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ABSTRACT

Half of the risk to any satellite is from debris collision. The main body of the satellite, housing the main electronics is encapsulated by
bulletproof outer layers but most satellites include solar panels as the only energy source and they cannot be covered with multiple
kevlar layers or any safety material. As space junk keeps on increasing, we seek to mitigate the tragedies related to it. Every collision
in turn creates many new space junk particles which drives a positive feedback chain reaction, which could ultimately lead to a
phenomenon known as “Kessler Syndrome”[1], which can render whole space unusable altogether. Several private companies like
“LEO-Space” and government agencies are working to help solve this issue, yet some countries perform anti-satellite operations for
military purposes each of which creates more than tens of thousands of pieces greater than 0.5 centimetres (that cannot be stopped by
layers of protective material) traveling at relative speeds of up to 12km/sec on an average(which usually stay in their orbits for more
than 100 years, depending on their altitudes and orbit). China (in 2007), the USA (in 2009), India (in 2019), and Russia (in 2021) have
performed these so-called “tests” in the orbits of the altitude of the international space station creating countless debris of various sizes

that would stay as a threat in most used orbit i.e. LEO(roughly 160km to 2000km above the earth’s surface).

INTRODUCTION

Today in Low Earth orbit there are a total of more than
5,00,000 identified objects greater than the size of a
marble(1/2 inch), and more than 50,000 objects up to 4
inches. The satellites which have to use large solar
arrays with an orbit within LEO, i.e. within 2000 km
above the earth’s surface are highly vulnerable to this
debris, and to prevent their collision we can use many
different methods, one of which is physical deflection.
One of the most common ways that are used by 1SS—is
to slightly change the orbit. But for that, information
about the debris’ trajectory has to be known at least a
few hours before the nearest approach. For the longevity
of say 50 years, especially for future projects such as
space-solar farms, a live deflection algorithm is
presented in this paper. That could prevent collision
without any prior information about the debris’
trajectory even a few minutes ago. The following paper
discusses the most efficient logic which can be
integrated with a lidar or em wave-based parallax
detection system using machine learning to track down
those hypersonic speed particles and take live action—

based on the position and velocity vector.

The probability of a satellite in the LEO, colliding with
space debris is more than 30% in the span of a year. So
for a satellite to operate in LEO for 30 years would[2].
The probability of such a collision is roughly
99.997746%.

Shortcomings of Debris Assessment Software (DAS)
and similar ground-based debris detection
techniques:

In a full lifespan of a solar array satellite, there will be
numerous interactions with  undetectable and
untraceable objects, that are hard to be accounted for
using ground-based Debris Detection Software, which
keeps track of all identifiable objects. There has to be a
live debris detection system that can not only detect the
debris’ position, but also the velocity with respect to the
satellite and solar plane of its solar array. Having more
and more such solar array satellites can help track the
debris, which can then be updated into the DAS or a
universal library with all potentially dangerous pieces of
debris[3].
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Both working in tandem can help in almost eradicating mitigate calamities with the satellites even without the
any further increase in space debris and related detectors or modular structure, required for collision
accidents. avoidance.

Having such a robust database of all debris could
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Fig. 1.1 Expanded view of the structure - rigid solar panel’s connection to the main body.
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Fig. 1.2 General overview.

Default notations every time debris comes in proximity:

a = direction of the Axisl

b = direction of the Axis2

7 = normal vector for the panel/plane for any given moment

Defining the i f, k initial:

i=k
b=j
Also;
i=bxa
=i
With these notations as a reference, the algorithm will proceed.
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Detecting the debris:

With the help of machine learning algorithms, hypersonic debris could theoretically be detected within the darkness of
space. But because of the average relative speeds of about 10 km/s, the accurate detection of such debris could be
dauntingly difficult to implement and has to be done from at least a few kilometers away in order to have even the slightest
chance for the avoidance algorithm to successfully avoid.

Even with two 360-degree gimbal high-speed cameras, having a zoom lens camera on each and with sufficient parallax
will be able to—first spot, and then detect the debris live[4]. But there has to be some mechanism for the gimbals to know
where to point each of the cameras—in order for the object’s velocity and position vectors could be precisely calculated
from the footage.

A high-precision Radar will first have to confirm the presence of the debris, then in the direction of that debris, gimbals
will be actuated finally pointing both cameras towards it. Then machine learning detection algorithms could be used over
the input data from the two zoom lens cameras, detecting the debris from a few kilometers away, to determine:

a. The position vector.

b. The velocity vector[5-8].

After the detection of the position vector of the debris:

The position vector of the center of visible area will be assumed as the center of mass of the particle itself, and an error
corresponding to the farthest point will be considered(to take into account the size/dimensions of the debris), which could
be sampled across multiple frames for better accuracy:

N, =

Xo
Y,
Zo

The velocity vector of the debris(which will be constant with time), in the initial frame of the satellite’s motion:

a

In the small duration of the interaction, the following would be a fairly precise position of the particle at any time t could

Determining the impact location:

We can resolve the complicated two-dimensional rotation, about two perpendicular axes, of the panel into the following,
two, simpler transformations:
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Normal unit vector

Axis-1

Fig. 2.1. Axis1 - 0,

Angle traversed by Axis-1 = @,. And after the transformation, of angle ¢, about Axis2, as shown

above in the Fig. 2.1;
a= <sinf,,0,cos 6, >
h=<010>
The vectors 7, d, b will always be mutually perpendicular, therefore the normal vector after the

transformation will be:

0s 0,0, —sin 8, >
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About Axis -1

s Normal unit vector

Fig. 2.2. Axis2 — 6,

A

Axis -1 (Final orientation, t seconds
after the actuation of motors)

Fig. 2.2.1 Transformation of the Axis1 due to the rotation: 8, — Axis2
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After the final transformation;
b = < sin6,,c0s 6,0 >
a = <sinf cosb,, —sind,, costh >

= < sinf,, cos 5,0 > X < sinf, cos &, — sind,, cos 4, >

After the cross-product:

cos &, cos B, + sin 6,
—sin ¢, cos &

=1
Il

—sin? @, — sin 0, cos’ 4,

With the help of the above normal vector transformation at t seconds after the actuation we can now find out the equation
of the plane, assuming that the equation for planes of both the panels would be the same, the equation of plane 1 & plane
2 of the panels at t seconds after the detection and taking the origin as the intersection of the two axes, the equation of
the plane of the array will be the following:

cos 0, cos 0, + sin 0, ~
—sin@, cos 0, [ ] =0
—sin’ @, — sin 6, cos’ 6,
x(cos 8, cos 8, + sin 8,) + y(—sin 6, cos 6,) + z(—sin® @, — sin @, cos’ 6,) = 0
For now assuming that the equation for planes of both the panels would be the same, the equation of plane 1 & plane 2
of the panels at t seconds after the detection:
x(cos 8, cos 6, + sin 8;) + y(—sin 6, cos 8,) + z(—sin” @, — sin §; cos” 6,) = 0

The perpendicular distance of the debris from the panels’ plane (both panels would be parallel at any given instant,
oriented normally so that the maximum solar radiation can incident on it):

_ (X, + t.V;)(cosB;cosh, + sind,) + (Y, + t. V) (—sinb,cos6,) + (Z, + t.V,)(—sin?6; — sinb; cos*6,)
\/(cosBycosB, + sinb,)? + (—sinB,cos6;)? + (—sin20, — sinf; cos20,)?

D

Finding the 6, & 6, as functions of time:

The angular displacements about axis 1 and 2 from the ground frame on maximum power outputs on both motors
simultaneously, after the debris detection, from the motors are 8, and 8, respectively. In space, if one of the panels will
be rotated in any direction, the rest of the satellite would rotate in the opposite direction as angular momentum can be
generated out of nothing.

Lyli+ Lyl = Lol +Ly |,

0=w ! +w,l,
W) = — a)z% (a)

To prevent the antenna’s alignment from being affected, whether the satellites having symmetrical solar panel arrays can
either rotate the solar panel, opposite to the one required to be rotated, or the satellite can adjust the angular momentum
using the gimbal(if available). As of now, counter-rotation is not considered. The equations could be changed specifically
for each individual satellite.
Now for any given set of motors, satellites, and panels, the actuation of any of the moments of inertia could be easily
found out, and so is the case with 6, & 9,
Assuming that the motors provide constant torque, the motors will be actuated to full that maximum constant torque and

the normal at any time t can be written as the following:
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Fig. 3.1. The two moments of inertia about Axis-2.
About the axis along hinge-2(I; is the moment of inertia of solar array & I, is the moment of inertia of rest of the satellite);

T=ha,
dawy Where A,, . represents 4 of bw.rte
=1 R
! I
0y — W) = —
1
I, T
w, (l + 1—) = I—r From equation (a)
1 2
1
) =
2L+ 1)

With respect to the ground frame:

22} 1
]‘ d92 = J 0)2dr
0 0

5
1, I~

— < (i)
12,({(Il,ﬂ' + I?..a) 2

92 =

Similarly, about the axis of hinge-1(here I; is the moment of inertia of the solar array & I, is the moment of inertia of the
rest of the satellite);

Iy 12

g

Ly +5p) 2

= (1)

0,

Estimating the impact location:

A : T
= ==
d ; S d
= H
Y : ;
«— D re— g —>— g > D —

Fig. 4. Dimensions of different parts along the satellite’s plane.

Both the solar arrays will always be parallel to each other, normal to the sunlight. We can assume that the plane of the
satellite is the same as the plane of the solar arrays, taking the origin as the hinge(intersection of two axes of rotation) on
one of the sides, which can be uniquely determined by its normal vector. The initial equation(just after the proximity
detection) of that plane:

Il
~ O

= o=

Coordinates of its point of intersection with the trajectory of debris particle could be found out as:
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X4tV
N=|Y,+t.V,
Z,+t.V,

Niy—gy = X,+1.V,=0
Xl

t=-—

V,

X

3

Hence the impact location will be:
0

5o |G-
(z-%7)
Actionable if (=D < Z < a) and

(5=r=3)
e Yo ),
2 2

>

>
o=

Fig. 5. The intersection point of the initial trajectory

of particle & satellite’s plane.

Determining the threshold angles- 6, , 0, :
If the solar panel arrays were to be rotated only about one single axis/degree of freedom, then the will exist an angle by
which if it is rotated, the plane of panels will become parallel to the linear trajectory of the space debris, such an angle is
defined as the threshold angle about that axis.
The direction of debris particles is given as:

V.

V=|%|/IV]
V,

Z
n'=<cosf ,0, sinf >
Q o

Calculating 6, :

\
Plane's threshold
position ‘\
\
\
\
Plane's initial \
. 6, ©
position \ 1,
z € y
9,0
4 nﬁnal

Fig. 6. Top view showing the plane of the satellite, normal vector, and debris particle’s trajectory.
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The dot product of the two will be zero at the threshold angle:
-<V, V V.> =0

Vicos6, +V. sing =0
V,
#, = tanh —
o ‘]:
Similarly 6, :

VT
6, = tanh —
o V“

Threshold Momentum Estimation:

Any action will be called only if the debris size will be cross a particular threshold size and velocity, which could
constitute any significant damage.

The deciding parameters to determine the threshold momentum, for a satellite’s body, will be its ballistic jacket’s
thickness, number of layers, and strength. For the quantitative estimation, different material simulations for hypersonic
impact in pristine and hybrid single and multi-layer C3N and BC3 nano-sheets[9], Ceramic/Metal Targets[10] can be
used.

If at a certain velocity, the momentum of the projectile will be below the threshold value then it may simply vaporize
along with a little vaporization of material of protection layers at the impact sight, causing no harm to the internals of the
satellite.

Perpendicular distance as a function of time:

Substituting the angles as a function of time in equation (I):

I p 2 I 12 I q 12
(Xo +1. Vx) lcos( Tp0ip+ 1) 3 ) COS( hallathe > ) £x sm( hallathy 2

: I q 2 Ip 12
Y, +1.Vy) |- — S— T P e
+( aF y)[ sm<T12a(11a+12a) 2) °< Ly p+hp) 2

Iip 2 h.p 2 i, :
+(Zp + z)[ sin <111,b(11,b+12,b) 2 sin 11 b1 p+hp) 2 cos 12 alla—1 g 2

p=

2
I p 12 I1 4 2 11 4 2
[COS (T LTy p+ 1 p) 7) COS( L 0 a+Dh ) 7 ) +sin "haliathy 2

2
; lla 2 lb 12
ﬂ_s’n(T aTla+10) 2) 0( LpTip+0p) 2
2
tlosin2(r b 2Y gl b 2) of  Na g2
N0+ 2 I pyp+1pp) 2 "hala+hg) 2

If any real zeros with respect to t will exist, corresponding to which 8 from the 6(t) relation from equations (i) and
(ii) will lie within O to threshold value of 8, then actions will be taken according to the flow diagram as presented in Fig
7.
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( The debris particle is within the threshold proximity: )

Intersection point of the satellite's plane and

relative trajectory of particle is:

A

l No Action(Safe) l

( on the satellite's body ]

[ on one of the solar arrays ]

v

A
[ Particle's relative momentum calculation(mass ]

calculation by average visible area and velocity)

Real Roots Of Perpendicular Distance as a function

of theta exist between 8 to 6,:

l True '

Y

Above threshold No action(Safe)
Momentum

Advanced orbital maneuver
using thrusters

Y
Below threshold False
Momentum
A

Collision cannot be
avoided by array
rotation

True

Y
[ Collision can be avoided by J

compound array rotation

Y
[Only the rotation about axis-1 is]

sufficient:

Motor-2
Actuation

]4_

—)[Cou.nter rotation]

axis-2 is sufficient:

[ Only rotation about axis-1, ]

{ Both the motors actuated }(——)[ Counter rotation ]

Fig. 7. Flow diagram of the algorithm followed for each individual debris particle.

Decision in case of more than one particle:

If there will be an encounter with more than one debris
particle then in most such cases, the whole fleet will be
coming from one direction, so that the camera system
will be able to take into account all of them in one frame.
Also, the zoom could be decreased autonomously, after
capturing a few frames with default zoom and feeding
those later frames for further detection of any other
particle(s) that the camera was not able to capture in
previous frames.

There could be countless possibilities of the number of
cases that could be made with different values of
parameters like the number of debris particles, and their

different classifications as hazardous or safe. But there
are broadly two decisions that could be taken:

. Structure modulation to avoid a collision from
a single particle, or sometimes even a group of
particles.

Il.  Minute orbital maneuver using thrusters to
avoid the collision.

The first action will be taken when the parameters for all
detected particles will be within avoidable by a single
structure modulation. The second action however will
be taken only when there will be one or more hazardous
particles that cannot be avoided by the first action.

For action Il, an orbital maneuver, an orbital path
23
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predicting system could be used to govern thrusters[11-
12]

FURTHER POSSIBLE IMPROVEMENTS:
» Gyroscopic motion assistance for modular rotations

« Utilizing the retraction of solar arrays along with the
rotation.

» Leveraging further geometrical details by further
customizing the algorithm for a specific satellite, for
example, antennas or other fragile, exposed
components.

CONCLUSION:

This algorithm utilizes the modular movements along
the available degrees of motion within the satellites
having solar arrays. As large solar arrays sweep more
volume while orbiting, they’re more prone to debris
collisions. The probability of debris to hit on large solar
arrays is much more than that for the main body, and
hence the main focus of this algorithm was to mitigate
the risk of solar panels from colliding with debris
particles, and when that is not possible taking the use of
other techniques to prevent hazardous collisions to
prevent more debris production and ultimately avoiding
the Kessler syndrome.
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