center of mass, i, = B.,R% is the strength of the magnetic dipole and f will be defined
a few line below. Following Refs. |10, 8, 12|, instead of the mass of the satellite Mj,
the mass of the inert and conductive tether segments M. and the end mass Mp, which
includes the deployer, we will used the parameters My, ¢ and A;. Here My is the total
mass My = Mg+ M. + Mg, Ay = M.;/M7 and ¢ is given by

€ =

Hm . 5
_Zavf 57
. (57)

1 1
cos® ¢ = 7 (Ms + §Mcz) (58)
sin® ¢ = L MB+1M' (59)
My o tViel

Assuming equal density for the inert and conductive tether, one finds

1
Ig = EMT(L + L;)? (3sin” 2¢ — 2A,) (60)
where L and L; are the lengths of the conductive and inert tether, respectively. In the

particular case L; =0 and Mg = 0 one has

L?  4Mg+m,
= m—" 1
¢ 12" Mg +m, (61)
with m, is the mass of the conductive tether.
The function f appearing in Eq. 57 is given by [12]
A L |AV,
f=cos’o— 1. (L—*, | L ') (62)
A self-balanced tether satisfies f = 0 or [12]
2 — RN ————
cos”p = f, <L*’ oA (63)
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An asymptotic analysis of the stability of the periodic orbits gave the following formula

for the growth rate [11]
L1 . 2\
[~ ( T %z’avf) % cosisin®i (64)

Tether missions should analyze this instability carefully and detailed simulations includ-
ing flexibility effects must be considered. Probably, a damper or an inert tether segment
will be necessary. Such analysis is beyond the scope of BETsMA, which is dedicated to
preliminary mission analysis. The parameter [ should be interpreter as just an indicator
of the instability and not a final response to the dynamical instability issue.
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0.4.6 Mass estimation of the tether subsystems

The total mass of the tether system is
mp = me +m; + Mdeploy +mpgc + Mpower (65)

where mc, M, Maeploy, Muc and Mpower are the masses of the conductive tether, the inert
tether, the deployer, the hollow cathode and the power system, respectively. BETsMA
compute the mass of all these components by implementing a set of rules obtained by
some of the BET's partners. This rules are based on the already developed prototypes.

Figure 4 shows an example of the tether mass calculation. Here the mass of the satellite,
the altitude and the inclination are equal to 1000kg, 1000km and 53°, respectively. The
geometry of the tether have been chosen without implementing the optimization algorithm.

Satelite Mass = 1000.000 Kg
Tether Mass = 3813 %
477
38.1
o
&
)]
n
I
=
16.2
8!7
72
4.6
13
0.0 T T T T T T T T T T T T T T
Total Cond Inert Power Deploy HC

Figure 4: An example of mass calculation. Numbers on the top of the bars indicate the
mass in kg units. Tether length, width and thickness is equal to 5km, 2cm and 50um.
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0.5 Optimization method in tape-tether design'

A well-designed tether mission should satisfy the following requirements:

1. The mass of the conductive tether m, should be small as compared to the mass of
the satellite Mg.

2. The cut probability N, should be small.

3. The deorbit time should not be too long, i.e. of the order of few months.

Tether geometry, i.e. length L, width w and thickness h, has a deep impact on the above
criteria and must be selected correctly. For a given mission, BETsMA optimization module
helps to find the optimal tether geometry. These values, however, should not be taken as
definitive but as a first step for tether design. In addition to the simplifications of BETsMA
models (like rigid tether perfectly aligned with the local vertical) one may also take into
account other important considerations. For instance, the mass of the subsystems, am.
with o about 2 — 3, is also affected by tether geometry. On top of this, tape manufacturing
or tether deployer manoeuver can also introduce constraints on tether geometry.

BETsMA implements the optimization algorithm presented in Ref. [13], where a de-
tailed description of the target optimization functions is shown.

1See Ref. [13]
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0.6 BETsMA Interface

The user interacts with BETsMA by using the main and the control windows, which are
described in the following lines.

0.6.1 The main windows

The main window allows to

1.

2.

plots the results in the main windows (only if DISLIN is included).

create a new project, load an old project, save a figure and close BETsMA. When
BETsMA is launched, the content of the folder Projects/Default is erased and the
results of the calculations are written in this folder. If the user want to keep the
results of certain calculations, he need to create a new project at the beginning of
the computations using the main window. This project can be loaded afterwards.

see the the version of the code and contact information.

p
BET:MA -

Project About

BOO‘O _|||\IIIIII\IIIIII\II\||||||\||||||\||||||||||||||||\||||||\IIIIII\IIIIIIIIHIIII
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o
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185.9 3
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0} 1 2 3 4 5 5 6 7.
Time (Days)

Figure 5: BETsSMA main window.
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0.6.2 The control window

The control windows includes the optimization and the deorbiting modules. Although both
tools can be used separately, the user would normally procedure as follows. Given a certain
mission, including mass of the satellite and the orbit elements, the optimization tool is used
to find the tether geometry (width, thickness and length) that minimizes the product of
the tether-to-satellite mass ratio by the cut probability. Once the tether geometry is found,
a detailed computation of the orbit can be carried with the deorbiting tool.

The units and the ranges (in case they exist) of all the input parameters are indicated
in the interface (see Fig. 6). If the user try to make a computation with a wrong value of a
parameter, the calculation will not be carry out. The user should check the BETsMA State
dialog box (at the bottom of the control window ) where error messages and information
about the status of the program appear. On the right, the user will find status bar, which
indicates the progress of the current calculation.

: | g

De-Orbiting  Dptimization I De-Oibiting IDpt\mizalion]
~TETHER - SATELLITE PROPERTIES —— -MODEL———————————— - TETHER - SATELLITE PROPERTIES —— -MODELG——————————————
[ zomw Magnetic Fisld IGRF 1 52 Length (K] ..ooeeeeeeeeroeeen 3.000 Maagnetic Field IGRF 11 B
Length (ki) oo e 2,000 I -
Current ...ooooevo. OML hd “wdidth o) . ....... e 4.000 Cunret O
i 3.000 MASTER -
I WAdth [2m) e . Debie MAGTER = | hiciress o s I 50,000 Debris
Thickness [microns) £0.000 oDl o = Tether Material Aluminium | v Atmospheric diag Ma -
Tether Material Aluminum B, Mo = Hallow Cathode .......oe. 1 - J2 Perturbation No it:
HC Potential (¥) ..o 0.000 Integrator CIREULAR/RERS -
Hollow Cathade [ -
R oo | [ Saishighiasslik) | foonom  MUMERICAL VALUES
HC Potential [} ...oovvveer.eeeoe 20.000 Inclingtion (%) ......cooooeeerve s —
[ s00000 1 INITIAL CONDITIONS ———————————— ime Step [s] ..oooc..oe
1000.000 200.000
Satellte Mass [kg] Initial Alitude (< 1500 km] | e o Scp Concion [FraFoser ]
inal Al 350,000
Year 2013.000 Final Altitude (>300km) ....... Inciination (02 1608) ... ’70.000 Alitude 350 k.. ,7500.000
N i 0.000 Iteration for saving ........ 5
OPTIMZATION ANALYSIS Ascending Mode (02 - 3607 .. 0.000 Tolerance (>1d-10) ........ |.000000070
Tope AR z I Peiigee Argument (0¢ - 360°) 0000 Anlysis TYpe ... 0-Parameter v
F1 |Length km] - 2000 <Llkml< | 4000 DL [Km= [ 1000 : [ oom Ca N ,W‘
P2 |width [cm] - 1000 <Wiem< | 4000 Dw(om)= [ 7000 || | — Parameter Step ........... 5000
[ Hurnber of Ikerations .. 21
RESULTS ! ‘Year [1960-2015) 2005
Length [km] 8 OPTIMIZE L] Month (1-12) 1 ~RESLLTS
Day [1-30/31). [ 1 DE-DREIT
i [c e —— - rnfm = ! W " |
i un |00 -
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Figure 6: BETSMA optimization (left) and deorbiting (right) user interfaces.

0.6.2.1 The optimization module

The optimization tool has four blocks of input data and a block to control the presentation
of the results. They are organized as follows:
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1. Tether-Satellite Properties:

N
= ) T
S— N’ N

Tether Length L (km). Length of the conductive part of the tether.

Tether width w (cm). Width of the conductive part of the tether. BETsMA
only considers tape tethers with rectangular section, which are known to be
more efficient than round tethers.

Tether thickness h (um). Thickness of the conductive part of the tether.

Tether material. Material of the conductive part of the tether. Aluminium has
density and conductivity equal to p = 2700 and o = 35460000(Ohm m)~*.

Number of Hollow Cathodes. If the number of hollow cathode is equal to one,
No electromagnetic forces will affect the tether during the part of the orbit where
the motional electric field points in the wrong direction (a situation that could
happen for high inclination orbits).

Hollow Cathode potential drop (Volts).
Mass of the host Satellite and the tether system (kg).
Year of the mission: 2013. BETsMA only has flux data for 2013.

2. Models

Magnetic field. The Earth magnetic field can be computed by using a simple
dipole model, an eccentric dipole model or the IGRF2011.

Tether current model: short circuit value, OML or beyond OML models.

Debris flux Model (necessary to compute the cut probability): ESA MASTER
model or NASA ORDEM model.

Atmospheric drag perturbation.

Jo zonal harmonic perturbation

3. Orbit:

()

(b)
(c)

Inclination 7 (deg). This angle is measured from the unit vector K to the angular
momentum h and it ranges from 0 to 180°. Orbits with 0 < ¢ < 90 are direct
or prograde orbits and orbits with 90 < 7 < 180 are retrograde.

Initial Altitude (km)
Final Altitude (km)

4. Optimization Analysis:

()
(b)

Type of parametric analysis: 0-parameter,m 1-parameter or 2-parameter

First parameter to vary. The user may give the parameter range and the pa-
rameter step.
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(c)

Second parameter to vary. The user may give the parameter range and the
parameter step.

5. Results

()

The optimize button orders BETsMA to implement the optimization algorithm
by using the current values of the interface. The user will see the progress of
the computation in the status bar. Each time this button is activated, a folder
with the name Opt %% is created inside the folder of the project. The symbol
%% denotes the number of the run (these number are chosen consecutively and
automatically by BETsMA). Inside the folder Opt %% the user will find two
files:

i. File F_ Optimize.bets. It contains input parameters of the calculations.

ii. File F'_Optim_ %%%%.dat. 1t contains the outputs of the calculations. The
% symbol denotes a number. The file F Optim_ %%%%.dat also contains
information about the data organization.

The file list box shows label with the name Result % %%% The user can click
in the labels to see in the lefthand side of the Results frame the result of the
calculation. Each number correspond to a different tether geometry.

The Run popup menu allows to explore the content of the folders Run_ %%. We
recall that each time that the optimize button is activated a Run_ %% folder is
created.

The Plot popup menu allows to select the type of diagnostic to visualize.

BETsMA also provides some global values of the computation at the lefthand
side of the Results frame.

0.6.2.2 The deorbiting module

The deorbiting module includes the following blocks:

1. Tether-Satellite Properties:

Tether Length L (km). Length of the conductive part of the tether.

Tether width w (cm). Width of the conductive part of the tether. BETsMA
only considers tape tethers with rectangular section, which are known to be
more efficient than round tethers.

Tether thickness h (um). Thickness of the conductive part of the tether.

Tether material. Material of the conductive part of the tether. Aluminium has
density and conductivity equal to p = 2700 and ¢ = 35460000(Ohm m)~*.
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(e) Number of Hollow Cathodes. If the number of hollow cathode is equal to one,
No electromagnetic forces will affect the tether during the part of the orbit where
the motional electric field points in the wrong direction (a situation that could
happen for high inclination orbits).

(f) Hollow Cathode potential drop (Volts).
(g) Mass of the host Satellite plus and estimation of the tether system mass (kg).

2. Initial conditions:

(a) Apogee Altitude r, (km). This is the maximum altitude during the de-orbiting.
Its relation with the major axis a of the initial orbit is r, = (1 + €)a.

(b) Inclination i (deg). This angle is measured from the unit vector K to the angular
momentum h and it ranges from 0 to 180°. Orbits with 0 < 7 < 90 are direct
or prograde orbits and orbits with 90 < ¢ < 180 are retrograde.

(c) Eccentricity e.

(d) The Right ascension of the ascending node €2 (deg) is the angle in the equatorial
plane measured positively from the I axis to the location of the ascending node
(point in the equatorial plane where the satellite crosses the equator from south
to north). We define n as the vector with origin the Earth center and pointing
to the ascending node.

(e) Argument of the Perigee w (deg). Angle between e and n. This angle, which
varies from 0 to 180°, locates the closest point of the orbit (periapsis).

(f) True anomaly v (deg) determines the satellite position relative to the periapsis.

3. Initial Date of the de-orbiting

(d) Hour/Minutes/Seconds
4. Models
(a) Magnetic field. The Earth magnetic field can be computed by using a simple
dipole model, an eccentric dipole model or the IGRF2011.

(b) Tether current model: insulated tether, short circuit value, OML or beyond
OML models.

(c) Debris flux Model (necessary to compute the cut probability): ESA MASTER
model or NASA ORDEM model.

(d) Atmospheric drag perturbation.
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(e)
(f)

Jo zonal harmonic perturbation

Integrator. BETsMA integrates the equation of motion with a Runge-Kutta (4
order , fixed time step): averaged circular model or DROMO propagator. The
circular integrator automatically set the initial conditions e = 0 and v = 0. For
this integrator w is the angle between the line of nodes and the position vector
of the satellite (see initial conditions)

5. Numerical Parameters

()
(b)
(c)

Integration step: A t (s) for Circular or Ao for DROMO.
Stop Condition: perigee altitude or time.

Final Perigee altitude (>350 km) or final deorbiting time (days). The inte-
gration is stopped when one of these conditions is reached. Below 350km the
aerodynamic drag force is important and the satellite goes down very fast.

Iteration for saving Ngq.e controls the frequency to save the outputs. Outputs
will be saved each Ny, steps.

Integrator Tolerance: active in future BETsMA version.

Analysis type can be chosen to 0 — parameter (single de-orbiting) or 1 —
parameter (parameter scan).

Parameter (only if Analysis Type is equal to 1 —parameter). Parameter to scan.

Parameter Step (only if Analysis Type is equal to 1 — parameter). Increment
of the parameter to scan (a positive number).

[teration number It (only if Analysis Type is equal to 1 —parameter). Num-
ber of de-orbiting calculations that will be carry out. Example: if tether length
is equal to 2km, Analysis type is equal to 1 — parameter, Parameter is equal
to Length, Parameter step is equal to 0.5 and Iteration number is equal to 5,
BETsMA will compute the de-orbiting trajectories for tether lengths equal to
2, 2.5, 3, 3.5 and 4.

6. Other Systems. These values are used to estimate the masses of the different com-

ponents of the tether-system like the inert tether segment or the power-system.

Bus voltage (V), used to estimate the mass of the power system.

Battery charge rate (dimensionless), used to estimate the mass of the power
system.

Ratio L;/L, with L; the mass of the inert tether. Electrodynamic tether are
affected by a dynamical instability. A portion of inert tether helps to control it.

Inert tether density. BETs team has considered the PEEK, with density p; =
1100kg/m?3.
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7. Results

(a) The deorbit button orders BETsMA to compute the trajectory of the satellite
by using the current values of the interface. The user will see the progress of
the integration in the status bar. Each time this button is activated, a folder
with the name Run_ %% is created inside the folder of the project. The symbol
%% denotes the number of the run (these number are chosen consecutively and
automatically by BETsMA). Inside the folder Run_ %% the user will find two
or three files:

i. File F_Deorbiting.bets. It contains the inputs of the simulation.

ii. File F_Orbit_ %%%%.dat. 1t contains the outputs of the simulation. The
% symbol denotes a number. If option Analysis Type was chosen to 0-
parameter, only the file F'_ Orbit_ 0000.dat will be created. If option Anal-
ysts Type was equal to I-parameter, the user will find [t,,,, files of the
type F_Orbit_ %%%%.dat, each one with the results of a single orbit. The
structure of the F_Orbit_ %% %%.dat is as follows:

A.
B.

A single number indicating how many orbit points have been saved, N,,.

N, rows with 26 columns. Each row contain the following information:
[1] Time (s), [2] Semimajor axis (km), [3] eccentricity, [4] inclination
(deg), [5] Right ascension of the ascending node (deg), [6] perigee argu-
ment (deg), [7] true anomaly (deg), [8] Cut probability, [9] Numerical
error (not implemented), |[10| Time step (s), [11] Xe mass, [12] alti-
tude (km), [13] dr/dt (m/s), [14] electron density (m~?*), [15] Motional
electric field E,, (V/m), [16-18] Bx, By and Bz Magnetic field compo-
nents in the GEI frame (nT), [19] 44, [20] Averaged current along the
tether (A), [21] Ion temperature (eV), [22] Electron temperature (eV),
|23| Tether Characteristic length L* (m), [24] air density, [25] OML ef-
ficiency, [26] maximum current along the tether (A) and [27] maximum
voltage along the tether (V), [28] normalized anodic segment, [29] f.
,[30] Growth rate (1/s)

A row with 28 columns, including: [1] Satellite mass (Kg), [2] Tether-
system mass (kg), [3] Percentage of the tether-system mass, [4] Conduc-
tive tether mass (kg), [5] inert tether mass (kg), [6] power-system mass
(kg), [7] deployer mass (kg), [8] Hollow-Cathode mass (kg), [9] De-orbit
time (s), [10] Maximum current along the tether for the full orbit (A),
[11] Total number of cuts for the full orbit, [12] maximum voltage at
the anode, [13] altitude variation along the deorbiting, [14] eccentricity
variation, [15] inclination variation, [16] Ascending node variation, [17]
perigee argument variation, [18] Hollow Cathode dry mass (kg), [19]
Hollow Cathode wet mass, [20] Mass of the batteries (kg), [21] Mass of
the converter (kg), [22] Mass of the harvester, |23] mass of the power
supply (kg), [24] Power dump mass (kg), |[25] Power enclosure mass (kg),
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(b)

[26] Reel mass (kg), [27] Outer Shell mass (kg), [28] Deployer electronic

mass (kg).
iii. File F_ Bifurcacion.dat. This file is created if Analysis Type is equal to
1-parameter. It has It,.,,, rows. Each row has 18 column with the fol-

lowing information: [1] Parameter value, [2-18] the last row of the file
F Orbit_ %% %%.dat.

The file list box shows the F_ Orbit_ %%%%.dat files and the F_ Bifurcacion.dat
file (if it exist). The user can click in each file to visualize the result of this
calculation in the main window.

The Run popup menu allows to explore the content of the folders Run_%%.
We recall that each time that the deorbit button is activated a Run_ %% folder
is created.

The Type popup menu allows to select the type of diagnostic to visualize: (i)
orbital elements, (ii) Orbit, (iii) Environment, (iv) Electrical, (v) Mass and (vi)
Stability.

The Plot popup menu order BETsMA to make a plot in the main window. The
plot corresponds to the file selected in the file list box. Some plot options can
produce empty plot; for instance, if the user selects the OML current model, the
electron and ion plasma temperatures are not necessary for the computation of
the orbit and these variables cannot be plot. In case the user selects the beyond
OML current model, both temperatures are plotted.

BETsMA also provides some global values of the computation at the bottom of
the Results frame (for instance the de-orbiting time or the cut of probability).
The user can see these values by clicking on the F Orbit_ %%%%.dat files in
the file list box.
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0.7 Validation of the code

This section summarizes some tests that have been carried out to validate the code. The
results are compared with previous works published in the literature or analytical formulas.
Each part of the code has been tested in a separated form, including the orbital propagator,
the environmental models, the tether survivability model and the optimization tool.

0.7.1 Tether current collection model

The characteristic quantities @4, ig, Lag/L and f. versus L/L, for several hollow cathode
potential drops computed by BETsMA are shown in Fig. 7.
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Figure 7: Characteristic magnitudes of the tether current collection versus L/L, for differ-
ent hollow cathode potentials.

These results are in agreement with Ref. [1]. The correction of L, due to the beyond
OML effect (function G = I/Ion1) was checked with Refs. [15] and [4].
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0.7.2 Tether survival probability

The fatal impact rate per unit length for a tape tether (Eq. 55 ) is here checked with
results from Ref. [6]. Both MASTER and ORDEM flux model are considered. Figure 8
shows n. for a tape tether of width w = 2¢m and thickness h = 50um computed with
BETsMA. These results are in good agreement with Fig. (5) in Ref. [6].

MASTER model, w = 2cm and h=50p m ORDEM model, w = 2cm and h=50p m

0.016 0.45
//‘
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= M| ——i=20 03 i=20
7 001 1 i=30 T i=30
E ——i=40 5025 i =40
= 0.008 i=50 < i=50
£ - --i=60 £ 02 - --i=60
.= 0.006 1 |---i=70 & ~__i=70
---i=80 0.15 1]---i=80
| i=90 i=90
0.004 -~ -i=100 0.1 11---i=100
0.002 0.05
0 0
0 500 1000 1500 0 500 1000 1500
H (km) H (km)

Figure 8: fatal impact rate per unit length for a tape tether of width w = 2¢m and thickness
h = 50pum computed with BETsMA. These results can be compared with Fig. (5) of Ref.
[6].

0.7.3 Orbital propagator

The circular deorbiting model is almost trivial and its validation has been carried out in Sec.
??. The non-averaged deorbiting model (DROMO) has been validated by propagating an
orbit perturbed by the J; effect. In this case, the secular variation of the orbital parameters
are given by

Ai = Ae = Aa =0, (66)
i : o 2
aoli_t = —ng <%> ncosi, Z—o; = ZJQ (%) n (5cos’i — 1) (67)

where n = \/u/ad.

Figure 9 shows the temporal evolution of an orbit propagated with DROMO. The
initial altitude of the apogee, eccentricity and inclinations are equal to 1000km, 0.04 and
30°. As predicted by the perturbation theory, there is no secular variation of 7, e, a and
v. However, the Jy perturbation produces a seculat effect othe longitude of the ascending
node €2 and the argument of the perigee w. Figure 10 displays the secular variation of
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Figure 9: Evolution of the orbital elements computed with DROMO. The satellite per-
turbed by the J;. The initial inclination and eccentricity are equal to 30° and 0.04, respec-
tively.

2 and w versus the inclination computed analytically (solid lines) and with DROMO
(circles). We remark that DROMO set €2 = 0 for equatorial orbits. The agreement with
the theoretical prediction is excellent. This results validates the correct implementation of
the orbit propagator DROMO in BETsMA.

50 100 150 200
Inclination (deg)

Figure 10: Secular variation of the longitude of the ascending node and the argument of
the perigee versus the inclination of the orbit. Solid lines and circles correspond with the
results obtained with Eqs. 66 and 67 (perturbation theory) and DROMO.
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0.7.4 Global check of the deorbiting module

Individual parts of the subroutines involved in the deorbiting module has been checked
by comparing BETsMA results with Dr. Bombardelli’s tether flight simulator. The main
difference between both simulators is the version of the implemented TRI model. Certain
quantities were checked for a single time step, like for instance the Geomnagnetic field and
the Lorentz force. The results were in agreements.

Figure 11 shows BETsMA deorbit time versus the initial orbit inclination for a 1000 kg
satellite equipped with a 3km x 4em x 50um tether that operates with 2 hollow cathodes.
Initial and final altitudes are equal to 800 and 500 km. Epoch is 2005 and the integration
was carried out with DROMO. Bombardelli’s simulator provided the values 7w = 39.2,
146.7, 212.5 and 127.0 days for inclinations 60, 80, 90, and 100 degrees. Taking into account
the differences in the IRI version, results are in reasonable agreement. The comparison of
the circular integrator with DROMO also showed the expected results.

276.2 o
242.6% k
’\209.02 »
175.4% w
141.8% »

1082 3 2

De—Orbit Time (Days

74.6 3 :

4103 £

R e T e e e e I e B B e e ]
0 14 28 41 55 69 82 96 110
Inclinaticn (degrees)

Figure 11: Deorbit time versus the orbit inclination.
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0.8 Preliminary mission design example

This section explain hot BETsMA can is used to carry out preliminary design of deorbiting
missions with bare tethers. Let us consider the input parameter of Table 1. Here, the risk
corresponds to the cut probability N.. For instance, a 3% means that 3 of each 100
missions will have a tether cut. BETsMA provides first number of tether geometry and
mission performance. Detailed mission analysis requires an iterative process that involves
all tether subsystem and, in particular, dynamical tether simulations including flexibility
effects.

Satellite Mass Apogee Altitude Inclination Eccentricity Year Risk (NV,)

500 kg 800km 71° 0.005 2013 3%

Table 1: Example of deorbiting mission

0.8.1 Tether optimal geometry

In first place, we use the optimization module to find the geometry of the conductive tether
segment: length L, width w and thickness h. We recall that the optimization module
assumes a sequences of circular orbits and works with averaged quantities. In the user
interface we set the following values

1. Tether-Satellite Properties

(a) Thickness — 50um
(b) Tether Material — Aluminium
(c) Hollow Cathode — 1

(d) HC Potential — 20V

(e) Satellite Mass — 500kg

(f) Year — 2013
2. Model

(a) Magnetic Field — IGRF 11
(b) Current — OML

(c) Debris - MASTER

(d) Atmospheric Drag — No
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(e) Jy Perturbation — No
3. Orbit

(a) Inclination — 71°
(b) Initial Altitude — 800Km
(c) Final Altitude — 350Km

4. Optimization Analysis

(a) Type — 2-parameter
(b) P1 - 0.5Km < L <5.5Km and DL = 0.25km
(¢) P2 = 0.5em < W < 4em and DW = 0.25¢m

Tether length and width in Tether-Satellite Properties box are irrelevant because the
2 — parameter option makes BETsMA to vary these two magnitudes. After clicking the
button Optimize, BETsMA will start the calculations. Once BETSMA finished, the user
may plot the product of the cut probability N. and the conductive tether-to-satellite mass
ratio, Il = N, x m./Mj, versus the variables L/h?/3. This is done by activating the option
N.m;/Ms in the Plot box. Note that BETsMA plots L/h*? on the top horizontal axis
and L in the bottom axis. Using the mouse in the result list, different points in the plot
can be selected and the tether performance are shown in the optimization interface.

Inclination (deg) = 71.00, MASTER 2009 , h=50.0 microns
L/ h¥3(x10%m!/?)
0.0 0.7 15 22 29 37 4.4 5.2 5.9 6.6
1010 L L L L L L L L L L L L L L L
] W= 050cm |}
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—~
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— ] [
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~
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Figure 12: Function II versus L/h%/? for several tape widths (h = 50u)
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Figure 13: Function m,./M, x t4 versus L/h?/® for several tape widths (h = 50u)

For this mission, the optimal L/h*? |* happens at 2.06 x 106 m!/3.

We now plot

(see Fig. 13), which shws the product m./M, x t4. At the optimal L/h?? |*, we find
me/Ms X tg = 1.2482, thus imposing a constraint on tether performance.

Preliminary conductive tether geometry is chosen by plotting the Design diagram in op-
tion Plot. Fig. 14 shows tether performance (deorbit time, mass ratio and cut probability)
versus L/h?*? and w. The intersection of a vertical line at L/h?/? [*= 2.06 x 10° m!/? with
the line N, = 3% gives L = 2.750km and w = lem. At this point one has m./M, = 0.74%

and T; = 168 days. These number are summarized in Table 2. The repetition of this
analysis for few tether thickness can provide slightly improved tether performance.
h (pm) L (km) w(em) Ty (days) Ne (%) me/M; (%)
50 2.75 1.0 168 3 0.74

Table 2: Tentative values of tether geometry and performance.
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Inclination (deg) = 71.00, MASTER 2009 , h= 50.0 microns
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Figure 14: Mission performance versus the conductive tether geomtry (h = 50u)

0.8.2 Deorbiting mission performance

We now use the deorbiting module to simulate the full deorbiting of a mission given by
Tables 1 and 2. In the interface we set the same parameters as in the optimization module
and we add

1. Initial Conditions

a) Eccentricity — 0.005

(
(

)
b) Ascending node — 0
(c) Perigee Argument — 0

(d) True Anomaly — 0
2. Date: Hour/Date— 00:00:00, 1/1/2013
3. Numerical Values

(a) Integrator - DROMO
(b) Sigma Step — 0.1
(c) Stop Condition— Final Perigee
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(d) Final Altitude — 350km
(e) Iteration for saving — 5

(f) Analysis Type — O-parameter
4. Other systems

(a) Bus Voltage — 50V

(b) Battery Charge Rate — 5

(c) Inert/Conductive Length — 0.2
(d) Inert tether density — 1100 kg/m?

Unlike the optimization module, DROMO integrator [9] does not assume circular orbit
and it does not average the variable over the orbital period; i.e. it computes the trajecto-
ries by making a numerical integration of the perturbed Kepler problem. Using the popup
menus Type, users control the kind of diagnostic to visualize, including orbital elements
evolution, environmental variable, electrical tether quantities, mass of the different subsys-
tems and indicator about the tether dynamical instability. For each group of diagnostic,
the popup menu Plot chooses a particular magnitude. For instance, if tether electrical
variable is selected, then the Plot popup menu can take the following values: motional
electric field, L., 4y, I/Ion1, tether current and anode voltage. The selected variable is
plotted in BETSMA main window.

Table 3 summarizes tether performance computed with the Deorbiting module. Note
that, thanks to the eccentricity value (0.005), tether performances are better than the one
computed with the Optimization module, which assumes a quasi-circular deorbiting.

Td (days) Nc (%) mc/Ms (%) mt/Ms (%) ]max (A) Vmaac (V)
118 1.72 0.74 3.82 1.8 200

Table 3: Tentative values of tether geometry and performance.

Deatiled information about the mission is obtained by exploring the options Type and
Plot. For instance, the evolution of some orbital elements are shown in Fig 15. Fig.
16 displays the maximum and averaged currents as well as the maximum anode voltage.
Finally, the masses of the subsystem are shown in Fig. 17.
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Figure 15: Evolution of orbital parameters computed by the Orbiting module
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Figure 16: Current and maximum anode voltage versus time
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Figure 17: Mass of the tether subsystems.
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.1 BETsMA constants

BETsMA uses the physical constant summarized in Table 4.

Variable Symbol Value units
Earth Radius Rg 6378160 m
Electron mass Me 9.10938291 x 10~3! kg
Ion mass m; 1.67262178 x 10~27 kg
Electron charge e 1.602176565 x 10~ C
Earth gravitational parameter 1 398600.436233 x 10° | m?/s?
Earth angular velocity We 7.2921158 x 107> | rad/s
Earth J, zonal harmonic Jo 1.08265 x 1073 -

Table 4: Numerical value of the constants used by BETsMA.
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