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GUIDANCE, NAVIGATION AND CONTROL OF ASTEROID
MOBILE IMAGER AND GEOLOGIC OBSERVER (AMIGO)
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Erik Asphaug,* and Jekan Thanga*

The science and origins of asteroids is deemed high priority in the Planetary Science
Decadal Survey. Major scientific goals for the study of planetesimals are to decipher geo-
logical processes in SSSBs not determinable from investigation via in situ experimentation,
and to understand how planetesimals contribute to the formation of planets. Ground based
observations are not sufficient to examine SSSBs, as they are only able to measure what is
on the surface of the body; however, in situ analysis allows for further, close up investiga-
tion as to the surface characteristics and the inner composure of the body. To this end, the
Asteroid Mobile Imager and Geologic Observer (AMIGO) an autonomous semi-inflatable
robot will operate in a swarm to efficiently characterize the surface of an asteroid. The
stowed package is 10x10x10 cm (equivalent to a 1U CubeSat) that deploys an inflatable
sphere of ~Im in diameter. Three mobility modes are identified and designed: ballistic
hopping, rotation during hops, and up-righting maneuvers. Ballistic hops provide the
AMIGO robot the ability to explore a larger portion of the asteroid’s surface to sample a
larger area than a stationary lander. Rotation during the hop entails attitude control of the
robot, utilizing propulsion and reaction wheel actuation. In the event of the robot tipping
or not landing upright, a combination of thrusters and reaction wheels will correct the ro-
bot’s attitude. The AMIGO propulsion system utilizes sublimate-based micro-electrome-
chanical systems (MEMS) technology as a means of lightweight, low-thrust ballistic hop-
ping and coarse attitude control. Each deployed AMIGO will hop across the surface of the
asteroid multiple times. Individual actuation of each microvalve on the MEMS chip pro-
vides control torque for rough attitude control with only slight alteration to the hop path
en-route to its destination. For optimal use of instrumentation, namely the top mounted
stereo cameras utilized in local surface mapping and navigation planning, the robot must
remain as upright as possible during data acquisition. Should AMIGO land in an improper
orientation, thrusters and reaction wheels will attempt to correct the positioning. Several
inflatable structures will be evaluated including a soft inflatable and an inflatable that ri-
gidizes under UV light. The inflatable will be compared under operational scenarios to
determine if it produces disturbances torque and an un-steady view for the stereo cameras.
Future work is focused on raising the TRL by real world testing system performance and
utilizing hardware-in-the-loop simulation models. The thruster assembly can be evaluated
on a test stand mounted inside a vacuum chamber. To simulate milli-gravity, the entire
robot will be analyzed in either parabolic flight tests or in buoyancy chambers. A combi-
nation of experimentation will validate simulations and provide insight in areas to improve
on the design and control algorithms for milli-gravity asteroid surface environments.
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INTRODUCTION

The 2013 Planetary Science Decadal Survey highlights a few questions small solar system
bodies (SSSBs), particularly asteroids, can answer: What are primordial sources of organic matter?
What are the initial stages and processes of o -
solar system formation? What makes up
the matter that coalesced into larger bodies
[1]? Even within the similar size and
mass, asteroids can be quite diverse and
are thought to hold knowledge on the
formation and evolution of the solar
system. The majority of the known
asteroids are C-type for their mostly
carbonaceous makeup, S-type with iron
and magnesium rich silicates, and M-type
with metallic rich surfaces [2]. Earth based
telescopes can provide much information
on the general composition and surface of
an asteroid, but in-situ analysis is required
to obtain details on the inner structure and  pigure 1: Surface of Ryugu from MINERVA-II 1B
other complex geological inquiries. (Credit: JAXA, University of Tokyo et al.).

Some of the basic unknowns of aster-
oids are the cohesion of the outer surface regolith (fine dust particles), electrostatic forces [3], ther-
mal effects, and geologic structure. The internal structure is thought to be a range of “fluffy aggre-
gates” for smaller asteroids to “rubble piles” to fully differentiated, solid rock. Future, large scale
surface landers need more information on the structure of asteroids to safely land, conduct science
experiments and perform In-Situ Resource Utilization (ISRU).

Small robots that can sample the asteroid’s surface at multiple locations provides more
robust science data. The micro- to milli-gravity of asteroids provides important challenges to
achieving mobility. For asteroid 101995 Bennu sized object, with equatorial radius ~262 meters
and mass ~7x10'° kg, local gravitational attraction is 10 micro-g with an escape velocity of 0.19
m/s. A 1U CubeSat, 10x10x10 cm in volume and 1.0 kg in mass, is sufficient to perform significant
science experiments, such as seismic sensing, micro-imaging, and electric field measurements.

RELATED WORK

There are a few methods to obtain mobility across an asteroid’s surface: wheeled rovers, inter-
nally actuated hops, mechanical devices, and thrusters. Traditional rovers are well suited to large
bodies, such as the Moon and Mars, where local gravity is comparable to the Earth’s. Wheels are
able to turn and overcome small bumps with gravity holding the robot to the surface; however, in
milli- and micro-gravity environments, the rotation of a wheel will impart a large enough delta-v
to lift the robot off the surface and potentially into an escape trajectory [4].

Internally actuated devices typically rely on spinning up and braking a reaction wheel. A benefit
to this system is the actuators are shielded from the surface regolith, extending their lifetime and
limiting the probability of failure. The dynamics of the surface regolith must be well understood
for accurate prediction of hopping dynamics, as the force transferred to the robot is dependent on
robot-regolith interaction. Hedgehog is one such development by NASA JPL and Stanford, with
three flywheels and external spikes to tumble for short distances and hop for more distant targets



[5, 6]. Another is the Gyrover that contains spinning flywheels attached to a two-link manipulator
[31]. A recent successful example of this concept is JAXA’s MINERVA-II 1A and 1B landers, as
they landed and hopped around the surface of Ryugu and transmitted images (Figure 1).

One type of mechanical hopping is by the use of a spring mechanism, a direct reactive force
pushing the robot from the surface. The Canadian Space Agency developed the Micro-hopper for
traversing Martin terrain, though with a limitation of only one hop per day due to the time to reform
the shape memory alloy [7]. Another technique for hopping developed by Plante and Dubowsky at
MIT utilize Polymer Actuator Membranes (PAM) to load a spring. The system is only 18 grams
and can enable hopping of Microbots with a mass of 100 grams up to a 1 m [32].

Another example is SPIKE, a 75 kg spacecraft-hopper that embeds science instruments into
regolith via a boom connected to the robot in free fall [8]. Vibrating the boom causes cohesion with
regolith to be broken and the spacecraft is free to hop to another location. Again, mechanical hop-
pers have a reliance on surface characteristics, which are not well constrained and vary asteroid to
asteroid.

Thrusters allow for mobility independent of surface characteristics, though exhaust may cause
interference with the electrically charged, organic regolith and kick up dust in the process. Another
example is the Sphere-X, a spherical robot that hops using chemical propulsion and is intended for
exploring in higher gravity of 1.0 m/s* and higher [9-12]. This system, however, relies on reaction
wheels to provide attitude control, as the thruster is used only for launching the robot. A thruster
with multiple nozzles is required for pointing authority for smaller robots with less volume and
mass for angular momentum transfer devices.

AMIGO MISSION CONCEPT

The Asteroid Mobile Imager and Geologic Observer (AMIGO) (Figures 2-3) would be
deployed at multiple locations around the surfaces of small bodies and provide stereo imaging from
vantage points ~1 m above the surface, close-up geologic imaging, and seismic sensing. Each
lander contains a 1 m diameter inflatable for communicating at 256 Kbps and tracking and an on-
board propulsion system to perform surface hopping. The inflatable is a critical multi-functional
element of AMIGO as it addresses issues of tracking a small lander on the surface of an asteroid
using an overhead mothership and the needs for high-communication bandwidth to transmit surface
videos and images. The concept of operations is shown in Figure 4.

Figure 2: AMIGO Overview
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Figure 3: AMIGO Internals

Each AMIGO is deployed from a mother spacecraft (Figure 4). During descent, the robot
inflates from its stowed 1U state. Upon landing, initial context is determined for where the robot is
on the surface. This is done by both on board imaging and tracking from the mother. The inflatable
portion provides a tracking target, as smaller robots may not be large enough to be tracked. From
there, the science mission is conducted. For the AMIGO lander, there are five science goals:

1. Determine local surface hardness and compliance

2. Acquire seismic data constraining the geologic competence of the asteroid
3. Acquire micro-imaging of fine geologic structure from diverse locations
4. Detect images of thermal fatigue of surface rocks

5. Measure electric fields and properties of surface regolith
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Figure 4: AMIGO Concept of Operations.

Each of these science goals seeks to fill a current knowledge gap in the characteristics of
asteroids. For example, the proposed NASA Asteroid Redirect Mission was to retrieve a boulder
from the surface of a near Earth asteroid and return the sample for further analysis [13]. Currently,



the dynamics of how to extract a boulder from the surface of an asteroid is an open problem. The
issue is as fundamental as Newton’s Third Law; if one aims to pull a three-ton boulder from the
asteroid surface, the spacecraft must exert three tons on the asteroid. Will the asteroid and boulder
have enough cohesive strength to not completely fall apart? Seismic sensors and close-up geologic
sensors will provide this information. The top-mounted camera provides context to determine local
areas of interest and potential locations to traverse to (Figures 5-6).
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Figure S: AMIGO View from Asteroid Surface
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Figure 6: AMIGO View from Top of Hop

The characterization of surface regolith of asteroids is vital to the success of future lander
missions and the further understanding of the composition of asteroids. For instance, it is theorized
that planetesimals often impacted with each other and either obliterated into fine dust and small
clumps or aggregated together. In either case, fine grains are created. For intact planetesimals, this
dust accreted to the surface and became the surface regolith. However, that regolith may not have
the same compositions as the asteroid itself due to being a combination of multiple meteoric impact
events. In situ analysis will aid in the understanding of the surface of asteroids in this regard. A
large reason for the concept of AMIGO is to add to the current base of knowledge for the surface



characteristics of asteroids for use in future lander missions. The familiarity with asteroid surfaces
gained by lower cost missions will lay the foundation for, say, a Discovery class mission to be more
successful due to limiting the unknowns in the geology dynamics of asteroids.

CONTROL ACTUATORS

Motion of the robot is obtained by two types of actuators: an array of micro-thrusters and a
reaction wheel. The thruster array is a MEMS chip of micro-nozzles based on sublimate cold gas
propulsion (Figure 7) [14]. The purpose of the propulsion system is to provide thrust to lift off the
surface of the asteroid and perform a hop to a new location, and to control the robot’s attitude
during the hop to ensure safe, upright landing. There are 8 nozzles in total, each capable of deliv-
ering 30 micro-Newtons of thrust. The thruster chip provides control torque on the x and y body
axes, defined in Figure 2. The geometry of the nozzles allows for three modes of actuation to control
one axis rotation: actuating the inner nozzle, outer nozzle, or both nozzles at the same time.

As the propulsion system is a chip with thrust only out of plane due to micro-fabrication limits,
a reaction wheel is needed to control the z body axis of the robot.

Figure 7: Thruster Chip

Thrusters

Propellant is stored as a sublimate in a heat-controlled storage chamber (Figure 8). The subli-
mate vapor pressure of the propellant is the chamber pressure, analogous to other cold gas and
liquid evaporation systems [15-20]. A main valve that provide the main sealing pressure opens to
allow for flow to downstream nozzles. Each nozzle is actuated by a simple thruster valve.
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Figure 8: Propulsion System Block Diagram

Reaction Wheels

A small reaction wheel is required for z axis control. A commercial off the shelf solution from
MALI is taken as a representative solution. The reaction wheel is 8.1 mm in radius, 2.25x10~° kg-m?



inertia, and max spin of 5,000 rpm. This provides sufficient control authority for the robot. By
changing the spin rate of the reaction wheel, the change in angular momentum is transferred to the
robot to conserve angular momentum.

BALLISTIC HOPPING

The dynamic equations of motion of the robot in the asteroid’s body fixed coordinate system is
expressed as:

FH20XF+wX(wXr)+oxr=g+d+u (1

where, r is the position vector, 7 and # are the first and second derivative of the position vector,
w is the angular velocity vector of the asteroid, g is the gravitational acceleration, d is the disturb-
ance acceleration such as SRP and third body perturbations, and u is the control acceleration. Also,
the asteroid is considered to have a fixed angular velocity, so w is equal to zero. Although gravity
in smaller bodies are weaker than on Earth, it still is the dominant force on robots. The polyhedral
model is the most accurate gravity model for smaller irregular bodies which leverages the diver-
gence theorem to exactly model the gravitational potential (U), gravitational acceleration (g =
VU), gradient (VVU) and Laplacian (V2U) of a constant density polyhedron as a summation over
all facets and edges of the surface mesh.

The rover needs to hop from rest at position 1y with velocity vy and impact at position 77 with
velocity v¢. The problem of computing the launch velocity, v, to intercept a target location, 75 at
time T =ty — t, is the well-known “Lambert orbital boundary-value problem” and efficient nu-
merical solutions for different types of gravity fields are available. For the case of asteroids with
irregular gravity field, a simple shooting method is used to calculate the launch velocity to success-
fully impact a target location [21].

Figure 9 shows the trajectory of the robot from its initial position to the final position on asteroid
Itokawa. This asteroid was used due to the similar size and mass to Bennu with a high-fidelity
shape model for simulation purposes. Two waypoints were added in between. The robot is able to
find the initial hopping velocities required to reach its target location from its initial location suc-
cessfully visiting the waypoints in between. Close targets are able to efficiently be reached by just
one hop, but longer excursions require less efficient multi-hop schemes.

# Initial Position
Waypoint 1
Waypoint 2
Target Position

Figure 9: Ballistic Hopping Trajectories from an Initial Position to a Final Position with Two Way-
points In-between on Itokawa



ATTITUDE CONTROL DURING HOPS

Quaternions are used as the attitude for the hopper. Quaternions are defined as

q = [a1 92 43 941" @)
q = [q, 941"
Considering the equations of motion of a rigid spacecraft,

.1

Qv = 2 [Gy + I3x3q4]w (3)
1

Ga= =50 @ (5)
Jo = —-&Jw + sat(u) + L (6)

Where w € R3is the angular velocity vector, I3 is the 3x3 identity matrix, the ~ is the skew
symmetric operator, J € R3x3is the spacecraft inertia matrix, u € R3is the control torque, the sat
function corresponds to the saturation control modes, and L € R3is the disturbance torque. Quater-
nions maintain structure through one constraint equation,

B2+t gt g, =1 @)

Meaning quaternions lie on a three-dimensional hypersphere in four-dimensional space, g € S°.
It is assumed that the attitude q and angular velocity w are known.

It is desired to design a control system to drive the spacecraft to the identity attitude (g, = 0)
with no angular velocity (o = [0 0 0]"). To accomplish this, an adaptive sliding mode controller
(ASMC) is used for its properties of robustness and disturbance rejection [22].

ASMC Design

The saturated control authority is based on limitations from the thrusters; i.e. the discretized
nozzles are only capable of providing certain amounts of torque on the robot. Considering the three
saturation modes of minimum, medium, and maximum control torque, the saturation function is
defined as

0, abs(u;) < upmin
Umin» Umin < U; < Umid
Umid» Umid < U; < Umax

Umax» Umax < U;

(8)

sat(u) =

Where u; are the required control torque components in the robot body axes and abs(u;) is the
absolute value of the torque component. This saturation case is mirrored for negative torque, mean-
ing rotation in the opposite direction. For the z-axis case, there is simply a maximum saturation, as
the reaction wheel has continuous spin rates from no spin to its rated maximum. The input control
torque must always satisfy these saturation conditions.

Drawing from the results from Zhu et. al [23], the control law is defined as
u=—t5—asgn(S) —u, 9

Where T = diag(t;),t; > 0 and 0 = diag(a;), 0; > 0 are design parameters to reduce chatter-
ing upon reaching the sliding surface, S is the sliding surface (S € R3)

S=w+kiq, (10)
With design scalar k; > 0, sgn(S) is the sign function



-1,5; <0
sgn(S;) = { ot 11
() ={1 65 0 (11)
And adaptive controller u,
IS 1]

Ug = Bkzk3||f||T (12)
§=[gyw1] (13)

The update control laws are functions of time,
ko = B2’k lIENIIISII, k2 (0) > 0 (14
ks = plgIINISIL k3(0) > 0 (15)

With B > 1 and p > 0 are design parameters. The adaptive portion of the control law rejects
inertia uncertainties and external disturbances. From [23], it is shown that the control law Equation
(9) is asymptotically stable for some bounded model uncertainties and disturbance torques. In ac-
tuality, due to the discontinuous nature of the control actuator, the controllable subspace may not
be driven to S = 0. Rather, the robot will likely chatter around the desired state. The use of the
“boundary layer” approach in [23] is neglected due to the lack of fine pointing control offered by
the thrusters; no chattering can be reduced due to the minimum impulse bit.

Disturbances: SRP and Gravity Field

The most important perturbing forces for the robotic hopper are solar radiation pressure (SRP)
and gravity effects, namely oblateness and ellipticity [24]. Formulating the solar radiation pressure
in terms of a potential function,

Repp = dz—mdaSt -F (16)

Where dg is the vector from the sun to the asteroid, # is the vector of the orbiter from the
asteroid center of mass in the asteroid reference frame, and f is quantified as

p=a+p(2)e, a7)

Where p is the albedo of the spacecraft, A is the cross-sectional area, m is the mass, and P, is
the solar radiation constant. The asteroid gravitational effects are captured in the oblateness C»o and
ellipticity Cx; coefficients in a 2™ degree gravity perturbation,

—H o 3 L s R
R = 555 Cooll = 3G 9)%] + 5 Coa [ )% = (G- )°] (18)

Where p is the gravitational parameter of the asteroid, p is the maximum principal inertia axis,
g is the intermediate principal inertia axis, and § is the minor principal inertia axis of the asteroid.
Higher order effects are ignored. In an inertially fixed reference frame with the origin at the center

of mass of the asteroid, the equations of motion of a satellite in orbit about an asteroid can be
defined as

U 0Rgzp ORy,
or or or

7= (19)
Where the potential U is

(20)
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The disturbing accelerations modify the Keplerian motion, as seen in Equation (19). To compute
the non-averaged disturbing accelerations,

aAg = adSRP + adm = af: a_;n (21)

Considering the SRP perturbations, the disturbing acceleration calculation is simple,

-B .

a’d_gRP = d3a5t dast (22)

To formulate the mass distribution acceleration, the disturbance is split into the oblateness and
ellipticity effects for easier derivation.

- 6 .\
. —U s oz 91 3u .
aq,, =7C20[1—3(T'P) ]F_3 >3 CzoaA(T'P)2 (24)
Now, considering the partial derivative terms individually,
01 or
= 3yt __
i a7 (25)
or ovr-r 26)
o7 or
The other partial term in Equation (22) is calculated,
2
A(r p)? =2 ) ( p) = (F-p)p (27)
Thus, the disturbing acceleration from oblateness is
N _ _3# A AN2TA A ATA
Aayy = 53 Co0([1 = 3(F - PYIF — 2[7 - PIP) (28)

Now, for the computation of the ellipticity disturbing acceleration,

Jd 1 3u d

Gy, = 3l 82 = (P ] =5+ 5 Coo =[-8 = -] (29)

Noting results from Equations (22), (23), and (24),

layy = 5 Co BP9 — (- Q21 + 27+ 95 — 267 Q) (30)

Combining the three disturblng accelerations from Equations (28) and (30),
. 3u . a1a . . o ano1a A N
A, = [Czo([l = 3@ P27 — 2[F - pIP) + Co, BI(F - ) — (7 P17 + 2(F - )3 — 2(F- PPIBD)

The SRP and mass distribution disturbing accelerations are used in Cowell’s formulation to
describe the equations of motion. These are numerically integrated to simulate a short period mo-
tion about an asteroid. Motion about asteroid 101955 Bennu is considered. Table 1 represents re-
quired asteroid and satellite parameters [25]
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Table 1: Asteroid and Spacecraft Parameters

Parameter Value
Oblateness Cao -0.0175 km?
Ellipticity Cx 0.0058 km?

Gravitational Parameter p 5%10™ km®/s?
Mass to Area Ratio m/A 20 kg/m?
Albedo 0.05
Solar Radiation P, 1*10% km%/s*m?
Asteroid vector [1.120 0] AU

The asteroid’s inertia axes are chosen to be parallel to the x, y, and z axes of the asteroid’s orbit
for simplification (asteroid rotation is not taken into account due to the large rotational period rel-
ative to a hop). During simulations, the force is taken to be acting over the cross-sectional area of
the robot evenly. Then, the net torque applied is calculated and included as the disturbing torque.

Disturbances: Inflatable Deformation

A non-linear finite element model was set up using Tsai-Belytschko membrane elements to
capture the membrane’s deformation behavior. A worst analysis was conducted to simulate the
membrane colliding elastically with a rigid wall at an incoming velocity of 0.4 m/s. A constant
volume inflation was used. The assumption this model makes is that the membrane is fully inflated
at the time of collision.

Figure 10 shows the worst case expected deformation and stress plots of the membrane when it
lands directly on the inflatable’s side. A can be observed in this case a total deformation of about
60mm if expected to take place in the longitudinal direction. The corresponding worst-case change
in inertia is accounted for in inertia uncertainties for numerical simulation.

Total deformation

0.040923 Max
0.036370
0031838

002720
0.022745
0018201

d 0.013656

& 0.0091117
0.0045672
2.2762e-5 Min

2.6253e8 Max
= 2.3336e8
Equivalent stress soatoes
1.7502¢8
s
1.1668¢8

8751067
5.8380e7
A 2.0175¢7
5 3 5084.2 Min

Figure 10: Deformation and Stress Plots
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From the equivalent stress plots, it can be observed that stress concentrations begin to cause
local bucking at the interface between the 1U CubeSat and the membrane causing to CubeSat to
move into it. Table 2 describes analysis settings used:

Table 2: Simulation Properties

Property Value
Membrane Young’s modulus (Mylar) 760000 psi
Membrane Poisson’s ratio (Mylar) 0.38
Membrane thickness 1.27x10° m
Internal membrane pressure 2 x 107 psi (similar to that

expected by sublimates)

Initial membrane velocity 0.4 m/s

Numerical Simulations

To begin simulation, the initial state of the system is defined for a variety of cases. A 4" Order
Runge-Kutta method is used to account for the non-linearity of quaternion rotation; they cannot be
simply added together. MATLAB is used for simulations. Outputs of the simulation are plots of
the quaternion and angular velocity evolution in time (Figure 11 and 12).
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Figure 11: ¢(0) = [0.2 — 0.2 0.3 0.911]7, w(0) = [0.075 0.01 0.001]"rad/s.
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Quaternions vs Time Angular Velocity vs Time
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Figure 12: ¢(0) = [0.3 — 0.4 0.3 0.812]7, w(0) = [0.02 0.02 0.01]7rad/s.

UP-RIGHTING MANEUVERS

Should the robot not land upright, it will tilt over onto its side and rest on the surface with
contact points on the inflatable surface and on the corner of the main structural cube. When this
happens, the thruster chip is used to induce sliding motion against the regolith and liftoff of the
robot. Assumptions made are that the regolith is homogeneous and flat (not rubble piles) and the
contacts are points. A simplification to the model is planar motion, illustrated in Figure 13.

Yc1 T /\fé:.

Fni Ff2 —ﬂ
Fn2

Figure 13: AMIGO with Reaction Forces

Drawing on knowledge from developments in the Hedgehog program [26], the system is mod-
elled through Lagrangian mechanics [27]. The state of the planar robot is defined through general-
ized coordinates g = (x,y, 8). The motion of the robot is described by (32)
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Where T is the kinetic energy, D is dissipative energy, V is potential energy, and oL is the
Lagrangian portion of the virtual work. These quantities can be defined through state g and the two
contact points, (x.,,Y.,) for the contact of the corner and (x,,, Y., ) for the inflatable contact point,
both treated as points and assuming small impact depth:

1 1 .
T = Em(xz + yZ) +§]x92 (33)

V=mgusy+V; (34)

Where m is the mass of the robot, J; is the polar moment of inertia, g, is local surface gravity,
and Vcis the contact potential energy,

1

Where K is the stiffness of the regolith. This term only is used when the point is actually in
contact with regolith (y.; < 0). The dissipative term is defined as

1
D= Ec(yclz +9:,%) (36)

Where C is the damping coefficient of the regolith, and only considers y, < 0 (penetrating into
the regolith). The virtual work is

L=ub6+L, (37)
Where u is the control torque from the thrusters firing and L. is the work against friction,
Le = Fpxe, + Frx, (38)
With slipping friction
Fr, = —sign(c,)uaFn, (39)

Where (14 is the dynamic friction coefficient and F,; is the normal force at the contact point.

The contact points are geometrically related to the center of mass and rotation angle 8 when treated
as a rigid body,

Xc, = x — 1, cos(0) (40)
Ye, =¥ =T, sin(6) (4D
Xc, = X + 1, cos(0) (42)
Ve, =Y — 1, sin(6) (43)

Where 17, is the distance from the center of mass to the corner of the main structure, and ., is

the distance from the center of mass to the contact point on the inflatable. From Equation (31), the
contact dynamics can be described

my + mygqse + K[(y — Te, sin(@)) + (y — Te, sin(9))] +
C[(y — 6., cos(8)) + (¥ — O, cos(8))] = 0 (45)
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1.6 + 7., sin(6) [K(y - Te, sin(0)) + C(y — ércl cos(8))] +
7., Sin(6) [K(y — T, sin(9)) + C(y - érCZ cos(G))] =u (46)
The goal of the up-righting control is to drive the robot upright (8 = g) with the bottom of the

robot resting on the surface (y = the distance from the center of gravity to the bottom of the robot).
The adaptive sliding mode control law Equation (9) is modified,

S = [x, Ve, 0 — g]T (47)
§=[xy6] (48)

Euler’s equation of motion for the planar case is used.
Jx = —Jxw? +u+ Leone (49)

Where Lo are the torques from contact forces.
CONCLUSIONS

In this paper we presented an overview of the asteroid surface hopper AMIGO control
system. Three mobility modes are controlled: hopping, attitude control during a hop, and up-
righting maneuvers. The robot is able to hop to various locations on 101955 Bennu sized asteroids
by thrusting an array of discretized nozzles on a MEMS chip. This thruster chip provides attitude
control during a hop to ensure safe landing, limiting potential damage to the spacecraft and its
inflatable structure. It is shown that the regulating adaptive sliding mode controller easily
overcomes the disturbance torques from solar radiation pressure, asteroid oblateness and ellipticity.
The controller is not highly dependent on the inertia of the robot, so deformations to the inflatable
structure are well tolerated. As seen from Figures 9 and 10, the thrusters are sufficient to stabilize
the robot at the identity attitude (¢4 = 1) with no angular velocity in the presence of these
disturbance torques and does so before the robot is able to land. In addition, the thrusters are able
to correct positioning and avoid tip-over during landing.

Future work full focus on optimizing the fuel usage. The current system has some overshoot
which requires extra propellant to counteract. This is more of an issue for larger errors in initial
attitude from the identity attitude. This could be done through more rigorous optimization of the
control parameters f, p, and k;. In testing the control system, a buoyancy chamber will be designed
and constructed to simulate milligravity environments. To further quantify regolith characteristics,
an on-orbit centrifuge will simulate dust dynamics and micro-mobility platforms [28-30].
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