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Abstract—The rise in small, distributed satellite applications
has led to an increased interest in multi-agent, cooperative
guidance, navigation, and control (GNC) strategies. In order to
integrate and test algorithms associated with a multi-agent cooperative environment, the Cooperative Autonomous Networked
Systems (CANS) Lab was developed. Multiple three-wheeled,
omni-directional ground robots with on-board sensor suites
enable hardware-in-the-loop testing while adhering to planar relative dynamics. A software framework has been established to enable accurate dynamics simulation using Clohessy-Wiltshire-Hill
(CWH) dynamics. In this paper, the CANS lab is demonstrated
through the use of an example formation flying application which
incorporates uncertain scenario parameters.

I. I NTRODUCTION
Increase in space access by both national governments and
private companies around the world has led to an increasingly dynamic and congested space domain. This leads to a
number of additional risks to space assets including orbital
debris in addition to classic risks of the space environment
such as radiation and solar weather. These risks combine to
create a complex operating environment which jeopardizes the
capabilities of vulnerable space assets.
Many space architecture designers have decided to address
the dangers of this complex operating environment through
implementing resiliency through distributed capability. Constellations such as Starlink (SpaceX), Blackjack (DARPA),
and Hongyan (China) are paving the way for the full implementation of distributed satellite architectures on a large
scale. Resiliency addresses many of the natural and man-made
risks posed by the space environment. In addition, resiliency
addresses one of the main risks of capability loss amongst
satellite systems, equipment failure.
Many concepts for distributed satellite systems utilize parallel technology development in the miniaturization of space
components. Although these smaller systems do facilitate
faster, cheaper development which in turn can facilitate distributed, rapidly deployable architectures; they are also historically unreliable. In fact, between 2000-2019, approximately
30% of CubeSats were recorded as dead on arrival [1]. Even
more are forced to operate at less than full functionality due to
partial or complete subsystem failure. There are a number of
possible causes for this high error rate such as budget, timeline,
manufacturing errors, or using low technology readiness level
(TRL) components. Due to these uncertainties in subsystem

reliability, it is of great value to have robust GNC algorithms
which are capable of handling a dynamic multi-agent system
architecture which may change throughout the spacecraft
mission due to subsystem failure.
A capability which is essential to resilience in space system
architectures with a high failure rate amongst individual assets
is the ability to function as an ad-hoc, heterogenous system.
This capability facilitates resilience through augmenting the
system with existing on-orbit assets in the event of a system
asset capability loss. Operating in a heterogenous architecture
presents a number of problems not encountered in traditional
GNC operations. For these scenarios, it is especially important
to have robust GNC algorithms capable of handling a dynamic
system architecture.
For this reason and many others, traditional methods of
single-agent GNC are ill-suited for a multi-agent environment.
The dynamic situations associated with operating in a closeproximity environment require some degree of autonomy to
conduct safe operations. Relative navigation is an essential
portion of handling this environment as ground-based or other
PNT methods may not be reliably available in these short time
horizon situations. Without autonomy, a multi-agent mission
in close proximity is an impossibility, and yet rigorous testing
methods have yet to be established for these required methods.
In addition to the technical problems involved in implementing autonomy on-orbit, there are a number of programmatic
issues which relate to the concept of trusted autonomy. Even
with the rise of cheaper space access and assets, owners are
reluctant to trust autonomous GNC algorithms, especially in
the RPO regime. To foster greater trust in autonomy, a rigorous
test framework for autonomous algorithms is required. The
CANS lab hopes to accomplish this through a combination of
simulation and lab environment testing.
The CANS lab can be divided into two areas. The first
is a Simulink-based simulation environment which enables
testing of multi-agent GNC algorithms as separate modules.
The second is the lab environment space which consists of
three, omni-directional ground robots with a hardware suite including flight-like processors, a stereo camera, and an Inertial
Measurement Unit (IMU). A full software test procedure has
been developed which begins with unit testing and culminates
in lab environment testing with integrated flight-like hardware.
This software test plan fully utilizes both the Simulink-based

Fig. 1. Diagram of CANS Lab ground based robot motor geometry

simulation environment as well as the lab hardware.
The remainder of the paper is organized as follows. In
section 2, an overview of the CANS Lab and its capabilities
is provided. In sections 3 and 4, background and a problem
definition for the example problem is provided. Section 5
presents the results for this example problem. The paper is
concluded in section 6 with a summary of the paper and a
short description of the future direction of the lab.
II. M ETHODOLOGY
A. Hardware
The CANS Lab test bed utilizes multiple, omnidirectional
ground based robots, called Hexagonal Computational Autonomous Space Motion (HexCASM) robots, to simulate the
in-plane relative motion between multiple space vehicles in
close proximity. The robots are constructed with a modular
layered design allowing more sensors and capabilities to be
added to the robots by simply adding new vertical layers while
keeping the footprint of the robot the same. This modularity
allows for flight-like hardware testing of numerous sensors
such as vision sensors, unique communication electronics,
range finding sensors, and inertial navigation sensors and
eliminates the need to develop complex software models of
these sensors. The base configuration of the robot is made up
of three layers. The bottom layer houses the motor assemblies
which consist of three stepper-motor assemblies evenly spaced
120 degrees around the robot, as shown in Fig. 1
Each motor is equipped with a ”roller wheel” assembly
that allows for active motion in the direction of the wheel
(denoted by v1 , v2 , and v3 in Fig. 1) as well as passive motion
in the orthogonal direction of the wheels. This motor geometry
coupled with the ”roller wheels” allow the robots to be omnidirectional, decoupling the translational movement of the robots
from the rotational state and granting uniform movement in

any direction. This omnidirectional property allows the robots
to better simulate the motion of a space vehicle.
The stepper motor assemblies are also equipped with encoders which allow for the measurement of each individual
wheel’s angular position and velocity state. The robot’s lab
frame translational and rotational position and velocity can
then be reconstructed from the encoder measurements using
the geometry and dynamics of the robot.
The middle layer of each robot houses the battery, power
management circuitry, and the microcontrollers. The robots
utilize a 22.2V, 6.4Ah, polymer Li-ion battery for power.
The power management circuitry protects the onboard electronics and battery as well as regulates the battery voltage
to usable 12V and 5V outputs. The robot uses two separate
microcontrollers to handle the autonomy, guidance, navigation,
and/or control algorithm being tested separately from the
other functions of the robot including communicating with
the ground station and sensors, simulating the close proximity
space dynamics, and controlling the motors. The autonomy,
guidance, navigation, and control microcontroller is referred to
as the AGNC microcontroller while the second microcontroller
is referred to as the dynamics microcontroller. This separation
provides a better computational testing environment for the
autonomy, guidance, navigation, or control algorithm by ensuring that the tested programs aren’t being computationally
hindered by other processing onboard the robots. Currently,
both the AGNC and the dynamics microcontrollers equipped
on the robots are Raspberry Pi 3 Model B+ microcontrollers.
These can be updated in the future or replaced with flight-like
hardware should hardware-integrated testing be desired.
The top layer of the robots is used as a mounting surface
for multiple infrared reflective markers arranged in a unique
configuration for each robot. The VICON system - a ground
based suite of infrared cameras/emitters and computational
hardware - uses these infrared markers to track the position
and rotation of the robots in the lab frame. This more accurate position information can then be used as ”true” state
values when evaluating the accuracy of onboard sensors and
accompanying AGNC algorithms. Furthermore, these more
accurate position measurements are sent to the dynamics
microcontrollers of the robots and used in the state propagation
of the simulated relative motion dynamics to provide more
accurate data relating to the motion of the robots.
B. Dynamics
The robots in the CANS lab are designed to simulate the
close proximity dynamics between space vehicles described by
the Clohessy-Wiltshire-Hill (CWH) dynamics. These dynamics are a well studied LTI system that describe the relative
motion between a chief vehicle and a deputy vehicle. The
dynamics assume that the chief vehicle is in a circular orbit
and the deputy vehicle is close enough to the chief vehicle to
be considered in the same orbit. The full six dimension CWH
equations are given by
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and L is the length from the center of the robot to the wheel.
The vector [v1 , v2 , v3 ]T is the collection of the tangential
wheel velocities at the ground and can be easily related to the
rotational velocity of the wheels by wi = 1r vi where r is the
radius of the wheel. The angular velocity command for each
wheel, given a desired lab frame translational and rotational
velocity, can then be solved for using Eq. 3.
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Where ζ = [x, ẋ, y, ẏ, z, ż]T is the state of the deputy
relative to the chief, ω is the mean motion of the chief
vehicle’s orbit, mc is the mass of the deputy vehicle, and
u = [ux , uy , uz ]T is the input force of the deputy vehicle
in the CWH frame. A limitation of the CANS Lab is that
it is not able to simulate out of plane motion as the ground
robots are restricted to planar use. However, the impact of
this assumption can be mitigated through use of the CWH
equations. Through the assumptions made in the CWH equations, z and ż are decoupled from the in-plane states allowing
the full six dimension equations to be easily reduced to four
dimensions by simply removing the out-of-plane states from
Eq. 1.
While the CWH equations generally assume point masses
for both vehicles, a rotation state has been added to the
simulated vehicles in the CANS lab to account for any inplane rotation. A simple double integrator is used to model
the in-plane rotation of the simulated space vehicle with state
equation
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To relate the second order CWH dynamics to the first order
robot dynamics, the continuous time dynamics in Eqs. 1 and 2
will be discretized for a time step Td = 0.03s. The combined
discretized in-plane CWH state and rotation state dynamics
become
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Where Iz is the moment of inertia about the out-of-plane z
axis and uθ is the input torque to the vehicle.
Combining the in-plane translational states from Eq.1 with
the rotational states in Eq.2 results in the final six dimensional
state that will be simulated by the ground robots in the CANS
lab. The simulation of these dynamics is accomplished by
generating motor commands that mimic the motion of the
simulated space vehicle. The robot’s wheel velocities can be
related to their lab frame velocities through the equation
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The discretization of the dynamics reduces the CWH dynamics to a first order system allowing a robot wheel command
to be generated using the in-plane translational and rotational
velocities resulting from the CWH dynamics as well as any
forces applied by the vehicle. Additionally, a basic timeinvariant Kalman filter is used to reduce the measurement
noise of the state of the robot and provide more accurate
simulation of the CWH dynamics. The basic filtering equation
is given by

ζˆ0

= ζ 0 + M (ζ¯0 − ζ 0 )

(6)
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where ζˆ0 , is the filtered state, ζ¯0 is the measured state, and
M is the filter gain. The filter gain is generated using the
following equation.
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The final resulting control loop used to command the robots
is given by

Fig. 2. Validation test results comparing robot position to computational
answer
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A simple validation test of the ground robots’ ability to
accurately simulate the CWH dynamics was performed. The
robot was given an initial non-zero velocity condition and then
allowed to undergo the natural motion governed by the CWH
dynamics. The initial condition given to the robot was also
used to computationally solve Eq. 1. Fig. 2 shows the position
of the robot measured from the VICON system during the test
as well as the results from the computational simulation.
Additionally, Fig. 3 compares the robot’s in-plane translational position and velocity plots over the total experiment
time with the computational simulation. The error between
each translational state is then plotted in Fig. 4
The results of the validation testing show that the control method used onboard the robots accurately simulate the
CWH dynamics to within ±0.02m in the position states and
±1 × 10−4 m
s in the velocity states. Furthermore, the error
between the robot states and the computational states are not
increasing with time.
The versatility of the CANS Lab facilitates the possible
implementation of a number of diverse AGNC algorithms. As
a demonstration, a formation flying algorithm was chosen as
this is a well researched problem with a number of currently
on-orbit flight missions operating in a multi-agent architecture.

Fig. 3. Validation test results comparing robot states to computational
simulation states

Fig. 4. Validation test results showing the error in the translational states
between the computational simulation and the experimental robot run

In the following section, a background for this algorithm will
be provided as well as a short summary of the derivation from
which the control laws were found.
III. E XAMPLE P ROBLEM BACKGROUND
Spacecraft formation flying (SFF) is an enabling technology
that distributes the functionality of a large spacecraft among
smaller, less expensive cooperative spacecraft. SFF has many
benefits in application; robustness to failure of individual
systems, increased flexibility, low cost of the overall system,
scalability in design and deployment of systems. SFF has
a wide range of applications such as earth remote sensing,
interferometric measurements, analysis of gravitational waves,
building of space stations in orbit, solar activity precise measurements, and space debris removal. Since there are multiple
spacecraft in SFF, it is important to cooperatively control the
relative positions and attitudes of all spacecraft.
SFF has been extensively studied since it was presented
as a linear system in [2]. Since the orbits of spacecraft are
not circular and there is uncertainty and perturbations in
the system, SFF was studied based on nonlinear models of
relative translation with uncertainty in [3], [4], [5] and various
controllers were proposed with the aid of Lyapunov theory.
Simultaneous control of relative translation and attitudes of
spacecraft have been studied recently and is called 6-DoF
SFF in [6], [7], [8], [9], [10]. In [6], three nonlinear solutions
were proposed. In [9], nonlinear controllers were proposed by
considering input constraints and uncertainties in the dynamics
of the system. In [7], [10], controllers were proposed such that
the tracking errors converge to zero in finite time.
Distributed cooperative control of multiple spacecraft has
been extensively studied in the past decades. Various control
methods have been developed, such as the leader-follower
approach, behavioral approach, virtual structure approach, and
graph theoretical approach. In the leader-follower approach
[11], [12], [13], [4], some agents are designated as leaders
and the others are designated as followers. The leaders track
a predefined trajectory and the followers track the state of
their neighbors according to given schemes. In the behavioral
approach [14], [15], [16], the control action for each agent is
defined by a weighted average of the control corresponding
to each desired behavior for the agent. In the virtual structure
approach [17], [18], [19], the entire formation is treated as a
single rigid body. The virtual structure moves along a desired
trajectory and with a desired attitude. In the graph theoretical
approach [20], [21], [22], [23], [24], [25], each agent is
considered a node and the communication between agents is
defined by a graph. The control law is designed with the aid
of the difference of neighbors’ information.
In the above mentioned approaches, the graph theoretical
approach play an important role in cooperative control of
multi-agent systems and has been successfully applied to
solve the consensus problems of multi-agent systems with or
without a leader in the past decades. The consensus problem
of multiple linear systems without a leader has been studied.
In [26], distributed control laws were proposed for multiple

first-order integrator systems when the communication links
are bidirectional and the communication graph is fixed or
switching. [27] extended the results in [26] to the cases where
the communication links are directional and the communication graph is switching. The consensus problem of multiple
systems with a leader is another important cooperative control
problem and has been studied extensively with the aid of the
graph theoretic approaches. In this consensus control problem,
the state or output of each system is required to converge to
the state or the output of a leader system. Various distributed
controllers were proposed in [28], [29], [30], [31], [32], [33]
for different types of systems.
The communication between spacecraft can be defined by a
directed graph. If there is a leader spacecraft, the cooperative
control problem of multiple spacecraft can be considered as a
consensus problem of multiple systems with a leader. In this
paper, we study the consensus control problem for multiple
spacecraft with a leader spacecraft. For each spacecraft a 6DoF model will be adopted. For relative translation of multiple
spacecraft, distributed robust control laws are proposed such
that the spacecraft keep a desired formation whose motion
is determined by the leader spacecraft. For the attitudes of
the spacecraft, distributed robust controllers are proposed such
that the attitudes of all spacecraft converge to the attitude
of the leader spacecraft. These distributed robust controllers
are tested in this scenario through adding some uncertainty in
the inertial parameters of the followers (mass and moment of
inertia), as well as the chief’s orbit (mean motion). To show
the effectiveness of the proposed control laws, experiments
were performed in simulation and subsequently on the omnidirectional ground robots of the CANS Lab.
IV. E XAMPLE P ROBLEM D EFINITION
A. Relative Translation Dynamics
An Earth Centered Inertial (ECI) frame FI is defined as
follows: The origin is located in the center of the Earth, its z
axis is directed along the rotation axis of the Earth towards the
celestial north pole, its x axis is directed towards the vernal
equinox, and the y axis is determined by the x and z axes
using the right hand rule.
Assume there is a chief spacecraft. The position of the mass
center of the chief spacecraft is defined by a vector r in the
ECI frame. The angular moment per unit mass is defined by
h = r × ṙ. A reference frame Fc is defined as follows: the
origin is in the mass center of the chief spacecraft, the x axis
r
, z axis is defined by the unit
is defined by the unit vector ||r||
h
vector ||h|| , and the y axis is determined by the x and z axes
using the right hand. It is assumed that the chief spacecraft
moves in frame Fc with no active control input.
Consider m small spacecraft that move around the chief
spacecraft. The dynamics of the relative translation of the j-th
spacecraft in the frame Fc can be written as
mj p̈j + Cj (ν̇)ṗj + Dj (ν̇, ν̈, rr , pj ) = Fj + Fdj

(9)

where pj ∈ R3 denotes the relative position vector of the
j-th spacecraft in frame Fc , mj denotes the mass of the
j-th spacecraft, and rr and rj denote the distance of the
chief spacecraft and j-th spacecraft to the center of the earth
respectively. Also,
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where ν is the true anomaly of the chief spacecraft, µ = M g,
M is the Earth’s mass, g is the universal gravity constant, and
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where Fdj is the composite disturbance force, and Fj is the
relative control force.
B. Attitude Dynamics
For each spacecraft, a body frame is defined. For spacecraft
j, its body frame Fbj is defined as follows: the origin is in the
mass center of the spacecraft, the x, y, and z axes are fixed
in the spacecraft body and coincide with its principle axes of
inertia. The rotation matrix of the body frame Fbj with respect
to the ECI frame FI is denoted by ωj = [ω1j , ω2j , ω3j ]T . The
kinematics of spacecraft j is
Ṙj = Rj S(ωj )

(14)

where S(ωj ) is a skew-symmetric matrix and is defined as


0
−ω3j ω2j
0
−ω1j 
S(ωj ) =  ω3j
(15)
−ω2j ω1j
0
The dynamics of the attitude are
Jj ω̇j = −S(ωj )Jj ωj + τj + τdj

(16)

where τj is the actuator torque and τdj is the perturbation
torque.
Let the relative attitude be
ej = RrT Rj
R

(17)

where Rr is the rotation matrix of the chief spacecraft with
respect to ECI, then

˙
e
e ωj )
R
j = Rj S(f

(18)

e T ωr
ω
e j = ωj − R
j

(19)

where

and ωr is the angular velocity of the chief spacecraft with
respect to ECI. The dynamics of the attitude is
ej , ω
ej , ωr , ω̇r ) = τj + τdj
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e˙ j + Nj (R
ej , ωr )e
ωj + Gj (R
(20)
where
ej , ω
Nj (R
ej , ωr )

ejT ωr ) +
= −S(Jj ω
ej ) − S(Jj R
ejT ωr )Jj + Jj S(R
ejT ωr )(21)
S(R

ej , ωr , ω̇r )
Gj (R

eT ωr )Jj R
eT ωr + Jj R
eT ωr
= S(R
j
j
j

(22)

The dynamics from which the control law is derived have
been outlined above. Next, the communication amongst agents
is handled by applying a graph-based approach.
C. Communication between spacecraft
It is assumed in this example problem that each spacecraft
is capable of communication between m spacecraft. Consider
each spacecraft as a node and the m spacecraft are labeled
by 1, 2, ..., m. The communication between the spacecraft
can be described by a directed graph G = A, E with the node
set A = 1, 2, ..., m and the edge set E = {eij }1≤i,j≤m . The
edge eij denotes the information of spacecraft i is available
to spacecraft j. If there is an edge eij , spacecraft i is called a
neighbor of spacecraft j. All neighbors of spacecraft j form
a set and is denoted by Nj . A path from note j to node i is
a sequence of edges which connect node j and node i with
direction from node j to node i. A node is said to be globally
available to the other nodes if there exists a directed path from
this node to all other nodes.
If there is a leader spacecraft, we label the leader spacecraft
by 0 without loss of generalization and other spacecraft are
called the follower spacecraft. The leader spacecraft does not
have a neighbor, i.e., N0 = ∅. The communication between m
follower spacecraft and the leader spacecraft can be described
by an augmented directed graph G e = Ae , E e where Ae =
A ∪ {0} and E e is the union of the edges in E and the edges
that connect the leader spacecraft and the follower spacecraft.
A formation F of m follower spacecraft and the leader
spacecraft is defined by vectors qj = [qxj , qyj , qzj ]T ∈ R3 for
0 ≤ j ≤ m. The spacecraft are said to be in formation F if
pj − pi = qj − qi for all 0 ≤ j, i ≤ m.
D. Problem Statement
It is assumed that the information of the leader spacecraft
is available to some of the follower spacecraft. The control
problem in this paper is to design a distributed control law for
j-th follower spacecraft using its neighbors’ information such
that

lim

t→∞

(pj − qj − (pi − qi )) = 0,
lim

t→∞

R0T Rj = I3 ,

0 ≤ j, i ≤ m

(23)

1≤j≤m

(24)

where I3 denotes the 3 × 3 identity matrix.
In the above problem, Eq. 23 means that the follower
spacecraft and the leader spacecraft come into formation F.
Eq. 24 means that the attitudes of all spacecraft come into
alignment and converge to the attitude of the leader spacecraft.
If the desired attitude for each follower spacecraft is the
attitude of the leader spacecraft with a constant offset, it is
easy to take into consideration the offsets and we omit it here.
To make the problem solvable, the following assumptions
are made.
Assumption 1: The inertia parameter mj is a constant. Its
nominal value is m̄j and is known. Also, |mj − m̄j | ≤ ρ1j
and ρ1j is known.
Assumption 2: The inertia parameter Jj is a diagonal
constant matrix. Its nominal value is J¯j and is known. Also,
||Jj − J¯j || ≤ ρ2j and ρ2j is known.
Assumption 3: Fdj and τdj are bounded and kFdj k ≤ ρ3j
and kτdj k ≤ ρ4j .
Assumption 4: The node 0 in the directed graph G e is
globally reachable to all other nodes.
Assumption 5: For the leader spacecraft,
||ṗ0 − q̇0 || ≤ ρ5 ,

||Θ̈0 || ≤ ρ6

(25)

e0 =
where Θ0 is the Euler angle vector with respect to R
T
Rr R0 .

i∈Nj

where aji are positive constants and ξj is an estimate of ṗ0 −q̇0
and will be designed later.
Step 2: Since vj is not the actual control input, vj cannot
be aj . Let
zj = vj − αj

The translational system in Eq. 22 is a second-order system.
Let νj = ṗj , Eq. 22 can be written as

V2 = V1 +

(26)

mj v̇j = −Cj vj − Dj + Fj + Fdj

(27)

The system in Eqs. 26-27 has a cascade structure. Due to
this structure, distributed controllers can be designed in three
steps. The full proof is outside the scope of this work, but a
summary with results is provided below
Step 1: Assume a virtual control input (vj ) that satisfies
Eq. 23. We can choose a Lyapunov function
(28)

where p̃ = [p̃1 , . . . , pm ]> , p̃j = pj − qj − (p0 − q0 ) for 1 ≤
j ≤ m, and P is a positive diagonal matrix defined based on
the weighted Laplacian matrix (Le ). Taking the derivative of
V1 results in the conclusion that V˙1 converges to zero under
certain conditions. One of these conditions is that vj = αj or

1
2

m
X

Pj mj zjT zj

(30)

j=1

Finding the derivative of this Lyapunov function requires
the choice of a control law
T
Fj = −K1j zj − 2p̃j + Y1j (m̄j − ρ1j sign(Y1j
zj ))
−ρ3j sign(zj )

(31)

where constant K1j > 0.
Step 3: In this step, we design ξj such that ξj − (ṗ0 − q̇0
converges to zero. Since there are communications between
the leader and the followers we choose ξj as follows:

X

bji (ξj − ξi ) − βj sign(

i∈Nj

X

bji (ξj − ξi )

(32)

i∈Nj

β˙j = −

ṗj = vj

(29)

To ensure zj converges to zero, we choose a Lyapunov
function

ξ˙j = −

E. Distributed Controller Design

V1 = p̃T (P ⊗ I3 )p̃

the virtual control input is the actual control input αj which
is defined as
X
aji (pj − qj − (pi − qi )) + q̇j + ξj
αj = −

X

bji (βj − βi )

(33)

i∈Nj

where ξ0 = ṗ0 − q̇0 , β0 = ρ5 , and bji > 0.
With the aid of the above design procedure, we have the
following results.
Theorem 1: For m follower spacecraft and a leader spacecraft, if Assumptions 1-5 are satisfied, the distributed control
law in Eq. 31 with ξj defined in Eq. 32 ensure that Eq. 23 is
satisfied.
For the attitude control, let Θj be the Euler angles of R̃j ,
then
Θ̇j = Bj ω̃j
where Bj is a nonsignular matrix. The same controller design
procedure applied to the translational controller can also be
used to design a distributed attitude controller. As the steps
are similar, the final results will be provided.
The chosen attitude control law is

τj
χ̇j

T
= −K2j sj + Y2j (a¯j − ρ2j sign(Y2j
sj ))
−ρ4j sign(sj )
(34)
X
X
= −
bji (χj − χi ) − γj sign(
bji (χj − χi ))
i∈Nj

γ˙j

= −

X

i∈Nj

bji (γj − γi )

i∈Nj

where constant K2j > 0, sj = ω̃j − Λj , āj = vec(J¯j ), χ0 =
Θ̇0 , γ0 = ρ6 , and


X
Λj = Bj−1 −
aji (Θj − Θi ) + χj  .
i∈Nj

Theorem 2: For m follower spacecraft and a leader spacecraft, if Assumptions 1-5 are satisfied, the distributed control
law in Eq. 34 with χj and γj as defined above ensure that Eq.
24 is satisfied.

Fig. 5. Position plot of all agents during formation flying algorithm for both
experimental run and simulation run

V. E XPERIMENTAL R ESULTS
The proposed distributed algorithm has been implemented
in the testbed in the CANS lab. The Simulink-based simulation environment provided a lab-like environment for initial
testing of the algorithm, allowing for algorithms to be easily
transferred over and run on the HexCASM robots in the CANS
Lab. To validate the proposed algorithms in the CANS Lab,
the following assumptions are made:
• The chief spacecraft is in a circular orbit.
• rr is very large compared to ||pj ||.
• All spacecraft move in the chief spacecraft orbital plane.
• Each spacecraft can only rotate around the z axis of the
frame Fc .
In the experimental run, the HexCASM robots can be
identified by color. The HexCASM Black robot is the first
follower robot, HexCASM Red is the second, and HexCASM
Blue is the third. Each of the actual ground robots will function
as followers in order to form a three agent formation with
a virtual leader. Experimental results from the robots are
compared to the results generated from simulating the control
algorithm in the Simulink-based simulation environment. The
first plot in Fig. 5 shows the positions of all three follower
agents, as well as the leader agent, for both the experimental
results (solid lines) and the simulation results (dotted lines).
Examination of the plot in Fig. 5 shows that the experimental results of the formation flying algorithm do not closely
match the simulated results. Examining the plots further shows
that much of this error is caused by the initial sequence. In
this initial sequence, the control algorithm in simulation is
able to make a sharp turn which is unrealistic in either the lab
or space environment due to control constraints. This initial
sequence reveals one of the primary advantages in working
with lab hardware systems in that many of the same limitations
appear when using space hardware. This can be seen further
by looking at the individual state trajectories for each robot,

Fig. 6. Simulated, experimental, and desired state trajectory for HexCASM
Black robot during implementation of formation flying algorithm

shown in Figures 6, 7, and 8. These figures show the simulated,
experimental, and desired states of each robot in each of the
three, planar degrees of freedom. Additionally, the individual
state error between the simulation and experimental results is
given for each robot in the Figures 9, 10, and 11.
The errors between the simulation and the experimental
results are due to the physical limitations that accompany
implementing an algorithm on hardware. The errors seen in
this specific experimental run are the result of not limiting the
available control effort in the simulation. While the robots are
physically limited in the max control effort they can produce,
no such limitations were applied in the simulation. These
errors appear to show inconsistencies between the simulation
and lab environment. The inconsistencies this example reveals
is the principal reason why it is essential to have multiple
environments in which to test AGNC algorithms in order
to ensure the limitations of the algorithm are exposed. In

Fig. 7. Simulated, experimental, and desired state trajectory for HexCASM
Red robot during implementation of formation flying algorithm

Fig. 10. State errors between experimental results and simulation results for
HexCASM Red robot during implementation of formation flying algorithm

Fig. 8. Simulated, experimental, and desired state trajectory for HexCASM
Blue robot during implementation of formation flying algorithm
Fig. 11. State errors between experimental results and simulation results for
HexCASM Blue robot during implementation of formation flying algorithm

this case, the algorithm was not designed with control limits
in mind. If this algorithm was just tested in the simulation
environment with no hardware control limits imposed, this
would have never been revealed. In practice, this knowledge
could then be used to re-tune or alter the original algorithm to
prevent over saturating the physical system. While not shown
in this paper due to time constraints, rerunning the simulation
of the original algorithm with different parameters selected to
avoid over-saturation of the hardware would result in fewer
errors between the experimental results and the simulation
results.
VI. C ONCLUSION
Fig. 9. State errors between experimental results and simulation results for
HexCASM Black robot during implementation of formation flying algorithm

In conclusion, small, distributed systems are beginning to
gain prevalence in a large scale. Many of these applications
have been in the form of constellations, but as these distributed

systems begin to operate in closer proximity, as in the case of
formation flight, it will be more important to ensure all AGNC
algorithms have been thoroughly tested. The CANS Lab is
uniquely equipped with a combination of a Simulink-based
simulation environment as well as multiple omni-directional
ground robots with the capability to house a flight-like,
onboard sensor suite. In this paper, these capabilities were
demonstrated through the implementation of a formation flying
control algorithm. Distributed control laws were proposed for
relative translation of multiple spacecraft such that the spacecraft come into a desired formation when there is parameteric
uncertainty. Although there was some error in the results
obtained from the lab versus those from simulation, it was
determined these errors were due to hardware limitations on
the ground robots. To obtain better results, these hardware limitations could be incorporated from the beginning of algorithm
design. In the future, the CANS lab is in a prime position to
continue to grow as a versatile platform in the evolving field
of the verification and validation of AGNC algorithms.
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